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Power System Stabilization by Superconducting Magnet Energy
Storage (SMES) Controlled by 6 Pulse Converter
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Abstract

This paper shows that 6 pulse converter instead of 12 pulse converter can be used for the
control of Superconducting Magnet Energy Storage(SMES) to improve the stability and to su-
ppress the voltage fluctuation of power system. In order to prevent the commmutationn failure,
when 6 pulse converter used for simultaneous control of real power and reactive power is a-
symmetrically controlled, stable control region has been presented by analyzing the commutation
phenomena at critical points which distinguish the stable control region from the unstrol control
region. Harmonic components of line current and output voltage have been calculated. Finally,
computer simulation of power system stabilization has been presented to show the effectiveness
of the proposed method. According to the computation results, SMES controlled by the 6 pulse
converter is an effective measure in reducing the oscillation and the transient instability of the
power system.

1. Introduction
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ES) is an effective measure as an energy storage,
where the electrical energy is stored in the form
of magnetic energy by current flowing through
superconducting magent. The SMES is connected
to the power system by thyristorized converter.
Because there is no mechanical part and low lo-
ss when SMES absorbs or discharges energy,
high efficiency and fast response during adsor-
bing and discharging the energy can be obtain-
ed by SMES! By these characteristics, SMES can
afford high damping effect and constant line voltage
of power system?’

In order to increase the stability and to suppress
the voltage fluctuation of power system by SMES,
the real power (P) and reactive power (Q) must
be supplied simultaneously from SMES to power
system through the thyristorized power conver-
ter® For simultaneous control of P and Q, sy-
mmetrically controlled 12 pulse converter,where
upper and lower thyristor groups are fired sym-
metrically, has been conventionally used. But a-
symmetrically controlled 6 pulseconverter,where
each thyristor group is fired at different firing
angle, can be applied to the simultaneous cont-
rol of P and Q. At this case, the number of tra-
nsformers and thyristors reduces to one half.

Asymmetrical control was originally designa-
ted in order to minimize the reactive power?’
For that purpose, one thyristor group was fired
at fully advanced (or retarded), the other thyristor
group was phase controlled to give the desired
output. This method is known to have shortco-
mings such as third harmonic output ripple, se-
cond harmonic line current distortionand danger
of commutation failure®”®

In this paper, asymmetrical contorl theory is
expanded to control P and Q simultaneousely. St-
able control region where commutation failure
dose not occur is found, so that danger of com-
mutation failure which is the most undesirable
feature at asymmetrical control and reduction
of operational reliability due to it are overcom-
ed. Computer simulation of model power system
is done in order to show the effectiveness of the
proposed method.
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2. Commutation Phenomena

In Fig. 1, energy stored in superconducting c-
oil is controlled by the 6 pulse converter. There
is an unique commutation phenomena when as-
ymmetrical firing is applied to 6 pulse converter.
Assume Th. 3 or Th. 4 begins to conduct while
Th. 1 and Th. 2 are conducting. | Commutation
phenomena can be divided in two cases as foll-
lows, 1) when commutation interference does not
exist 2) when commutation interference exists.

Th. 1£ Th. 3£ Th. GZQ

b1, b L. b L5

Ly

Superconducting
coil

b I "

Th. zlf

I
Th. 4 Zf Th.6

Fig.1. 6 Pulse converter and superconducting
coil connected to the power system.

21 Commutation without Commutation
Interference
When upper or lower thyrister begins to com-
mutate while Th.1 and Th. 2 are conducting, ti-
me interval where commutation interference bet-
ween upper and lower thyristors does not take

plece is.
al+u1+a)tm>a2+% (1)

a2+§+u2+wtoﬂ>a] @

where a : firing angle of upper and lower thyr-
istor group i=1, 2
# : commutation overlap angle of upper

and lower thyristor group i=1, 2
tosr ¢ thyristor turn-off time
The phase relation between the firing angle
o1, @ and phase voltage is shown in Fig. 2.
In case of no commutation interference, curr-
ents of thyristors Th. 1, Th. 2, Th. 3 and Th. 4
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Fig. 2. Phase relation between the firing angle
and the phase voltage.

which participate the commutation and load vo-
ltage are shown in Fig. 3. Upper thyristors co-
mmutate prior to the lower thyristor’'s commuta-
tion in Fig. 3. a) and vice versa in Fig.3.b). When
Th.4 begins to commutate prior to Th.2, super-
conducting coil current 14 freewheels through Th.
1 and Th. 4, therefore, load voltage falls to zero as
shown in the load voltage of Fig. 3. b). Let V,
Vn, V1. V2, V3 and V, be cathode voltage of up-
per thyristors, anode voltage of lower thyristors, forw
ard blocking voltage of Th.l, Th. 2, Th.3 and Th4,
respectively. When upper thyristors begin to commu-
tate first, that is, Th. 3 is fired first,

Vo=3(Va+ Vi), Va=Ve

i=vy=v3=0, vs=—3/2V, (4)
1 a1+u11
Iazxvcfal 3 (Va—Ve)d(wt) (5
a} Vioaa e [ b) Vioaa
I%H
1, I3 1, Is
>< <
Iy Iy I, Lo |
=l

a) commutation between upper thyristors takes
place first
a =40°, & =10°, X.=0.2pu

b) commutation between lower thyristors takes
place first
o =110°, & =10°, X, =0.2pu

Fig. 3. Current transfer between thyristor, without
commutation interference.
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If lower thyristors start to commutate first, that
is, Th.4 is fired first,

Vo=3(Vat+Vc), Vy=Vp (6)
Vl:V2:V4:O, V3:3/2VB (7)
_ 1 012+§+u2l _ )
17X o2 2 1 (Va—Vo)d(wt) (B)

22 Commutation with commutation interfere-
nce
Time interval where commutation interference
takes place can be expressed as

01+U1+0)toﬁ< aﬁ-—% (9

@+ g Fuztotg<a {10

When lower thyristors Th. 2 and Th. 4 com-
mence to commutate while upper thyristors Th.
1 and Th. 3 are commutating, commutation phe-
nomena can be formulated as

Vo=0 V=0 an

V1:V22V3:V4:O (12]
1 8

ly=x- BZ%VAd(a)t) 13

L :ifa:%\/ d(wt) 19
where £ extinction angle where commutation of
one thyristor group is finished.

As seen in Egs. 11)--14), commutation with co-
mmutation interference shows different feature
interf-
erence. Duration of each thyristor group’s com-
mutation may increase or decrease by this com-

from commutation without commutation

mutation interference. If

(15

retriggering of commutated upper thyristor do-
es not occur though lower thyristors begin to co-
mmutate within the lapse of turn-off time beca-
use negative forward blocking voltage is applied
to the thyristor just commutated.

When upper thyristors Th.l and Th.3 comme-
nce to commutate while lower thyristors Th. 2
and Th.4 are commutating, Eqs. 11)--14) are va-
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2 And

lid except the substitution of @ for @ + 3

if

@+t u2<% (16)
retriggering of commutated lower thyristor does
not occur because of the same reason as above.
Egs. 11)--14) are still valid when upper and low-
er thyristors start to commutate simultaneously,
.4
ax=az+§, until one thyristor group completes
the commutation. Fig.4. a) shows commencement

of lower thyristor group’s commutation during
upper thyristor group's commutation and Fig. 4.

b) shows simultaneous commencement of upper
and lower thyristor group’s commutation.

F h
& Vioad ) Vioud
§ .=~ S | =~
%-—J—J o ‘-—] ]
1, & I I3
==y =
I Ls I, Iy
> >

a) commencement of lower thyristor’s
commutation during upper thyristor’s
commutation
a) =130°, @ =70, X.=0.2pu

b) simultaneous commencement of upper and
lower thyristor’s commutation
o =130°, @ =70°, X =0. 2pu

Fig. 4. Current transfer between thyristors, with
commutation interference.

At asymmetrical control, thyristor fired may
not start to conduct. When Th. 4 is fired within
a,< 7 /6 while upper thyristors are commutating,
Th. 4 cannot commence to commutate because
is is negative according to Eq. 14). Th. 4 can
start to conduct at wt= /6 or after the com-
pletion of upper thyristor group’s commutation
where is becomes positive. If Th. 3 is fired
at ¢, >5x/6 while lower thyristors are commutating,
conduction of Th. 3 is delayed as the same reason
above until commutation of lower thyristorgroup

is finished.

Fig. 5 shows the converter phase voltage, load vo-

(356)
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a) phase voltage
b) -load voltage

c} secondary current of transformer
d) primary current of transformer

Fig. 5. Commutation phenomena with no
commutation interference, g, =40°,
a2=10°, X.=0. 05pu.
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a)—d) : the same as in Fig.5

Fig. 6. Commutation phenomena at simultaneous
commencement of upper and lower

thyristors, a=100°, @»=40°, X.=0.05pu.
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Fig. 7. Commutation phenomena having /6
freewheeling interval, @,=120°, a=30°,
X.=0. 05pu.

Itage, second and primary line current of transfor-
mer where commutation interference does not
exist. Converter is assumed to be linked to the
power system via transformer connected in delta-
wye. Simultaneous commencement of upper and
lower thyristor group’s commutation, &= a. + /3,
is represented in Fig. 6 and an example of
freewheeling during /6 through Th. 1 and Th.4
is shown in Fig. 7.

3. Maximum Control Angle

Simultaneous commutation of upper and lower
thyristor group can take place in asymmetrically
controlled converter. At this case, maximum
control angle amax is different from that of
symmetrically controlled converter because both
groups are influenced by each other.

1f there is no commutation interference, @max
is the same as that of symmetrical control. If
Th. 3 is fired while Th. 1 and Th. 2 are conduc-
ting,

ntar.

Ia-XC Ve (VatVe)ld(wt) =14 an

and omax is given as follows

am:cos”[ {/‘AV =1y — cos(wtoﬁ)] (18

In case of commutation inteference, commutation
critical points which distinguish stable control
region from unstable control region can be cla-
ssified into five cases as follows.

V.4
a) 73] :0'2+U2 +§‘, @1 = dmax

Th. 4 is fired while Th. 1 and Th. 2 are con-
ducting, so that commutation of lower thyristors
ceases at @max - And Th. 3 is fired at a@max. At
this case,

I =—1~fam"[v — (Ve V) ld(wt) =1 19
4 Xc a+% ¢~ 32 Ve A [47] d (19)

From above equation, @ is given by the follow-
ing equation

A V2 X

—_— 1 —_

a;=cos [J3V1d+cos(am 3)] 20
b) a1=a2+~§

Let the Th.2's extinction angle be 8, then

toss

1 f:] T—

Li=g [ Vad(ot) + 4 [ TVa—3(Vat Va)ld( o)
B8
L=y [ Ved(wt) =14 )
B can be obtained as follows
B=cos™! {cos( a~%) —v%ﬁvld] +% 23
Inserting 8 to Eq. 21), then
LV3X ]
o 1 —_ — v

cos { ﬁVId cos(wtor) (2

o — _% (25)

c) af]+u1=az+%

Lower thyristor Th. 4 is fired just after the
complete commution of upper thyristor Th. 1,thus
Th. 1 retriggers.

A of this case is equivalent to Eq.23) and

_1r _ .
L=, [ .5 Ve A0 =T, u

~toss

D Y 1 [ —
13_’ Xc L2+%VB d(a)t)+ Xc/ﬁ [VB
(a)t)=Id

$(Vat+Vse)ld
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= [ Va3V V)l (@) o
thus, -
ey =cos™! [i/\/%—)%ld + cos( 02+%>—‘ 28

ay=cos” [ ) ¢J2§)§—;Id—‘ COS((IJtoﬂ)] (29

d) (11+U1+(utoff:a’2+g‘

After the completion of upper thyristor Th. I's
commution, lower thyristor Th. 4 is fired just be-
fore the lapse of thyristor turn off time, tom so
that Th. 1 retriggers. Eqs. 26) and 27) are valid
at this case. so «. is expressed as Eq. 29) and

a) Vioad by Viond

180° 180°

©) Vivad d) Viona

-l T
I, 14 [, L
>< ><
180° 180°
e Vieaa

a) o =143.0°, @=61.1°
b) a =134. 2°, ap=74.0"
¢} m=134.2°, 0=94.0°
d) & =133.6°, a2 =94.0°
e) o =143.0°, A =120"

Fig. 8. Commutation phenomena at critical
points, X, =0. 2pu.

L=y [ Y L (Vat Vi) ]d(wt) =1a 30

a1
From Eq. 30),

o :cos’l[‘/—f%%ld-kcos(agﬂF%“ wtoff>] &)

T -
e) aytutwtor=atg, 1= Gumax

There is no commution interference at this case
because Th. 3 commence to conduct at &= tmax
and Th. 4 at a.=2x/3.

Commutation phenomena at the above critical
points a)-e)are shown in Fig. 8, where X.=0.2 pu,
Ia=200A, V=100V and tor=100xs. Considering
above conditions synthetically, stable control reg-
ion where commutation failure doesn’t occur can
be expressed as in Fig. 9. In Fig. 9. a) and b),
Xe is  0.05 pu and X: is 0.2 pu, respectively,
Id, V and tor are the same as in Fig. 8.

al @ byt

§70r 1400

160 — 130 \—-/—

150° 120°

100° 1200 ax 50" 90° 200 e

a) Xc=0. 05pu, I4=200A, V=100V and tos
=100

b) Xc=0.2py, [,=200A, V=100V and tof
=100us

Fig. 9. Stable control angle

4. Simultaneous Control of Real Power
(P) and Reactive Power(Q)

In symmetrical control, P depends on Q and
vice versa. Dashed arc A in Fig. 10 represents the
control region at symmetrical control. Solid arc
B and C are an example of asymmetrical cont-
rol where one thyristor group is fully advanced
(arc B)or fully retarded{arc C) and the other thy-
ristor group is phase controlled in order to give
desired output voltage. Futhermore, if upper and lo-
wer thyristor group are controlled without any
constraint, control region can be expanded to
the dashed area in Fig. 10. This means simulta-
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Q(pu)

i L

—-1.0 1.0

> P(pu)

A :control region at symmetrical control

B,C : control region at minimum reactive power
control

't control region at asymmetrical control
Fig. 10. Control region at @min=8", amax=150".

neous control of P and Q can be realized with
6 pulse converter.

Neglecting the effect of commutation interfe-
rence first, relation between P, Q and the con-
trol angle i, a» is given as follows.

P=4Eq0las{cosf +cosb;) (32)
Q=%Edo-ld(sin61+sin52) l33)

_ 3Xc * Id i
where cosf=cosa—~ 7 Ea (34
Eao: converter maximum output voltage at

no load.

a; and a; is obtained by Egs. 32) and 33) as
follows

oo (1B e )+ 2 e )]

“2_“’5_1[ {‘<2P e >‘ Ei? Idv(g‘é‘;lél —1” 6

Effect of commutation interference appears the

most remarkably at the critical points a)-e) in

Table. 1. Comparison of the converter output
voltage in pu.

X =0.05p.u
Case 1 Case 2 Case 3
a —-0. 551 —0.576 —0.576
b —0.528 —0. 553 —0. 565
c —-0. 609 —0.634 —0. 634
d —0. 607 —0. 632 —0.631
e —0. 725 —0. 750 —0. 746

Case 1:neglecting the commutation overlap and
interference

: considering the former and neglecting the latter

: congidering the former and the latter

Case
Case :

L 7

(359)

Fig. 9. Comparison of the three cases;l) neglec
ting the commutation overlap and interference,
2) considering the former and neglecting the lat-
ter and 3) considering the former and the latter,
is shown in Table 1. Maxiumum error due to neg
lecting the commutation interference is 0.5% at
X.=0.05pu as seen in Table 1. This implys that
effect of commutation interference can be negle-
cted and P, Q can be expressed by Eqs. 35)and
36).

5. Harmonic Components

When 6 pulse converter is asymmetrically con-
trolled in order to minimize the reactive power,
even harmonics in line current and third multi-
ple of harmonics in load voltage are generated.

In/1

40.8

L 'l A

L
0.6 0.7 0.8 0.9 VP*+ @ (pu)

Fig. 11. Harmonic components of transformer
primary current while vPZ3+Q? varies
from 0.5puto 1 pu.

The same problems are occurred when asymmet-
rical control is adopted to contol P and Q sim-
ultaneously. Harmonic components of transfor-
mer primary current are shown in Fig.11, where
apparent power, vPZ+Q2Z, varies from 0.5 pu to
1.0 pu. Converter is assumed to be linked to the
power system via delte-wye connected transformer.
SMES generates only lagging reactive power
under the condition of natural commutation, there-
fore capacitor for power factor correction must be
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used in order to generate leading reactive power.
Assume the rating of capacitor is 0.7 pu. Fig.12
shows the harmonic component of transformer.
primary current at Q=0.7 pu while P is varies
from 0.7 pu to —0.7pu and Fig. 13 shows the
harmonic components of load voltage at the same
case. The harmonic components presented in a
given circuit are multiples of the pulse number
in symmetrical control, but third harmonic com-
ponent exists in asymmetrical control as shown
in Fig. 13.

In/1

10.8

40.6

(4

10.2

" A, n a "

—0.6 —0.4 —0.2 0 0.2 0.4 0.6 P(pu)

Fig. 12. Harmonic components of transformer
primary current at Q=0.7pu.

Viy/Viead
40.4

6

~0.6 —0.4 —0.2 0 0.2 04 06 Plpu)

Fig. 13. Harmonic components of load voltage
at Q=0. 7pu.

Calculation of harmonic components are com-
plexe function of firing angle, commutation o-
verlap and commutation interference. Fast Four-

ier Transform (FFT) is used to calculate the

harmonics.

6. Power System Stabilization by SMES

Two stabilization effects of the SMES are exa-
mined by computer simulation of the model po-

TKIEE Vol. 35, No. 8, 1986. 8

wer system. One is the suppression of the power
system oscillation that aries when one circuit of
a double circuit transmission line is opened. The
other is the transient stabilizing effect when a
three-phase ground fault arises in the transmissi-
on line.

circuit

X, -l 63pu
I breaker
GOKVA X, -0 19pu
22073300V Xi 0. 13pu
3300220V
Xo= 0. 17pyl
33007220V Xi 0. 63pu
1
s
sconvertin tr
capacitor !
7977 +
: } superconducting infinite
[ 1eoil bus

42KVA I

Fig. 14. Configuration of model power system.

-

-

Fig. 14 shows the configuration of the model
power system. The model power system consists
of a 60 KVA synchronous generator connected
to an infinite bus via a double circuit transmi-
ssion line.

Real and rective power of SMES are controll-
ed as follows

P=(K,A0+K;A8)/(1+T,S) &0
Q=(Vier—V0)/(1 +T,S) 39
where @ . angular speed of generator

) . generator shaft angular displace-
ment to the infinite bus
Ty Tq : SMES time constant
AVR characteristics is expressed as follows

K(1+T,S
=K 9

where K: AVR gain

Ts, Ta: AVR time constant
and generator is formulated using two axis
model” as follows

Tao Ed'= —Eq— (xa—%4q)]q (40)
Ty Ed=Ep—E )
§ =w—1 42
2 =(Pn—Dw—F)/T, 3

(360)
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where Eq :transient voltage behind q axis Table 2. Parameters used in the computer
E, transient voltage behind d axis simulation.
Erp : d axis stator EMF due to V
w : lave d tF. X, 149 (uw K=20
E : statoT air gap. vo. agfe ue to I X, 0.252 (pw TSl se0)
T . d axis open circuit time constant X. 0.82 (o) T,=0.2 (sec)
T :q axis open circuit time constant Ter L56 (se0) T, =0.1 (sec)
Xq :q axis synchronous reactance T 0.08 (sec) Tqe=0.1 (sec)
X4 q axis transient reactance M 7 (sec)
Pn [ mechanical input power
P. : electrical output power
D :damping constant a) 187 thont SMES
T; :inertia constant S
) _ with SMES
Table 2 shows the parameters used in the com- o
puter simulation. Fig. 15.a) shows the & during
the oscillation which arises by opening a single ——
. . . . . 1 2 R sec,
circuit. As is apparent from Fig. 15.a), the osci- (D:OO
llation is damped within first one wave. Fig.15. L —p
b), ¢) and d) show the P of SMES, Q of SMES 0.5 (\
and generator terminal voltage, respectively.Fig. 0 ‘:‘A\j;}—v =
' 3 (s
2 180°
—1.0
. A (pu)
. without SMES o 20
90° -_//Q\Qj‘pvgc
with SMES
Lok /N
1 2 3 (sec) ‘U\/
b (pu) _
oar 1 2 3 (sec)
0.2F pat
N N a)—); the same as in Fig. 15.
T 2 3 (seQ)
o2f @

Fig. 16. Example of transient stability

o4f improvement by SMES,

(pu)
2.0

)
16. shows that generator step out can be preven-
ted by SMES during three phase ground fault.
10 cycle ground fault is assumed in Fig.16. Fig.
16. a)-d) shows the same thing as Fig.15

1. 0 e — |

1 2 3 (sec) .
7. Conclusion
a) angular shatt angle displacement
b) real and imaginary power of SMES

. This paper has shown that the real and reac-
c) generator terminal voltage

tive power can be controlled simultaneously with
Fig. 15. Example of damping improvement 6 pulse converter by asymmetrical gating. Com-
by SMES. mutation phenomena during the asymmetrical

(361)
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gating has been analyzed and stable control reg-
ion at this case has been shown. Thus, danger
of commutation failure can be avoided.

According to the results, the maximum gating
angle of asymmetrically controlied converer dec-
reased silghtly compared to that of symmetri-
cally controlled converter. The proposed 6 pulse
converter turned out to be as effective as the 12
pulse converter in reducing the power system
transient instability. Power system oscillation was
vanished within first wave and step out of syn-
chronous generator was prevented.

Elimination of low order harmonic components
in line current and application to multi-machine
system are left for future work.
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