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A Study on the asymmetric control of 3-phase thyristor
bridge for Superconducting Magnet Energy Storage
(SMES)

by Seung-Hyun, Kim

Department of Electrical & Electronics Engineering
The Graduate School of Korea Maritime and Ocean University

Busan, Republic of Korea

Abstract
In this paper, in general three-phase thyristor bridge circuits are
used in various fields of voltage and current control such as AC-DC
converter, reversible speed adjustment of large motors, and energy
storage devices. Among the various energy storage devices developed
so far, superconducting energy storage devices have a relatively large

energy storage capacity and high response speed, which is suitable for
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a system requiring frequent charge and discharge of a long time. In
the SMES three-phase thyristor bridge circuit, energy is stored in the
SMES by symmetrical or asymmetrical control of the alpha angles at
which thyristors are turned on, and reverse voltage is generated during
regeneration period in which to regenerate energy is supplied on the
power supply side. This paper describes the control characteristics of
power converters for SMES

In this paper, we have studied a method to increase the power factor
by minimizing reactive power by asymmetric control in a 3-phase

thyristor, which is a power converter for storing energy in SMES.

KEY WORD: Superconducting Magnet Energy Storage (SMES), 3-phase

thyristor bridge, Symmetrical control, Asymmetrical control
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2.2.2 H 3 A o] (Asymmetry control)
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2 a,+7/3 a,+27/3

3V3

8

Vi= VAV, L+ 38 (o0, + cos2a)l 2 V] 235)
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A7) A (2.6)9F &2t}

/ 2+BZ
L=1+

e +( WO cos (nwt—0, —¢,) [A] (2.6)
( &, tan” ' (24L) )
P FHARY ARAR(E BT FAAANS FEAAE(V)
2 wesge u,
=t [A] @)
2 @27 o2 Uehd & 9eod 2 249 gslsid,
5= QV 12 (cosa + cosay - ¥ [A] (2.8)

21 (2.8)= UErE 4 T

Bate] Aol nEAPR e 4 Q9% YEhd £ Qa

ELES
ol AEge 4 (2102 e
G,
he =75 [A] (2.9)
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In, = /D20’ [A] (2.10)

VA, +B,?

[R2+(nwL)2]l/2
21 29 A 10e= g AR HAagt 5,2 JEE A (2.11)
¥} 22

(G =

)

L= I+ Iy, [A] 2.11)
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24 Aole 28 BEA MYR Ao F3F 54

Fol 2 gl 528 AR 0, 0, i 609 A
A2 A3 120° wHE m27 FAuk 8 A Aol s A Aot
g A7 o, 7 a,0 wEk 9] gEkx] 7] wiEe] 1o odt &9 o

Gv=e) Gwem) (weee)

R LY P

[z-x’ﬂﬂ-] [x—vaE] [V—ZEEJ

9 28 34 Atele]zd BEA e A& 73

Fig. 2.8 Switching section of 3-phase thyristor bridge

2% 298 34 Aol HEAE & ewe Ao] o]FolAE T
e agor yehhlen, A@HE AFelA Aolzte Aole] el
A A7} ool Ak,
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241 A7 A Ad3FZH(w)

Atelgl =B BEjAe] T 545 w45 flaiMe dEEdE (X))
o F&at zbze] Alolgl ¥ 7b W-9xHE u), HEzhw)E L steok I
th 18 2,105 Alolg]2~E Ut Z7F EEHo] 323 9= AE Al Alo]

]

PaE Vb REHIS o, A7) B ALGE (e, 4e,) /2 = HolH

A HH AFE 29 2113 Zo] 48 g dgu o] S ol UolA VE

A=

Agd o] 7p ge) Adeks ATz wAACR gdst Aol (2.12), A=

(2.13) o2 YERA

a9 29 AtolFAE U-V A& Al Ao]Zh(a)st A Ezu)

Fig. 2.9 The control angle («) and the switching angle (u) when the
conducting of the thyristor of the 3-phase bridge is transferred from U-Z to

U-v
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.
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L]

I,

L J

19 2,10 Aol 2 U-V A Al A5t i, 6,9 B SEHARF

Fig. 2.10 Current 4,, i, and average output current /, when the conducting

of the thyristor of the 3-phase bridge is transferred from U-Z to U-V

a9 211004 Apo]g]2H U-V7F Aslo] o]Fojd u, oWFe] A AH
37F dojuta AF7F Asz o5k Aset= 71 7-S JFA A ©ok[15, 30]

di, di,
ea_XCE—i_XCE_eb:O (212)
ity =iy (2.13)

Alolg] 2~F UollA V& 3" o
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V3V,

iy = 14— X [cosa; — cos (wt+ o )] [A]
NER.
i, = TX[cosocl —cos (u+ ay )] [A]
7t el 2HARE A 2149 219)9% 2 =
AR AsE o, A8 (w)= A (216008 e S

U = coS [cosa — 2X

X,
(X, :

cpu = Tmidn)

AR )= X9 i 7b AAW

A2zt (u)&= oA A ¥

(2.14)

(2.16)

vt Ao

= 392 A, AT w3 wE A @IDT 2.18)F LERE S 9t
i
uy; = cos ' lcosay — 2X,, ] — o (2.17)
d'n,
uy = cos  [cosay — 2chui_] oy (2.18)
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242 A A3 A3

4]

g Alololl A Aozt o, 3 a,7F 60° 9 YRR AolHE A 2

(2.19= YEtiAS

C¥17C¥2|:60D

a; = ay,+60° a; = ay — 60
a9 2022 yERd 5 9l
A oFolH = Aol (bt

7]

A ol .

(2.19)

C 2 #AVE dYsta A7t o 7 a0l whEt
1% 2.12(a)% AtelE]=E U-Ve] Hd3to] ¥

WA o] FolA =

ABERSaAE

Aol

(a)

I 211 374 Alolgl 2 9] Al A%

Fig. 2.11
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A Mol o] Fol A= b A (220)F )

(2.20)

29 212 A v Aol Aojzte] B

Fig. 2.12 Relationships between phase voltage and asymmetrical firing angle

al, az
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21 (2200014 Abelg] ~H U-V7F A8 Fol Z-X7t A d3ko] 7hs gt
T o v B AET Ao AT =5 wola, 19 213
AN o] 90° 7k ¥ = AFFE Zhsetth 907 7 W= dell s Az
Eo7tE e AT srol sA] e EIbssith op0] 1500 7F o
M Rl A s Abelgl2E U-V7F d3kd £ Z-X9] Hdgko] dojupd A&
A Abo] ] 2B 7F ThA] EEE o] FA] H3ko] o] Foj A= ko] EA) st
a3 213004 U-vE dskd § z.Xeo| Hdslho] o]FolAW oA} A
of it ARt vde A7E E7] wiol AxE U 9A] REEal
Z-X2] H3glo] & F U-vH ko] tha] o] Foj Xt}

A @202 AelZ o a,°l whek A% FEIFo] dojuh= FHE
Yelgle 29 2,142 YER Stk

D ay <3, 2-X] Aol Erpa UVIE A@shs P13

@ ay <, 2-X9 A8 F U

f
F_>.i

< s

_o|L
rr
-

rﬂ

T Z-X7F A%

rﬂ
Olr
R

@ a, < % U-v A3 p= o
@D a, < % U-V Aol Euya z-X7} Aslst= 73

® ay> T, U-vel Qo] BT Alolg)~E ©.9% 7|3 ] ZXe)

2,
Agko] AAFWA thal Bl o] Poihi T3k
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o Aojel el 7Hd 2 EAHES SAHE F dE Ayt oy
Aotk 9le] WY Hlojus il A Ayt dojups F3t
oM, a; > 150", a,>90° TItAA TAHE F A (w)7t S BT

Mgk A7 7bede] =

rr

az
120°
T
az=a1+u1—§+wt,,he —
®
100" |—
_ T
0y = @y + Uy 3
80" |—
4 T
a; = a, +—
1 273
'/>\. / ai = az + "'2 +§
| | ] | |
—i\ " -
100° 130 150 ety

73 213 HlHA Aefel A o] A FudF 73

Fig. 2.13 Transition mutual influence section in asymmetric control
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o gepme Lojolgtn shgstx Y Feldx x, o wE A

A F3he YERl= Aol 29 215 ofth

oy

160°

140° |— -|
]

120° |— I |
{J

Z
- /' ~
100 . [
]/

80° [— b

{(
2]

. | 0

140° 150° 160° ay

29 214 98 sy Av)eh AadF G

Fig. 2.14 Range of input reactance and conversion success area
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U-Ve] VAR Zasta A&E AW U7 T Al B838ke kol al ¢, —t,
ANA TAl U-V Hdgko] o] Fol XA Hrt AT ¢, =7 7} HH dg A
7} 2 A gt

’ Iy

lu i,

Ip (51 5] I3

29 215 Abolg 28 Uve] A8 ol zxo A8 A A7 9
Fig. 2.15 The current waveform when the switching of the thyristor U-V is

completed and the Z-X is switched
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Iy P Iy

a9 216 AolEl~H U-VE W3 F Z-Xo] AE A AF 93
Fig. 2.16 Current waveform when switching Z-X during switching of

thyristor U-V

19 2178 Aol &E UV A& F ZXe ko] dojueE A S
U-Ve] Hdgto] FA| ¥l Z-X9] #sto] o] F
Y 2175 ty—t; 3ol A UV AFo] o] F
Z-X Agko] AlZtEan Alolg] ~H U-ve] Asto] TrrElth o] HAHA vV
of A{F 1,7t Fasa EoEdW U AR/ v YEHE
o] Atelgj~H U X7t EE WA &3 A4S 24 #
THHAL U-V Hdgho] o] FolAA Hrt. stAT 3= 7 7F

57 AT,
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% 2182 ApolEl2~E U-V 3 F Z-X| ko] o]Fojd uf A}
olg]~H HA 9 M7 HFES YErd 1ot

-” Ix
&
Iv - Ty
to [ ts iy
: r H I
fy M‘I
1 : i la
1, : ‘
‘r.Y
_Id
Iy
Iz

to ty t; ts
2% 217 Aol &E U-VEl A Z-xo| A& Al A dF 99
Fig. 2.17 Total thyristor current waveform when switching Z-X during

thyristor U-V conversion
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Iy /"‘-—;—..,
z°§ £a !
oy | SCR_SW ; S]]
! [}
B A ) - SMES

I;

a9 218 TA A8k FA-,—t,) 2= AA AF 3F
Fig. 2.18 Simultaneous thyristor switching process(¢, —¢,) schematic and

overall thyristor current waveform
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lu Jv w
B \ SGR_SW -
B A A - SMES ty iz
-[ £ d
X LY | 7 J_LL_LLL-UJ—"- I
| | .
Iy
@ L ‘T[TITTI‘I‘N
— 3 : I
Ly AV W Iy | § d
- 1‘ T smes “la
Ec 7 1
T Iy : i
& i | —d
i _(l’rrrrm‘l’ d
‘ -1
t 6}

a9 219 A AR A —ty) S RZES DA AF 23
Fig. 2.19 Simultaneous thyristor switching process(¢; —t¢,) schematic and

overall thyristor current waveform
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Lo [ Lw
B ?‘i_J SGR_SW
B i
w EE  an |
o L Lz
|
(a)
L Lw
bt SGR_SW
{'L ;
) & |
lx ¥ le
| |
(k)

- SMES

Iy

I

lz

2% 220 BA WG BA®G,—hy) HEwet AA AR 5

Fig. 2.20 Simultaneous thyristor switching process(¢, —t;) schematic and

overall thyristor current waveform
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9 219 Aolg2H U z2 =EHATIE AlolglAE UV g
o] o]FofA W F 17 220(a)°lA U-V M3 F zXe zFo] APl
Al Agto] o]Fojxal 53], M3 AAH o, =150", a, =90° ANA a, ¢
ol Wit AATE vdel AR 7] Wi U-vel A3 T il
Z-Xo Aol SuEW ¥ 2200)¢ o] w#3AAHS AAAY 1
221(a)¢F #ol FEHAE U-V HFko] thA] dojubal 19 221(b)9F #
ol Atolg]=H U-V, Z-X A% HAo] ZuAl HiL 72+ e dAF AP

19 2223 7t}

Iy

Iy 7’ Iy

_j'd

9 221 Apolel =B FA ABAA 2t e AR 59
Fig. 2.21 Current waveform of each phase in simultaneous thyristor

switching
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1) U-V A% 14 (o, +120° <wt < a,+180°)

" 218 oAt -t U-V A& Fitelv] S7F A A o2 e

i di
€y €q — L dt

a a

oy di
¢ dt - < dt

2 2222 Jed F o doen, dAFeE i, =i, +ti,E 485

wt=a;+120° 4 o, 4,9 &

5=

V3V 27
N [cosa, — cos (wt— ?)] [A] (2.23)
) \/§Vm 2m
i, = m[cosal — cos (wt = ?)] [A] (2.24)
2) BA A HF (0, +180° < wt< oy +u; +120°)

29 218 oA ¢~ FAL Ak FRboln] SrpA A o2 UERY

1,1, i, = (2.25)
dy, di,

€y, — €4 — Lc%—LC dt (226)
di di

€, €, = i i (2.27)
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Vi 5
i, = ——cos (wt— 7T)*cos(ozﬁ-—w)
wle

; : (2.28)
V3V, ,
=+ 2w, [cos (ay + %) —cosay] +iy,
Vo
W==7 [sinwt— sin (o, + )] (2.29)
NER'
- 20, [cos (ay + %)— cosay |
I/m . ™ . 47
. —LC[Sln(wt+ 3)—sin(ayt 3 )] =iy (2.30)

=

o= —i, 2 YsE T® 5 gk

3) HE sAAZ 1HE (vt > ay Frtu,y)

Z-X A% T U-v7F AFo=2 A8 A oA i, =07t HaL, ol

§]
o i,9 gkol i,2al | HAF i, i,ol I AL A 231)F (2.32)2 %

=3
\/§ Vi 27 27 .
W= o7 [cos(wt—T)—cos(%— 3 N+, (2.31)
1y = Z'd ia (232)
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AloI 7t a =0 2 Alojste] Aok wfof] Hgte] £ FAIRE o] &AL H
HEHAN(V,,)S A (2.34)3 22

(2.34)

] Z(Positive group) A1 7} o, 3} F-5(Negative group) Al Zta, ol W& &

B9k 4 (2.35)9 2t}

I/d m

V,= (cosa; + cosay) (2.35)

Al 2} oy 7 o, ©ll WE Unit output voltage (V)= A (2.36)3 2L

V, cosay + cosay
I/dp’u, = Vdm = 9 (236)

Vipu oF A5 i, ol I8 FEAHY F2 4028 #AE Unit Active Power

9} Unit Reactive PowerE A7} o, 3} o, o] #A1 & P} QE YEF A

pe oSy -;— COSQy 2.37)
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_ Sinozl-;sinon 238)

4 2377 2389)% bl A, 94 A p, B o] Uebi

P, =V (P*+ QY (2.39)

1+ cos(a; —ay) o — oy
= 5 V2 = cos 7 )

Azt a7 a,9l A 9 E (Power factor)i= 2] (2.40)¥ 2T}

P ot oy
cos¢ = P cos ( 5 )

Unit output voltage (V,,, ) Wb Bl th g A)o] 2 &49) 2 7% 4 Z(Positive
group) ¥} -Z(Negative group) S 2 Llo] Al

group)S LA SIS (Positive group)= Al

(Positive group)S 1174 3FaL F-=(Negative group)= Al o] 8HH 2] (2.42)2 4] &
LRl 5= 3l
a; =cos ' (2V,, — cosa,) (2.41)
ay =cos (2 Vipu — cOSQY;) (2.42)
= rEAdES A

Abolg] ~E B X oA H ko] o] Foj A o H37H(w)
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A71aL FEAE S SV doh d@ A (wydld E4 H= a7 v, E A

cpu
T3k A st 271 = the 2o

Vipu = cosa—V,,, = cosar cgs latu) (2.43)

u=cos '(cosax—2 Vepu )—a (2.44)
o) oj g Aofol A A&7t u, 3y TS T 2T

uy; = cos” ' (cosa, —2 Vepu) = (2.45)

uy = cos ' (cosay — 2 V,,,u) Qg (2.46)

Abolg] 2~ B #] 3| &2ol| A H g Aol & sHA HH Ao ZH(a)7t G E
A cosa Fhol H7] ol GEL2 vuA Al "k HEH S ]t
2 e e %) Ao)Ze AU(EL H )R T b §EE v A
o] 3 79 ] Aolat A AFs} Agtuth Aol 7k ukE x5
o] ol s, HA AT A5 FH] AJS 0" =

a,> a,+60° W} AH Alo] 2] 2H &= £ 3ehs g S AA

1)
2
=i
o
If
o

2
1
fol
rN
i

7FE22 7] Witel] FaHo] adA Hi JES G
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A= dyx A A=A

=

A 3 A

mjn

HH
nF

</

X

T
o]
HH

T—
T

A

(Negative group) &= 1}

=

-
258 7H T
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32 32 +4

& X A =

A %‘ t
+ H-zmoup >
ZEROP%FI{&EESING ALPHA GATE
DETECTOR CONTROLLER CONTROLLER

ay az

a9 3.1 2AE oyA A AAE 34 AlolEl~H HElA 32

Fig. 3.1 3-phase thyristor bridge circuit

a9 3.1 AlolE]2E 6715 A& BElx F2E LAY A=

(Positive group) ¥} 53 (Negative group) O 2 U o] o]24 o 7 HES 3
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N
o
(9'9)
p—
=2
>,
o
o
)
(i

7] (Zero crossing point detector) = 47 ¢k 93
& zhol 74zt o] Atolg] A7} M gal= ERIE 671E HE ST Aljtete A~
glo A thS TAQ &3} A o] 7] (Alpha controller) & ©]3)3&}7] Z A2 7z}t
Aol AR, S, Tl A R-T, SR, T-S Al = A &S 8HaL (H)QF 9 ol A= =& o
2 U-V,V-W, W-U & &5 Al H L ()G F ol A= T-S, R-T, S-RS H =5}

H ZAEE=60° o 114 S 7hA Al Ak Abol gl 2 E o A Ao Z}

A0 A &3t Ao 7] (Alpha controller) &= 97 7% 7] (Zero crossing
point detector) o Al A Z 3 67112 EJEES 7}A 3L A A2} o, 3 a, 2 22| A}
o] g ~H & Ao sh= A o] HA ot}

&+ 5} A o] 7] (Alpha controller) += Zrobll SEQIE o A Q1] 9] Ao 7} o) 7 a,
EAARE F A= AEEH oM AG T A7 o, F a, 0l A Aol el =H 7T A
E F deE st o] W AAdE A7 AAEHE A7 Ao 1207 ¢

Aol E Ao 7] (Gate controller) &= &3} Ao} 7] (Alpha
controller) ol Al Z+7F Aloj 2t v A A7 Ao A5 7 Atolg] 2H 9] AlolE

2 gYsy] A% LAY AEH 02 Abolel 28] HelA 2= Ao
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E Ao]7] (Gate controller) = 33
AXA Alolg]~H o] Ao]Ee] <
AAA =W Alolg] ¥ HE X

27 AHeE & gk
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33 A EHA 2 A9

9, - L
| e /E\/g\ .
(wAwAw o
| 77 7
AR
i }@ @*l i
| el 2

a9 32 2= YA A AL 3 AbolEl Ay HejA] 4

Fig. 3.2 3-phase thyristor bridge circuit configuation for SMES
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Psim Z 2 1S Abgale] 19 329 o] IR EE A &eda 72 S
R, S, TZ Aot AddsS HAEst= 95 =71 (Zero crossing point
detector) & JH & HE3te] &3} Ao 7] (Alpha controller) 2 &u}ztS- A of
3t HF A o= Alo]E A|9] 7] (Gate controller) 2 AFo] 2] 2 E] Alo] Eo 21
ITE FolFE Atolgl&H BEA =& A SMESe) s d ek X,
= ATl e obF 2 JYUHE JHAste] gz Fate 7HA skl
Psim Simulation View= 2 3} & 22138} 9] o},

3.3.1 Z¥EH E = (Converter mode)

T e T e e
f

.11 ] IR [, ARG BEN O BEN BER R N

i I 1
el L T e R e e T e

a 5 1 15 20
Time {s}

(@) a;=0°,a,=0"(0~20 sec)

15 15.01 15.02 15.03 15.04 15.05
Time {5}

®) a;=0",a,=0" (15~ 15.05 sec)
a9 33 AWMEEES A Aol o,=0,0,=0" 2 =9 A4
Fig. 3.3 Output voltage waveform of symmetrical control in converter mode

angle a; =0 ,a,=0"
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V_out

L] &5 10 18 0
Time (s}

(@) a;=120°,a,=0"(0~20 sec)

(b) a3 =120",ay=0" (15~ 15.05 sec)

a9 34 AWE REo] WA Alo] o, =120",0,=0" ¢ ¥ Ak
Fig. 3.4 Output voltage waveform of asymmetrical control of converter

mode angle a; =120°,a,=0"
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200 400 600 800 1000
Frequency (Hz)

(@ a,=0°,a,=0° (0~ 1000Hz)

I

6000 |-

4000 |-e

2000 |-oe

200 400 s00 800 1000

(b) a;=0°,a, =0 (0~ 1000Hz)

200 400 00 800 1000

() a, =120°,a,=0° (0~ 1000 Hz)

B R e T

2000

1500

1000

200 400 600 800 1000

(d) a; =120°,a, =0° (0~ 1000 Hz)

a9 35 AME wee Aol wE &Y AT A nev B4

Fig. 3.5 Hamonic analysis of output voltage and current with control of

converter mode
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3.3.2 ¥ H EXZ (Inverter mode)

o 5 10 75 20
Time {s}

(a) a; =150",a,=150" (0~ 20 sec)

15 15.01 1602 15.03 15.04 15.08
Time (s}

(®) a;, =150°,a, =150" (15~ 15.05 sec)

a9 3.6 IWE 2= hAAY o, =150",a,=150" ¢ =3 A<
Fig. 3.6 Output voltage waveform of symmetrical control of inverter mode

angle o; =150, a, = 150°
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a B 10 15 20
Time {s)

(a) a; =120°,a, = 150" (0~ 20sec)

15 15.01 15.02 15103 15.04 15.08
Time {5}

(b) a; =120°,ay, =150° (15~ 15.05 sec)

a9 3.7 JAWE BEQ vthA Ao o, =120, 0, =150° 2] &8 WS
Fig. 3.7 Output voltage waveform of asymmetrical control of inverter mode

angle a; =120°,a, =150°
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V_out

o 200 400 s00 800 1000

(@) a; = 150",y = 150 ° (0~ 1000Hz)

o 200 400 600 800 1000

(b) a; =150",a, =150° (0~ 1000Hz)

o 200 400 600 800 1000

() a, =120°, ay = 150° (0 ~ 1000Hz)

o 200 400 800 800 1000

(d) a; =120°,a, =150 (0~ 1000Hz)
o9 3.8 B E =9 Aojed mE =¥ AYg AFe nxa B4
Fig. 3.8 Hamonic analysis of output voltage and current with control of

inverter mode
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