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The TRV Improvement of Fast Circuit Breakers
Using Solid-State Series Superconducting Reactor

Amir Heidary , Member, IEEE, Mohammad Yazdani-Asrami , Senior Member, IEEE, Morteza Hesami,
and Vijay Sood, Life Fellow, IEEE

Abstract—Utilizing superconducting technology in fault current
limiters for power grid applications is a practical solution to achieve
a more modern and efficient power system. This is due to their
low-loss profile, high efficiency, and ability to transmit about 5x
more power in the same footprint compared to conventional coun-
terparts. In addition, the integration of renewable energy resources
into power grids makes the use of fast circuit breakers essential.
However, the Transient Recovery Voltage (TRV) of fast mechanical
circuit breakers stays a concern. This paper studies the TRV of a
fast circuit breaker during a fault condition. Then the effect of
a solid-state superconducting series reactor (SSSR) on the TRV
of the circuit breaker is investigated and compared using an an-
alytical model, simulation studies, and experimental testing. The
results prove that an SSSR significantly diminishes the TRV of the
fast breaker and offers an effective superconducting solution for
modern power grids.

Index Terms—Fast circuit breaker, series reactor, superconduc-
tors, transient recovery voltage.

I. INTRODUCTION

THE integration of distributed generation and renewable
energy resources into modern grids is increasing the fault

current level in the network, which affects the operation of
mechanical fast circuit breakers (FCBs) [1]. The high Tran-
sient Recovery Voltage (TRV) of such breakers can damage
the FCB and interrupt its effective performance during a fault
in the network [2]. TRV is the voltage that appears across the
circuit breaker terminals once the breaker interrupts a faulty line.
TRV characteristics include a high rate-of-rise, a high-frequency
oscillation depending on system L-C values, and a voltage
magnitude higher than nominal system voltage, which can cause
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either a delayed or interrupted operation or even failure of the
circuit breaker as well as its isolator [2]. Both fault level and
TRV factors need to be met to prevent FCB failure based on
IEEE Std C37.119-2016 [3].

The most common solution to protect FCBs from high fault
current in the power network is to use either magnetic [4] or resis-
tive [5], [6], [7] fault current limiters. Recently, superconducting
fault current limiters (SFCLs) have also been recommended for
such an application and present a promising new element of
cryo-electrification for future modern power networks [8], [9],
[10], [11]. Among diverse types of SFCLs, an inductive SFCL
limits the fault current by inserting a large inductance in faulty
lines [12], [13], whilst in the normal steady state, its inductance
is exceptionally low [14], [15], [16]. The SFCL can be especially
useful for protecting an FCB that is used primarily for limiting
the fault current level [17], [18].

The other significant challenge for the operation of the FCB
is the TRV across the FCB terminals. The TRV depends on
the faulty system’s equivalent resistance, inductance, and ca-
pacitance [19]. Moreover, the inductance of a faulty electric
system with an uncontrolled inductive SFCL – i.e., affects TRV
parameters such as the peak value of TRV, frequency, rate of
rising recovery voltage (RRRV), and TRV damping constant
[20].

This paper investigates the TRV of an FCB where a solid-state
series superconducting reactor (SSSR) is employed as the TRV
suppression system. By comparing the two scenarios (i.e., with
and without an SSSR), it is shown that SSSR can effectively
limit the magnitude of the TRV. In addition, it can also protect
the FCB from a sharp RRRV, and its operation can be faster by
reducing the TRV time constant.

The main achievements of this paper are:
� Improvement TRV of FCB using SSSR, and
� Reducing operational delay of FCB by decreasing the TRV

time constant and magnitude of fault current

A. Analytical Study of TRV of FCB Without SSSR

In this section, the TRV of FCB is investigated, based on a
simple electric system model illustrated in Fig. 1. In this 63 kV
electric distribution system, the Thevenin model of an upstream
grid is considered with an equivalent voltage source Vth and
equivalent impedance Zth. This is connected to the loads by
an FCB and a short distribution line of impedance Zline. It is
assumed that a line-to-ground fault occurs at the end of the
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Fig. 1. a) Considered system model for analyzing TRV of FCB, b) simplified
equivalent circuit model.

distribution line. The equivalent circuit of this electric system
is shown in Fig. 1(b). In this case, the FCB operates to break
the fault current, then the TRV of the FCB can be defined
based on the circuit R-L-C parameters, as explained in IEEE
C37.011-2011 [21].

As shown in Fig. 1(b), the simplified equivalent R-L-C circuit
model is employed to analyze the TRV of FCB, where CFCB is
the shunt equivalent capacitance of the opened FCB. Kirchhoff’s
Voltage Law (KVL) for this system is written in (1), where the
fault impedance is assumed to be negligible.

TRV = − vth(t) + (Rth +Rline) (if (t))

+ (Lth + Lline)
dif (t)

dt
(1)

{
Req = Rth +Rline

Leq = Lth + Lline

where, TRV is considered as the voltage of FCB; t refers to time
and Rth, Rline, are the upstream grid Thevenin resistance and
line resistance, respectively; and Lth, Lline are the upstream grid
Thevenin inductance and line inductance, respectively. Also,
if and vth are the instantaneous current of the faulty line and
upstream grid voltage, respectively.

The voltage of upstream grid vth(t) is defined as (2):

vth(t) = Vm cosωt (2)

where Vm is the maximum voltage of upstream grid, t is the time
and ω is the angular frequency of grid voltage.

The current in the faulty line is presented as:

if (t) = CFCB
d (TRV (t))

dt
(3)

By solving (1), TRV of FCB is obtained as (4) and then, its
coefficients are given in (5).

TRV = −Vm

(
ω2
0 cosωt

ω2
0 − ω2

− ω2
0ke

−αt cosω0t

ω2
0 − ω2

)
(4)

TABLE I
SPECIFICATIONS OF THE ELECTRICAL SYSTEM

⎧⎪⎪⎨
⎪⎪⎩
ω0 = 1

/√
LeqCC.B

ω = 2πf
f0 = ω0/2π
α = Req/2Leq

(5)

where ω0 is the angular frequency of TRV oscillation, α is the
damping coefficient, and k is a coefficient that depends on the
initial voltage of the circuit, and it can vary between 1 and 2.

The peak magnitude of the TRV is obtained from (4), and its
oscillation frequency strongly depends on the equivalent resis-
tance and inductance values of the system. Moreover, the rate of
rising recovery voltage (RRRV) is an important parameter for
FCB operation, which is calculated from the peak magnitude of
TRV and its oscillation frequency, as defined in IEC 62271-101
[22]. This is shown in (6), as follows:

RRRV = (Max (TRV )) (2f0) (6)

B. Simulation of TRV of FCB Without SSSR

In this subsection, the TRV of FCB without SSSR is simulated
in MATLAB-SIMULINK software. The specifications of the
simulated system are provided in Table I.

Fig. 2 shows the simulation results for TRV of FCB without
SSSR installed in the system when the fault occurred in tfault
= 0.42s. The peak TRV is 2.3 p.u., and its time constant is
approximately 200 ms. After the TRV time constant is passed,
its magnitude reaches the steady-state grid rms voltage value,
i.e., equal to 63 kV which is considered the base voltage. In
addition, as shown in the zoomed part in Fig. 2(b), the TRV
frequency can be obtained in the time between 0.43-0.44 ms,
which is approximately 3500 Hz. Thus, the RRRV of this case
is calculated as 0.952 kV/us.

The TRV signal (Fig. 2) is in agreement with (4), where its
time constant is correctly agreed by Napierian terms of (4) and
its oscillation frequencyω0/2π is given by the first part of the (5),
and its RRRV is given by (6). These show the close agreement
of simulation results with analytical equations. In addition, the
current signal of the faulty line is depicted in Fig. 3, where the
signal is zoomed upon interruption current once the FCB opens
the faulty line.

It is shown that the system fault energy is dissipated over
period of 200 ms. The first peak of fault current before FCB
operation is 95 kA.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 14,2023 at 09:37:51 UTC from IEEE Xplore.  Restrictions apply. 



HEIDARY et al.: TRV IMPROVEMENT OF FAST CIRCUIT BREAKERS USING SOLID-STATE 1261

Fig. 2. a) TRV of FCB without using SSSR, b) TRV close-up view.

Fig. 3. line fault current without using SSSR.

II. TRV OF FCB IN PRESENCE OF SSSR

In this section, first the configuration of the proposed SSSR
and its operation principle/modes are discussed. Then, the struc-
ture of SSSR is mathematically modeled and analyzed. Finally,
its operation is simulated in MATLAB-Simulink software.

A. Configuration and Operation Modes of SSSR

Fig. 4(a) illustrates the installed SSSR in series with the FCB
in the system. The proposed SSSR structure comprises three
main parts: a controllable superconducting reactor, a solid-state
unit, and an energy-suppressing circuit. The series supercon-
ducting controlled reactor (SR) consists of a liquid nitrogen LN2
cooling system at saturation vapor pressure (SVP) 77 K [23], 50-
meter superconducting Bi-2223 wire, and an EI ferromagnetic
steel iron core. In the proposed SSSR, the voltage of the reactor’s
primary is two times less than the grid voltage, and the turns ratio
of the reactor is 1:3, which shows that the secondary voltage is
about 10 kV. The specifications of the SSSR, superconducting
wire and the characteristics of the cooling system used in the
simulation section are provided in Table II.

Fig. 4. SSSR structure and operation, a) SSSR Configuration, b) SSSR model
in normal condition, c) SSSR model in fault condition. d) 3D scheme of SSSR
configuration.

TABLE II
SPECIFICATIONS OF THE SSSR AND THE ELECTRICAL SYSTEM

The solid-state unit comprises an IGBT switch S1 and four
diodes D1-D4. In the normal condition, as shown in Fig. 4(b),
the IGBT is driven by a control pulse, and the diodes and IGBT
conduct the current of the secondary winding of the SSSR. At
the same time, the circuit breaker conducts electric power.

During the fault condition, as shown in Fig. 4(c), a protection
trip signal is sent before FCB operation to SSSR, and then FCB
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Fig. 5. SSSR model in the normal condition (IGBT S1 is ON) connected to
the electric system and load.

will operate. Therefore, the IGBT of the SSSR is turned-off once
the FCB begins to break. At this time, resistance R and varistor
Ar currents are drastically raised to effectively dampen out the
system’s stored energy and TRV of FCB.

Fig. 4(d) depicts a preliminary 3D installation design of the
various parts of SSSR with a mechanical FCB.

Finally, the energy-suppressing circuit comprises a parallel
resistor R and varistor Ar.

B. Analytical Study of SSSR

During the normal condition, the SSSR imposes its most
negligible inductance on the system and transmits electric power
from the upstream to the downstream grid. The IGBT and diodes
perform this operation on the secondary side of the SR by
conducting the secondary current with a negligible impedance.
Fig. 5 shows the equivalent circuit of SSSR during normal
conditions using a T-model of the applied reactor.

In Fig. 5, Lpl and Lsl are the SR’s primary and secondary
leakage inductances, respectively, and LM is the magnetization
inductance of the SR. In addition, a is the turns ratio of the
SR primary and secondary coils (a is considered as Np / Ns).
By switching-on the IGBT S1, the equivalent inductance of the
SSSR is substantially reduced. (7) shows the line current under
normal conditions.

Iline =

Vth

Rth +Rline + jω (Lth + Lpl + a2Lsl + Lline) + Zload

(7)

where, Zload is the load impedance which is much higher than
the small value of SSSR equivalent impedance.

During the fault condition, a fault trip command syn-
chronously drives both the FCB and IGBT S1.

As a result, FCB operates, the power line is open-circuited,
and the IGBT S1 is turned-off to suppress TRV of FCB to help
with fast fault breaking. By opening the IGBT S1, the current of
the secondary side is commutated into the Arrestor (varistor) Ar,
and damper Resistor R. In this operation, Ar protects the IGBT
from peak voltage stress, and R damps the system transients.
Fig. 6 shows the equivalent circuit of SSSR under the fault
condition.

Under the fault condition, damper resistor R and varistor Ar
are connected in parallel with the magnetization inductance LM,
and the inductances Lpl and Lsl can be effectively ignored. Under

Fig. 6. The SSSR model under fault condition.

the fault condition, the TRV of FCB is given by (8).

TRV = VFCB = −
Vm

(Leq+L′
M)CFCB

1

(Leq+L′
M)CFCB

− (2πf)2
.

(
cos (2πft)− ke

− Req+R′
2(Leq+L′

M)
t

cos

(
t

(Leq + L′
M )CFCB

))

(8)

Considering (3), fault current if can be calculated by applying
(8) in (3).

C. Proposed SSSR Power Loss Analysis

Total power loss of the SSSR consists of power loss of IGBTs
and power loss of diode full bridges as follows:

Pss = PIGBT + PFB (9)

PIGBT = n
(
VIGBT Is +RIGBT I

2
s

)
(10)

PFB = (n/2)VDiodeIs +
(
nRDiode(Is/2)

2
)

(11)

where, Pss, PIGBT, and PFB are power loss of solid-state units
consisting of IGBTs and diodes power loss. Is, VIGBT and
VDiode are current of secondary, voltage drop of IGBTs and
diodes. Moreover, n refers to the number of switches. In this
analysis, the maximum possible voltage of reactor secondary
is 18 kV, and the current in the normal state is roughly 300 A,
considering that the turns ratio is 1:3. As a result, the maximum
power loss of the SSSR is less than 10 kW, that is roughly 0.1%
of system power flow.

D. Simulation Results of TRV of FCB Using SSSR

In Fig. 7, the TRV of FCB is shown when a fault occurs at
0.43 s. This figure shows that the magnitude of the TRV of FCB
reaches 1.2 p.u., while the TRV time constant is limited to 20 ms
which is in fair agreement with the Napierian (8), which proves to
be an effective reduction of FCB operation delay. The obtained
results show that the TRV frequency is effectively limited to
400 Hz in agreement with the first section of (5), and its RRRV
is decreased to 0.065 kV/us, which is calculated by (6). The
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Fig. 7. a) TRV of FCB considering SSSR effect, b) close-up view of TRV.

Fig. 8. a) line fault current considering SSSR effect.

simulation results prove the effectiveness of using the SSSR in
the grid.

Furthermore, the current signal of a faulty line considering the
effects of SSSR is depicted in Fig. 8. It is shown that the fault
energy of the system is dissipated rapidly (in approximately 20
ms). The peak of fault current is 2.1 kA before the FCB operates.

III. VALIDATION OF THE SSSR MAGNETIC PERFORMANCE

USING 3D FINITE ELEMENTS METHOD

A. Analyzing SSSR Magnetic Equivalent Circuit

The physical model of the SSSR is presented in Fig. 9(a).
using an E-I core. Its corresponding equivalent magnetic reluc-
tance diagram is shown in Fig. 9(b).

The current in the primary winding of E-I core generates
a magnetic flux ϕp. In contrast, the current in the secondary
winding generates a flux ϕs in the opposite direction to the
primary flux. Subtracting these two fluxes results in the main
(central) arm core flux, known as the mutual flux.

Equation (12) calculates the series voltage drop of SSSR in the
primary winding, which affects the TRV of FCB. This voltage

Fig. 9. a) Magnetic structure of SSSR b) electric equivalent circuit model.

is directly related to flux in the core, which, in the next stage,
will be simulated by the finite element method (FEM) to validate
SSSR operation during both normal and fault conditions.

VSSSR = N2
P

⎛
⎝ dif
dt (Ra1)

+
(dif − 0.3dis)

dt
(

RmRs1+RmRs2+Rs1Rs2

Rs1+Rs2

)
⎞
⎠

(12)
where, if and is are currents of the primary and secondary
windings, respectively. The number of turns in primary (Np)
is ten times smaller than secondary winding turns (Ns). ϕpl is
the leakage flux of primary. In addition, Rm, Rs1 and Rs2 are
the main and side arms’ reluctances, respectively. Furthermore,
Ra1 is the leakage flux reluctance.

B. FEM Validation of SSSR

Due to the complex geometry and non-linear properties of
most electromagnetic devices, FEM is usually employed for
finding the magnetic field distribution and confirming the design
structure. Numerical modeling is essential for the evaluation of
the magnetic field distribution and the magnetization character-
istic of the SSSR, which is inherently non-linear. Thus, in this
section, the magnetic field distribution of the SSSR is decided
using the 3D FEM with ANSYS-MAXWELL software. The
geometric design of the proposed superconducting reactor is
shown in Fig. 10.

Fig. 10(a) shows the coil’s 2D and 3D views. A close-up of
the 2D view shows that the SR coil is formed of a cryostat as a
thermo-isolator that includes all the superconducting parts and
coolant, primary and secondary windings, an electric paper sheet
insulator, and separator cylindrical fiber insulation.

The SSSR core material is a magnetic steel iron that is de-
signed with an EI-120 core structure, as illustrated in Fig. 10(b).
It is also depicted in two 3D views of the SR, where the
length-based meshes are applied in the 3D geometric model of
the superconducting reactor.

In the first step of the FEM simulation, the magnetic field
analysis of the core during normal operation is obtained; here,
the secondary coil is bypassed by the AC switch, and the line
current passes through the primary winding. Fig. 11(a) shows
that the average flux density in the middle arm does not exceed
1.7 mT. The results from the FEM simulation confirm that,
during normal operation, the imposed series inductance of SSSR
is substantially low, resulting in a very low voltage drop.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 14,2023 at 09:37:51 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 10. a) Geometric view of SR coil, b) 3D design of SR and mesh sections.

Fig. 11. a) Magnetic flux density of SR (normal condition), b) Magnetic flux
density of SR (fault condition).

In the next step of the FEM simulation, the AC switch on the
secondary side is opened. The commutation of current limits
the current in the secondary winding into the damper resistor R.
Fig. 11(b) shows that the average magnetic flux density of the
main arm reaches 1.1 T at its maximum value. In contrast, the
magnetic flux density in the saturation state was 1.8 T. The sim-
ulation results confirm that the SSSR can impose considerable
inductance and resistance to suppress the TRV of the FCB to an
acceptable level. It is also noteworthy that the flux density in the
corners of the core is much higher than in other directions, but
it doesn’t reach the saturation level.

TABLE III
SPECIFICATIONS OF TEST SETUP

Fig. 12. Experimental setup for evaluating the proposed SSSR prototype.

IV. EXPERIMENTAL VALIDATION OF THE SSSR PERFORMANCE

In this section, the experimental setup is used to compare the
TRVs of the FCB with and without SSSR. This experimental
test confirms the operation of SSSR. The specifications of the
test setup are provided in Tables II and III.

Fig. 12 shows the experimental setup of the SSSR. This setup
is based on the simulated test model shown in Fig. 4. The scaled-
down prototype is fed from a 350 V AC source, considered as
base voltage.

A low-voltage fast mechanical breaker is employed to ex-
amine its TRV. In this laboratory setup, a fault is started by a
controller at the same adjusted time. The same controller also
generates the trip command.

To build the SSSR prototype, an EI-120 ferromagnetic core
is used. The cryostat package is also based on this core size.
Next, the superconducting windings (primary and secondary)
are wound around the core, placed in the cryostat, and liquid
nitrogen is injected into the superconducting coil. Finally, the
primary winding of the SSSR is connected in series with FCB,
and the secondary winding is connected to the electronic circuit.
The electronic circuit includes an IGBT switch, four full-bridge
diodes, a 20 Ω, 5 W resistor, 500 V varistor, and a controller.

A. FCB TRV Measurement Without SSSR

In the first experimental test, the TRV of FCB is measured
considering that there is no installed SSSR in series with the
FCB. The measured TRV signal, shown in Fig. 13(a), reaches
a peak value of 1.8 p.u. In addition, it experiences a relatively
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Fig. 13. Measured signal of TRV of FCB (probe X25), a) without SSSR
installation b) with SSSR operation.

high RRRV of 0.0044 kV/us, which is in close agreement with
(6). Its frequency is slightly higher than 3.4 kHz, which agrees
with (5). Its time constant is approximately 200 ms, which is
confirmed by the Napierian function of (4).

B. FCB TRV Measurement With SSSR

In the second experimental test, the SSSR is connected in
series with the mechanical FCB to suppress its TRV. The con-
troller causes a fault at the same time as the first test, and the
FCB is activated to interrupt the fault current and use the SSSR
to suppress the TRV of the FCB. Considering Fig. 13(b), the
peak value of TRV now reaches 1.2 p.u., which is about 33%
less than the earlier test without the SSSR.

Additionally, the TRV frequency is 415 Hz, in good agreement
with (5), and its RRRV is reduced to 0.0004 kV/us, which agrees
with (6). Its time constant is approximately 20 ms which proves
the reduction of the FCB operation delay that is confirmed by the
Napierian function of (8). This test supports the results obtained
previously from both analytical and simulation studies.

To show the performance of the SSSR, a more profound
comparison of the simulation and experimental tests is provided
in Table IV, where TRV peak value, RRRV, TRV damping

TABLE IV
TRV OF FCB: EXPERIMENTAL AND SIMULATION RESULTS

Fig. 14. Measured signal of fault current (probe X25), a) without SSSR
installation b) with SSSR operation.

duration, and TRV frequency are given. Considering the SSSR
effect, it is noted that the TRV peak reduces by about 33%,
damping duration reduces by about 80%, frequency reduces by
about 90%, and RRRV reduces by about 91%.

In Fig. 14(a), it is illustrated that the peak magnitude of
fault current reaches 215 A. After FCB operation, fault current
interrupts after roughly 200 ms. On the other hand, by installing
the SSSR, the peak of fault current reduces to 4.5 A, and then,
by operation of FCB, it is interrupted within 20 ms, as depicted
in Fig. 14(b).

Based on the test and implementation of the scale down
prototype, the possibility of implementation of grid-scale SSSR
is concluded where the maximum voltage drop of SSSR is less
than grid voltage and its resistance is almost zero because of its
superconducting structure.
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So, from both isolation design and power loss point of view,
the proposed structure will be economic. In addition, designing
an LN2 cooling system for a small-size series reactor (100 mH,
100 A) is reasonably economic. Furthermore, the design of the
10 kV IGBT package (in the secondary section) is mature and
economic, based on commercially available power electronic
equipment in the market.

V. CONCLUSION

In this paper, the feasibility design of a solid-state series
superconducting reactor (SSSR) is presented. It is utilized to
suppress transient recovery voltage (TRV) of mechanical fast
circuit breakers (FCBs), which are used to protect the FCB
and reduce its operational delay, besides fault current limitation
of faulty line. The proposed SSSR consists of a controllable
superconducting reactor, four diodes and an IGBT as a solid-
state unit, and a parallel resistor and arrester combination as the
energy-suppressing circuit. The experimental test results agreed
with the simulation findings and confirmed the effectiveness of
installing the SSSR in a sample distribution network to suppress
the TRV of FCB and limit the fault current. It is concluded
that by installing the SSSR, the peak TRV, damping duration,
frequency, and RRRV of FCB were reduced by about 33%, 80%,
90%, and 91%, respectively. Moreover, the magnitude of fault
current declined to around 97%. Therefore, a lower rating of
FCB can be utilized. Accordingly, SSSR mainly affects future
modern grids to use more economic surge arresters and circuit
breakers. It is worth noting that SSSR is not aimed at replacing
surge arresters at this stage. However, it can help to use lower
rating surge arresters, and it will offer other limiting features to
make the grip more reliable and safer. Future work would entail
designing a compact, high-performance circuit breaker with the
ability to operate faster than existing AC breakers, including
both fault current limiter and TRV-suppressing structures. In
addition, a follow-up to the research investigated in this paper
can be considering multiple reclosures into a fault by the duty
cycle of the FCB and considering the energy and heat dissipated
during fault and their influence on the FCB and on SSSR itself.
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