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Abstract—A novel power conversion system (PCS) topology for
superconducting magnetic energy storage (SMES) to deliver the
required pulses for large, pulsed loads, such as the pulsed magnets
of the user facility at Los Alamos National Laboratory, is reported.
The simulation results show that SMES, using the PCS topology,
delivers the required pulse shape to the pulsed load and recovers the
leftover energy back to SMES. The bidirectional DC/DC converter
is an innovative approach to achieve high energy transfer efficiency,
precise pulse shaping, and efficient energy recovery. The converter
eliminates the traditional H-bridge architecture, introducing a
more streamlined and efficient design that excels in energy delivery
and recovery. The novel PCS system is scalable and efficient for
large power loads such as pulsed magnets.

Index Terms—DC link, energy storage, HTS, power conversion
system, pulsed power, SMES, superconducting coils, voltage source
converter.

I. INTRODUCTION

SUPERCONDUCTING magnetic energy storage (SMES) is
an advanced energy storage technology that offers both high

energy and power densities [1]. SMES is particularly attractive
for large-scale and high demand pulsed power applications [2].
SMES stores energy in the form of a magnetic field from su-
perconducting magnets with zero electrical resistance, allowing
it to be charged and discharged millions of cycles without
degradation. SMES is an ideal solution for applications that
require rapid energy delivery and precision control with high
energy storage and transfer efficiency [3].

SMES has been explored for various domains, including
stabilizing power grids, supporting pulsed power systems, and
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serving applications such as nuclear fusion and plasma genera-
tion [4], [5], [6], [7], [8]. The distinguishing feature of SMES is
its instantaneous response time, crucial in maintaining power
system stability, especially in environments that experience
frequent power fluctuations. Pulsed power loads such as Los
Alamos National Laboratory Pulsed Field Facility need high
power density to provide the specific required milli-second pulse
with specific shapes [9], [10], [11].

One of the primary challenges of SMES technology in main-
taining storage efficiency is with the repeated transfer of energy
between the storage system and load. This is where the need
for efficient Power Conversion Systems (PCS) comes into play.
PCS is responsible for handling the charging and discharging
cycles of the SMES, ensuring that energy is transferred smoothly
and with minimal loss [12], [13], [14], [15], [16]. The PCS
must manage the energy flow but also ensure that the power
delivered matches the specific requirements of the load. The
requirements include precise control over current and voltage,
especially important for pulsed power applications [17].

For high-power applications, such as pulsed power systems
or pulsed magnets, the PCS must meet additional demands [17],
[18]. Pulsed power systems require quick bursts of energy de-
livered in a highly controlled manner. To achieve controllability,
the PCS must be capable of handling rapid switching events and
maintaining stability throughout the energy trans-fer process.
Minimizing energy losses during these fast cycles is critical to
improving the overall efficiency of the system. Inefficiency in
the PCS leads to significant energy losses, which would reduce
the overall efficiency and effectiveness of SMES.

This research focuses on a novel PCS design to improve the
energy transfer efficiency of SMES in pulsed power applications.
The reported system is an improved design over the previously
discussed PCS systems [18]. The design is a novel bidirectional
DC/DC converter that eliminates the need for H-bridges. Instead,
it uses a voltage source converter with one capacitor stage,
which charges both directions to regulate the energy transfer and
pulse shape. The new design offers a more efficient solution for
managing high-energy pulses in SMES powered applications by
reducing the number of components and optimizing the control
schemes.

Detailed simulations and performance analyses were per-
formed on the PCS for SMES. The results show the PCS de-sign
delivers high-energy pulses to the pulsed load and indicate that
the bidirectional converter offers efficient and con-trolled pulsed
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Fig. 2. A schematic of the proposed topology of the novel PCS.

Fig. 1. Operational (generator) and simulated (SMES) current profile com-
parison of the CG-1 of the 100 T magnet [19] (©[2024] IEEE).

power delivery. These findings provide valuable insights into
optimizing PCS for future SMES applications, particularly in
national laboratories and other high-demand industrial settings
where efficient power delivery is essential.

II. PULSED POWER SYSTEM OVERVIEW

At the National High Magnetic Field Laboratory (NHMFL),
SMES systems will play a critical role in powering large-scale
pulsed magnets, such as the 100-Tesla magnet [20]. A 1430 MVA
motor generator drives the 100 T magnet. As one of the largest
motor-generator setups in the world, it provides the immense
energy required to drive the pulsed magnet operations. Cou-
pled with seven 12-pulse thyristor-based power converters, the
system ensures smooth and stable power delivery during high-
field pulses [21]. The generator, along with PCS, facilitates the
controlled transfer of power. The generator’s ability to manage
rapid, high-power discharges ensures that magnets can reach
their peak without instability, enabling the NHMFL’s large-
scale, user-focused scientific measurements. Fig. 1 compares the
current pulses delivered by the 1430 MVA motor-generator with
thyristor based 12-pulse converters and a SMES-based H-bridge
configuration in the innermost coil group (CG)−1 of the 100 T
magnet at NHMFL [19].

One of the critical features of SMES is its ability to enter
persistent mode (PM), wherein the current continues to flow
and store the energy in the superconducting coil. This capability

allows SMES to achieve rapid response time and minimal energy
loss during storage. The total energy stored in a SMES system
is determined by the inductance L of the coil and the current I,
expressed as:E = 0.5 LI2. SMES can quickly discharge large
amounts of energy, making it particularly suitable for pulsed
power applications. SMES systems can deliver full power within
milliseconds (less than 10 ms). Some of SMES installations have
demonstrated the ability to deliver up to 10 MW to 100 MW of
power almost instantaneously [22].

III. POWER CONVERSION SYSTEMS FOR SMES

While capable of handling large power, traditional thyristor-
based converters often lack the flexibility to control both real and
reactive power independently, limiting their application in fast-
switching environments [23]. Large H-bridge based converter
systems are cost prohibitive. To address these limitations, a novel
PCS topology was developed which introduces a bidirectional
DC/DC converter that eliminates the need for H-bridges. The
design incorporates the use of film capacitors to manage both
the charging and discharging phases of the SMES, allowing more
precise pulse shaping and control of energy recovery.

In pulsed power applications, recovering energy from the
load and returning it to the storage device is as important
as energy delivery itself. Removing the H-bridge reduces the
overall system complexity, making the converter more efficient
in handling the high-energy pulses required for pulsed power
systems. The converter’s novel design allows for more efficient
bidirectional power flow, improving energy recovery without
sacrificing control or performance.

The converter’s architecture reported here relies on single
DC link capacitors, labeled as C in Fig. 2, to maintain voltage
stability across both the SMES and the pulsed load. The IGBT
switches in the converter are responsible for controlling the
energy flow through the capacitor. During the energy delivery
phase, the IGBT switches PS, S1, and S2 along with C are
activated to initiate the pulse, manage the energy recovery, and
ensure the desired pulse profile in the load. The blue-color lines
show the controls of crowbar protection and red-color lines show
the controls of PCS operation.

The voltage source converter stage is configured to maintain a
steady voltage across the load. This allows the system to generate
the flat-top current pulse required for the pulsed power applica-
tion while delivering the trapezoidal-shaped current pulses to the
load. The system handles overvoltage by integrating protection
circuits which utilize a crowbar protection scheme to manage
overvoltage conditions in both SMES and pulsed load. In the
event of a fault, the crowbar system quickly dissipates excess
energy, preventing any damage to the system.

The bidirectional converter also supports the efficient return
of energy to the SMES from the load. After delivering the desired
pulse to the load, any remaining energy after the pulse is recov-
ered and transferred back to the SMES through the link capacitor.
This energy recovery process is managed through pulse-width
modulation (PWM) techniques, which allow for precise control
over the amount of energy returned to the SMES. By efficiently
recovering energy, the system can minimize energy losses and
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maximize the overall efficiency of the SMES system, a feature
important in high-energy systems such as large, pulsed loads.

A. Control Scheme for Bidirectional Converter Topology

The control scheme for the bidirectional DC/DC converter is
a critical aspect that ensures the precise operation of the power
conversion system. This converter employs a combination of
PWM and feedback control loops to regulate the energy transfer
between the SMES and the pulsed load. The primary goal of
this control scheme is to maintain consistent voltage and current
levels during both the charging and discharging phases.

At the core of the control system is an IGBT-based persistent
switch (PS) connected across the SMES magnet coil. The switch
allows the SMES to remain in persistent mode. The system
also includes a slower mechanical or cryogenic superconducting
persistent switch (MPS) for maintaining low or zero loss during
the waiting time of the pulsed magnets which increases the
duration of the energy storage in PM phase.

During the energy transfer stage, the control system initiates
the operation by opening the MPS and activating the IGBT-based
PS. The energy is then delivered from the SMES to the pulsed
load, where the voltage and current levels across the pulsed
load are regulated using PWM. By continuously monitoring the
voltage across the SMES coil and the pulsed load, the system
adjusts the switching behavior of the IGBTs to maintain the
desired pulse shape.

Over-voltage protection is an integral part of the control
scheme. A crowbar protection circuit is used to safeguard the
SMES and the pulsed load in case of a system fault. If the voltage
exceeds a predefined threshold, a control signal triggers the
thyristor, reducing the output voltage to safe levels. The crowbar
ensures that any excess energy is dissipated through a resistive
path, protecting the system components from damage. The pro-
tection system also handles situations where IGBT switching
might fail, providing a fallback to ensure safe operation.

The crowbar is designed to remain engaged until the PS or
MPS reconnects the SMES in a persistent mode or the current
in the pulsed load reaches zero. This fault-tolerant design adds
an additional layer of reliability to the system, ensuring it can
safely handle faults without compromising the performance or
damaging the pulsed load or SMES.

The energy transfer process is depicted in Fig. 3 by using
equivalent circuit models for different operational phases. The
models, represented by various switching states of the IGBTs,
allow the control system to calculate the ideal conditions for
charging, discharging, and freewheeling energy within the sys-
tem. For example, when charging the capacitor C, the control
system opens the MPS, PS and activates IGBT S1, routing the
energy from the SMES to the capacitor. Once the capacitor
reaches its target voltage, the control system switches the SMES
in PM. During energy delivery, the control system adjusts the
switching of IGBTs PS, S1, and S2 to generate the desired
trapezoidal current pulse. As the current reaches the flat-top
phase, the system enters a PWM mode, maintaining constant
current in the pulsed load. This precise regulation of current
and voltage ensures that the system can meet the demand of the
pulsed load.

Fig. 3. The circuit schematics of the various operational stages of the novel
PCS during the operation of serving the pulsed load.

As the pulse sequence concludes, the system begins the energy
recovery phase. Any remaining energy in the pulsed load is
transferred back to the SMES via the DC link capacitor C.
The control scheme regulates the power delivery, ensuring that
the energy is returned efficiently without exceeding the voltage
limits of the system.

B. Mathematical Model of the Novel PCS

The mathematical models of the DC/DC converter play a
critical role in understanding and optimizing its performance.
The operation of the converter is governed by different switching
states of the IGBTs and the corresponding equivalent circuits.
Each operational phase of the converter, including charging,
discharging, and freewheeling, can be described using differ-
ential equations that account for the behavior of the SMES coil,
capacitors, and pulsed load. Eq. (1) shows the PM phase of the
SMES, where Is,0 is the initial current in SMES at t = 0. The
circuit is shown in Fig. 3(a).

is (0) = Is,0

dis
dt

= −Ron1

Ls
· is (1)

The first operational phase begins with the charging of the
capacitor C. In this state, the SMES current is is routed through
IGBT S1, which controls the charging process. The circuit is
shown in Fig. 3(b) which happens at time t1, and the system’s
behavior is governed by the following differential equation:

is (t1) = Is,1

dis
dt

= − (uc +Ron · is)
Ls

duc

dt
=

is
C

(2)

where Ron1 and Ron is the on-state resistance of IGBT PS and
S1, Ls is the inductance of the SMES coil and uc is the voltage
across the capacitor C. Is,1 is the initial current in SMES at t =
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t1. The current is represents the flow of energy from the SMES
into the capacitor C, which charges to a reference voltage value.

Once the capacitor is charged to the desired level, the system
enters the freewheeling mode, where the SMES coil is re-turned
to PM. The control system uses PS, and S1 to maintain the state,
ensuring minimal energy loss. The governing equation continues
to focus on maintaining the balance between the current in the
SMES and the voltage across the capacitor.

During the pulse generation phase, the system shifts to using
IGBT S2 while keeping IGBTs PS on to move SMES in PM
phase and S1 in off condition to discharge the capacitor into the
pulsed load. The circuit is shown in Fig. 3(c) and the governing
equation is provided in (3), which happens at time t2. Is,2 is the
initial current in SMES, and Uc,2 is voltage in capacitor C at t
= t2.

When voltage across the capacitor goes below a certain prede-
fined value the IGBTs PS, turns off and S1 turns on to charge the
capacitor back to the referenced voltage value for the pulse while
S2 is still on and suppling the pulse current to the load. This phase
introduces more complex differential equations, accounting for
both the inductance of the pulsed load Lm and the resistance
Rm. The current in the pulsed load im is expressed in (4) and the
circuit is shown in Fig. 3(d), which happens at time t3. Is,3 is
the initial current in SMES, Uc,3, is voltage in capacitor C, and
Im,3 is the initial current in the pulsed load at t = t3.

Eqs. (3), and (4) together describe how the stored energy in
the capacitor is transferred to the pulsed load, generating the
desired current pulse.

uc (t2) = Uc,2

is (t2) = Is,2

dis
dt

= −Ron1

Ls
· is

im (t2) = 0

dim
dt

=
[uc − (Ron +Rm) · im]

Lm

duc

dt
= − im

C
(3)

uc (t3) = Uc,3

is (t3) = Is,3

im (t3) = Im,3

dis
dt

= − (uc +Ron · is)
Ls

dim
dt

=
[uc − (Ron +Rm) · im]

Lm

duc

dt
=

(is − im)

C
(4)

Once the pulse reaches the flat-top phase, the PWM switch-
ing of the control system maintains the current at a constant
level. The control system continuously monitors the voltage
and current in the pulsed load to ensure that the desired pulse
shape is maintained. This phase is crucial in pulsed power

Fig. 4. Bidirectional PCS current (a) and voltage (b).

applications where precise current control is required to meet
the specifications of the experiment or process.

The final phase involves the recovery of energy from the
pulsed load. The remaining energy is transferred back to the
SMES through capacitor C with the control system regulating
the process using PWM. The circuit is shown in Fig. 3(e) and
(f). The recovery process can be described by Eqs. (2), (3), and
(4). These equations govern the behavior of the energy recovery
process, ensuring that any excess energy is efficiently stored
back into the SMES for future use. The control system adjusts the
IGBTs to manage the flow of energy and prevent overcharging
or voltage spikes in the capacitors.

IV. RESULTS OF THE SIMULATIONS AND DISCUSSION

To validate the performance of the novel PCS design for
SMES, simulations were conducted to analyze efficiency, pulse
generation capability, and energy recovery process. The re-
sults of the bidirectional DC/DC converter are presented in
Fig. 4, providing insights into the operational performance under
various conditions.
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In the simulation, the current pulses generated by the PCS
show that the current is ramped up smoothly, reaching the de-
sired flat-top value before decaying in a controlled manner. The
pulsed load current, im, is shown in Fig. 4(a), highlighting the
effectiveness of the PCS in delivering the required current pulses.
The simulation results show that the current in the pulsed load
reached approximately 15 kA, with the converter displaying the
precision in pulse shaping, especially during the flat-top phase.
The corresponding voltage across the terminals of the pulsed
load is shown in Fig. 4(b). The converter showed a consistent
and controlled voltage profile. This voltage control is crucial
for pulsed power applications, where voltage fluctuations can
negatively impact the performance of the load.

One of the critical factors evaluated in the simulations was
energy recovery. After the pulse generation and delivery phase,
the PCS design was tested for its ability to recover and store
the remaining energy in the SMES. The bidirectional con-
verter’s ability to manage bidirectional power flow allowed
efficient energy transfer back to the SMES. Low losses due to
the reduced number of converters and the corresponding heat
generation in the PCS make it less burden on thermal man-
agement. The peak power delivered to the pulsed load reached
approximately 80 MW, which without an efficient system will
raise the temperature of the components and lower the lifetime
of the system. This might introduce the burden on the cryogenics
system.

V. CONCLUSION

A design and analysis of a novel PCS topology for SMES in
pulsed power applications is reported. The bidirectional DC/DC
converter is an innovative approach to improving energy transfer
efficiency, pulse shaping, and energy recovery. The converter
eliminates the traditional H-bridge architecture, introducing a
more streamlined and efficient design that excels in energy deliv-
ery and recovery. The simulations showed that the bidirectional
converter precisely provides the desired pulse shape. The novel
PCS system is scalable and efficient for large power loads such
as pulsed magnets.
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