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Abstract

The aim of this research project is to study the mechanism and
technique for power integration of a Vanadium redox flow battery energy
storage system (VRFB) into a wind turbine (WT), and to establish the
optimal integration-management strategy of system and green-energy
applications. The contents of this research project include: (1) the design,
evaluation, and analysis of a laboratory-scale platform for power
integration of a VRFB into a WT and (2) the design, evaluation, and
analysis of capacity-design collocation between a VRFB and a WT.

This is the final report of this research project. For the design,
evaluation, and analysis of capacity-design collocation between a VRFB
and a WT, this project establishes the power-system model for the
laboratory-scale platform for power integration of a VRFB into a WT.
The field measurement results of the laboratory-scale platform are first
used to correct the parameters of the established power-system model
under different operating conditions. The power-system model’s
parameters are then revised when the capacities of the WT and the
VRFB of are extended to be 1 MW and 100 kW/250 kWh, respectively.
Steady-state  analysis  results, small-signal eigenvalues, and
dynamic/transient time-domain nonlinear-model simulation results of the
studied power-system model under various capacity combinations of the
WT and the VRFB are used to determine the capacity-design collocation
between a VRFB of 100 kW/250 kWh and a WT of 1 MW.

Keywords: Vanadium redox flow battery energy storage system, wind
turbine, power-electronics converter, power-system model,
frequency-domain eigenvalue analysis, time-domain
nonlinear-model simulations.
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Wb A RBERHF T2 E2iE 2 p R GBc(E 2 pu) s Dsw i

hiEmisfoh 4 AERHEF TS FEZFEhnE»adf 2 LR &
Bo(H i pu) s Kaws B EESTob 4 ARRHF TS FL2 B H
FhenE pcik 2 B Gac(H = pulrad) 5 ow >~ apest B A R R B ES S
B4 KERAE TP LR bR (2 pu)s Gus b IEREE R
ARBFHFTWFZ =B E s BHE = rad) ;s wp s A E S 47 F(H
= rad/s) -

(= )b 4 ARl 3 T2 F 53

AFETRY 2B FRBAN I HABREHF T 2
WARBRFAFTIPRZIEFTERLER /ﬁ%#ﬁﬁﬂﬁﬁﬁfﬁfa%ﬁigg g
?E %’Fﬂ)’ d &/‘5%%%%&4 #571\@]]‘;"'5}??,%3%%7]4'14

’ + éisa] ER - = 19AC/DC4* bR RRE S A
i:mﬁ_,@ ’Zﬁ,‘?)}ixiri%ﬁ'ﬁ %%.d 4 +$§jﬁ"3?m}f“#r“ Z I h
AT &«;412@;]41 °

i“iﬁ%%?“&4%?3ﬁ1k@%ﬁ%?%%3wﬁ&
» B ZF T M L Y42 52 5% 4§ 4 e (sinusoidally
distributed windings) - ﬁr!%]&"ﬁ"? RZAARERHF R -2 -F
(000 axis) ¥ 2 i FERIONIISIILA] - kit ot g o 6 g o
#ﬁ‘ — B AT HRIER T > G HORR D E LR A J‘j,’&uﬁt o @ 2%
g SLETER Y 20 R h 5 &3 42 dh(rotor reference frame) » T %3 Hh

iﬁﬁ&iewwe%k@ee%eeﬁeﬁﬁ&@e@%ogﬁs
v

»

A

4
™

N

Virep = P(Ygpc) (21)

qPGp p(iiquG) (22)
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b4 AERH ST WAqiZ 2 R R-T AR T AT AT

Vips = —Reglgpe — Do Pgpe + Y @,) P ) (23)
Veps = _RPquPG + WP + (Y @) p(lpqpe) (24)

R Yoo Weps A Bl B AR B TN 20 s b2 R < T 48
’|dPG‘|qPG/'a B G NER SR TS S eddh - qﬁ‘hwﬁl S URII
VdpG ~ Vgpg~ Bl & NER LR dih s Qi T SRR R R
wpe » NEEF T 2 4R % @ﬁ1?°&47\@1‘\?7‘5’?m+f3 dih
Qi e « B da 2 RN F A B A T AT

lzdeG = _LdPG-dPG + 1)meG (25)
BquG qPG qPG (26)

Ny
Ar'S

e = Linarc I mes (27)

Lipe = Lirg * Linars (28)

L I—IPG + I—quG (29)

O g 2 CER AP BBE S LI BT L

Bl g e T+ e 250k “ AT R L@ dfhin® »e i =« 3

B LmpcZ-fv 5 Lgpe 5 XE R H F T W T F e 2 ¥ 4‘»‘9’»1‘%‘% %R R

Lipc¥2 Qi e E 324k % 3 R Lugpe2 v 5 Lipg TR F ) 3 7 18 T3 4

“B*ﬂ “ AR 5 Lmdec ~ Lmgpc % %] & kléif’\—‘"ﬁ’f?%}ﬁ" Qi ~ dithen

e 2 IR e s KRB HF R P FaiR B IC RN
(magnetlzmg current) e
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L. Dpc¥ arc

+ AAA%
+

+
L, rc E VgPGp ’

B8 = XEFHE T2 dqihE T T BT
#(25) 3% ~ (26)38 1% » (23) ¢ ~ (2A)R 0 T EIR 4 AR A
e BT S N

(Lipe /@) p(IdPG) =-
(LqPG /a)b) p(IqPG) =

Reclips + @pg LqPGIqPG Virs (30)
Reg qPG — Wpg Lypalgpe —Vepe T Do Ype (31)
s R LR R R A
##& &&= (electromagnetic torque) ¥ 1 & * 7 3 ¥ cndifh ~ b 2 T

MR ddh s bR < TR A B4 EAeT

PPG =Vipclaps T VqPGIqPG (32)

QPG =Vepclape — VdPGIqPG

(33)
T PG — (LqPG - LdPG)IdPGIqPG + iﬁmeGIqPG (34)
(FITRAER E 2 8 1)
GAPRED B AERDERBEAELLH TS e
Z PAC/DCR B itk B4R 3

Doindle RATH Y BRE
IWACIDCT Bimph B 5 - Bitf # F4pa 2

2 EEREE Flt A
\2/(.: *PAC/DC% @/}ﬁﬁ#ﬁagm{ pyes |FIJ 2] E P 'EJ F’EL’J’JI4 7\‘_\_1 fg_r
g’)o

B9 0 R AT EERE Y R ERAF T 2 = FAC/IDC
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TR R e R endr 4] > B BI[15][16] 0 %= s AC/DCig i B2 4 &
PIEF i h 4 B h g T faiEh ¢ A S o a koo

. + K, _
S (z) K, +=L () Ve
S
- +
Tarc ' Opg L jpc
TerG Opc Ly
Trorg =Lom L + /J\ K Ko | - v
s s
[%'! i \Z/ § + . gPG
P | Typg ror s
+
Op ' py

B9 B 4 AEFHE T2 AC/IDC T BRAREH B nird] > SR

FIR T A+ ¢ F kg géy, (maximum power point tracking,
MPPT) AEFETOERFEELAE RER 2 0 FRE
(% Eiﬁ‘ﬁﬂ‘t’ b4 ABERHFTWZEERAGTI B GEE
b R RS RIE R 4 AER S T2 B E R opeit T
e VAR [17][18] ¢
Topt = Kopta)lgG (35)
F Ko i 2 et B8 R e
ERICLERN Al T2 e S S Mg T
I Sk IqPG Ll E o 1IN 7\1@%%%?%4:}?% 80 N L)
TR md%ﬁ_,/n 5 EARK T s FE g"r?idPG_ref =0- 33@%%&%
FEXPpE Xp > BI9P 2. AZN T U A T AT

P(Xp) = ltpo_rer ~lop (36)

Vire = _Kpl(idPG_ref —lgpe) — KipXpp + g LqPquPG (37)
iqPG_ref :TPG_ref / wmpe (38)

P(Xop) =lipe_rer —lgps (39)

Vips = _sz (iqPG_ref - iqPG) — KizXop = @ps Lipglgps T DpcWips (40)
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TR FTWEE R A RN AT L TR P

%, 4L »
L S
kBT

el

4oBll0%7F 0 H AP E RN R A FRPBEERT S léﬁsb

gBBFEE 2 TR E SRR AT L o

S | 4
Yt b

' PMSG-side
PMSG Bridge DC/DC DC/AC i
Rectifier irect Converter DC 48V Inverter  lioad

T s + -
- AC1
# VRec1 4 Cobc Vbe 4 Vioad Load¢

AC, 3¢, 3lines

Variable voltage
Variable frequency Bidirectional
DC/DC

Converter iBattery
-

| = .
Flow
-I Veatery Battety
Al

B 10 A3 F 2 b 4 BRI R R e SRS
L TR Rl BT

izﬁgv B 10 z. T 4 ~1‘?—P\ K 4o

G)ﬁi“ﬁ&*—id:w%ﬁﬁ w3 % £55 KWz p g

i T8 48 e (IM) B R U 3 18 2 %\s’é’ﬁ R AR &

*@%\ﬁ%%@—%ﬁiﬁﬁ*iﬁzkWL;wx@%ﬁ
FRBPMSG) it - 2 h 4 FHRE R AL R ERE A
%ﬂofiﬂnﬂ,v%L“%fo

(Z )i i f g * - 227 € 5500 Wz 2 4vF R
B d s o doBl0L T 3 g @ ey

(Z)F At AERHF TP A N R 8- B Apihs
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o % (PMSG Bridge Rectifier)(&ﬂ%‘]lOij R BEY
B oo 3

T)REELI - 2R i

Converter)(- %10+ = # & %

B o
()2748 Vi in g

/n

DC/DC Converter)(4-®]10™ =

)3@ Juy er
= (PMSG-side DC/DC

YRR 0 B A48 VE T

5 R

BREd - F e Eon/E o4 % (Bi-directional
#4057 )i 45 3 500 W

paoF CRRRIRTE 0 MEG R F TR LR

B e

(7 )3%48 Ve i 7 R

Ed - BHApE N/ on o B (single-phase

DC/AC Inverter)(4cB10+ +F > engd BB 5 fro7 )il 42 3 37 2 H

4p ~ 110 V ~ 60 Hzz % 7k §

FRg e

L R 4 R R
TRVRTRTR PN S S RS R E

BB 10 ¢ 2 A AWK A DT R o Aok 1~ & 5A7A
21 Z R BT B (IM)-= 4p AR ¥ 3 T 8 (PMSG)2 -4 R
Z AP AR B TR (PMSG Specifications)
A3 (Type) WindTek WT2000
PP i % (Rated power) 2 kW
B ¥ (MaX|mum power) 3 kw
t&=#c (Pole number) 18
##& 5 i& & (Rotor speed) 145 rpm ~ 780 rpm
ﬁ%lﬂ'.f_#ﬂ'iiﬁ’?,@ 30V ~240V
Z ApR BT #5284 (IM Specifications)
15¢ (Type) TECO AEHL 5.5 kW
TR fi (Rated voltage) 220 V(A) /380 V(Y)
#f =% s~ (Rated current) 19.8 A(A)/ 11.5 A(Y)
#f =7 ¥ (Rated power) 5.5 KW
& #c (Pole number) 4
#g 3 (Frequency) 60 Hz
#& 3+ :# & (Rotor speed) 1750 rpm

% 2 = 4pff s iR B (PMSG B

ridge rectifier)2 4~ &

Z M o B (Bridge

Rectifier Specifications)
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A13¢ (Type)

DACO SQL 100-12
i & 2 v (Output current) 100 A
< % & (Withstand voltage) 1200 V
% 3 E jn/E i &4 E (PMSG-side DC/DC Converter) 2. %% 345
/B ik B A s (PMSG-side DC/DC Converter Specifications)
A% (Type) SD-1000L-48
iy ~ E ’é‘: & (Input DC voltage) 19-30 V
#5212 s /& (Output DC voltage) 48 V
% T & (Rated power) 1008 W

% 4 H 4p ® w2 ondeon B (Single-phase DC/AC Inverter) 2. 4

X

R

H4p 2 /e ok Z A4 (DC/AC Inverter Specifications)

A% (Type) TS-1500-148
i~ 2w & (Input DC voltage) 42V ~60V
i 2w B (Output AC voltage) 110V
#g & (Frequency) 60 £ 0.1 Hz
g 77 ¥ (Rated power) 1725 W
# 5 3T £ 500W 2z 24 BRZET S (VRFB)® & (g4

o4 [19]

» 7 # (Cell configuration)

IR R 10 B E T
TRIT Al 2 B R OB

7 f#;% (Electrolyte)

dogr 3 kR 1 1.7 mol/l
Rtk R 1 2.6 ~molll

T R A (Volume of electrolyte) |+ = 4#& 101~ § =& : 101
3f T & (Rated power) 500 W ~ 0.2 kWh
2 S (Dlscharge voltage) 10~145V
% % % (Charge current) 10~50 A
& = g (Maximum flow)

3.51/min
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AL ATEAT K :fué,zﬁ y 1) & g‘z;;ﬁ?a P BE S % sLz
BTEAHA] o eRI12977 0 AR LY R REH o EFE R
BIEETEEL MW 2 T ABEHFTH (permanent magnet
synchronous generator, PMSG) . 87 SN N o (wmd farm) > # ﬁ"“l ,
REMIFTLE690Vims> £ 5d Zh 2 THe L H e T RAE
R (unldlrectlonal AC-to- DC voltage-source converter):g # 3 — &
2 1200Vz T ¥ B jn4d (common DC link)*te T 3 Jnpied
%, (DC mlcrogrld) AIZE AR 1200V E BB s > Trad
- Bxd gp £1200/600 V TH e B on-E n R R o
(unldlrectlonal DC-to-DC buck converter)#rig £ 2 % =% £1 MW=z
"Ef £, (DC load) o 2 gd T B R-E R ERE
(bidirectional DC-to-DC converter):id £ %f =% & 100 kW/250 kwh ~ 12
T 24~% B RIRILT 4 | (vanadium redox flow battery, VRFB) & &

L
&7 lpg] At ,J< FL o

1-MW Wind Farm and 100-kW/250-kWh VRFB-based Energy-Storage System

Voltage-source Bidirectional
converter (VSC) DC/DC Converter
DC link lvres
PMSG «
n =+ |L|100 kw
Vw = Coc /< Vbc — Vvrre T 250 KWh
1MW VRFB
S
Unidirectional DC
DC/DC Buck Load
Converter

Bl12 23525 f i
(Z)m 24F CRRRIRR A 5 AHL BN RORTE & Sl

b 13 407 R R R ed SR ARITT S A
A ki AR R R 0 SRR A 5 - BERA ¢ 4
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LA ST RAA G KA T 45 L BRRRAT S 2T
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FedsdliamF L o B 137° 2 P 8T I Rea & Rees
F@%*ﬁi“ ?ﬂﬁﬁ*W\mn TIE~RRTIE S THRT L
VA BEEREATEAZTFIFA  FARTIE R EFFIER R
lpump B_* R EBERFTF ~ kA B A e FHEAL o A F AT
?”*W§—£fﬁfﬂﬁﬁﬁﬁﬁﬁéﬁiﬂj%ﬁﬁ?ﬁiﬁ?&ﬁ:
A B F B 5 3.3KW/B25kWh » § # 2hAtdrd 8 #57) o

IVRFB

4—
lo} o

+ Parasitic losses

R _i + Vsta +
|
| I e _i Ce|e7< Veee
| R : : § Rrea! -
VVRFB | fix § <¢ Ipump | ' I’eaI
: I |
' I |
A P I |
| § Rres [
— |_ 1 _ I
o Internal losses

Bl 13 A3t g orge® H - 24 CBRRAT S L ABL BN L
win% e T BT

%8 A3rH vt g F £ 33KW/B.25KkWh ~ 12 B — > 4g 1R
R R S b A2 BER R AL
Cell Configuration 39
Power Rating 3.3 kw
Energy Content 8.25 kWh
Discharge \Voltage 42-55V
Discharge Current 10-80 A
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b0 o a2 - 247 % 100 KW/250 KWh ~ 2 & § % »%
ey LR RRAR R G AAH 2 B bk S SRR A R U T
3.3kW/8.25 kWh~ 12 8 — > 4~g i B R zin T » (VRFB) 5 A # 2 i
#H 2 4eB 14 971 0 7 Npvres B H - 240% VB RR

U . e A ) LAl E s 1 Ns vrrg 171 B - 245 V3B R
RIRT O s AHZGEN AR IR 0 2 5 - EELFE 100
KW/250 KWh ~ m B & Escrdef VB RBIET A 5 AH2 N
Booded 90 210997 Au 0 E - 2 ef CERRATH A
H2BER AR SR EE LG L RRRILT S G AHZREN X

B2 T RR o Sl

N

K % L2
e
Hb /f WU

Zhiﬂ

ETTRS

Np_vrFB
|
e | N\
VRFB| |VRFB| --cceeeeeneee- VRFB
| | |
VRFB| |VRFB| -----e-e-e-ee- VRFB
| I i — Ns vrrB
i i I
VRFB| [VRFB| .cceemenn..... VRFB

IIII/

Bl 14 A2+ % o7 % 3E 2% £ 3.3KW/B.25kWh ~ 1 B — > 4f 1t
BRI TS A2 BNk sh B Y BT 2B

%9 R3& o 37 2% £ 100 KW/250 KWh ~ 12 B - > 4f it 3R
@&mm'péﬂ;ﬁ EARER k SLeniLie
Power Rating 100 kW
Energy Content 250 kWh
Discharge Voltage 630-825 V
Discharge Current 20-160 A
Number in Series/Parallel 2/15
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-5 _
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_ Averaging
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LPF3 ——— Ree
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Py o =F
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P

VRFB _ref

( Return )

Bl 17 A3t 0k ® 35 %% £ 100 KW/250 KWh ~ 14 8§ % o > 4§
CB R R AL A S BT R s R
IE' lj I m/mﬁi%}
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T 1l mis iE i T 2 % s i (rad/s)

ﬁ

(?mal“ﬂ

-—\
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e
b

F_L ETRS

CAEHEAEFTESA S 05pu s b Bk iEF

Hcig (rad/s)

A1 AR F T 3 (PMSG-based WF)

-5.205 + j13.841

Az 4 E o f $4(DC Load)

-0.15+ j31617.68

Asg B (DC ||nk)

-292.188 £ j199.91

" J‘,(;??‘,\%i}ﬁ%ﬁ;iﬁ%b'g CRRGRINR S L AHZ
9-10 % ¥u(VRFB-based ESS)

/J

px
FE]

-0.02, -0.04

-522.8, -0.1665

-1881.54

(z )1 TRLRH 2 % S e & 47
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412 23377,

RATEHE B R R R Ee P2k ML (rad/s)

R i Vw (m/s)

Mode
4 5 6 7 8 9
Aw2|  WTG 477713+ j14.04433 | -4.8476+j14.01925 | -4.91933%j13.99277 | -4.99199+j13.96529 | -5.06575+j13.93665 | -5.140749 + j13.90665
Asa| DCload | -0.1593 + j31617.54951 | 0.15858 + j31617.56075 | 0.15769 + j31617.57399 | 0.15645 + j31617.59238 | 0.1548 + j31617.61685 | 0.15858 + j31617.56075
Ass| DClink | -298.3793 + j197.73049 | -297.4192 + j197.92949 | -296.5875 + j198.14948 | -295.5876 + j198.45620 | -204.4646 + j198.86244 | -297.4192 + j197.92949
A7 VRFEE;gaSEd -1860.565 -1862.095 -1864.295 -1867.246 -1871.044 -1862.095
R iE Vi (Mfs)
Mode
10 11 12 13 14 15
Awz|  WTG 521714 £ j13.87505 | -5.20507 + j13.84156 | -5.37466+j13.80582 | -4.98323%j13.31712 | -4.98323+j13.31712 | -4.9374873 t j13.25863
Asa| DCload | -0.15268 + j31617.6481 | -0.15002 + j31617.6872 | -0.14677 + j31617.7348 | -0.14287 + j31617.7918 | -0.14287 + j31617.7918 | -0.14287 + j31617.7918
Ass| DClink | -293.29834 + j199.3638 | -292.18827 + j199.9178 | -291.25252 + j200.4358 | -290.59479 +j200.7653 | -290.59479 + j200.7653 | -290.59479 + j200.7653
Az VRng'gased -1875.78 -1881.54 -1888.4 -1896.42 -1896.42 -1896.42
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o
-
AN

part (rad/s)

nary
=Y
L ow W
A SN ®

o0
£13.2

Imaginary part (rad/s)

Q x10*
=
£3.16178
~
=
( £3.16177 /'
)
=
<
£3.16176
on
<
54 -53 -52 51 -5 -49 -48 E 0.16 -0.155 -0.15  -0.145

(a) e AL (b) Fr B Az
o
= 1
]
N
£ 0.5

/ = 0 *
)
=
=-0.5
B0
g -1

-298  -296 294 292 290 = -1900  -1890  -1880  -1870  -1860
Real part (Np/s) Real part (Np/s)

(C) «‘}’3‘ Mg Asg (d) ijf Mg Ay

Bl 20 A3+ F A7 kSRR b R E P2 8 S A E AT PP R
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218 A3 EFL A ABEIRE SoersF P BRRITT G AHZ G L 5L SOC g pF2 b stk e (rad/s)
NEEErF P BRRINT S F AL BN X 3L SOC (%)
Mode
10 20 30 40 50
Al WTG 15.29507458 + j13.84156426 | -5.29507462+ j13.84156407 | -5.29507465 + j13.84156395 | -5.29507468 + j13.84156386 | -5.29507471 + j13.84156378
Ass| DCload 0.14686 + j31617.73425 0.146833 + j31617.73447 0.14681 + j31617.73461 0.14679 + j31617.73473 0.14677 + [31617.73483
Ass | DClink -291.18951 + j200.3708 -291.2127 + j200.3948 -291.2282 + j200.4108 -291.2408 + j200.4238 -291.2525 + j200.4358
Aut VRFgégased -1888.63 -1888.55 -1888.49 -1888.44 -1888.4
URE B2y P RRRNT S AHL G 53 SOC (%)
Mode
60 70 80 90
Al WTG -5.29507471 + j13.8415637 -5.29507474 + j13.84156370 -5.29507477 + j13.84156361 15.29507480 + j13.84156351
Ass| DCload 0.14677 + [31617.73483 0.14676 + j31617.73494 0.14674 + [31617.73505 0.14672 + j31617.7352
Ass | DClink -291.2525 + j200.4358 -291.2641 + j200.4478 -291.2768 + j200.4608 -291.2923 + j200.4767
A VRFEBS'gased -1888.4 -1888.36 -1888.32 -1888.26
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= @ x10*
= =
£13.8415645 £3.16177355
E E 3.1617735 /
= 13.841564 \ =
= £'3.16177345
= =
én13.8415635 éﬁ 31617734
= 52950746  5.2950748  5.295075 — -0.1469 -0.1468  -0.1467
Real part (Np/s) Real part (Np/s)
(E) FrHCE AL (f) B Az
= 1 |
=]
S 2005 =
= = 05
= 200.45 / 5 —
o =1 0 ¥ ¥ R ¥
>
= 200.4 5
= £-0.5
0200.35 ?Eé’
E 291.2 291.25 291.3 — 1888.1 1888.2 1888.3 1888.4 1888.5 1888.6 1888.7
Real part (Np/s) Real part (Np/s)
(0) EHcEAsse (h) FHcEA;

B2l #3-% 77 f AR E Eoarsd P BRRIGT A S AL BN L L S0C g hepr2 i MR K E AR
L )
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% 14 *

PR R AT R PR e PRk S e (radls)

Mode E i f § Proap (p.u.)
0.1 0.2 0.3 0.4 0.5

A2|  WTG -5.295005 + j13.841619 | -5.295006 + j13.841618 | -5.295007 +j13.841617 | -5.295008% j13.841617 -5.295008+ j13.841616
Ass| DCload | -0.12907 # j31617.991807 | -0.12925 + j31617.989171 | -0.12943 + j31617.986591 | -0.12961 + j31617.983985 | -0.1298 + j31617.981356
Ass| DC link -284.986 + j195.2317 -285.051 + j195.2854 -285.114 + j195.338 -285.178 + j195.3912 -285.243 + j195.4447
Au VRFEBSjgaSEd -1912.74 -1912.5 -1912.26 -1912.03 -1911.79

Mode £ f §° Proap (pu)

0.6 0.7 0.8 0.9

Az|  WTG -5.295 + j13.84161 -5.29501 * j13.8416156 -5.29501 + j13.8416150 -5.2950115 + j13.8416145
Ass| DCload -0.12998 + j31617.978747 -0.13016 + j31617.976163 -0.13034 + j31617.973535 -0.13052 + j31617.970950
Ass| DClink -285.307 + j195.4979 -285.371 + j195.5506 -285.436 + j195.6041 -285.499 + j195.6568
Ay | VREE0% 1191155 11911.31 11911.07 -1910.83
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> o~ 4
S 13.84162 = <10
= £3.161799
£ 13.841618 ‘/////// <
B . -
2 = /
213.841616 >.3-161798
s <
£ £
2013.841614 ©03.161797
£
— -5.295012 -5.29501 -5.295008 -5.295006 E -0.1305 -0.13 -0.1295  -0.129
Real part (Np/s) Real part (Np/s)
(i) FHcEAL () FHcEAz4
@ Q3
= s 1
£ 195.6 s
= Z 05
§195.5 \ i >
51954 o 0
= =
£1953 £-05
£195.2 = | |
— -285.5 -285.4 -285.3 -285.2 -285.1 -285 E 013 -1912.5 -1912 -1911.5 -1911 -1910.5
Real part (Np/s) Real part (Np/s)
(K) #HciE Assg () #pciEA;

W22 7357 WA DI PR P2 5 R A E AL B
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216 A3 HA Y PRI RE Sor b PR RRINT A AR GER Ry R R P2 i S (rad/s)

Mode MBREIEF CRRRNTS 5 AA#2Z N A 3E £ Cures (100 kA)
2.5 5 7.5 10.0 125
A WTG -4.413517856735099 -4.413517856735338 -4.413517856734387 -4.413517856733952 -4.413517856734268
2 +j14.65219438540748 + j14.652194385408029 + j14.652194385407395 + j14.6521943854078 + j14.65219438540721
A DC load -0.5000000000009095 -0.500000000005457 -0.5000000000081855 -0.49999999999090505 -0.500000000003638
¥ +j31622.77659773094 +j31622.776597730943 + j31622.776597730965 + j31622.77659773093 + j31622.776597730986
A DC link -297.638632537629 -297.6386325376726 -297.6386325376235 -297.63863253763157 -297.63863253758205
> +j195.19108351938385 +j195.19108351929296 +j195.19108351938164 +j195.19108351938786 +j195.19108351947094
An VRFIEégaSEd -1876.2817395425068 -1876.281739542737 -1876.2817395426734 -1876.2817395426916 -1876.2817395426327
Mode FEE2ed VBRBIE S AF2Z N S F £ Cures (100 kAh)
15 175 20.0 225 25.0
A WTG -4.413517856734268 -4.413517856735127 -4.413517856735115 -4.413517856734277 -4.413517856735158
2 + j14.65219438540721 + j14.652194385408869 + j14.652194385408055 + j14.65219438540716 + j14.65219438540853
A DC load -0.500000000003638 -0.500000000003638 -0.5000000000009095 -0.500000000001819 -0.4999999999972715
4 + j31622.776597730986 + j31622.776597730935 + j31622.77659773096 + j31622.77659773096 + j31622.77659773094
A DC link -297.6386325376373 -297.6386325376326 -297.63863253762213 -297.6386325376263 -297.63863253759905
> +j195.1910835192567 +j195.19108351937447 +j195.19108351939886 +j195.19108351932618 +j195.19108351936282
An VRFEBS'gased -1876.2817395428413 -1876.2817395428524 -1876.2817395427821 -1876.2817395427055 -1876.2817395426725
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= <

.b-ﬁ :

2 14.6521943854 50 3.16227

E -4.4135178568 -4.4135178567 -4. 41351785 g -0.50000000001 -0.5 -0.49999999999

Real part (Np/s) k= Real part (Np/s)
(M) 4 A ® Ao (N) 5 HciE Aga

- o
= 195.191083521 = 1

[+ [

= =
= - 0.5

C 195.19108352 = <

S =3

= /¢ = IS
> —

='195.191083519 =
E '5'1)_0'5
2 :

195.191083518
E -297.63863254  -297.638632538 -297.6386. = -1876.2817395429 -1876.2817395426
Real part (Np/s) Real part (Np/s)
(0) % M iE As.g (p) #HciEA;
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S F et R R > ¥ st 23 224 dki2 | (non-parametric
methods)f= " % #ci# | (parametric methods) o %~ F_BK 588 PRI
B vms o TRAE SBEOANE S o TED FEAGHE
¢ fdicr B E RIEF RERMA G OB 0 A R ERK

XA R ZEF FEpa s Hl4e T F @A & ) (Weibull distribution) & T 3
FiI4 @ 5 (Rayleigh distribution) - 2--%-8c;2 P & 5 7 r4 g & pr g
G SRS A 4& NS A
- A LER AR GE - TR TR A B3 (Kernel smoothing
density estimation, KSDE)[30] -
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