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Abstract— This paper presents the operation principle of
voltage compensation type active superconducting fault
current limiter (SFCL) for the three phase power
transmission system. A voltage compensation type active
super-conducting fault current limiter is composed for three
phase air core super-conducting transformer & PWM
converter. The primary winding of three phase air-core
super-conducting transformer is connected series with the
AC main circuit & secondary winding connected in star with
the super-conducting coil through a PWM converter. In
normal condition, the effect of SFCL on transmission line
voltage level is minimized with the help of external source
such as PWM converter. During the short circuit state, fault
current level is minimized by controlling the impedance of
primary winding, amplitude of current and phase angle.
Those parameters of SFCL design to meet the system
requirement further using a MATLAB SIMULINK. We can
analyzed voltage compensation type active superconducting
fault current limiter can operate easily. The new model of
active SFCL is developed & simulation succeed this SFCL
can suppress with the fault current effectively.
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l. INTRODUCTION

In our country due to continual development demand of
electricity is increases, electricity network is expand and the
level of fault current increases and it is hazards to the power
system network. It is need to maintain fault current at minimum
level and reduce the over current effect on electrical equipments.
Solution for that one device is to be developed that is
SFCL,With the help of this device we can reduce the electro-
mechanical forces, fault current level and heating problems
system make healthy condition with in little time. This
superconducting fault current limiter has influence on the power
system network. This super conducting coil have own
impedance, due to that impedance it cause voltage drop and it
gives effect on transmission line. Then efficiency of
transmission line reduced and it produces impact. This super
conducting fault current limiter coil placed in series to the line
this coil is called as primary coil of transformer. There we
installed a three phase transformer have made up from super
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conducting coil and Secondary coil of superconducting
transformer is connected through external source to PWM
converter [1].

This device technique is associated with the flexible AC
transmission system (FACTS), such as series active filter which
is part of power electronic. Some study related superconducting
material and property of SFCL is carried out with the reference

[3].

In this paper provided a solution how to reduce voltage drop
and increases efficiency of transmission line, by providing series
voltage compensation method. Some additional studies related
superconducting materials well as power electronic device, for
the application of AC transmission technique use has been done
[3-4]. We connect a three phase superconducting transformer in
series with the transmission line through the external source
such as PWM Converter. This control scheme provided to this
superconducting fault current limiter for voltage as well as
current level management. We have developed a voltage
compensation type active superconducting fault current limiter.
Simulation is done in MATLAB SIMULINK & simulation
results are succeeded in MATLAB.

Il. PRINCIPLE AND STURCTURE OF THE ACTIVE SFCL

From Fig. 1, it indicates the structure of the integrated 3-Phase
voltage compensation type active SFCL, which is composition
of three air-core superconducting transformers and a three phase
four-wire voltage-type PWM converter consisting of full
controlled power electronic devices.

L. L,,are the self-inductance of the super-

conducting windings, and Ms is the mutual inductance. Z, is
the circuit impedance and Z, is the load impedance. L, and

C, are used for eliminate the harmonics produced by the PWM

converter.

In normal state, the injected current in the secondary
winding of the each phase superconducting transformer will be
controlled to keep a certain value, where the magnetic field in
the air-core can be compensated to zero, so the active SFCL will
have no influence on the main circuit. When the fault is
detected, the injected currents (Ir, ly, Ib) corresponding to the
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fault phase will be adjusted in amplitude or phase angle, so as to
control the superconducting transformer’s primary voltage
which is in series with the main circuit, and further the fault
current can be reduced.

Taking phase R for an example to understand the regulating
mode in detail. In normal state, Eq. (1) can be written as:
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Fig-1. Structure of the three-phase voltage compensation type
active SFCL

Vg = 1R(Z,+Z,) + jolLg Iy — joM 1, (1)

Controllingto 1, make jolg |z — joMgl, =0 and the

R-phase superconducting transformer primary voltage VR will
be composed to zero. Thereby, the SFCL will have no influence
on R -phase, and I can be set as:

IRL51 Sl/LSZ VSR LSl/LSZ

I, = = v
M, (Z,+Z,)K

- is the coupling coefficient and it can be shown as;
K=MsLsls,

When the node V is grounded and the single-phase
fault happens, the line current will rise from |, to |, and the
primary and secondary voltages of the R-phase superconducting
transformer will increased to V, and V; , respectively.

IRf :\M ©)
Z, + jolbg,
_Vg(jolg)—Z joMl,
Vi = Jabglg — joMgl, = R 231 —! 3
1+ Jolg,
4
Vi = jolg,l, — joM g

Ve, + jJoM |
V, = jolg,l, Ja)Msu (5)
Z + Jolg,
From Eqg. (4), the primary voltage can be maintained by

regulating | ., and the superconducting fault current-limiting
impedance Z-, can be adjusted in the following equation:

Vv . .
Zero, _ YRt _ jol, — Ja’Mslr(_Z1 + jols,)
| e Ve + JoMg |,

(6)

According to the different regulating mode of |,
There are three operation modes:

remain the original state, and
Z,(jol,,)

(Z,+Z,+ jolLg)

(2) Controlling |, to zero, and

Zsporp = Jooly

(3) Regulating the phase angle of

difference between Vg and jaoMgl, be 180°. By setting

—CVy , and

C 1
Z =—Z7 +——]JoLy
SFOL3 T 1T ¢ 1-C ]

The air-core superconducting transformer has many
advantages, Such as absence of iron losses and magnetic
saturation, and it has more possibility of reduction in size and
weight than the Conventional transformer and iron-core
superconducting transformer [9]. As there is no existence of
transformer saturation in the air-core superconducting
transformer, adopting it can contribute to keep the linearity

of Zso, . However, since the air-core superconducting

transformer has no specific path for the magnetic flux, the
magnetic flux produced by its windings will act directly on each
turn of the superconducting winding [10], and the ac losses of
the superconducting windings will increase to a certain extent.
Besides, the transformer’s stability may be affected adversely.

(1) Making 1,

ZSFCL—l =

|, to make the angle

JoMl, =

I1l. PWM CONVERTER CONTROL STRATEGY.

From the analysis of current-limiting characteristics of the
integrated active SFCL, it is needed to control the three-phase
four-wire PWM converter flexibly and reasonably. Assuming
that the switching devices are ideal and the split DC link

capacitances are the same (C, =C,), according to Fig. 1, the
current and voltage equations can be achieved.
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!
L, d tsr +Rlg, =V, +V,,
dl
L, —2+Rlg, =-V, +V,, Y
dt
dig,
Ly —+Rlgy ==V, +V

R- denotes the equivalent resistance of L .

dv

Cy—r=1g -1

d dt Sr r
av,

CdTZISy_Iy (8)
dv,

dWZISb_Ib

Further, the mathematical equations in dgO reference frame can
be obtained.

|
L, ddid =Rl +alyl, -V, +Vq
dl
. d—;qz—RI s oLl =V, +Vg, ©)
dl
L, di(’ =Rl -V, +V,,
dv
C, d—tdza)Cqu -1y
R\
Cy—t=—aC\Vy +1g,—1, (10)
dt
d % = IsO u Io
dt

From the Eqgs. (9) and (10), after dq0 transformation, the control
system of the converter can be divided into two subsystems. One
is coupling dg axis system which needs to be decoupled, and the
other is 0 axis system. Since the injected currents ( Ir, ly, 1b)
will be unbalanced under unsymmetrical fault, not only the sum

of V,,and V., a should be controlled to remain the same, but

also the voltage balance control for the split DC link capacitors
C1 and C2 should be considered [11].

The voltage equations of the capacitors can be shown in
Eq.(11).

Vdcl +Vd(;2 = Vdc
dVch dVdcl
dt

dt

Based on Egs. (9) — (11), the control system diagram of the three
phase four-wire PWM converter is shown as Fig. 2. The double
loop control strategy, consisting of voltage outer loop and
current inner loop, is adopted.

From Fig. 2, it is known that the 0 axis current reference |So
will be generated by the difference between the controllers of
Ve, and V. Since Vy, +V,., =V will be controlled to

(11)

Cz _Cl :3(|0+Cd %)

\Y
stay the same, C, —2% +C, 5;1 =0 can be obtained.

dt

SPWM

&

fu,,
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S

Fig- 2. Control system diagram of PWM converter.

Consequently, the variation trends of V., and V ,will be

opposite with each other, so as to keep the voltage balance of the
split DC link capacitors. According to the operating state of the

main circuit and the current- limiting mode of the integrated
active SFCL, the current reference signals (I e ly Ib) can be
known. Further, based on Eq. (5), the reference signals

(Vr,Vy,Vb) will be obtained, and then the voltage reference
signals of the converter (Vd WV, ,VO) can be achieved from Eq.
(12).

V, ) coswt sinet O 1 -1/2 -1/2 |V,
V =3 —sinwt coswt 0| O \/§/2 —\@/2 v,

q
v, 0 0 1|y2 y2 12 |y,

(12)
As the reference signals (|01V0) have been achieved, the

voltage reference signal of the capacitor C2 (V) can be

obtained from the equation 2C,

av,, av,
2 _3(1,+C, —2
ot (1, +C, dt)
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IV.SIMULATION EVALUATION

To verify the feasibility and validity of the presented control
strategy, using MATLAB, the simulation model of the integrated
active SFCL is built. The model parameters are expressed as:

Z, =(0.19+ j0.0068) ©,Z, =(15+ j0.063) Q2
Vgr =220sin ot Vg, =220sin( et —27/3) Vv,
Vg =220sin( ot + 272/3) v, =50 Hz, Ls1=0.7mH, Ls2 =

0.11mH, Ms = 0.005 mH, C1 = C2 = 2000 xF, V,, =600V,
Ld = 100 mH, Cd = 1000 x F.

Taking the single-phase and three-phase faults for examples,
the performances of the converter corresponding to the current
limiting mode 3, under unsymmetrical and symmetrical fault
conditions are analyzed, respectively. Besides, the voltage and
current reference signals of the converter under the different
conditions. In the simulation model, it is set that once detecting
the fundamental wave of the line current is larger than the given
threshold value, the converter’s input voltage reference signals
will be adjusted to make the SFCL switch to the mode 3. Since
the root mean- square (RMS) of the fundamental wave is about
8A in normal state.

A. Single-phase short-circuit

Supposing that the node U is grounded at t = 0.1 s and
the fault angle is 0° (for phase R), Fig. 3 shows the working
performances of the integrated active SFCL under this condition.
After the fault happens, the phase angle of the injected current
I, can be adjusted in time by the converter, so as to make the
SFCL work on the mode3, and the first peak value of the fault
current |5, can be limited to 60 A.
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Fig-3. Line current |, I, , I 5 under single phase fault. ~ (A)
Without SFCL ,(B) With SFCL.
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Without the operation of SFCL, the fault current |5, will rise

to 175 A. As a result, the reduction of the expected fault current
is 115 A. Fig.3 shows the single phase fault current with SFCL

and without SFCL. After the injected current |, is regulated by

the converter, the each capacitor voltage will be composed of
two parts. One is the initial DC component, whose value is 300
V, and the total DC voltage can be kept at the level of 600 V.
Fig-3 indicates that performance of voltage compensation type
active SFCL under single phase fault.

B. Three phase short-circuit

Supposing that the three-phase grounded fault happens
att=0.1s (nodes U, V and W are all grounded). Fig. 4 shows
the current- limiting characteristics of the integrated active
SFCL, compared with the case of lacking SFCL. After installing

the SFCL, the fault currents (I 5, Iy, 15 ) can be limited to 60

A, 59 A, 58 A, respectively, in contrast with 175 A, 100 A, 90 A
under the condition without SFCL. The reduction of the
expected fault currents will be 115 A, 41 A, 32A, respectively.
Obviously, the injected current in the each superconducting
transformer’s secondary winding can be regulated in time after
the fault occurs. We reduce three phase fault current with the
help of SFCL through converter applied voltage Vdcl and Vdc2

and current ., 1, , 15, and they will maintained at minimum
value.
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Fig-4. Line current 1, I, I ; under three phase fault. ~ (A)
Without SFCL ,(B) With SFCL.
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The harmonic distortions in the voltages occur within the first
1/2 cycle after the fault, and further they will be filtered by Ld
and Cd. Through the filtering process, the total harmonic
distortion (THD) of the voltages will be smaller than 1%. The
different faults are calculated, and the three-phase fault can be
considered as the most severe one for the integrated active

SFCL. Under this condition, the injected currents (1,1, 1)

will all be adjusted by the converter, and the each
superconducting transformer’s primary voltage and current, as
well as secondary voltage, will all rise to a certain level,
respectively. Consequently, the output power of the converter
and the AC losses of the integrated active SFCL under the three-
phase fault will be larger than that under the other types of
faults.

C. Voltage across SFCL in R-phase.

By adjusting parameter of primary winding, we can minimize
voltage drop across super conducting fault current limiter.
Primary winding resistance is maintained at 2.5 and
inductance 0.7mH. In normal state voltage across SFCL is
maintained at 12V, during single phase fault is happen at node U
voltage drop is increased about 151V due to the increased SFCL
impedance after single phase fault happen. Fig-5 indicates that
voltage across SFCL in normal state and after fault is happened.
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Fig -5. Voltage across SFCL (A) In Normal state, (B) Single
phase fault is happen on R-phase.

V. CONCLUSION

In this paper, an active SFCL is presented to limit fault current
level. Under normal operating conditions, the SFCL has no
influence on main circuit. During fault conditions the extra
impedance will be offered by the SFCL to main circuit to reduce
fault current level. The simulation results show that using SFCL
fault current level can be reduced to certain level by regulating

the amplitude and phase angle of the current in the second
windings of SFCL.
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