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Abstract—Real-time (RT) simulation of power and energy con-
version systems allows engineers to interface both simulation- and
hardware-based controls using controller hardware-in-the-loop
(CHiL) simulation of networks of power electronic converters
(PECs) in order to de-risk highly developmental systems such as
next generation electrified transportation systems and dc¢ micro-
grids. CHiL exploration and performance verification moves a de-
sign from Technology Readiness Level (TRL) 3 to TRL 4 without
incurring significant cost investments in developmental hardware
platforms, which otherwise discourages such endeavors. A real-
time CHiL simulation platform suitable for explorations of
protective equipment, protection schemes and networked PEC
dc and mixed dc-ac power distribution architectures must be
capable of simulating common-mode behavior, various grounding
schemes, and fault transients at sufficiently high resolution. This
paper demonstrates this capability using a Latency-Based Linear
Multistep Compound (LB-LMC) simulation method implemented
in a commercially sustainable, adaptable and expandable FPGA-
based test and instrumentation platform. The proposed CHiL
platform achieves real-time power system simulations, including
detailed switching commutations of networked PECs, with 50
ns resolution, and faithfully produces resonant and transient
behaviors associated with line-to-ground (LG) and line-to-line
(LL) faults and fault recovery in ungrounded PEC-based dc
systems. This resolution in RT cannot be achieved with today’s
commercial off-the-shelf CHiL platforms. This paper demon-
strates the need for high resolution RT simulation of LG and LL
faults within dc systems, and demonstrates a CHiL. approach that
enables dc protection design explorations and protective control
hardware testing while taking into account the realistic aspects
that affect fault characteristics in PEC-based dc systems, such
as cable current rating and length, cable and PEC parasitic LG
capacitance and PEC internal response to fault scenarios.

Index Terms—Hardware-in-the-Loop simulation, Power sys-
tem Simulation, Fault protection, microgrids, Power distribution
faults

I. INTRODUCTION

Utilization of power and energy from multiple, time-variant
distributed energy resources (DERs), requires either ac-dc or
dc-dc power electronic converter (PEC) interfaces between
DERs and a distributed network for power and energy delivery.
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In electrified transportation systems and microgrids efficien-
cies and resiliency improvements can be gained through the
use of dc power distribution networks in order to decouple
propulsion from generation with power electronics [1]-[3] and
mitigate the challenges associated with ac synchronization
during connection to DERs and re-configuration of energy-
flow paths [4]. In such systems, much, and in some cases, all
of the power and energy supplied from DERs flows through
networked PECs the are interconnected via cables in a dc
distribution system.

All cabled distribution systems necessarily require protec-
tion against interconnected electrical equipment and cable
insulation failures and catastrophic events that manifest them-
selves through both gradual and sudden inception of line-to-
line (LL) and line-to-ground (LG) faults. For dc distribution
systems, these protective system present not only a challenge
but a major risk due to the lack of standards and experience-
based design practices [5], [6]. Microgrids, electrified ships,
and More Electric Aircraft (MEA) will have relatively short
distribution cable lengths (compared to conventional utility-
based ac distribution), large sections of cabled dc distribution,
and, generally, a meshed power and energy delivery structure.
Depending on the application, implementations may be Low
Voltage dc (LVdc) and Medium Voltage dc (MVdc) and
distinct protective system solutions are needed spanning the
ranges from 300 Vdc to 36 kVdc, with nominal current ratings
from 100s to 1000s of amperes.

Any viable protective system must be able to accurately
detect, locate and isolate very low impedance, sudden incep-
tion LL and LG faults. Fault discrimination sequences should
occur with minimal disturbance to the system during and after
fault isolation actions. Because these systems are fed by PEC-
based DERs, a race condition occurs between the time it
takes for fault isolation and the time before PECs, which are
needed to stay online for system recovery, shut down from
internal self-protective actions. The fault during inception is
characterized by high di/dt second order response(s) between
cable inductance(s) and parasitic LG capacitance(s) or inline
PEC filter capacitance(s) [7]. High di/dt fault currents must
be arrested within micro-seconds or milli-seconds (depending
upon system size, rating and architecture) through either
solid-state circuit breakers (SSCBs), with a series fast-acting
mechanically isolating no-load switch (NLSw), or through
capacitor-discharge inhibiting PEC topologies that coordinate
with NLSw distribution panels through high-speed commu-
nications. Radially distributed architectures require extremely
fast coordination to achieve overcurrent relay capability [8].
Meshed distribution architectures and ring buses will, as a
minimum, require high-speed communications between pro-
tective devices for protective relaying.

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on April 12,2021 at 21:34:05 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3017769, IEEE Journal

of Emerging and Selected Topics in Power Electronics

Protective systems design for dc systems is highly devel-
opmental design implementations are integral to other de-
sign decisions, such as system architectures, PEC topology
and energy storage placements and amount. This paper de-
scribes the development and validation of a Real-time (RT)
simulation, controller hardware-in-the-loop (CHiL) platform,
having sufficient capability simulation time resolution for dc
system fault characterization and subsequent dc protective
design explorations. It is capable of simulating protection
devices, distribution networks, PECs and associated controls
and communications with sufficient time resolution to under-
stand the impacts of LL and LG fault behavior on design
decisions. It has sufficient detail to discover internal PEC
control and hardware interactions with single and multiple
LL and LG fault scenarios. The CHiL capability enables
testing adequate to determine communications latency and
test control hardware solutions. This capability is enabled
through a Latency-Based Linear Multistep Compound (LB-
LMC) RT simulation method, described in this paper. The
authors have previously demonstrated the capability of this
LB-LMC method, executed in an Xilinx VC707 Virtex-7
FPGA evaluation board, to perform RT simulations of multiple
PEC-based meshed distribution networks, including switching
frequency behavior, with 50 ns simulation time resolution [9]
[10]. The same approach is also suitable for expandable, multi-
FPGA hardware platforms, to enable a wide range of system
implementations [11].

This paper demonstrates the adaptation of the LB-LMC
RT FPGA-based simulation method to fault characterization
of PEC-based dc systems and implements the method into
a National Instruments (NI) FPGA based hardware platform
that is commercially sustainable, adaptable and expandable.
The resulting platform enables dc protection design in a RT
environment development of protective system requirements
and solutions through an integrative CHiL simulation environ-
ment. This approach paves the way for exploration integrated
control and protection requirements and solutions for emerging
LVdc and MVdc applications at the Technical Readiness Level
(TRL) 4 level. To achieve this end and provide a framework for
future protective system design explorations for dc systems,
this paper demonstrates the simulation of LG and LL fault
transients and associated DM and CM behaviors in RT with
sufficient time resolution, using a case study on a 1.5 MW, 12
kV, ac-to-dc Voltage Source Rectifier (VSR).

II. JUSTIFICATION OF COMBINED RT SIMULATION/CHIL
APPROACH

RT simulation of power systems provides an opportunity to
advance to higher TRLs [12] when paired with CHiL-based RT
controls [13], [14]. Table I describes TRL as applied to power
electronics development. Offline simulation can be considered
as TRL 3. Examples of TRL 3 can be seen in [7], [15], [16].
Implementing the design into CHiL allows engineers to move
from TRL 3 to TRL 4 (or even up to TRL 6) by enabling
testing and validation of control schemes in an RT environment
on real hardware.

Due to the speed and resolution requirements of LVdc and
MVdc protection systems, performing RT CHiL simulations

2
TABLE I
TRL AS APPLIED TO POWER ELECTRONICS
TRL Description Simulation
Environment
9 System proven through successful operations. -
8 System completed and qualified through testing -
and demonstration activities (ready to procure).
7 Demonstration of a system prototype in an oper- -
ational environment.
6 Demonstration of system or subsystem model or  CHiL / PHiL
prototype in the relevant environment.
5 Component or breadboard validation in the rele- CHiL / PHIiL
vant environment
4 Component or breadboard validation in a labora-  CHiL
tory environment.
3 Analytical and experimental critical function  Offline
and/or characteristic proof of concept.
2 Technology concepts and/or applications formu- -
lated.
1 Basic principles observed and reported. -

to evaluate and validate fault detection, coordination, and iso-
lation schemes in Commercial-off-the-shelf (COTS) systems
are limited in scope due to the simulation time step of COTS
systems. This results in having to develop laboratory-scale
hardware to truly understand the performance of the system.
Laboratory-scale, Low Voltage (LV) hardware may also be
considered TRL 4, as seen in [17]-[19]. A downside is this
approach results in limited test coverage of the protection
scheme and inevitable sub-optimal design. Furthermore, once
laboratory hardware is built, it is virtually impossible to
explore alternative solutions due to the costs involved in such
systems.

Additionally, scaling up laboratory hardware to full-scale
hardware, requires almost a full, if not a complete, redesign
of the protection hardware and controls. However, running
a CHiL simulation takes less development time, is safer to
run (especially when performing fault protection), and allows
for more design exploration. Validating the protection scheme
with CHiL allows for more carryover to the full-scale system,
which reduces development times and risks when progressing
to higher TRLs compared to laboratory hardware. While, from
a fault standpoint, there will always be field conditions that
cannot be adequately simulated with CHIiL, it is reasonable
to expect the fault behaviors that can be simulated, and the
system response to them, should be explored rigorously in a
sandbox environment before committing to hardware.

Examples of CHilL-based dc protection can be seen in
[20], [21], but are for High Voltage dc (HVdc) systems
with kilometers of cabling or with non-zero fault impedance,
which both significantly limit the di/dt of the fault transient.
Low Voltage dc (LVdc) and Medium Voltage dc (MVdc)
systems have much shorter cable lengths, which significantly
increase the di/dt of the fault transient. An extensive review
of microgrid CHiL applications is given in [22], but examples
of RT CHIiL of dc protection are missing.

Next, one could use Power Hardware-in-the-Loop (PHiL)
simulation [23] to process to TRL 5 or 6. Examples of dc
protection at TRL 5 or 6 can be found in [24]-[27].

Additionally, most COTS RT simulation systems are
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meant for testing controls of power electronics to validate
differential-mode (DM) behavior, but not necessarily common-
mode (CM) nor fault transient behavior. These behaviors are
particularly crucial to the design of PEC-based systems. Fault-
induced resonant CM voltages dictate LG voltage stresses
on the system. Furthermore, multiple LG fault-induced CM
circulating currents between non-isolated paralleled convert-
ers, and through unintended fault current paths internal to
PECs can cause voltage stresses in components within the
system at magnitudes greater than twice the rated system
voltage (depending upon meshed inter-connection schemes)
[28]. Thus, CM and correct grounding must be included in
the RT simulation.

To achieve PEC-based distribution system simulations in RT
suitable for testing of protective approaches, the RT simulation
must be able to simulate:

1) Sufficient simulated fault transient resolution to test out
the capability of the protective control hardware;

2) Accurate simulation of earthed neutral (TT), chassis
neutral (TN) and floating (IT) grounding schemes to
enable correct LG fault characterization;

3) Mixed-mode (MM) DM/CM behavior resulting from
PEC network asymmetry and the impacts of controls
delays and Pulse-Width Modulation (PWM);

4) Ability to perform high-speed Field Programmable Gate
Array (FPGA)-to-FPGA communication sufficient for
high-speed protective relaying;

5) Ability to simulate large networks through plug and play
parallel-ability of the RT simulator components;

6) Ability to add limitations such as compute and sensor
bandwidth, and communication delays, to derive the
performance required for protection schemes, controls,
and sensors.

Section III describes the limitations of COTS RT simulators
for dc application and discusses CHiL solutions. Section IV
addresses LG capacitance in dc systems, and their relation to
LG faults and RT simulation. Section V provides a summary of
the LB-LMC simulation method used, and its implementation
in FPGA hardware, which enables RT simulation time steps in
the tens of nanoseconds (ns). Section VI discusses NI FPGA
platforms for Hardware-in-the-Loop (HiL) RT simulation, and
describes the implementation of the LB-LMC solver in NI
FPGA platforms. Section VII describes an RT simulation
model of a VSR with floating ground and shows CM and fault
transient behavior captured at 20 MHz resolution. Section VIII
demonstrates fault current transients for an LL fault applied to
the dc outputs of common dc bus-interfacing VSR converters
captured at 20 MHz resolution in RT, and shows the additional
resolution gained with the proposed platform compared to
COTS solutions. Lastly, Section IX summarizes conclusions.

III. REAL-TIME SIMULATION FOR DC PROTECTION

Fig. 1 shows a pseudo-quantitative-qualitative curve of
CPU and FPGA based RT Simulation platforms, both COTS
and LB-LMC versus their circuit size, and their application
towards protection. CPU based RT solvers can achieve time
steps in the 10’s of microseconds (us) for small systems or
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Fig. 1. Real-time simulation resolution vs model size.

milliseconds for large systems. An exponential decay is drawn
to represent the trade-off between system size and achievable
time step for a given amount of computing. For RT simulation
of power systems, power systems faults, and line commutated
devices, 10’s of us of simulation resolution is adequate. These
solvers can exploit natural time delays in considerable cable
lengths to enable parallel computation of larger power systems.

With the introduction of power electronics into electri-
cal distribution systems, higher frequency dynamics such as
switching events, harmonics, and passive component dynamics
now need to be simulated, and achieving lower time steps
smaller than 10’s of us became necessary. However, this
became difficult for CPU based RT simulators due to the
jitter of the operating systems (OS). The FPGA’s inherent
ability to parallel computations, reconfigure its hardware for
specific circuits, reduction of execution latency, and the lack of
required OS, allowed for the hardware improvements needed
for RT simulators to achieve lower time steps.

FPGA based RT simulators also have constant compute
curves, with time steps ranging from a few hundred ns for
minimal systems to 20 us on the higher end. From the
authors’ experience, most systems of reasonable size run
between 1-4 us. This range of time steps is sufficient for most
power electronic systems. To achieve larger power electronics
networks, FPGA based solvers need to be paralleled.

The first step in performing protection design for a dis-
tribution system, fault characterization must be performed to
determine the differences between fault current at different
nodes in the system. The differences in currents between these
nodes determine the settings at different breaker locations. A
case study was performed for an LVdc residential microgrid in
[29]. It was shown, due to the short cabling inductance of the
system, the time-trip characteristics between the upstream and
downstream breakers were on the order of us. In [24], MVdc
SSCBs were tested for both operation and coordination for
MVdc shipboard applications. In the validation of the controls,
the author noted an attempt to test operation and coordination
in a COTS RT environment. However, in testing fault scenarios
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Fig. 2. Controller Hardware-in-the-Loop interfaces between RT Simulator and
Controls/Protection Scheme via (a) Analog/Digital 10s, (b) FPGA-to-FPGA
Gigabit Serial, and (c) on same FPGA.

with minimum cabling required by the protection system
design specification, the time of operations of the SSCB was
on the order of a us, and the RT COTS platform did not
have sufficient interface bandwidth capabilities to validate
coordination and operation of SSCBs.

In both these examples, and in general, if coordination
must occur on the us time scale, then the simulation must
have a time step orders of magnitude smaller than us to
have sufficient resolution to simulate the fault transients.
Additionally, the RT simulation platform’s interface latency
between the simulator itself and the controls or hardware under
test must be low enough not to interfere with the testing.
For these reasons, COTS platforms did not have sufficient
resolution for the tripping and coordination being assessed.
LB-LMC RT simulation method can achieve 50 ns time steps
on Xilinx 7-series FPGA [9], [10]. For these cases described
above, this would have provided enough resolution.

Fig. 2a shows a typical CHiL interface for power elec-
tronics. The RT simulator is on an FPGA, and the controls
platform is on an FPGA or DSP. The two interface with analog
and digital inputs/outputs (IOs). This approach is easy to
implement and works if a controller has already been selected
for the application. However, if the protection scheme is still
being designed/verified, then selecting a controller can limit
the design prematurely as the controller requirements such as
bandwidth, compute, and signal resolution may be unknown or
may not be sufficient. Additionally, the DAC/ADC interface of
the controller and RT simulation platform, can limit possible
solutions as both have bandwidth and resolution limitations.
At the 10’s of MHz level, a level required to see the full
resolution of a 50 ns RT solver, commercial DAC options that
can interface to FPGAs can be limited, either by the number
of output channels, price, or ease of implementation.

Fig. 2b shows the controls and RT simulation platform inter-
facing via a duplex Gigabit serial protocol SFP+ (small form-
factor pluggable transceiver) based protocols. These commu-
nication protocols can transmit data over fiber optic and is
capable of up to 10 Gbit/s per channel (Gigabit Ethernet could
also be used). The exact latency can vary, but are generally on
the order of a few hundred ns. An advantage of this approach
includes no limitation on the number of signals transferring
data, nor the resolution of the signals. These settings are up
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Fig. 3. NPC Converter with baseplate-to-heat sink parasitic capacitances (a)
from each module, and (b) simplified.

to the user. The downside of this approach is the user must be
proficient in FPGA programming, using the Gigabit protocols,
and developed one’s own interface on top of the protocol to
keep track of signals and their corresponding data.

Fig. 2c shows the solver entity and the protection logic
entity on the same FPGA. This approach offers a latency of
a few clock cycles between the solver and protection logic.
Also, the precision and throughput of signals are limited by
the area of the FPGA. This approach removes the downsides
of the two methods mentioned above. Another advantage is,
once the protection scheme is validated, delays and resolution
limitations can be added to determine the amount of compute,
allowed latency, and minimum bandwidth. A downside of
this approach is that the controls must share FPGA resources
with the solver entity. If the power electronic circuit in the
solver entity is close to maxing out of one of the resources
of the FPGA, then there is not much room to implement the
protection scheme. Another drawback is that the FPGA code
needs to be recompiled every time.

IV. LINE TO GROUND CAPACITANCES IN DC SYSTEMS

To explore the benefits of this RT simulation approach, an
example was chosen of a VSR with a floating (ungrounded)
system. Floating grounds or high resistances grounds are used
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TABLE II
BASEPLATE-TO-GROUND CAPACITANCE FOR HALF-BRIDGE MODULES

Parameter CAS120M12BM2  Gen. III Power Module
Device Rating 1.2kV /120 A 10 kV /240 A
Baseplate Dimensions 62 mm x 106 mm 195 mm x 125 mm
Baseplate Area 6,572 mm? 24,375 mm?
Area Ratio 1.000 3.709
Cu 191.0 pF 708.4 pF
Cyp 255.7 pF 948.4 pF
Cr 102.6 pF 380.5 pF
Cp 3Cp) 573.0 pF 2,125.2 pF
Cn 3CL) 307.8 pF 1,141.6 pF
Co BCy +3CL) 880.8 pF 3,266.8 pF
Cac Chr) 255.7 pF 948.4 pF
Crm Cuy + Cynp) 446.7 pF 1,656.8 pF
Cem CrL+Cwm) 358.3 pF 1,328.9 pF

in mission-critical systems like maritime applications [30] to
maintain operability via the LL DM voltage remains constant
during a single LG fault. The downside is that ground faults are
more difficult to detect due to the much lower, or nonexistent,
steady-state fault current compared to hard grounded or low
resistance grounded system [31].

Bulk capacitive elements, inductive cabling, and filter drive
the fault characteristics in dc power electronics-based systems.
For LG faults, the inductive elements of the system are cabling
and filters, while the capacitive elements are LG capacitance,
which can come from 3 sources:

1) parasitic capacitance of the baseplate found in multi-chip

power electronic module;

2) parasitic capacitance of cabling;

3) capacitance of electromagnetic interference (EMI) fil-

ters.

A ground fault’s characteristics are governed by the equiv-
alent path L inductance and bulk LG capacitance C', which
gives a resonant frequency of

1
fres =

_ 1
27V LC O

A. Farasitic Capacitance of a 12 kV NPC

A 12 kV dc bus voltage is a consideration for the MVdc
power distribution in shipboard applications [30]. Using a
10 kV / 240 A Silicon Carbide (SiC) MOSFET multi-chip
power module in half-bridge configuration [32] and applying
60% voltage and current derating [33] gives 6 kV / 144
A building block. These modules can be configured into a
Neutral Point Clamped (NPC) VSR converter to achieve a 12
kV bus. The geometry between the half-bridge module and
heat can be represented as three parasitic capacitors at the
upper, middle, and lower part of the module, labeled as Cy,
Cyr, Cp, respectively [34]. Due to lack of availability of the
10 kV power module, the capacitances from a Cree 1.2 kV /
120 A half-bridge module taken from [35], and scaled by the
increased area of the module’s baseplate, and are tabulated
in Table II. Fig. 3a shows a 3 phase NPC converter made

of multi-chip power module half-bridges and the parasitic
capacitances. The capacitances can be added in parallel, as
shown in Fig. 3b. Table II tabulates these values.

B. PFarasitic Capacitance of Cabling

To determine the parasitic capacitance of cabling, some
assumptions need to be made about the current and insulation
rating. The current rating of the cable is assuming to be the
output current rating of the power converter. Given a 3 phase,
6 kVac LL RMS input voltage, and 144 A RMS input current,
the input power is about 1.5 MW. A 12 kV dc output at 1.5
MW gives an output dc current of 125 A. Assuming a current
density of 3.76 A/mm? for copper cable [36], gives an area
of 33.24 mm?. Using a 35 mm? single-core, copper cable
with polyethylene (XLPE) insulation, conformed to IEC 60502
from [37], the capacitance, inductance and resistance per meter
can be found. Table III tabulates these values for different
cable lengths and insulation ratings. (1) calculates the resonant
frequency of the cable. Dividing the resonant simulation time
step by the resonant period gives the amount of simulation
time steps per resonant period. The COTS platform assumes a
time step of 1 us or a frequency of 1 MHz, and the LB-LMC
solver assumes a time step of 50 ns, or a frequency of 20
MHz. Columns 6-8 of Table III tabulate these values.

The question then becomes what constitutes as sufficient
resolution? The resolution of the RT platform should be
sufficiently greater than the dynamics of the circuit such that
the resolution of the RT simulation does not interfere with the
protection solution design, nor drive the design requirements.
A conservative amount of samples could be said to be 100.
Using the LB-LMC method, the shortest cable length a ground
fault would be simulated in RT with sufficient resolution would
be 50 m. Using a COTS platform, at 50 m of cabling, there
would only be 4-5 samples period, which would be insufficient
for any design. For this particular cable, 1 km of cabling is
required to achieve 100 time steps per period during an LG
fault. With a 20x reduction in time steps, 20x shorter cable
lengths can be simulated in RT.

The lengths of potential dc applications are shortening. In
essence, the length of a Boeing-777 or Airbus A340 is around
70-75 meters, a US Navy Zumwalt-class destroyer is 183
meters, and a city block varies from 80 to a few hundred
meters. The length of the transportation system or microgrid is
not an exact unit of measure, but helps to provide an intuition
for cable length. Thus, for these emerging applications, cable
length will be in term of tens to few hundreds of meters, as
opposed to kilometers cabling. The shorter cable length means
the LB-LMC solver enables RT simulation of dc protection
with realistic cable lengths for shipboard, MEA, and microgrid
applications. At the same time, the COTS solution is suitable
for cable length greater than 1 km for this particle cable.

C. EMI Filter

For this active rectifier, an LC' CM filter was used. During
an LG fault, the LG capacitors can discharge. However, with
an LG fault occurring on the dc side, the current discharging
from the CM capacitors are limited by the CM inductor. If an
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TABLE III
IEC 60502 SINGLE CORE 35mm?2 COPPER CABLE PARAMETER FOR VARIOUS LENGTHS, C'L RESONANT FREQUENCIES, AND TIME STEP PER RESONANT
PERIOD IN COTS AND LB-LMC SOLVERS.

Cable VLN/Vir Resistance Capacitance Inductance, Resonant Time Steps per Resonant Period
Length Flat Spaced Frequency COTS LB-LMC
[m] [kV] [ 82] [pF] [nH] [kHz] (1 MHz) (20 MHz)
36/6 1,175 15,675 12,000 367.0 2.73 54.50
25 6/10 1,175 14,025 12,250 384.0 2.60 52.09
871715 1,175 10,975 12,500 429.7 2.33 46.54
12720 1,175 9,250 12,750 463.4 2.16 43.16
36/6 2,350 31,350 24,000 183.5 5.45 109.00
50 6/ 10 2,350 28,050 24,500 192.0 5.21 104.17
8.71/15 2,350 21,950 25,000 214.8 4.65 93.09
12720 2,350 18,500 25,500 231.7 4.32 86.31
36/6 4,700 62,700 48,000 91.7 10.90 218.00
100 6/10 4,700 56,100 49,000 96.0 10.42 208.35
8.7/ 15 4,700 43,900 50,000 107.4 9.31 186.18
12720 4,700 37,000 51,000 115.9 8.63 172.62
36/6 11,750 156,750 120,000 36.7 27.25 545.01
250 6/10 11,750 140,250 122,500 384 26.04 520.87
8.7/15 11,750 109,750 125,000 43.0 23.27 465.44
12720 11,750 92,500 127,500 46.3 21.58 431.55
~ E i ~ t Ll ~
12 6 ="
I VAN VAN
&0 A o i ) o 6 v o
> 2 6 | 2. ”,,,
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Fig. 4. Offline PLECS Simulation of NPC based VSR: (a) +LG and -LG fault, (b) +LG zoomed, and (c) -LG zoomed

LG fault occurs on the ac side, the fault current contribution
of the CM capacitors may be more significant since the CM
inductor would not shunt the current. Thus, the placement of
EMI filters within the system should be considered in terms
of fault current.

D. Offline Simulation of Ground Faults

Fig. 12 shows the VSR circuit simulated in Simulink 2017a
64-bit with PLECS v4.3 blockset, but with the NPC from
Fig. 3b. Baseplate-to-heatsink capacitances were used from
the Table II, filter parameters from Table IV, and switch
parameters from [32]. A positive line-to-ground (+LG) fault
and negative line-to-ground (-LG) fault were applied.

When modeling cabling parasitic and performing dc faults, a
T model should be used. If a m model were used, then the fault
would be applied directly to the parasitic capacitor. Resistors
were added in series to the baseplate-to-heatsink capacitances
to damping out any resonate simulation artifacts and are used
to help set the lower bound of the simulation dynamics when
using a variable time step solver.

Fig. 4a shows the dc LG transient voltages from applying
+LG and -LG faults. Zoomed views are showing for +L.G and

-LG in Fig. 4b and 4c, respectively. As will be seen in Section
VII, for RT simulation, this capacitance can be lumped at the
midpoint of the dc link to ground to allow for similar fault
behavior. Discussion on LG faults in IT systems is carried out
in Section VII as well.

V. LB-LMC SOLVER FPGA IMPLEMENTATION

This section provides a brief summary of the LB-LMC
simulation method and FPGA implementation used within
the proposed approach. A full description and analysis of the
LB-LMC method is given in [9] [38] which contains details
of the method not presented here, such as stability analysis,
computational considerations, and further comparison to tra-
ditional simulation methods. Also, a summary of the FPGA
implementation is provided and a full description can be found
in [9] [10].

A. LB-LMC Method Summary

The LB-LMC method [9] [38] is a transient simulation
method for solving of power electronic and generation systems
with nonlinear, multi-physics elements. Similar to Electro-
Magnetic Transient Program (EMTP) and other Resistive
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Fig. 5. LB-LMC Component Models; (a) component with current state, (b)
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End Simulation

Companion (RC) based methods, a given network system
under LB-LMC method is defined as a linear set of equations
Gz(t + dt) = b(t) for each simulation time step where
x(t + dt) is a vector of system solutions at ¢ + dt, b(t) is a
vector of source contributions solved from linear or nonlinear
discretized state equations of components in the system, G
is the system conductance and incidence matrix derived from
state equations of the components, and dt is fixed length of the
time step in seconds. For every time step under the method,
these set of equations are solved for x(¢t 4+ dt) by updating
b(t) from (non-)linear state equations and then solving the set
by applying numerical linear algebra approaches such as LU
factorization or matrix G inversion (z = G~1b).

Unlike EMTP and other RC methods, computational cost
for solving systems with nonlinear components is significantly
reduced by keeping the G term constant and avoiding iterative
solving (i.e. Newton-Raphson) often used for nonlinear sys-
tems. This setup is achieved by having nonlinear component
state equations be discretized using explicit integration, such as
Euler Forward or Runge-Kutta methods [39], so that nonlinear
equations have no nonlinear variable terms to be updated each
time step for G and thereby avoid iterative solving; this topic
is elaborated in Subsection V-B.

B. Component Modeling

The LB-LMC method expresses each component of a sys-
tem as a combination of Resistive Companion (RC) models
as depicted in Fig. 5. These RC models are derived from each
discretized, zero or first order state equation of an electrical
component which can be generally expressed in the form of

2):

I(t+dt) = g(t+dt)V (t+dt)+h(x(t), I(t), V1), u(t)), 2)

R ZJ /] LS' a IS‘ ]‘) LS' ~

@}? La Ra
PAANN—= Vs
Ty YY) AAA’_-],’C

é * RZI’] ’

Vi

shoosp sl

Fig. 7. Voltage Source Converter component in LB-LMC

where I(t+dt) and V(¢ + dt) are the present through-current
and across-voltage of a state element, respectively, h is a
current term derived from past states (V, I, x) and inputs u,
and g(t+dt) is a conductance that relates V and I —h at t+dt.
Following classic nodal methods, g(¢ 4 dt) is aggregated into
matrix G while h(t) is aggregated into b(t) of a system’s set
of equations.

Linear component state equations are discretized with im-
plicit integration methods [39], such as trapezoidal method,
typically providing for fixed linear g(t+ dt) for all ¢, allowing
the matrix G to also stay constant. Nonlinear components,
on the other hand, are discretized with explicit methods [39],
which leads the typical nonlinear variable g(¢+dt) term of (2)
to equal zero and keeping G untouched. For a single, current-
based nonlinear state component discretized with the explicit
method Euler Forward, (2) will take the general form of (3)
which can be readily solved without iterative approaches.

I(t+dt) = h(t) = I(t) + f(t, I(t),u(t)) 3)

For switching PECs, as presented in this paper, the com-
ponents are modeled in the same way as other components
using state space model equations. Since these converters
have switching elements, they are considered nonlinear and
therefore their equations are explicitly discretized and RC
models of only sources are defined from said equations to
be embedded into the overall system’s Gz = b.

Fig. 7 shows a 3-leg Voltage Source Converter (VSC)
component used in Sections VII and VIII. Each power elec-
tronic device with anti-parallel diode is modeled as a single
ideal switch with an on-state resistance of R, and will be
referenced to as a ”switch” for modeling purposes. Additional
logic is added to enable correct behavior of the anti-parallel
diodes in the VSC component model. Fig. 7 also shows the
signals used in the component’s state space model. The state
space model of the VSC has 5 states equations: 2 for the
upper (C},) and lower (C),) capacitors, shown in (4) and (5),
respectively, and 3 for each leg inductor(L;), shown in (6),
where j € {a,b, c} for each respective phase-leg.
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) Vp — Upm 1 )
Vep = pC'piR;; - C,p<zj:5jlswj> 4
. Un — Unm 1 .
Y = T R Cn(;‘%wﬂ’) ©)
r 1 )
iy = - (vsj —vj = Ryivy) (6)

J

Switching functions are embedded in the VSC state space
equations to handle the different switching states for the upper
(s7) and lower (s’;) switches within each jth leg. Depending
each switch’s conduction state,

1 if upper switch ON
s =
’ 0 if upper switch OFF
o — 1 if lower switch ON
=

0 if lower switch OFF

Upper switch currents (é,,,;) and lower switch currents (2
are given as:

I
swj)

Vpm — Uxj
. pm *7
lswj = Tw (7N
./ Unm — U*j
e ®)

where Vpy, = Um + Vep, Unm = Um + Ven, Vs; is the midpoint
leg voltage given by

8jUpm + SjUnm Ry .
0 = o ©)
J kj kj J
and k; is
i 1 if upper OR lower switch ON
j =

2 if upper AND lower switch ON

The VSC component is integrated with Euler Forward [39],
as shown in (10).

x(t+dt) = z(t) + dt - ©(t) (10)

When z(t) is a current term, as is the case for the inductors
at each leg, h(t) = z(t+dt). When z(¢) is a voltage term, as
in the case for the dc-link capacitors, the Norton equivalent is
used to derive the current term, as shown in (11).

Vep/m (t + dt)
h(t) = 2 T2
(t) R
where v,/ (t4-dt) is the upper or lower voltage of the dc-link
capacitors, respectively, and are integrated with (10).

(1)

C. Solution Flow

Fig. 6 shows the solution flow at every time step under
LB-LMC simulation method. Before the start of simulation,
the system of equations Gx = b and its initial conditions
are defined from the RC elements of the components. Then,
the simulation goes online, beginning each simulation time
step with the solving for component states entirely in parallel
to update RC source contributions. Once source contributions
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Fig. 8. LB-LMC Solver Engine

are updated, they are aggregated into vector b and the system
solutions x are solved from z = G~'b. Afterwards, a new
time step is executed, should the simulation continue, using
solutions from past time step.

D. Component and System Solver Cores

The scheme for the FPGA design of the LB-LMC solver
engine is depicted in Fig. 8. Each component of the system
to be solved in this scheme is encapsulated as a dataflow
execution unit. Within each time step, these units take relevant
input signals, their past states, and past system solutions
to compute their RC source contributions that are to be
aggregated into vector b. To solve the system for solutions z,
a system solver unit is defined that takes, as input, the updated
vector b and outputs x. All execution units within the solver
engine use fixed-point arithmetic instead of floating point to
significantly reduce computational cost of FPGA resources
and execution latency. This enables the achievement of RT
simulation of large system models with very small time steps.

E. Execution Scheduling

The LB-LMC solver engine execution is scheduled using
a periodic RT system clock signal provided by the FPGA
platform loaded with the engine. Executing in a parallelized
dataflow manner, the solver engines updates each time step
within a single execution clock cycle, with the rising edge of
the clock triggering each time step. To achieve RT execution,
the system clock is set to have its period equal to the
simulation time step. As seen in [9] [10], the LB-LMC FPGA
solvers are capable of executing in RT with <50 ns time steps.

VI. NI FPGA PLATFORM FOR REAL-TIME SIMULATION
AND SOLVE DEVELOPMENT FLOW

This section provides a discussion on how RT simulation
can be performed on NI FPGA-based platforms using the LB-
LMC solver engines, and how RT LB-LMC solver engine for
a power electronic system is developed and then incorporated
into a NI platform application. Further material on this subject
can be found in [40].
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(d)

Fig. 9. NI CPU+FPGA Platforms: (a) CompactRIO, (b) Controller for
FlexRIO, and (c) PXIe Chassis; (d) LabVIEW FPGA Software.

A. National Instruments Platforms and LabVIEW

NI is a manufacturer of widely used computing and in-
strumentation platforms often applied in system automation,
testing, and control. Within NI's line of products are many
FPGA+processor based computing platforms with modular
and numerous analog and digital IO capabilities. Such plat-
forms include the CompactRIO, FlexRIO, and PXle series
of products, as depicted in Fig. 9. These platforms often
incorporate ARM or x86 (Intel Core i and Xeon) based proces-
sors with Xilinx FPGAs such as Kintex-7, Kintex Ultrascale,
and Zynq devices. Because these platforms are capable of
CPU+FPGA architectures and 10 options, RT simulation, HiLL
testing, and CHiIL can be conveniently performed entirely on
these platforms. To handle RT simulation, the LB-LMC solver
engines can be implemented on the FPGA portions of the NI
platforms.

To provide for convenient programming and rapid proto-
typing, NI platforms utilize LabVIEW, as depicted in Fig. 9d.
NI LabVIEW is a graphical software development and hard-
ware configuration application where CPU software, FPGA
logic designs, and hardware IO interfacing are developed in
graphical signal flow like diagrams called virtual instruments
(VI). Multiple VIs can be incorporated together within a
single application for NI platforms, with the VIs executing on
respective CPU or FPGA portion of the platform. As a result,
custom FPGA design cores can be incorporated into FPGA
VIs for NI platforms. LabVIEW provides for FPGA core
encapsulation to allow these cores to be loaded onto the NI
platforms and interface with other logic implemented within
the VIs. This FPGA core encapsulation is applied to allow LB-
LMC solver engines to execute on NI platform FPGA devices
and interact with VIs and IO hardware for HIL testing, control,
and networking.

9

B. LB-LMC Solver Engine Encapsulation

To allow LB-LMC solver engine FPGA cores to run on
NI platforms and interface with VIs, these cores are encap-
sulated into Component Level Intellectual Property (CLIP)
core objects that are incorporated into LabVIEW applications,
depicted in Fig. 10a. Utilizing CLIP objects, the LB-LMC
solver engines execute independently from FPGA/CPU VIs
and IO hardware running on the same NI platform. The
LB-LMC solver engine, through CLIP encapsulation, can
operate with its own clock frequency, data rate, and timing
in comparison to VIs and IO hardware, allowing the core to
execute appropriately for RT execution. For the solver engine
CLIP core to interface with VI logic and I/O, 10 node block
elements are included in the FPGA VIs, and these blocks are
assigned to signal ports of the said core such as simulation
solutions and execution status/control signals. From these 10
node blocks, signals in VIs can be passed to and from the
LB-LMC solver engine CLIP core.

C. Execution and Interface Scheduling

As the LB-LMC solver engine cores execute each time step
within a single clock cycle in RT, signal interfacing between
the core and VI logic through the IO node blocks must follow
the same execution scheduling to stay synchronized to avoid
data loss or error. To have the data access to the solver engine
core synchronized to the single-cycle scheduling, an Single-
Cycle Timed Loop (SCTL) structure in LabVIEW can be
applied, as depicted in Fig. 10b. Any VI logic contained within
a SCTL structure is executed within a single clock cycle, with
the structure configured to be driven by a clock signal selected
within the given NI platform. For synchronous data access
to the LB-LMC solver engine CLIP object, the assigned 10
node blocks are inserted into an SCTL structure driven by the
same clock used to drive the solver engine. Then, data can
be routed in or out of the SCTL structure to other logic of
given VI If data through the SCTL is accessed outside the
SCTL by logic that is operating in different clock (frequency,
phase) or data rate (single or multi-cycle) domain, then further
synchronization logic is needed to move data between domains
safely in a VI without loss or error.

D. Data Synchronization Between Clock Domains

As a result of the LB-LMC solver engine cores running at
clock rates to operate in RT, for given time step that can differ
from the clock rates used to drive VI logic or IO hardware,
synchronization mechanisms may be required to safely pass
data between the solver and other logic running on a given
NI platform. To provide data synchronization across domains,
LabVIEW natively supports various mechanisms such as First-
In-First-Out (FIFO) buffers, synchronized registers and global
variables, handshaking systems, and more. A straightforward
approach to synchronize data between the solver engine core’s
clock domain and that of VI logic within another domain is
the use of the synchronized registers, as shown in Fig. 10c.
With this mechanism, a data register with associated read/write
node blocks are inserted into a VI, with each node block
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Fig. 11. LB-LMC NI Platform Solver Engine Development Flow

inserted into the associated domain (or SCTL) and then used
to pass data between domains. During compilation or FPGA
synthesis of VI, LabVIEW will automatically provide internal
logic to synchronize the register access between the domains
safely. Due to this internal synchronization, between one to
three cycles of data latency in the receiving clock domain is
inserted into the data path, depending on the clock rate of the
two different domains communicating data.

E. NI FPGA Platform Solver Development Flow

Fig. 11 shows the development flow for creating an LB-
LMC solver engine FPGA core and including it into a NI
platform. The first step involves defining a netlist for the
power electronic system to be simulated, which can be defined
directly in C++ language or as a plain-text file. This netlist is
then fed through a custom C++ code generation system, pre-
sented in [41] and available at [42], which generates optimized
C++ source code for the LB-LMC solver engine tailored to the
modeled system. This source code is then passed to a high-
level synthesis (HLS) tool, such as Xilinx Vivado HLS, which
converts the C++ code automatically to code in a hardware
description language (HDL; such as VHDL or Verilog) that
defines the FPGA core for the solver engine. The FPGA
timing, resource usage, and latency requirements for the solver
engine core are set using HLS directives given to the tools.
With the solver engine FPGA core developed, the core can
then be incorporated into a LabVIEW application project. The
HDL code of the solver engine core is passed to LabVIEW’s
CLIP core wrapper helper tool which is used to define the
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Fig. 12. VSR Circuit with LCL DM filter, LC CM filter, floating ground,
measurement points, +L.G and LL faults. +LG fault path in light dashed red
line.

CLIP object for the core as well as the corresponding clock,
signal port data types, and IO node blocks that will be used
in LabVIEW FPGA VIs to access the core. With the CLIP
object of the solver engine defined, the CLIP object can be
incorporated into a LabVIEW project for a given NI platform
and interfaced with FPGA VIs that access the CLIP object
through the 10 node blocks. Logic for HIL testing, control,
and IO hardware interfacing can be included directly into
the FPGA VIs or be spread across both CPU and FPGA
VIs, depending on application design and requirements along
with chosen NI platform. If necessary, synchronizing logic,
such as registers and FIFOs, are included to pass data safely
between the solver engine and other logic. Once the VIs
and LB-LMC solver engine CLIP object of an application
are created and configured, they can be built (compiled or
FPGA synthesized) and then loaded onto chosen NI platform
to perform its application (HIL testing, etc.).

VII. REAL-TIME SIMULATION OF COMMON-MODE AND
+LG FAULT IN AN UNGROUNDED DC SYSTEM

Fig. 12 shows a VSR with LC'L DM filter and LC' CM filter
and measurement points referred to throughout the paper. The
VSR regulates the dc bus voltage to 12 kV. The source is
modeled as an ideal 3-phase voltage source of 6 £V, RMS
with a feeder cable. The controls utilize decoupled voltage
oriented controls in the rotating dg frame [43].

Fig. 13 shows a block diagram of the top level VI im-
plemented in LabVIEW FPGA. The hardware used was NI
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Fig. 13. Block diagram of top level VI in LabVIEW FPGA.

TABLE IV
VSR PARAMETERS

Parameter Description Value Unit
Vdc rated Vi 12 kV
ac source, V7, RMS Vabve 6 kV
ac source, Frequency fe 60 Hz
Switching Frequency fsw 6.25 kHz
Feeder Cable, Resistance Ry 0.198 %
Feeder Cable, Inductance L 7 1.8 mH
CM Filter, Inductors Lem 60 mH
CM Filter, Capacitors Cem 0.1 uF
DM Filter, Inductor 1 Lagm1 0.955 mH
DM Filter, Inductor 2 Lamo 5.6 mH
DM Filter, Capacitor Cam 16.652 uF
DM Filter, Damping Resistor ~ Rg_series 55.1822 2
dc Link Capacitance Cyc 20 mF
Cable Inductance Leable 10 uF
Resistive Load Rioad 100 9]
Floating Ground, Capacitance Cog 0.1 uF
Floating Ground, Resistance Rog 10 k2
Fault Inductance Liquit 10 pH
Fault Resistance Ryquit 1 m4{?

FlexRIO, model number NI-7935R (Fig. 9b), which contains
a Kintex-7 410T FPGA where the LB-LMC solver, controls,
and PWM are implemented. Sine and Cosine lookup tables are
used to generate the necessary angles for power-variant dq and
dq_1 transforms used in the controls, and for the 3 phase ac
mains input signals to the LB-LMC solver. Registers are used
to cross clock domains between the lookup tables, controls and
LB-LMC solver. For data logging, LabVIEW FPGA utilized
Direct Memory Access (DMA) FIFOs to transfer data between
the FPGA and ARM processor. Then, the ARM processor
saves the data to an SD card. Due to limitations in data logging
ability, longer time data capture occurs at lower resolutions,
and the shorter time captures use higher resolution.

IT grounding is modeled with a capacitor (C,4) and resistor
(Rog) in parallel to ground, with values of 0.1 uF and 10 k{2,
respectively. This represents the parasitic capacitance in an
ungrounded system [44]. The parallel resistor 2, is present to
ensure the bus voltages returns to initial conditions. Changing
this resistance affects how long the bus voltage takes to recover
after a fault is removed, governed by the RC' time constant of
Rog and Cy4. A list of circuit parameters can be found under
Table IV.

The 2 level, 3 phase VSR produces CM voltage of +V;./2,
and +V;./6 depending on the switching state [45]. With a

11

=
T

Voltage (kV)
=]

]
N

0.7002 0.7003 0.7004

Time (s)

0.7 0.7001 0.7005

Fig. 14. CM Voltage at Vabcg. Data is captured at 50 kHz.

12 kV bus, the CM voltage outputs are £ 6 kV and £ 2
kV, as seen in Fig. 14. This leads to CM currents, as seen
at measurement point zabcy in Fig. 15a. The CM current is
reduced after passing through the CM LC filter, Fig. 15b. This
shows the LB-LMC solver is able to simulate CM currents and
CM filters correctly.

During an LG fault in an ungrounded system, the DM
voltage remains constant while the CM shifts [46]. In normal
operation, positive Vdc rail to ground (Vpg) is +6 kV, and
negative Vdc rail to ground (Vng) is -6 kV, giving a DM
voltage (Vdcppr) of 12 kV. Applying a +LG fault on the
positive dc rail forces the positive rail to zero volts. The
ungrounded system will keep the 12 kV Vdcp s, and shift the
negative rail to -12 kV. All the non-electrically isolated parts
of the distribution system will shift voltages, including the ac-
side LG voltages (Vabcg) as shown in Fig. 16a. Fig. 16e and
Fig. 16b shows Vdcpys and ac-side DM (Vabcpas) voltage
remains constant during the fault, respectively. While the CM
dc (Vdeenr) and ac (Vabeeps) Voltages shift, as seen in Fig.
16f and Fig. 16c, respectively. This behavior is characteristic
of an IT system during LG faults, and shows correct behavior
in RT simulation. When the fault is removed, the voltage will
return to nominal.

Fig. 12 shows the path of current during an LG fault in
the light red dashed line, which forms an equivalent under-
damped LC circuit with a resonant frequency of (1). Since
Cog is in series with much larger dc-link capacitors (Cdc),
Cdc can be ignored. C,4 represents the lumped sum of cabling
capacitance and baseplate-to-heatsink capacitance. Parameters
of 20 uH and 0.1 pF give a resonant frequency of 125.4 kHz
or a period of 8.89us, where this period equates to 100 m
cable from Table III. With COTS RT platforms executing at
1ps time steps, this results in less than 9 samples per period,
which is a poor resolution when trying to characterize fault
transients to design protection schemes with it.

This under-damped response causes a transient voltage on
the dc bus, shown in Fig. 17a via Vpg and Vng. Vpg’s
overshoot peaks around -5kV, and Vng’s overshoot peaks at
about -17 kV. This large swing in voltage could exceed the
isolation rating of the power electronics module and stress
cable insulation. Similar voltage transients can be expected if a
-LG fault was applied, just with the opposite voltage direction.
Transient peaks in Fig. 16a and Fig. 16i are missed due to the
lower sampling resolution of the larger time capture.

The CM dc current (idccps) transient is shown in Fig.
17b. If the cable length increases, the transient will increase
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Fig. 17. +LG fault applied at 20 ps. Data is captured at 20 MHz. (a) Vpng, (b) idccas, and (¢) idcoas zoomed.

in period and decrease in amplitude. The significance of
the idccps waveform is in a real implementation of power
converters in a floating system. The LG voltage measurement
may not be viable, leaving only the idce )y transient for ground
fault detection and location. For example, one could use high

bandwidth Rogowski coil spread through the network, paired
with Wavelet analysis do help detection and locate ground
faults [47].

With LB-LMC'’s 50 ns time step, this example simulates the
transient waveform with 177 data points. The resolution of the
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solver can be seen in Fig. 17c. This significantly increases
the resolution of the transient, allowing for accurate fault
characterization of high-frequency transient, and testing of
fault detection and location algorithms for IT systems with
short cable lengths.

VIII. REAL-TIME SIMULATION OF DC LL FAULT WITH
VSR INTERFACING CONVERTER

Using the circuit shown in Fig. 12, an LL fault is applied on
the dc bus. Analytical derivation of VSR under LL faults can
be found in [15]. Fig. 18a shows the ¢dcpj; transient during an
LL fault. The peak is very high and is a function of vdcpj, at
fault inception and impedance in the fault path. In [17], a peak
fault current of 280 A was reached with only a 17 Vdc bus. In
[15], LL faults were characterized for a 270 LVdc system for
an aircraft application. A peak fault current of several kA was
simulated. In [26],a phase-controlled rectifier (PCR) provided
power conversion for a 1 kV high power shipboard distribution
system. An LL fault was applied to test the fault detection,
isolation, and recovery scheme. The fault current reached a
peak of 22 kA. For MVdc systems with a bus voltage of tens
of kV and fault impedance of m{?2s, peak fault current of tens
or hundreds of kA is possible.

The rise in fault current, di/dt, is a critical feature in LL
faults, as coordination upstream and downstream protection
equipment must occur before the current exceeds the rating
of the protection equipment. Therefore, it is vital to have
sufficient resolution during this part of the fault transient to
enable fault characterization and coordination between differ-
ent parts of the distribution system. The di/dt is governed
by vdepar/L, where L is the fault path inductance. MVdc
systems can have tens of kV and yH of inductance, which
leads to di/dt of hundreds to thousands of A/us [24], [25].
For this simulation, vdcpyy is around 12 kV at fault inception,
and L is 30 pH. Fig. 18b shows idcpjs reaching 4 kA in 10
us, or 400 A/us.

For MVdc systems with such high di/dt, the protection
equipment must detect, coordinate, and begin to arrest the fault
current on the us time scale. Dynamics this is close to the
simulation time steps of COTS platforms can be insufficient

resolution during the early design stage and can lead to sub-
optimal protection system design.

Fig. 18b shows udcy,, at fault inception and compares the
50 ns time steps of LB-LMC with 1 ps sampling if executed
on COTS platforms. Fig. 18c shows the critical information
missed between the two platforms.

IX. CONCLUSION

In this paper, the gap between the requirements for RT HiL
simulation of dc protection design for LL and LG fault and
COTS RT simulation is demonstrated. A detailed analysis is
performed of an ungrounded (or floating ground) system where
the ground reference is established through LG capacitances,
of a 1.5 MW, 12 kV NPC VSR and dc side cabling. It is
shown that the parasitic capacitance of the cabling contributes
more to the system’s aggregate LG capacitance than the LG
capacitance of the NPC VSR. It is also shown that the time
step of the LB-LMC RT simulator is sufficient for simulation
of the impacts of limited cable lengths during LG fault
scenarios, which enables fault characterization of much shorter
cable lengths when compared with COTS RT solvers.

Additionally, CM voltage and current behaviors are simu-
lated in RT for the 12 kV VSR in an ungrounded system,
but any grounding system can be applied. The ungrounded
system presents a challenging corner case for RT simulations.
As LG faults are applied, the approach emulates overvoltage
stresses and CM current transients upon sudden zero-ohm fault
applications with a sufficiently high resolution of 50 ns—a level
currently not present in the COTS RT simulators. Moreover,
superior resolution during LL fault is demonstrated, which
will enable the design and coordination of LL fault protection
schemes in dc systems. In conclusion, the resultant CHiL
system will enable the development of new protective schemes
for dc systems where high-resolution data-capture upon fault
incidence and subsequent high-speed data processing and
communications are necessary.
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