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In recent years, the countermeasures to deal with global warming and air pollution have become an
urgent issue, much attention has been given to use of wind energy which is one of the renewable
energy sources, and the research and development of a variable speed wind power generation system
(VSWPGS) has been actively worked out.

In general, an induction generator (IG) and a permanent magnet synchronous generator (PMSG)
are applied to a VSWPGS as generators. The IG has the excellent features of being inexpensive and
robust, but it is less efficient than a PMSG. It has the disadvantage that gear noise is generated because
it is necessary to use a speed increaser to match the rotation range when applied to a VSWPGS, and a
large inrush current is generated to start the IG. Conversely, the PMSG has the excellent features of
high efficiency and low noise, but its main disadvantage is that the power generation cost increases
because a large amount of rare earth is used as a permanent magnet material. Comparatively speaking,
the switched reluctance generator (SRG) has excellent structural features of low cost and robustness
because the main part is composed only of the core and coil since it does not require a secondary
current as a IG, so high efficiency can be expected. Furthermore, it is possible to design a rotor with
low inertia which is beneficial for variable speed operation and can be expected to adapt to the
changing wind conditions of Japan. In the VSWPGS using a SRG, it is common to use a power
converter that combines an asymmetrical half-bridge inverter and a PWM inverter for the grid
connection, so it has a large-capacity capacitor in the DC link part. Therefore, the operating rate
decreases because the capacitor needs to be charged at the time of cut-in, and the power generation
cost increases because the capacitor needs to be regularly maintained. As a remedy for these problems,

the development of a capacitorless AC-AC converter without a capacitor is desired.

This paper proposes a capacitor-less AC-AC converter on the premise that a SRG is applied to a
VSWPGS. Also, we propose an excitation method for the SRG using a capacitorless AC-AC converter,
and a speed controller of the VSWPGS that can control the appropriate number of revolutions in
response to changes in wind speed. Furthermore, in order to work out the theoretical verification of
VSWPGS using a SRG and a capacitorless AC-AC converter, a mathematical model of the
components is constructed, and a simulation is performed in Matlab / Simulink when the wind speed
is changed.

The structure and outline of this paper are described below.

In the first chapter, the basic of wind power generation will be described as a background of this
research.

In the second chapter, the basic principle and control method of the used SRG will be explained.

In the third chapter, the structure, principle, and excitation method of the proposed capacitorless
AC-AC converter will be explained.

In the fourth chapter, the simulation method of the VSWPGS using a SRG and capacitorless AC-
AC converter is described. In addition, we will work out a simulation for changes of wind speed and
verify the theory of the proposed method by considering the simulation results.

In the fifth chapter, the results of this research are summarized, and the future works are described.
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Fig.1.9. Wind power installation results of Japan.
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Table 1.1. Structure of wind power generation system.
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Fig.1.10. Category of wind power generators.
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Table 1.2. Features of wind power generators.
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Fig.1.11. Wind power system using SRG.
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Table 1.3. Classification of power converters.
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Fig.1.12. Power conversion method.
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Fig.1.13. SRG wind powers system using AC-DC-AC converter.
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2.1 SRG Dlalis- & [E
Fig. 2.1. Rotor and stator of SRG.

7< 2.1 SRG D[EE T & [Alfin - DA G bt
Table 2.1. Combinations of SRG stator and rotor.
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2.2 =#H 12/8 1 SRG
Fig. 2.2. Three phase 12/8 SRG.

2.3 SRG D [a#z[F
Fig. 2.3. SRG rotation principle.
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Fig. 2.4. Equivalent circuit of SRG for one phase.
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Fig. 2.5. Magnetization curve of linear magnetic circuit.
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Fig. 2.6. Magnetic coenergy of linear magnetic circuit.
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Fig. 2.7. Magnetization curve of nonlinear magnetic circuit.
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Fig. 2.8. Magnetic coenergy of nonlinear magnetic circuit.
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Fig. 2.9. Relationship between the rotor position and inductance.
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Fig. 2.10. Definition of rotor position.
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Fig. 2.11. Relationship between the phase current and inductance.
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Fig. 2.12. Flux-current trajectory.
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Fig. 2.13. The process of energy conversion loop from zero point to state A.
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Fig. 2.14. The process of energy conversion loop from state A to state B.
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Fig. 2.15. The process of energy conversion loop from state B to zero point via state C.
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Fig.2.16. The output of power generation operation.

_33.



25 AA v F N T U X AIEEMOHIEITIE

AA v F MY T 0B AREHROFEREORIN, FEARIZHBEBRAG & RhGH T4 %
BEREL L TiThi s, BIEEE U CRhBEBHAEA & RhBGE T 0 2% FIV 2 4 AT 1 il
(Angular Position Control, APC) F=UZHNx, FIINEED K& & &0 CHREE S 2 EIEHIH
(Voltage Control, VC) 5=, & L THERDO K E S ##l[RT 2 EiT 3 » &2 ZHil{# (Current
Chopping Control, CCC) FRADBHWOHN D, HlISFRITAAL vF MY T 7 & o AHEEHKD

BHRERESTHRERERTH D, LLTFIC, HEFIEC O TRBISHENT 5,

2.5.1 MEMERIE (APC)

APC J7RUZ, FbBEOBAAE & & T OXMAZE LT, RREEEOMBELIMZ %S 2 X
Thd, MEEENPHMES N ZHHEST L2 LICk - T, WHERE My 2 T2
T LI RV WA R D,

ihBsEIX R OFFEE 5L & LT, TREBRAA A D2 BT 5 5K, s TA DI A LTS
55, BLOBEBRGAKE T A Z FRRFICEE S5 50 3 FEAARH D5, M 2.17() TR7
BEBALE A DA A EF 5 HRTIE, HEROSLSH LRV DX A I 7 L i KBTS
ZEIZEY, M IOREEEHETE S, XK 2.17(b) CRT IR TAD LA LTS
% T, MHERORKMEOMTESEE LA, MEBEFKOBENE, >0 EREDMEE
S D LICRY, M ORESEHETE D, —F, IR & R T/ % [
RRIZEE T 2 5L, S0 2 FROFREIEROZ L1222, FREBIIAHE T M O Fii
TN ZANTEHER D LD,

AA v F MY T 7 X AREHTIE, MEROBEMMNSELINDLE, A1V X7 X
ADFALORIEITIE U T, T — FEEAET— R CEI{ERENA £<5 LS E(LT 5,
BTN A 7 2 AOWMNTEIRIZH H581E, AAMyF NI T X2 AREHKTH-
THIATE— FOIRAE (BEWEOIRER) CTEMET S, WIS, FHERNA 27 2 2O
TERICH DAL, AA v F M) T HZ L RET—F ThHoThlEAEET— FOREE (GEEK
DOIRRE) TEMET S,

FRENCRERIAENE, ATEEEET 272012 FAZ AT O BBITENT, A =X
BIDAAL v F U TEMERR/DRIZMZ D ZENTEDLDT, AV N—XTDAL v F
THREDNS L 725, o T, IRWEIBEIGEPE TR % 72 B 5k 0 T C Al 258 247 5 BR
2, VAT LAREROMEEE MR TED ZENHFRFTE D,

_34_



Ousy 0
(a) [EE 0,
i A
1
I 2
B
|
| | |
| | :
|
Lo >
Oon 0
b) [ETEO,,

217 FEALEHIETT A (APC J730) D&
Fig.2.17. The conceptual diagram of angular position control (APC) method.
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Fig.2.18. The conceptual diagram of voltage control (VC) method.
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Fig.3.6. Circuit of matrix converter.

F 3.1 WMEMAA v TF v 7 OEBEE— R

Table 3.1. Switching mode of bidirectional switch.

Switching U
mOde SP/‘u SPsu SPtu SM‘u SNsu SN[M VM
1 1 0 0 1 0 0 0
2 1 0 0 0 1 0 Vs
3 1 0 0 0 0 1 Vit
4 0 1 0 1 0 0 Ver
5 0 1 0 0 1 0 0
6 0 1 0 0 0 1 Ve
7 0 0 1 1 0 0 Vir
8 0 0 1 0 1 0 Vis
9 0 0 1 0 0 1 0
| | | |
| | I | | | |
S] 1 : : : Sl 1 | ! ! !
I I I i | i i
s 1 1 )|
S T R o
| | |
I f ; f I I I I
S, : _|I : : Sy i i i [
| | | |
| | | I—i— | I I
| | | |
S T T T I S2 : : :
| | | | | | | |
t t ) ty t t t3 ty
(a)iL>0 (b) ir<0

X 3.7 4 AT v Tl

Fig. 3.7. 4-step commutation method.
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Fig. 3.8. Circuit topology of U phase.
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Fig. 3.9. Commutation method of prevent current pathway blockade.

[ [ [
[ [
SPrul___ | SNl H
| | | [
—_——— e e — —_—— = —
SPsu2 | SNsu2 |
> |
EIRSE & RALE EIREE &AL
(a) (b)

3.10 EEPREAE LA Ik DA /7=

Fig. 3.10. Commutation method of prevent power short circuit.
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KI2AA v FrTE—F
Table 3.2. Switching mode.

Switching U
mode SPry | SPsu | SPw | SNru | SNsu | SNu | Vu
1 1 0 0 1 0 0 0
2 1 0 0 0 1 0 | Vis
3 1 0 0 0 0 1 Vit
4 0 1 0 1 0 0 | Ve
5 0 1 0 0 1 0 0
6 0 1 0 0 0 1 Vit
7 0 0 1 1 0 0 | Ver
8 0 0 1 0 1 0 | Vis
9 0 0 1 0 0 1 0
V
WL A
Vr Vs V't Vr Vs V't
[l A4

3.11 fH&EE
Fig. 3.11. Phase voltages.
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SP/N;; Capacitor-less AC-AC converter

— o — P .
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Y
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= 1 Gate Signals gk

Controller

X 4.1 F ¥ /334 LA AC-AC ZHfiinz 7= SRG RS HEY A7 A
Fig.4.1. SRG wind power system using capacitor-less AC-AC converter.
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Fig.4.2. The structure of wind power system.
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Fig.4.5. The curve between tip speed ratio and wind turbine power coefficient.
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Fig.4.6. The output characteristic curve of Windmill.
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Capacitor-less AC-AC converter
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Fig.4.9. Simulation of wind power generation
system using SRG and capacitorless AC-AC converter.
v(m/s) & v(m/s) #
t(s) t(s)
(@FAR, (b)ZE
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Fig.4.10. Simulation example of wind velocity.
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() FHAVTFFEME Cp, Cr, Colz kv, Ri(4.32),(4.33),4.340) DI FHREZITV, JAHED
PT,Q %K%,

BB EIIESWT, BB IIFEFE 217 5 FIRICHE S T Matlab 7’1 7 F A &AE
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4.13, K 414 \ZBEOHNHRHEZRT, K414 TRT Iy TFAR—ENEDTH D
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ZEDGTINB,

4.3.4 fEH A
4.15 CRT X 9T, EE L SRG ORICHIEEZ R T 5 = & 2 ET 5, JAHM & SRG
O R OER FfaRITk cRIN S,

d

T, -T-Bao,=J, (4.35)
dt
d

T,~T, - By, =J, =~ (4.36)

B DB I OWTEEMIZ n1 & L, SRGHIZ m &5 EXVEHIT m/m & 705, =
DXV 2 A, BEDRFERAEE 0w & SRG DORFEEAEE 0, DBURITIK R TE SN D,

a%=£ﬂqqg (437)
n,

Z 2T, Tw,Te: BEMO SRGIFEA bv 7, Tr,To : JAEA D SRG Ml F L2, 0w, g @ JE
Hil> SRG Ml 0 — Z [AIHRHE, By , By @ EHLNI O SRG ARG PEEEEIREL,  Jw , Jo @ BHA O
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Fig.4.11. Wind velocity.
F41l AHEF—ELDRTRA—H
Table 4.1. Parameters of wind turbine.
Distance from center of rotor[m] 1.216
Pitch angle[degree] 10
Rated output [kW] 6
Profile of NACA NACA4415
6000 w E——"
—2m/s
5000 3m/s
—4m/s
—5m/s
4000 ——6m/s
E —Tm/s
— L —8m/s
L 3000 — oms
X 10m/s
2000 r —11m/s
—12m/s
—13m/s
1000 r — 14m/s
— 15m/s
0 : ‘ ‘ [—— 16m’s|

200 400 600 800 1000 1200 1400
o [mpm]

4.12 IR & ) DO BER
Fig.4.12. Relationship between rotation speed and output.
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Fig.4.13. Relationship between rotation speed and torque.

6000

—1m/s
—2m/s
3m/s
—4m/s
—5m/s
——6m/s
—Tm/s
—8m/s
—9m/s
10m/s
—11m/s
—12m/s
—13m/s
—14m/s
—15m/s
—16m/s

5000

4000 -

W]

23000+
2000

1000 -

—1m/s
—2m/s
3m/s
—4m/s
—5m/s
——6m/s
—Tm/s
—8m/s
—9m/s
10m/s
—11m/s
—12m/s
—13m/s
—14m/s
—15m/s
—16m/s

0 2 4

6

8 10

4.14 JEEEL & 0B
Fig.4.14. Relationship between tip speed ratio and output.
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n, g n, n,
2\ J, +J, —=+3| = | B,+B a0, =| =T -T 4.38
{(”lj ' g} dt {[”lj g} ’ [”l] ’ (*39

F7o, PR AEITAEEAFE ST 52 Il AFHENRKRATE LS,
H:Iww (4.39)

4.3.5 SRG

il 3% R T 3.5kW, 12/8SRG D/3T A — X % FK 422" F, HF, SRGOETY
7 \Z%f L C Matlab/Simulink CTiX =2 HENRH 5.

Matlab O M 7 7 A L% Simulink (ZFA A HHE T, SRGET U > 7 0oia EBT 5, 20k
EOM 77 AVTlE, B LEEZBTER, HBERDOY A XEINTA—F—%
ERTDHGEG, 7077 2 KIBICHETZLERS L, ZHUCEY, < OEENEN
L. NS ERY 2 2 b—3 3 UEIEICENLTZ 220,
BRRERMHTIZ LY, BWEROMK, A X7 XA, NI e 8T — 2 %35 L, MATLAB
/Simulink D)V 7T o T T =T NVICT—FErn— L, ¥YIal—rarxfro, Z0OkN
%1%, MATLAB/Simulink D> 7 /b, ZBFE LW, @milRy 2 2 b—3 3 VlEOF| S
HFERTE D,

B 4.16 (AL D SRG DET V&R T, ANMEEE, B -(LEIC X D HEER, (>
BB RAEEBRE NN ZFR LTS, £ETVOHRORERT], NI A H T X RT
W DT v TT—=TNaeBET L, SRE KO bV, SRR & Bls -0 E O BIfR & 155 7=
DIZ, IMAG THIREFRIEIZ L DM 217 5. X417, X 4.18 (TR MTRE R 2 =3
4 4.19 TRY & 912 SRG DE T /WFAREFRIES L DHEGIRITIZ IRV TR LN D fiftr 7 —
BEAWTER SN S, RN(2.4) THE SN DBAEEHREL v L B TLE 0 DBy 7T
7T =TIV F (y;,0) theta-FL-MMFE)\Z X 0 &R F; 228 L, F & 020 bV T ST
XDV I T T T =TI T (F0)(theta-MMF-T)\Z X W #pk S5,

43.6 ¥y 3L X LA AC-AC ZEHase

W3 ETHBALEF Y RV Z L X AC-AC DL I 2L — g VETFIVIT,
Matlab/Simulink (2351} % Simscape Z W THEEE L7z, F v /X2 % LA AC-AC AH#igrDF
ISR ESE T H MIT A A v F1X Simscape THEME STV 5 IGBT & &4 A 4 — FOMA
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Fig.4.15. Mechanical Model.

#242 SRG »D/XT A —H
Table 4.2. Parameters of SRG.

Stator outside diameter [mm] 182
Rotor outside diameter [mm] 96.33
Rated output [kW] 3.5
Air gap [mm] 0.3
Core length [mm] 146
Number of coil turns [turns/pole] 44
0.3[mm] 0.3 1

[mm]

12.592[mm]

96.33 182
[mm] [mm]

%] 4.16 SRG OHit
Fig.4.16. Structure of SRG.
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(a) Rotor position and inductance of SRG
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(b) Rotor position and flux linkage of SRG
4.17 SRG Ofihr7—# 1
Fig.4.17. Analysis data of SRG L.
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Fig.4.18. Analysis data of SRG II.
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SRG DASIHEEBE Y AT L, ZFRFTBERO T FILX —TF v /U & L A AC-AC A #ids
ZJ LT SRG OEMBITHAE L TV DT, F ¥ /30 % LA AC-AC EHgrOHlE 7 iE13 4
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HE1T D,
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1THIIE SRG EEA (002 SR £ T, RAHEEZBINT 5, RKRHEBEELZRIRT 55
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DOBIEDT=DIZ, AT BEIEICERT 20X TAHIZH D L&, R KIREIED O iR/MAE
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MAEEIE 2 RIRT 2354, BRO ST & AT BB R/ NEAL & R KB DAL
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Fig.4.19.SRG Model.
w—»| RE A/B/Z o Capacitor-less AC-AC converter

Voltage |V, /Vo/Vy.. | Excitation| Gate signal
sensor timing

V>

420 SRG & v /3uH LA AC-AC 28 % W T bReHlE o 2 7 A
Fig.4.20. Excitation control system using SRG and capacitor-less AC-AC converter.

- o Current iy /iy iy ot
L >
sensor
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L N

\

N
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421 ZAHEEZ MW TR 4
Fig.4.21. Excitation method using 3 phase voltage.
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FT O 5 O OWIFD) 12HD & &1E, AVEHTHRKRTH D Vs ZEIR L THATEBEL,
W CHRRTHDIMENREDDLDT Ve D Vo \ICHID X THITRMkGE L, RSB R
RSB BT D, E72 008 Oy i@l LT B E/INTh D Vs ICEID R Z, P Th/NERD
MENRZEDDLDT Vs ITHIVEZ T, JTE— RITETL TV D, BIEE— NZERRIBAT
SHDIZOI, RTAIZHD & XL, Vad b Vi IZE 0 X TEIAZBRLE S5, & T (00
MOEAEKRTAET, S/ THLIMENREDLDLDT Ve 2 b Vi IZHV X CRIAEE— RT
AT LTS, Bkl BV TN OAFIEAAS)NCH DI, F/MAEE V, 2381, &
TEKTT %,

RGBT EHE T D MR AEEIC DWW T, MEEREZAE LRI SICK 32 TRT AL v
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Fig.4.22. 4-step commutation method I.
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Fig.4.23. 4-step commutation method II.
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Fig.4.26. Mechanism preparing look-up table for 6o, and 8,5 of 200rpm.
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Fig.4.27. Mechanism preparing look-up table for 6., and 8,5 of 300rpm.
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Fig.4.28. Mechanism preparing look-up table for 6., and 8,5 of 400rpm.
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Fig.4.29. Mechanism preparing look-up table for 6o, and 8,5 of 500rpm.
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Fig.4.30. Mechanism preparing look-up table for 6., and 8,5 of 600rpm.
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Fig.4.31. Mechanism preparing look-up table for 6., and 8,5 of 700rpm.
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Fig.4.32. Mechanism preparing look-up table for 6., and 8,5 of 800rpm.
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Fig.4.33. Mechanism preparing look-up table for 8,, and 8,5 of 900rpm.
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Fig.4.35. Mechanism preparing look-up table for 8,, and 8,5 of 1100rpm.
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