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ABSTRACT A nuclear submarine has significant performance advantages over the conventional diesel-
electric submarine. Its powerful nuclear propulsion can be operated independently of air and does not
require refueling throughout the 25-year life span. Recent progresses of medium voltage direct current
(MVDC) techniques applied in industry push the energy-saving and extremely long-time operation to a
new stage with a feasible solution of smaller scale nuclear reactor embedded inside the vessel. Thus,
there is a need to investigate the new MVDC-based nuclear submarine power distribution system and its
real-time hardware-in-the-loop (HIL) emulation to test the control systems, device stresses, etc. This paper
proposes a comprehensive MVDC-based nuclear submarine power distribution system emulated in real-time
on a multi-FPGA hardware platform with system-level transients (validated by Matlab/Simulink) at 20 s
time-step and device-level transients (validated by SaberRD) at 400 ns time-step.

INDEX TERMS Electromagnetic transients, field-programmable gate arrays (FPGAs), hardware-in-the-loop
(HIL) emulation, marine propulsion, medium voltage direct current (MVDC), nuclear submarine, pressurized

water reactor, real-time systems.

I. INTRODUCTION

A submarine is a vital strategic asset of marine forces des-
ignated primarily for naval and amphibious warfare. Admit-
tedly, it provides intelligence services and marine protection
for surface ships, amphibious ships, and seaborne aviation.
However, conventional diesel-electric submarine lost its posi-
tion when the first nuclear-powered submarine USS Nautilus
was commissioned back in 1958 [1]. Unquestionably, nuclear-
powered submarine propulsion system allows the vessel for
longer operation time beneath the deep water, higher stealthi-
ness during warfare, and less on-duty refueling demand. With
multiple advantages mentioned above, the US Navy projected
$69 billion more than the original plan of congressional bud-
get office for the next decades on new strategic submarine
technology [2].

Presently, the nuclear-powered propulsion system still
adopts the traditional medium voltage alternating current
(MVAC) power distribution system. With the recent pro-
gresses of medium voltage direct current (MVDC) techniques
applied in industry, MVDC-based distribution for next gener-
ation ships and marine vessels is drawing tremendous atten-
tion from engineers and scientists for improving the energy-
efficiency [3], [4], testing the device and components opera-
tion stresses [5], redesigning the vessel mechanical structures
and electrical topologies [6]-[9], etc.

For early stages of design and evaluation of the
MVDC-based nuclear submarine power distribution system, it
is necessary to utilize hardware-in-the-loop (HIL) techniques
for power electronic device selection, electrical topology
redesign, device-level and system-level performance
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FIGURE 1. Overview of nuclear submarine MVDC power distribution system.

assessment, system control optimization, etc., to reduce
the development cycle and capital investment. Simulating
the comprehensive MVDC-based nuclear submarine power
distribution system in real-time is challenging for traditional
general-purpose compute unit, such as micro-controller,
central processing unit (CPU), etc. In this scenario,
paralleled compute structure, such as graphics processing
unit (GPU) and field-programmable gate array (FPGA), are
advantageous over the sequential general purpose for the
inherent hierarchical paralleled MVDC power distribution
system [10]. However, GPU suffers from the communication
time latency between simulator processors (about one
microsecond), which makes its real-time capability unfeasible
for the emulation. Differently, FPGA can conduct the
real-time emulation in parallel with optimized block-to-block
communication width and speed, which has been proven
in the area of transportation electrification [11], renewable
energy [12], power transmission and distribution [13], power
electronic devices [14]-[16], etc.

Some efforts in the literature were devoted to the real-time
simulation of MVDC marine power system and nuclear reac-
tor such as [17]-[21]; however, these works either use merely
a notional model or focus on only a small part of the system.
So far there is no publication in the literature that shows how
to cope with the simulation of operation of the overall MVDC
power system on nuclear submarine, neither in off-line nor
real-time conditions. This paper fills this gap by developing
a comprehensive real-time hardware-in-the-loop emulation
of MVDC-based power distribution system of nuclear sub-
marine with all the major components at both system-level
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and device-level on a multi-FPGA hardware platform. The
structure of the rest sections in this paper is organized as
follows: Section II discusses the nuclear generation, modular
multilevel converter (MMC) based motor propulsion system,
energy storage system, and submarine service load. The hard-
ware design of the real-time submarine power distribution sys-
tem on multiple FPGAs is illustrated in Section III. Section IV
presents the results and comparisons. Finally, the conclusion
and future work are demonstrated in Section V.

Il. MVDC-BASED NUCLEAR SUBMARINE POWER
DISTRIBUTION SYSTEM

In this section, reconfigurable modular subsystems, includ-
ing nuclear generation, MMC-based motor propulsion sys-
tem, energy storage system, and the submarine service load
are introduced in detail. All mathematical models have been
discretized by Trapezoidal rule and given by corresponding
formulas or references. The comprehensive nuclear submarine
power distribution system diagram is shown in Fig. 1.

A. NUCLEAR GENERATION

The pressurized-water reactor (PWR) makes up the majority
of the proportion of usage in nuclear-powered submarines,
for example, the Ohio-class and Los Angeles-class nuclear
submarines from the US Navy [22]. In the 1950s, PWRs were
initially developed in the US for nuclear submarine power
plants [23]. After research and development for nearly half
a century, around 490 nuclear submarines and 700 nuclear
power plants have been built all over the world, of which
98.4% are PWRs. By 2019, based on published literature,
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there are approximately 140 active nuclear submarines, in-
cluding 70 in the US, around 40 in Russia, 19 in China, 10
in the UK, 9 in France, and 3 in India [24]. A typical nuclear
submarine PWR is composed of two main circuits: 1) nuclear
reactor, pressurizer, coolant pump, and control rod; 2) steam
generator, turbo-generator set, and accessory equipment.

In order to study the dynamic responses of the power dis-
tribution system interconnect between PWR and submarine,
it is important to choose an appropriate mathematical model.
In recent years, a lot of research established the PWR mathe-
matical model [25]-[27] including a detailed PWR linearized
mathematical model expressed by 55-order differential equa-
tions. In this work, a 21-order differential equation lumped
parameter model of PWR is used for power distribution sys-
tem transient studies purposes, presented mainly in [28]-[31].
This model consists of kinetics model of the reactor, ther-
mal output dynamic system, hot-leg and cold-leg temperature
model, steam generation model, reactor control system model,
and turbo-generator set model, as shown in the Fig. 1.

1) POINT KINETICS MODEL OF THE REACTOR

The reactor dynamic model mainly shows the neutron dy-
namic behaviour in the nuclear reactor, where the changes of
neutron density correspond to the modification of the reactor
thermal power. Reference [28] indicates that the reactor power
is proportional to the neutron flux and the average neutron
density, as expressed below:

Pip(t) ~ 2 ~ 1, (1)
n
Py(t) = Now Py, ()

where 7 is the mean neutron density; Ny v is the nominal av-
erage neutron density; Py is the reactor thermal power; P, v
is the nominal power of the reactor; and & is the neutron flux.
For the calculation simplicity, (2) is normalized and linearized
using the incremental method. Besides, it is assumed that
the changes of time and position in the reactor do not affect
neutron density; only the effect of temperature feedback on
reactivity and six groups of delayed neutrons are taken into
consideration. Equations are revealed as below:

dAn(t) Ap(t) B 26: AC

i = ] — TdAl’l(t) + o )\tACt(t)v (3)
dACi(t) B : A
—— = T dAR() = Y MAGE), @)

r=1

ATy + ATy
Ap(t) = BApPex + ap ATy + ac (—) G

2

where An(t) is the neutron flux deviation; A p is the reactivity
deviation; Ap,y; is the reactivity change induced by control
rod; ATF is the fuel temperature deviation; ATy and ATy,
are the temperature deviation in coolant node 1 and 2, re-
spectively; [ is the neutron generation time; g is the delayed
neutron group fraction; f; is the delayed neutron fraction of

the ith group; A; is the equivalent decay constant; ar is the
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FIGURE 3. Thermal output dynamic model.

fuel coefficient of reactivity; and «c is the coolant coefficient
of reactivity. The transfer block diagram is illustrated in Fig. 2.

2) THERMAL OUTPUT DYNAMIC MODEL

The energy generated by nuclear fission leads to the rise
of fuel temperature, and then the heat is transferred to the
coolant. The model consists of one fuel node and two coolant
nodes. From the energy balance equation, the thermal output
dynamic model is derived as below:

dAT; [Py hA
— = An+ — (AT + ATy
dt mpCpr 2mpCpp
—2ATr), (6)
dAT; 1—1)P hA
o _A=Pk,, (ATr — ATy)
dt mcCpc mcCpc
mc
+ — (ATeL — ATyy), (7
mc
dAT; 1—1)P, hA
o _d=Ph, . (ATr — ATy)
dt mcCpc mcCpc
mc
+ — (ATy — ATp), (3)
mc

where Py is the initial power of reactor; f is the fraction of
the total power produced in the fuel; & is the heat transfer
coefficient from fuel to coolant; A is the heat transfer area;
mp is the mass of fuel; Cpr is the specific heat of fuel; m¢ is
the mass of coolant; Cpc is the specific heat of coolant; and
mc 18 the mass flow rate in core. The transfer function block
diagram is illustrated in Fig. 3.

3) HOT-LEG AND COLD-LEG TEMPERATURE MODEL

A first-order inertial model is used to represent the reactor
coolant in/outlet cavity, the steam generator’s coolant out/inlet
cavity, and the coolant pipe. Therefore, these three parts can
be combined collectively and referred to as hot-leg and cold-

leg. The transfer function block diagram is shown as Fig. 4,
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FIGURE 5. Steam generator model.

where ATy is the hot-leg temperature deviation; AT¢y is the
cold-leg temperature deviation; A7p is the primary fluid lump
temperature deviation; tyy is the hot-leg heat transfer time
constant; and ¢y, is the cold-leg heat transfer time constant.

4) STEAM GENERATOR MODEL

The U-tube steam generator (UTSG) is the bridge of the
heat transfer from primary circuit to secondary circuit. The
steam generator consists of three parts: the average tempera-
ture module of primary coolant, the heat transfer module of
U-shape tube, and the steam pressure module of secondary
circuit. The lumped parameter mathematical model is listed
as follows:

d AT, 1
P e — (kAT + kpe AT — ATp), (9
dt P
dAT, 1
— = (kmpATP + ks APs — ATm) B (10)
dt T
dAP. 1
> = — (kpsm ATy + kpyAy — APs), (1)
dt ps

where AT, is the tube metal lump temperature deviation;
APs is the steam pressure deviation; tp, T, and Tpg are the
coolant, U-type metal tube, and steam pressure time constants,
respectively; Ay is the fractional change in valve coefficient;
and kpu, Kimp, kpes ks, kpsm, and kpg, are metal tube tem-
perature, coolant temperature, hot leg temperature, pressure
temperature, metal tube pressure, and valve pressure coeffi-
cient, respectively. The transfer function block diagram can
be observed in Fig. 5.

5) REACTOR CONTROL SYSTEM MODEL

In the PWR, the reactor control system model regulates the
reactivity by changing the position of the control rod, and also
regulates the steam pressure of the secondary circuit through
the pressurizer, so as to start, stop or change the reactor out-
put power. Generally, there are two basic control approaches:
1) coolant average temperature control mode, which mainly
focuses on the constant primary coolant temperature but in-
creases the burden of the secondary circuit; 2) the constant
steam pressure control mode, which keeps steam pressure of

the secondary circuit unchanged, but makes the burden of the
VOLUME 1, 2020
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primary circuit heavier [30], [32]. In this work, the first control
mode is utilized.

The coolant average temperature control system is mainly
composed of three nonlinear regulation channels: 1) aver-
age temperature measurement channel; 2) average reference
temperature setting channel; and 3) power mismatch channel
[32]. In the first channel, 75y, is the arithmetic mean of T¢y
and Ty . Besides, the lead-lag compensation is used to com-
pensate the lag response of the measurement channel caused
by thermal inertia. The function of filter is to eliminate the
thermal noise of temperature sensors. In the second channel,
the reference average temperature is determined by the turbine
output power and steady-state operation plan. Then the filter
eliminates slight and sharp disturbance signals to avoid fre-
quent actions of the control rods. In the third channel, since the
whole PWR system has a large inertia link and a long transi-
tion time of temperature change, the power mismatch control
is used to accelerate the response speed of the system. In case
of sudden load change or disturbance, the power deviation
generates differential signals through the deviation differential
unit, which is calibrated by nonlinear gain and variable gain
before entering the adder to participate in the control. Due
to the effect of the deviation differential unit, the response
signals depend on the changing speed deviation. Finally, ac-
cording to the output value of the adder, the rod speed signal
will be output through the control rod logic device. In this
model, the change of reactor reactivity is the final output. The
control model is shown as Fig. 6, where 7, = %; Trer
is the reference temperature; A7, is the temperature deviation;
P, is the turbine output power; t{~7 is the time constant; & is
the variable gain; and k, is the nonlinear gain. The Laplace
transformation of temperature deviation is given as follows:

Trey 1+ 738

AT, = — T,
T l4 s Q4T +1ss)

kikyt7s P
——An— —— ).
14+ 118 14 65

6) TURBO-SET AND GENERATOR
In this work, a simplified turbo-set model is adopted, which

only considers the volume effect of high pressure steam and
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+ Governor Model

Turbo-set and governor models.

reheat steam. The governor model is of the common power
frequency electro-hydraulic type. Both are shown in Fig. 7,
where y is the steam turbine value; P; is the turbine output
power; P is the output power of synchronous motor; P, s is the
reference power; w is the motor speed; w,.y is the reference
motor speed; Ps is the steam pressure; Tcy is the turbine
volume time constant; Tgy is the reheat time constant; « is
the steam proportion coefficient of high-pressure cylinder; Kg
is the governor gain; Tsg is the time constant of the relay; T,
is the servomotor integral time constant; oy,x and oy, are the
valve opening speed limits; and ypax and y,,;, limit the range
of the valve.

A 20 MW, 13.8 kV, 1800 rpm synchronous generator is
used. In this work, the synchronous machine model follows
the IEEE Std. 1110-2002 [33]. The electrical part of the ma-
chine is represented by a sixth-order state-space model and the
mechanical part is approximated by a second-order function.
Being installed in a DC system, there is an advantage that the
output voltage of the synchronous generator does not have to
operate at a fixed frequency, which means variable speed can
be achieved to save fuel. The AC/DC converter, or rectifier, is
used to convert the voltage from AC into DC to feed the main
DC bus. The active rectifier can reduce the low input current
harmonics, smooth output voltage, and regulate its output
voltage variation. Also, different power-sharing algorithms
can be realized. Among the various active rectifiers, the three-
phase SVPWM rectifier with the double closed-loop control
strategy is employed in this simulation system. Considering
that the voltage on the DC bus is relatively high, the DC output
voltage of converter can be configured in a series cascaded
configuration with several identical submodules. The overall
illustration of the generation system and control scheme is
given in Fig. 8, where ¢, . and i, . are input voltages and
currents for individual rectifier circuit, and upc is the output
DC voltage.

B. MMC-BASED MOTOR PROPULSION SYSTEM

The overall structure of the MMC-based motor propulsion
system is shown in Fig. 9, where a five-level MMC topology
is chosen. Each submodule consists of two IGBT switches and
one capacitor, seen as a half-bridge. The MMC-based motor is

connected to the DC bus in parallel and drives the submarine.
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The control strategy is also illustrated in Fig. 9, which in-
volves two parts: one is the phase-shifted carrier-based PWM
(PSC-PWM) control inside MMC [34], [38]-[40]; and the
other is the current/speed double closed-loop control of the
motor [35]-[37]. In Fig. 9, i, i, and isx. are three-phase
stator currents; VC‘}I’C is the jth three-phase submodule capac-
itor voltage; i;’,b" and iﬁib" are the three-phase MMC upper
and lower arm current, respectively; w,,, T,, and A are the
motor speed, electromagnetic torques, and flux, respectively;

and w), 1,7, and A* are their reference values, respectively.
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All the parameters above are used as the input signals of the
controller, which produces modulation signals V’, = as inputs
of the MMC inner controller. After that, the MMC converter
generates driving pulses V, as the control signals of switches.

In terms of the modeling of MMC submodule, the half-
bridge is converted into an equivalent combination of conduc-
tance and voltage-controlled current source (VCCS). Every
component of the submodule can be seen as a conductance
paralleled with a controlled current source in the Norton
equivalent, as shown in Fig. 9, wherein gypsy and igpsy
are the equivalent conductance and VCCS of the half-bridge
submodule, respectively [41].

The modeling of asynchronous machine used for propul-
sion is based on the combination of an electrical part and a me-
chanical part, represented by a fourth-order and second-order
state-space models, respectively [42], and the motor speed is
assumed to be the propeller speed.

Besides, it is important to choose an appropriate load for the
submarine propulsion system. Generally, when the submarine
moves in water, it will be affected by the pressure perpen-
dicular to the hull surface, mainly caused by wave-making
resistance. Meanwhile, it will also be affected by the tangen-
tial force of water flow along the surface, namely the friction
resistance. Furthermore, there are many additional resistances
to consider, mainly including the fouling resistance caused by
paint peeling off, corrosion, and adhesion of aquatic organ-
isms, the rough-sea resistance caused by wind and waves, the
appendage resistance caused by appendages such as control
tower and rudder, the form drag caused by the submarine
shape and flow holes, etc. For more detailed modeling, such
as propeller modeling, the effects of wake current and thrust
deduction should also be considered [43]. According to pre-
vious theoretical analysis and experimental results, when the
submarine is sailing at a depth of more than one-third of its
length from the water surface, the wave-making resistance is
negligible, and the friction resistance accounts for about 80%
of the total resistance. Therefore, in this work, only the fric-
tion resistance R is considered, expressed by the following
formula:

1 2
Rp = _pswvsmSKF7

5 13)

where pg,, is the seawater density; vy, represents the speed
of the submarine; S is the wetted area; and Kr is friction
coefficient.

C. ENERGY STORAGE SYSTEM

The energy storage system is another crucial part of microgrid
to mitigate the contradiction of power and demand, especially
when a single load (like the propulsion system) consumes the
majority of the power. The typical forms of energy storage
type include battery, supercapacitor, fly-wheel, etc. In this
emulation, considering the high energy density required to
support the DC bus and the complex requirements in practical
application, all three cases are modeled.
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1) BATTERIES AND SUPERCAPACITORS

The dual active bridge (DAB) converter is chosen as the fun-
damental element to build the power exchange converter. The
overall system is illustrated in Fig. 10. Several DAB convert-
ers are connected in series on the primary side to interface
with the main DC bus. The secondary side is connected with
batteries and supercapacitors, which are in parallel through the
DAB. Generally, all the submodules work identically; how-
ever, working asymmetrically is allowed as long as the pri-
mary side voltage does not exceed the hazardous region. The
control block of the DAB converter is also depicted in Fig. 10.
There is only one control variable, namely the phase differ-
ence between the primary and secondary sides of the bridge,
in this system. Power always goes from the leading phase side
to the lagging side. A PI controller is used to control the power
flow between the DC bus and the battery/supercapacitor bank.
However, resonance can be triggered easily because there is
an inductance and capacitance connected in parallel. So the
capacitance-voltage is used as state feedback to suppress the
resonance. The transfer function can be derived as follows:

0(s) Kpap
I.(s)  LCs%+ KpagKcLs +1°

A first-order term appears in the denominator in (14), which
can be viewed as the damping term. Thus active damping is
achieved without any actual resistance to avoid losses.

The battery bank performs a generic dynamic model rep-
resenting the most well-liked types of rechargeable batter-
ies, which is a non-linear dynamic system combined with a
controlled voltage source [44]. Besides, the supercapacitor
proposed in this work is the Stern-Tafel model to describe the
process of charge and discharge [45].

(14)

2) FLYWHEEL

The bi-directional power inverter and permanent magnet syn-
chronous machine (PMSM) is adopted as the fundamental
component, and the PMSM is connected directly with the
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flywheel shaft. The overall structure is shown in Fig. 11. Sev-
eral flywheel modules are connected to the DC bus in series.
When the nuclear power fails or needs emergency mainte-
nance, the flywheel drives the PMSM to generate electricity.
The application of flywheel can be divided into three stages:
charging, maintaining, and discharging. The charging stage is
the process of starting the PMSM and driving the flywheel to
the maximum speed. A second-order state-space model [42]
represents the electrical and mechanical parts of the PMSM.
For the complexity of the marine environment, as shown in
Fig. 11, sliding mode control (SMC) with fast response and
good robustness is selected. 0 is the rotor angle theta; w,, is
the mechanical rotor speed; w, is the electrical rotor speed;
is the flux linkage; and Ly and L, are the inductances of the
motor in d and q frame, respectively. The equation of SMC is
given as follows:

t
i; = % / (c (—w,y,) + Esgn(s) + gs)dr, (15)
0

where ¢, £, and ¢ are the control parameters respectively;
D= 31;,}¢; pn is the pole of pairs; and J is the inertia. In
the maintaining stage, because the friction resistance of the
flywheel is quite small, some current is needed to keep the
flywheel running stably. In the discharge stage, the flywheel
drives the motor to generate electricity. The energy E,, stored
in the flywheel is given as:

1
EJ (wrznax - wrznin) s

Efy = (16)

where wmax and wpyi, are the maximum and minimum in-
stantaneous speed of flywheel, respectively. The designed dis-

charge of depth (DOD) A, is configured as 75%, expressed as
follows:

A7)
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D. SUBMARINE SERVICE LOAD

Submarine service load contains almost all the low voltage
loads, such as lighting, ventilation, cooking, and electrical
appliances. Basically, they can be classified into two types,
namely, low voltage AC (LVAC) load and low voltage DC
(LVDC) load. LVDC bus is generated from the MVDC bus
using an isolated DC/DC converter (IDCDC), which can be
used to feed the LVDC load. There are ten IDCDC converters
(1 kV to 800 V) connected in series. Furthermore, the LVAC
bus is also obtained from the LVDC bus via the DC/AC con-
verter (800 V to 380 V). The general structure of submarine
service load diagram and the corresponding control scheme of
the DC/DC converter are depicted in Fig. 12. A series-input-
parallel-output (SIPO) structure is adopted to convert MVDC
into LVDC using several phase-shift full-bridge DC/DC con-
verters. To achieve input voltage equality, a three-loop control
strategy, including an output voltage loop, individual inner
current loops, and isolated input voltage loops, is employed
to realize power balance between different modules [46]. The
LVDC load is connected to the LVDC bus directly. There may
be several LVDC in Fig. 12, but they can be represented by
one resistor as the equivalent circuit. The LVAC load, how-
ever, is fed by the low voltage inverter. Similarly, there may be
several LVAC in Fig. 12, and they interface with the LVDC bus
via individual inverters. The Bow-thruster is included in the
submarine service load and this type of thruster only provides
thrust in the port or starboard directions in order to elimi-
nate redundant torques or drag forces. The IDCDC, converter
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FIGURE 13. Hardware platform configuration used for MVDC-based
nuclear submarine power distribution system emulation.
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(20 kV to 8 kV) power the thruster through device-level MMC
inverter and the IGBT of ABB 5SSNA 2000K450300 is utilized
[47].

lil. HARDWARE EMULATION OF NUCLEAR SUBMARINE
POWER DISTRIBUTION SYSTEM

Considering the large system scale, in order to expand hard-
ware resource capacity, the embedded MVDC-based nuclear
submarine power distribution system was implemented on the
two Xilinx Virtex UltraScale+ VCU118 FPGA boards which
feature the XCVU9P FPGA with 1,182,240 look-up tables
(LUTs), 2,364,480 flip-flops (FFs), 6,840 DSP slices, and
4,320 block RAMs (BRAMs) on each board. In terms of
system-level subsystems, to balance hardware resource con-
sumption and emulation latency, 100 MHz was selected as the
operational frequency of FPGA board, with the correspond-
ing clock period T as 10 ns. For device-level subsystem,
to perform appropriate time-step, 200 MHz corresponding to
T, as 5ns was chosen. With the help of Xilinx Vivado
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TABLE 1. FPGA Hardware Resource Consumption of MVDC Power
Subsystems on Nuclear Submarine

Module Latency BRAM DSP FF LUT
System-Level MVDC Power System on VCU118-1 (100M H z)
PWR-generation 1363 Toie  3.935%  6.667% 1.875% 4.926%
Supercapacitor bank 1995 T 2.570%  23.421% 9.992% 53.137%
Flywheel model 1619 T 2917%  3.626% 2.44% 5.884%
MMC propulsion system 970 T 0.07% 16.89% 6.07% 21.08%
Total 9.422%  50.604%  20.377%  85.027%
System-Level MVDC Power System on VCU118-2 (200M H z)
AC-DC converter 2572 T 1.296%  23.284%  6.021% 12.810%
Submarine service load 1111 Ty 1.319%  22.406% 5.382% 12.527%
Battery bank 1858 Ty 1.111%  31.280%  10.858%  21.431%
Device-Level MVDC Power System on VCU118-2 (200M H z)
MMC-based bow-thruster 80 T 0% 20.760%  9.526%  21.316%
Total 3726%  97.73%  31.787%  68.084%

high-level synthesis (HLS), the C code of MVDC-based nu-
clear submarine power distribution system was converted to
VHDL code with optimized hardware resource allocation
and reduced latency. After design synthesis and device map-
ping, the bitstreams were downloaded to the FPGA boards
which transmitted the data from Xilinx FPGA Mezzanine
Card (FMC) to digital-to-analog converters (DACs), and the
oscilloscope presented the waveforms of real-time emulation
results. Table 1 shows hardware design specifics, including
the latency in clock cycles and the main hardware resource
utilization. The two boards exchange data with each other
by QSFP cable using Xilinx Aurora communication protocol,
where the VCU118-1 FPGA board emulates the system-level
nuclear generation, MMC propulsion system, supercapacitors
bank, and flywheel model; while the VCU118-2 is used for
the emulation of system-level AC-DC converter, submarine
service load, and battery bank and device-level MMC-based
bow-thruster. As listed in Table 1, the whole system was
emulated at multiple rates and since the maximum latency
of system-level submarine subsystems is 1995 T, which
is equivalent to 19.95 us, the output data was set to be up-
dated per 20 us. The device-level MMC inverter model is
included in submarine service load with 80 T, latency, which
is equivalent to 400 ns. Fig. 13 shows the hardware platform
configuration.

IV. HARDWARE EMULATION RESULTS AND VALIDATION
OF NUCLEAR SUBMARINE POWER DISTRIBUTION
SYSTEM

In this section, several typical operation mode results based
on real-time hardware emulation of nuclear submarine power
distribution system are presented, validated by off-line sim-
ulation tool Matlab/Simulink for system-level results and by
SaberRD for device-level results. All the system parameters
are provided in the Appendix and double precision (64bit) is
chosen for all results. The average error is within 2%.

A. SUBMARINE DIVING MANEUVER
When performing periscope observation or receiving special
signals, the submarine occasionally sails on or near the water
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FIGURE 15. System-level results for MMC converter and nuclear reactor from real-time emulation (top) and Matlab/Simulink simulation (bottom). (a)
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surface, but most of the time, the vertical distance between
the submarine and the water surface will be greater than 30
meters to enhance its concealment. In reality, the submarine
generator-motor system is usually composed of multiple ma-
chines. For this study case, the processes of the submarine
with single generator-motor set, and submerging from water
surface into seabed are emulated.

1) SUBMARINE DRIVE MOTOR

Fig. 14 shows that the change of propeller speed w,,, single-
phase stator current iy,, load torque 7;,, and electromagnetic
torque 7, of submarine propulsion system from starting to sta-
bilization. Assuming that at = 0 s, the submarine completes
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a certain task near the surface, or is found by radar or enemy
ship in shallow water, and needs to dive in a short period
of time. In this case, as shown in Fig. 14(a), the propulsion
system starts and the reactor powers it at # = 0 s. After about
0.3 s, wy, increases rapidly and reaches a stable speed w,, =
120 rad/s at about 2 s, then remains unchanged. The trend of
isq indicates that the motor is operating nominally. Fig. 14(b)
illustrates the trend of 7,, and 7,, where the load torque is
calculated by (13), which is proportional to the square of w,,.

2) NUCLEAR GENERATION

Fig. 15 gives the system-level performances for nuclear reac-
tor generator and five-level MMC converter. In this study case,
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it is assumed that the initial state of the nuclear reactor is set
to the rated operating state. At ¢t = 0 s, the submarine starts
to submerge and generation begins to power the propulsion
system. Fig. 15(a) shows the 60 Hz single phase output current
and voltage of synchronous generator in per-unit value whose
the nominal power and voltage are 20 MW and 13.8 kV, re-
spectively. At about = 87.9 s, when the submarine runs at
a constant speed, the AC bus current is about 0.3 p.u., which
provides about 5% more than the nominal power of propulsion
system. The auto-stability and large inertia features of nuclear
reactor lead to the slow change of reactor transients [30], [32].
Fig. 15(b) and (c) illustrate that the internal value of nuclear
reactor is stabilized at the time = 100 s. With the decrease of

VOLUME 1, 2020

output power P; of steam turbine, the input signal of governor
is negative, then the governor regulates the tubing valve Ay to
drop, which leads to a decrease in the main steam flow. While
the steam pressure APs increases slowly in the secondary
loop. These changes cause the cold-leg temperature AT¢y, to
rise and then lead the average coolant temperature to rise. In
the primary loop, negative reactivity is caused by the rise of
cold-leg temperature and the movement of power control rods.
After which, the neutron flux An, the core heat production,
and the fuel temperature ATr decrease, while the hot-leg
temperature rises slightly. Eventually, the positive reactivity,
which is caused by ATr drop, offsets the previous negative
reactivity, and the system becomes stable.
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FIGURE 17. Device-level system from real-time emulation (top) and
SaberRD simulation (bottom). (a) Turn-off and turn-on transient current for
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power loss. Scale: (a) (c) x-axis: 5us/div. (b) (d) x-axis: 2us/div.

3) MMC-BASED PROPULSION SYSTEM

The functionality of the five-level MMC converter is tested
with 20 kV DC bus voltage. Fig. 15(d) shows the line-to-line
output voltage of MMC converter, which is close to 9 kV,
and high symmetry can also be observed. Fig. 15(e) gives
the upper arm current i, and lower arm current iy of MMC.
Fig. 15(f) illustrates the DC voltage ripples of the first two
submodules in upper arm V¢q, Vo and lower arm Vs, Vg,
which fluctuate at around 5 kV, indicating that the controller
works properly.

B. TESTS OF ENERGY STORAGE SYSTEM

In this section, the energy storage system is divided into two
parts. The first is the battery and supercapacitor energy stor-
age system designed to the power propulsion system and the
second is flywheel energy storage system used for power the
submarine service load in case of emergency, shown in Fig. 16
through Fig. 19.

1) BATTERY AND SUPERCAPACITOR BANK

In this work, battery and supercapacitor banks are designed
and tested separately as standby power supply for submarine
service load, shown as Fig. 16. As can be seen from the
figure, before r+ = 0.06 s, submarine service load is supplied
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by the DC bus, and the controllers of battery or supercapacitor
banks are not activated. After that, the controller starts to
work and the battery or supercapacitor bank is charged. At
t = 0.3 s, DC bus is powered off and replaced by the battery
or supercapacitor bank. Whent = 0.5 s, DC bus power supply
is restored, then the battery or supercapacitor bank changes
to the charging state. Fig. 16(a) and (d) illustrate that 1 kV
DC bus voltage upc_1, output voltage and current of battery
and supercapacitor bank, respectively. The fluctuation of DC
bus voltage and battery or supercapacitor bank output voltage
at 0.3 s and 0.5 s is almost negligible. Both output voltage
and current of battery or supercapacitor bank is set to 800V
and 400A. Fig. 16(b) and (c) give that the change of SOC of
battery and supercapacitor bank in which the initial state is set
to 100% and 92%, respectively. Under ideal conditions, the
submarine service load can be powered by battery or superca-
pacitor bank for about 2 hours or 15 minutes. Fig. 16(c) and (f)
shows that the single-phase voltage and current of submarine
service load with different power supply conditions, respec-
tively, which indicates that both the battery and supercapacitor
bank are working normally.

In terms of MMC device-level test results, a five-level
MMC inverter, indicated in Fig. 12, is employed to perform
the device-level emulation results in Fig. 17 by utilizing the
data-sheet curve fitting model [48]-[52]. Both IGBT turn-on
and turn-off’s transient current and voltage curves can be
observed in Fig. 17(a). Reverse recovery phenomena occurs
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TABLE 2. Impedances for Thermal Network

Thermal impedance Zihje Ztheh | Zthha
i:l]i:2|i:3|i:4 i=5 | i=6
RAOPTK/kW] | 1601 | 1765 | 0358 | 0328 1 10
G ) 0581 | 0.059 | 0.006 | 0.001 3 45
REPM R /W] | 1606 | 1759 | 0357 | 0.323 1 10
i Predels) 0584 | 0.059 | 0.006 | 0.001 3 45

when the diode turns-off in Fig. 17 (b). Fig. 17(c) and (d)
illustrate the power losses of IGBT and diode, respectively.
As seen in Fig. 18, the junction temperature of S; and S, are
much higher than their corresponding anti-parallel diode D;
and D; under the same switching frequency because of the
higher switching energy loss in IGBT, shown in Fig. 17(c) and
(d). S| overheat occurs at the beginning of thermal stress test-
ing for higher switching frequency and current rating, which
indicates the importance of complex nuclear powered sub-
marine emulation for the evaluation of the renovated power
electronic system. The thermal impedances of the devices
[40], are shown in Table 2.

2) FLYWHEEL

In this work, the flywheel energy storage system is used to
power the submarine propulsion system under certain condi-
tions. According to the (16) and (17), it can be deduced that
energy stored E is proportional to the moment of inertia J
and square of the instantaneous speed w, where J is designed
to be 1000 kg - m? and the rated speed of flywheel is set to
10000 rpm (1047 rad/s), so the useful amount of energy stored
is about 411MJ per flywheel. In this test, two flywheels are
switched to power the submarine propulsion system at? = 8 s.
It can be seen from the Fig. 19(a) and (b), at t = 8 s, the
MMC converter forming voltage and DC bus voltage start to
fall slowly. In Fig. 19(b), the speed of the single flywheel has
decreased by about 5.7 rad/s, resulting about 5.95 MJ energy
loss. In this case, ten pairs of flywheels could power the
submarine propulsion system for about 22 minutes.

V. CONCLUSION AND FUTURE WORK

This paper proposed an MVDC-based real-time nuclear sub-
marine power distribution system emulation on a muti-FPGA
hardware platform, which is validated by Matlab/Simulink at
system-level (20 us per time-step) and SaberRD at device-
level 400 ns per time-step). The entire system performance
including generation, MMC-based motor propulsion system,
energy storage system, and the submarine service load was
analyzed and discussed in detail. In the future work, a multi-
domain simulation with detailed component modeling, such
as considering the effect of the roll and rhythm of the sea to the
reactor and thermal control, and its real-time implementation
will be carried out to help engineers further their exploration
of optimization and design of complex systems on the subma-
rine [53].
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APPENDIX A

PARAMETERS OF MVDC NUCLEAR SUBMARINE POWER
DISTRIBUTION SYSTEM

See Table 3.

TABLE 3. Parameters of MVDC Power Subsystems on Nuclear Submarine

Nuclear generation system

Nominal voltage of main DC bus 20KV
Reactor thermal power 11oMW
Reactor effective power 27500hp
Synchronous generator nominal power 20MW
Synchronous generator nominal voltage (1-1) 13.8kV
Synchronous generator nominal frequency 60H z
Submarine propulsion motor
Nominal power 5.7TMW
Nominal voltage IEV
Rated frequency 60H z
Stator, rotor resistance 0.02564£2,0.021312
Stator and rotor inductance 0.75mH
Energy storage system
Input, output voltage of DAB module 1kV, 800V
Filter capacitance 0.005F
Filter inductance 0.2uH
Battery bank
Rated capacity 920Ah
Fully charged voltage 800V
Cut-off Voltage 515.4V
Nominal discharge current 400A
Supercapacitor bank
Rated voltage 802V
Rated capacitance 500F
Equivalent DC series resistance 0.002142
Flywheel
Stator phase resistance 2.875(2
d-axis, g-axis inductance 8.5mH, 8.5mH
Magnet flux linkage 8.5mH
Flux linkage 0.258Wb
Inertia 1000kg - m?
Submarine service load (non-critical)
Input, output voltage of DC/DC converter 1kV, 800V
Filter capacitance 5000 F
Filter inductance 400pH
Input, output voltage of DC/AC converter 800V, 380V
Filter capacitance 5000uF
Filter inductance 1.5mH
Active power of RLC load 50EW
Submarine service load
Input, output voltage of isolated DC/DC converter 20kV,8kV
Filter capacitance 5mF
Filter inductance 0.1mH
IGBT of ABB® 5SNA 2000K450300
IGBT collector-emitter voltage 4500V
IGBT DC collector current 2000A
IGBT input, output capacitance 211nF, 15nF
IGBT reverse transfer capacitance 4.2nF
IGBT internal gate resistor 0.1692
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