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Abstract. The purpose of the study is to develop an approach based on online measurements and the theory
of Ritta-Wu characteristic sets from the field of algebraic geometry and computer algebra to solve one of the main
tasks of wind energy studies such “abandon wind” caused by wind gusts. The Ritt-Wu theory is effective in study-
ing polynomial systems and their solutions. To obtain an equivalent double-fed induction generator, the following
basic steps are used: build the characteristic sets by modeling a wind farm; establish the polynomial rings based
on the real-time aggregation data; derive analytical expressions of a model of an equivalent double-fed induction
generator; validate of the developed approach to modeling an double-fed induction generator using mathematical
modeling in the PSCAD software environment and analysis of a combination of model data and telemetry data.
A general solution procedure is used, which can be applied to obtain the analytical expressions of the inductance
and impedance of an equivalent wind farm. The expediency and effectiveness of the developed approach is illus-
trated by the example of a real wind farm with a capacity of 50 MW with 34 double-fed induction generators. The
simulation results demonstrate that the obtained parameters of an equivalent double-fed induction generator can
accurately follow wind speed fluctuations with a lower error. Thus, this study presents a new effective method for
estimating the exact equivalent parameters of a wind farm during wind gusts. The developed method is suitable for
obtaining the analytical solutions of equivalent wind farm parameters in real time. Validation of the accuracy and
speed of the author’'s method has been carried out. Moreover, this study can be applied to any wind farms equipped
with double-fed induction generators.
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Pe3rome. LieAb UICCAEAOBAHNUSA — AASI PELLIEHUS OAHOW M3 OCHOBHbIX 3aAa4 BETPOIHEPrETUKU, CBA3AHHOM C NOPbI-
BaMu BeTpa, paspabotaTtb NMOAXOA, OCHOBAHHbIV HA OHAANH U3MEPEHUSAX U TEOPUU XapPaKTEPUCTUUECKUX MHOXECTB
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Putta-By 13 obractn arrebpanyeckoin reoMeTprm 1 KOMMNbITEPHOM anrebpbl. Teopusi PUtta-By adpdekTMBHa Npu nay-
YEHUU NOAMHOMMUAABHBIX CUCTEM U UX PELLUEHNIA. AAA MOAYYEHMS SIKBUBAAEHTHOIO aCMHXPOHHOMO reHepaTopa ¢ ABOM-
HbIM NUTaHWEM NMPUMEHAIOTCA OCHOBHbIE LLATK: MOCTPOEHNE XapPaKTEPUCTUUECKUX MHOXECTB MyTeM MOAEAMPOBAHUSA
BETponapka; co3naHne NOAMHOMMWAAbHbIX KOAEL, HA OCHOBE PEerncTpaummn u o6paboTkn AQHHbIX B PEXMME peanbHOro
BPEMEHW; BbIBOA @aHAAUTUUECKMX BblPaXeHW MOAEAW SKBMBANEHTHOIO aCMHXPOHHOIO reHepaTtopa ¢ ABOMHbIM Mu-
TaHWEM; BaAMAALIMA pPa3paboTaHHOro NOAXOAA K MOAEAMPOBAHMIO aCUHXPOHHOIO reHepatopa ¢ ABOMHbIM MUTAHWEM
C NOMOLLLbIO MaTEMATUUYECKOTO MOAEAMPOBAHUS B NporpamMmmHon cpepe PSCAD v aHaAM3a KOMOUHaLMKM MOAEAbHbIX
ASHHbIX U AGHHbIX TEAEMeTpUK. Mcnonb3oBaHa obLas npoleaypa peLleHus, KoTopas MOXET ObiTb MPUMEHEHA AAS
MOAYYEHUSA aHAAUTUUYECKMUX BbIPAXEHWN MHAYKTMBHOCTM M MMMNEAAHCA SKBMBAAEHTHOM BETPAHOM 3AEKTPOCTAHLMMU.
Llenecoobpa3HoCTb M 9GPEKTUBHOCTb pa3paboTaHHOro NOAXOAA NPOUAAKOCTPUPOBAHA Ha MPUMEPE PEaAbHOIo BETPO-
napka mMolLLHocTbo 50 MBT ¢ 34 aCMHXPOHHbIMW FreHepaTopamMm ¢ ABOMHbLIM NMUTaHWEM. Pe3yAbTaTbl MOAEAMPOBAHUS
AEMOHCTPUPYIOT, UTO MOAYYEHHbIE MapamMeTpbl 3KBUBAAEHTHOIO aCMHXPOHHOINO reHepartopa ¢ ABOMHbIM MUTAHWEM
MOTyT TOYHO CAeAOBaTb KOAEHAHUSAM CKOPOCTU BETPA C MEHbLLEN NOrPeLIHOCTbI0. Takum 06pa3oM, B AAHHOM MCCAe-
AOBa@HUU MPEeACTaBAEH HOBbIM 3PPEKTMBHBIN METOA OLEHKM TOUHbIX SKBMBAAEHTHbIX NapamMeTpoB BeTponapka BO
BpeMsa NopbIBOB BeTpa. PazpaboTaHHbI METOA MOAXOAUT AAA MOAYYEHUA aHAAUTUUYECKWUX PELLUEHWI SKBUBAAEHTHbIX
napameTpoB BeTponapka B peaAbHOM BpeMeHu. [lpoBepeHa BaaMAALMS TOYHOCTU M ObICTPOAENCTBMSA aBTOPCKOMO
MeToAa. boaee Toro, AaHHOE UCCAeAOBAHME MOXET ObiTb MPUMEHEHO K AHOOOW BETPOIAEKTPOCTAHLMK, UCMIOAL3YHOLLEW

ACUHXPOHHbIE FreHepaTopbl C ABOWHbBIM MUTAHUEM.
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INTRODUCTION

The wind gusts can disrupt the operation
of wind farms and cause “wind abandon-
ment” due to sub-synchronous resonance
(SSR) occurring between the feeder line and
the wind farm, which has become a major ob-
stacle to further development of wind power
in Northeastern China [1, 2]. To analyze the
occurrence mechanism of SSR, wind farms
with double-fed induction generators (DFIGs)
can be modeled as a single DFIG using an
equivalence method based on the output
data of the wind farm [3]. For this purpose,
two issues should be addressed: (1) Accu-
racy: the parameters of DFIG are constantly
change due to dynamic changes in stator and
rotor temperatures. (2) Efficiency: the equiva-
lent parameters of the wind farm under wind
gusts need to be quickly evaluated as they
are the basis for assessing wind farm insta-
bility. As discussed above, it is necessary to
develop an approach that can accurately and
efficiently estimate the equivalent parame-
ters of a wind farm when wind gusts occur.

In order to meet the demand for accurate
and efficient suppression of SSR, the entire
wind farm should be aggregated into a sin-
gle DFIG with online changing parameters.
Investigation shows that, as shown in Table
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1, there are many suitable equivalent algo-
rithms for aggregating a wind farm which in-
cluding modeling type and structure of DFIG,
power load flow calculations, aggregation of
wind farm system, clustering algorithm, Prony
algorithm, dynamic equivalence of hybrid
farms and aggregation by frequency domain
impedance, etc. These methods have been
successfully applied and achieved corre-
sponding effects in practical examples. How-
ever, in order to overcome perturbed equiva-
lent parameters of the wind farm online. The
emergence of the data-driven approach pro-
vides a solution to the negative effects of the
wind gusts.

Currently, data-driven approaches have
been seen as promising solutions for optimiz-
ing controlled plants under external pertur-
bations. As shown in Table 2, the data-driven
approach can take different forms depending
on a particular application. It consists of mod-
el-free adaptive control, model-free sliding
control, virtual reference feedback tuning, it-
erative feedback tuning and, adaptive leaning
control etc. These methods have demonstrat-
ed excellent performance and functionality in
analyzing complex control system. However,
considering the computation demand for the
online estimation of equivalent parameters

https://ipolytech.elpub.ru
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Table 1. Wind farm aggregation algorithm
Tabauua 1. AAropuTM arperaummu BETPO3IAEKTPOCTaHLUM

Order Algorithm Ref Note
1 Modeling type and structure of DFIG [3] On-line?
Conventional load flow [4] X
2 Load flow calculation Equivalent wind load 5] X
Probabilistic load flow [6] X
Aggregation of wind speed [7] x
. . Dynamic equivalent modeling [8] X
3 Aggregation of wind farm system Multi-machine equivalent model [9] X
Layout design and yaw control [10] X
Custer power prediction [11] X
4 Clustering algorithm Optimization of clustered wind [12] X
Probabilistic clustering algorithms [13] X
5 Prony algorithm Combined MEEMD-Prony [14] X
6 Time-frequency-domain equivalent modeling [15]
7 Wind speed point-interval fuzzy forecasting [16] X
8 Decoupled impedance modeling [17] X

Table 2. Data-driven approach methods

Tabauua 2. MeToAbl, CBSiI3aHHbIE C MOAXOAOM, OCHOBAHHbLIM Ha A@HHbIX

Order Algorithm

Accuracy Rapidity

1 Model-free adaptive control

Model free sliding mode

Iterative feedback tuning

Adaptive learning control

Fuzzy neural networks

OO | |IW|N

Virtual reference feedback tuning

Restrict and influence each other, it is hard to
reconcile performance parameterS

during wind gusts, there is still a trade-off be-
tween accuracy and efficiency that needs to
be addressed to fully utilize the potential of
data-driven methods.

Here we propose a data-driven approach
to estimate the online equivalent parameters
of a wind farm, which corresponds to the re-
al-time sampling data. The main contribution
of this study is the development of a faster and
more efficient algorithm for identifying chang-
ing parameters of the equivalent DFIG. We
suggest the following algorithm: (1) Construct
a characteristic set consisting of unknown
equivalent parameters by modeling the wind
farm; (2) Establish polynomial rings associat-
ed with real-time aggregation current, voltage
and slip ratio; (3) Derive analytical expres-
sions for the inductance and impedance of
the equivalent DFIG via zero decomposition
of the characteristic set [18-25]; (4) Validate
the equivalent DFIG using pseudo-residual
analysis and simulation based on Power Sys-
tem Computer Aided Design (PSCAD). These

steps are integrated into a general data-driv-
en procedure that can be used to obtain the
equivalent parameters of a wind farm online.
The feasibility and validity of the proposed
approach are illustrated with a 50 MW wind
farm that comprises 34 DFIGs connected to a
35 KV distribution system. Simulation results
show that the errors in the active power and
reactive power between the equivalent DFIG
model and the actual wind farm are less than
5 and 10% respectively.

MODELING AND SOLVING WIND FARM
PROBIEMS

In this paper, we use a wind farm with
DFIGs as the research background to validate
the proposed approach. As shown in Fig. 1, a
50 MW wind farm consisting of 34 DFIGs has
been considered. The capacity, frequency and
pole pair number of each DFIG is 1.5 MW, 50
Hz and 2 respectively. The detailed parame-
ters of a DFIG associated with Eq. (1) to (7) are
given in Table 3.
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Fig. 1. Transmission system topology of the wind farm with 34 DFIGs
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Puc. 1. Tornoaorns cucteMbl nepeaayn AaHHbIX BETPOINEKTPOCTaHLMK C 34 aCUHXPOHHbLIMU reHepaTtopamu

Table 3. Detailed DFIG parameters
Tabaunua 3. MoapobHbie napameTpbl DFIG

Order | Parameter | Unit Note Order | Parameter | Unit Note
1 R Q Stator resistance 10 0, kvar Stator reactive power
2 R, Q Rotor resistance 11 U \% Terminal voltage
. d-axis component of stator
L
3 s mH Stator inductance 12 Vs Wb flux linkage
I . g-axis component of stator
4 , mH Rotor inductance 13 Vs Wb flux linkage
5 L, mH Mutual inductance 14 Y Wp | d-axis component of rotor flux
linkage
6 s B Slip ratio 15 W Wb g-axis component of rotor flux
P ” linkage
. Stator active/Reactive Synchronous angular velocity
/
7 fad g A current 16 @, rad/s of DFIG
8 iy !, A Rotor ag'ﬂ;/reze)/nF:eact|ve 17 o, rad/s | Rotor angular velocity of DFIG
9 P/P kw | Active po:éir):)f stator/ 18 T, kNm Rotor torque of DFIG

A. Analysis of characteristic set method

Accurate modeling and efficient solving of a
wind farm are the basis for estimating its equiv-
alent parameters. To this end, the Ritt-Wu’s
characteristic set method [24] has been used
to derive an analytical solution for the equiva-
lent DFIG, which can serve as a foundation for
the proposed general data-driven approach.

The characteristic set method was devel-
oped for ordinary difference polynomial sys-
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tems [25]. This method includes fields, polyno-
mials, ascending chains, and Pseudo-remain-
ders analysis based on zero decomposition for
difference polynomial systems.

In order to use the characteristic set meth-
od to estimate the equivalent parameters of
a wind farm, we need to check whether a co-
herent difference chain is proper irreducible.
For this purpose, the following issues should
be addressed:

https://ipolytech.elpub.ru
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1) determine the difference chain from the
wind farm;

2) extract the characteristic set based on
modeling of the equivalent DFIG;

3) construct polynomial ring R = K {x,,x,, -,x,}
over K by modeling the wind farm;

4) obtain the analytical expressions of un-
known parameters by eliminating coupled vari-
ables of the characteristic set based on zero
decomposition.

B. Data-driven approach based on char-
acteristic set

To increase the system stability and extract
maximum energy associated with the wind
speed during wind gusts, the entire wind farm
need to be aggregated as a DFIG. Fig. 2 shows
the equivalent model of the wind farm corre-
sponding to Fig. 1.

Fig. 2 shows that the calculation efficien-
cy will be improved rapidly due to the fact that
the calculating nodes of the equivalent model
have been significantly decreased.

The equivalent DFIG consists of a wound
rotor induction generator and an AC/DC/AC
IGBT-based PWM converter. The stator winding
is connected directly to the 50 Hz grid while
the rotor is fed at variable frequency through
the AC/DC/AC converter.

Neglecting the electromagnetic transient,
the steady-voltage equation for the equivalent
DFIG can be represented as:

Uy = isa’Rs - isqu - iqum; (18)
Uy, =i R+ i, L+ i,L,; (1b)
Uy, =—si L, +i,R —siL; (1c)
u,, = SiyL, +i R +si,L,. (1d)

Usually, there are following relationships in
the framework of stator voltage reference:

(2a)
(2b)

U, = Ug;

u,=0;

P=u,,+ Uy, = UGlSq; (2c)
Qs = sdisq - usqisd == UGisd ' (2d)

Also, the d-q axis components of rotor cur-
rent can be represented as:

i, = (iR = i,L—u,)/L,
ird = (usq - iqus - ides)/Lm'

(3a)
(3b)

Based on above formulas, the rotor active
power can be written as:
P=ugi,+uyi,=(-siL,+i,R—silL)x

r rq'rqg sqm qr
x (uSq - quRX —lSdLS) /L + (4)
= (Sidem + iraRr + SirdLr )(ists - isaLs _usd )/ Lm b

We selectx={P,w} as the chain, where
R LW TN RN R TIN ) and
W={R,L,R,L.,L}.

Define the Eq. (1) and (4) as the character-
istic set. Corresponding polynomial rings can

be written as following expressions:

h=u,—i R +i L +i L, =0, (5a)
fy=u,~i R —-i,L —i,l =0; (5b)
fi=u,+si L —i R +si [=0; (50)
fo=u,—si L, —i R —si, L, =0; (5d)
fs=B—-ug,—u,i =0. (5e)

And then by zero decomposing the polyno-
mial rings, based on eliminating the coupling
variables, the equivalent parameters of the
wind farm have been derived:

Rs = (lds uds + ;;s uqs)/(l;s + st)’ (6a)
Ls = (idsuqs - iqs uds)/(l; + ldzv)’ (6b)
Rr = (idrudr + iql‘uqr) /(ijr + l;r); (60)

L= (Piy = iy~ igu,) iy (5, +3)]; (60
L=y +y) s (2 +83) (22 + 5, )i, | (6€)

DFIG wind farm equivalent modeling

Fig. 2. Equivalent model of the wind farm with DFIG

station

D b ©
booster 35kVR L C

system

Puc. 2. SkB1BaAeHTHasi MOAEAb BETPOIAEKTPOCTaHLMMU C aCUHXPOHHbLIMM reHeparopamm
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Where, the intermediate variable y, and v,
have the form:

2.2 3. 20 .
yl - lqudsP -1 ldsu - lrldsudrldr; (7a)

r qr qr q
__.2 2 . _.2 2 _-3 .2
y2 - lquqsudrldr ldrlds‘l)r lquqsuqr ' (7b)
Slnce P: {usd’lsd’usq’lsq’urd’lrd’urq’qu’S}

can be seen as known variables at every
sampling period, the unknown variables
X={R,L.,R,L.,L } can be calculated online
according to Eq. (6) and (7). Table 4 provides a
summary of the results given above.

In Table 4, parameter P is a set of r-pols un-
der descending chain; 4=4,,4,,---,4, is a finite
sequence of nonzero r-pols; Zero(P) denotes
the set of solutions of P =0;‘B is characteristic
set, B=C.S(P) is a characteristic set of [P

ISSN 2782-6341 (online)

ANALYSIS AND VALIDATION OF PROPOSED
DATA DRIVEN APPROACH

In accordance with Fig. 1, a 50 MW wind
farm has been considered, which is located in
the northeastern China. The farm consists of
thirty-four 1.5 MW DFIGs connected to a 0.69
KV distribution system, which exports power to
the 35 kV grid through a 15 km feeder line.
The corresponding sampled data were mea-
sured by a phasor measurement unit (PMU).

A. Data driven approach analysis

Based on the sampled voltage, current,
and wind speed from the farm the influence of
wind gusts on the slip ratio, rotor current and
torque is shown in Fig. 3-5.

Comparison of Fig. 3, 4 and 5 shows that
there is relationship near time 0.05 s: wind

Table 4. Data-driven algorithm procedure
Ta6bauua 4. MNopsapoK paboTbl aArTOpPUTMa, OCHOBAHHOIO Ha AAHHbIX

1. Input:

5q°7sq°

afinite set P ={u,,iy 1,0, t0,,

i,u s} of r-pols

rqo lm s

2. Output:

W={4,4,,4,4,, 4} ={R,L,R,,L,,L,} which every element is coherent
proper irreducible difference chain and Zero(P)=|_JZero(sat(4))
i=1

3. Begin:
Call Eg. (1) and (4)

If =1 then w={1}
Else

If R=@ then test P

B=CS(P),B=B,B,,B,,B,, B,

R = {prem(f,B) # 0|f € (P\ B) UA(B)}

Construct new characteristic set Eq. (6), repeat 3

4. Validate:

Yes, End the procedure

Calculate Eq. (6) to (7) based on sampling P
Tested power -simulated power <d? Where 0 is the error

12.5

Slip ratio, %

No, repeat 3
_eooT ' ’—Islip ratioc —wind speed | | | | i
335.60 ‘-\ 'mi\ | '« | ‘w 1115
és'zo } . m‘”lhl'h"- ,‘!m; .|"|I|‘ ”"*HW H “mmH“wd‘“ww j10.5
2 | |
W0 oes odo ol 020 o025 o030 03 om0
Time, s

Fig. 3. Wind speed and wind farm slip

Puc. 3. CKOpOCTb BETPA M CKOABXEHME BETPOINEKTPOCTAHLMM
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400 T T T T | ' T T T 125
< ’ — slip ratio — rotor current
£ 200 1.5 =
£ g
g | g
§ 0 ‘\ Fm 110.5 &
& 7
—400 ; 9.5
0 0. 05 0.10 0.15 0. 20 0.25 0.30 0.35 0.40
Time, s
Fig. 4. Instantaneous rotor current and wind farm slip
Puc. 4. MrHOBEHHbI¥ TOK pOTOpa M NPOCKaAb3blBaAHME BETPOIAEKTPOCTAHLMN
400 N r : T T -
— rotor torque —rot t
fn q rotor current | 59 E
§ 200 | g
5 sy
5 0 72
o ¢ | 9
(% o
—400 25
0 0. 05 0. 10 0. 15 0. 20 0. 25 0.30 0. 35 0.40
Time, s

Fig. 5. Instantaneous current and torque of the wind farm rotor
Puc. 5. MirHoBeHHbIV TOK U KPYTALLMEI MOMEHT POTOPa BETPOIAEKTPOCTAHLIMU

Fig. 11-15, corresponding to the set
X={R,L,R,L,L }, Show the estimation param-
eters of the equivalent DFIG according to Table
4. Due to Eq. (6), it makes the estimation pro-

cedure of Table 4 run with higher accuracy and

gusts — perturbed slip ratio — resonant cur-

rent — disturbed torque which is also reflected
by Eq. (1c) and (1d).

Fig. 6-10, corresponding to the set

i s}, show the sampling

]P) {urd’ vd’uvq’lvq’urd’ rd > rq’ rq’

voltage, current and active power associated
with Eq. (1) and (4).

Fig. 6-10 show that there are remarkable
perturbations at time ¢, and ¢, due to the influ-
ence of wind gusts. Contrarily, we can analyze
the influence of wind gusts by analyzing the
voltage and current of the equivalent DFIG.

higher efficiency.

Additionally, there are similar parameters
perturbation near the time ¢ and 1, which
means that the equivalent parameters can
be used to represent the influence of wind
gusts.

> L f

200 ]
(0]

on
S - voltage u ¢4 -
g

5-200 T voltage u sq =
=
) — 'r' —————————————— 1 —

- 600 . ! !
0 1 20 40 1I2 6.0 8.0 10.0

Time, min

Fig. 6. Stator voltage components of the equivalent DFIG in dq coordinate system
Puc. 6. CocTaBAsitoLme HaMpsKeHMs ctatopa 3KBMBAAEHTHOIO aCMHXPOHHOIo reHeparopa B CUCTEME KOOpAMHAT dq
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Fig. 7. Stator current components of the equivalent DFIG in dq coordinate system
Puc. 7. CocTaBAsilOLLME TOKa CTaTOpa 3KBUBAAEHTHOr0 aCMHXPOHHOIO reHeparopa B CUCTEME KOOPAMHAT dq
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Fig. 8. Rotor voltage components of the equivalent DFIG in dq coordinate system
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B i mas TN Ry .
< oo T e b
5 B current 7,,; |
% ok currentz,,q IAL’JMJVJV
: LT
: % I mﬁmﬂ I S
[

—-200 |

Time, min

Fig. 9. Rotor current components of the equivalent DFIG in dq coordinate system
Puc. 9. CocTaBasoLLME TOKa pOTOPa 3KBUBAAEHTHOIO aCMHXPOHHOIO reHeparopa B CMCTEME KOOPAMHAT dq
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Fig. 10. Rotor active power of the equivalent DFIG
Puc. 10. AKTMBHas MOLLHOCTb POTOPa SKBMBAAEHTHOIO aCMHXPOHHOIO reHepartopa
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Fig. 11. Stator inductance of equivalent DFIG by proposed method
Puc. 11. IHAYKTMBHOCTb CTaTopa 3KBMBAAEHTHOIO aCMHXPOHHOIO reHeparopa no npeararaemMomy crnocooby
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Fig. 12. Stator impedance of equivalent DFIG by proposed method
Puc. 12. [loAHOE COMPOTUBAEHME CTATOPa IKBUBAAEHTHOIO aCMHXPOHHOMO reHepartopa no npeaiaraemMomy crnocoby
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Fig. 13. Rotor inductance of equivalent DFIG by proposed method
Puc. 13. IHAYKTUBHOCTb pOTOPa 9KBMBAAEHTHOIrO aCMHXPOHHOIO reHepartopa rno npeaiaraemomy crocoby
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Fig. 14. Rotor impedance of equivalent DFIG by proposed method
Puc. 14. [loAHO€e COMpOTUBAEHUE POTOPA SKBUBAAEHTHOIO aCUHXPOHHOIO reHepaTopa B CPEAE Mo npeararaeMomy crocoby
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Fig. 15. Mutual impedance of equivalent DFIG by proposed method
Puc. 15. B3anmHoe conpoTuBAEHME SKBUBAAEHTHOrO aCMHXPOHHOO reHepartopa rno npeaAaraeMomy crnocoby

The estimation parameters (average value)
of the equivalent DFIG within the testing time
are shown in Table b.

B. Validation of data-driven approach

In order to validate correctness of the esti-
mation parameters of the equivalent DFIG with
parameters shown in Table 5 and correspond-
ing to Fig. 1, the topology of the simulation
model and the simulation model of the equiv-
alent DFIG has been proposed and shown in
Fig. 16 and 17.

Fig. 17 shows a 50 MW equivalent DFIG
connected to a 0.69 kV distribution system
which parameters are exactly the same as
shows in Table 5. Fig. 16 shows that this mod-
el consists of a wound rotor induction gener-
ator and an excitation converter. The stator
winding is connected directly to the 50 Hz grid,
while the rotor is fed at variable frequency
through the AC/DC/AC converter. In this mod-
el, the wind speed is changed from 4.8 m/s
to 6.0 m/s.

Table 5. Estimation parameters (average value) of equivalent DFIG
Tabaunua 5. OueHoYHble NapamMeTpbl (CPeAHEE 3HAUYEHWE) SIKBUBAAEHTHOIO aCMHXPOHHOIO reHepaTopa

Order Parameter Unit Estimation value Note
1 R 0 0.8380 Stator resistance
2 R Q 0.9859 Rotor resistance
3 L, mH 0.5134 Stator inductance
4 L, mH 4.1052 Rotor inductance
5 L, mH 45451 Mutual inductance
(o2
35 ng -
power distribution
m L]
syste transformer
turbine  0-69kV converter ()38 kV/
wind — stator T |
—
‘I:li rotor X A
. | |
drive | |
equivalent DFIG control

Fig. 16. Topology of the simulation model of the equivalent DFIG
Puc. 16. TornoAorns MMUTaLMOHHON MOAEAM SKBUBAAEHTHOIO aCMHXPOHHOIO reHeparopa
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Fig. 17. Simulation model of the equivalent DFIG based on PSCAD
Puc. 17. VimutaumoHHasi MOAEAb 3KBUBAAEHTHOIO aCMHXPOHHOro reHepartopa B cpeae PSCAD

One of the challenges in establishing a
model for the equivalent DFIG is that the sam-
pled data from Fig. 6 to 10 and the sampled

»< [Vdc V]

wind speed data which has been imported into
the proposed model were not theoretical but
real-world data.
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Fig. 18. Simulation of the equivalent DFIG based on PSCAD
Puc. 18. MoaeampoBaHme 3KBUBAAEHTHOIO aCMHXPOHHOI0 reHeparopa B cpeae PSCAD
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Fig. 19. Simulation of the equivalent DFIG based on PSCAD

Puc. 19. MoaeAmpoBaHue 3KBUBAAEHTHOIO aCUMHXPOHHOro reHeparopa B cpeae PSCAD

Table 6. Analysis of the maximum error between simulated and tested power of the equivalent DFIG
Tabamua 6. AHaAM3 MaKCMMaAbHOWM MOrPELLIHOCTM MEXAY MOAEAMPYEMOW U MPOTECTUPOBAHHON MOLLHOCTbIO

OKBUBANEHTHOIO aCUHXPOHHOIO reHepartopa

Maxi %
Order Parameters aximum error 3, % ,
absolute relative
1 Active power, KW 28.588 4.52
2 Reactive power, kVar 48.896 9.42

The accuracy of the estimated parameters
of the equivalent DFIG can be verified from two
perspectives:

1. By comparing Fig. 18 to 19, it is clear
that there are significant fluctuations of stator
active power and reactive power of the DFIG
due to wind gusts.

2. The comparison between the simulated
and actual power curves shows that the trend
is consistent, although there are still some no-
ticeable errors during the simulation process.

The maximum errors between the simulat-
ed and tested power of the equivalent DFIG are
shown in Table 6. It reveals that the maximum
errors are less than 10% under wind gusts.

As discussed above, we have found that the
accurate parameters of a wind farm can be de-
termined using the data-driven approach. The
correctness and feasibility of this method has
been demonstrated through both theoretical
and simulated results.

CONCLUSION

This paper proposes a data-driven ap-
proach to estimate the real-time equivalent
parameters of a wind farm during wind gusts.
The main contribution of this study is the ag-
gregation of a wind farm with DFIGs into an
equivalent generator. By using characteristic
set analysis, analytical expressions for the
parameters of the equivalent DFIG have been
derived from the algebraic equations with vari-
able coefficients. Due to our study, the derived

608

equivalent parameters of DFIG can accurate-
ly follow perturbations of the wind speed. The
feasibility and validity of the proposed ap-
proach are illustrated with a 50 MW wind farm
consisting of 34 DFIGs. This study provides an
effective way for online suppression of the SSR
in a real-life wind farm under wind gusts.

At the algorithm level, a data-driven pro-
cedure that is suitable for aggregating a wind
farm with DFIGs has been developed. The main
goal of this study has been to derive analytical
solutions of the variable coefficient algebraic
equations.

The procedure consists of the following
steps: selecting characteristic set by modeling
the irreducible chains — zero-decomposing by
solving the polynomial rings — validating the
correctness by analyzing pseudo-residual.

This method is suitable for obtaining an-
alytical solutions of the online equivalent pa-
rameters of a wind farm. The accuracy and ra-
pidity of this data-driven procedure has been
verified through simulations of a wind farm
using PSCAD software.

At the engineering level, in order to suppress
the SSR in a wind farm during wind gusts, we
have developed a data-driven approach based
on constructing a modeling-solving-validating
research framework. This paper provides a ref-
erence for the “abandonment of wind” caused
by wind gusts. Moreover, this study can be ap-
plied to any wind farm that consists of DFIGs,
based on making full use of sampled data.
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3anaBAeHHbIN BKAAA, aBToOpoOB

Bce aBTOpbI CAEAAAM S3KBUBANEHTHbIN BKAAA B MOAFOTOBKY
ny6AnKaLUU.

KOoHPAUKT uHTEpEcoB
ABTOPbI 3aABASIFOT 06 OTCYTCTBMU KOHPAMKTA MHTEPECOB.

Bce aBTOpbl MPOYUTaAUM M OAO0BPHAM OKOHYATEAbHbIMN
BapUaHT PYKOIMNACH.

UHdopmauums o ctatbe
Cratbsi noctynuaa B pepakumio 01.10.2024 r.; opobpe-

Ha nocae peueHaupoBaHua 31.10.2024 r.; npuHATa
K nybankauumn 25.11.2024 r.
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