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Abstract: The complex dynamic characteristics of a shipboard power system (SPS) are not only
related to its continuous dynamics but also influenced by discrete control behavior. Especially, during
combat mission execution of high-power pulse loads (HPPLs), their operation plan as a sequence of
discrete control events will cause successive abrupt changes in the continuous dynamics of SPS due
to the sudden and intermittent nature of the external attacks, which requires overall comprehension
of the hybrid dynamics evolution process driven by discrete events. In this paper, considering the
zonal distribution structure of SPS and the influences of extreme events on the discrete dynamics
of each zone, the extended hybrid models for each zone, including normal operation configuration
and fault configuration, are obtained based on the hybrid automata theory. Then, the global hybrid
model of SPS is developed. The mapping relationship of discrete state transition to the continuously
controlled system is analyzed to reconstruct the set of differential equations model of the continuous
system for the purpose of simulation. Two case studies are carried out to perform the simulation
under the proposed hybrid model. It is demonstrated that this proposed method can reveal the
operating characteristics of the hybrid dynamic evolution process driven by discrete events, both in
normal operation and pulse loads operation. Although the precise measure of discrete states of SPS
can be challenging to obtain, especially during the confrontation phase, the proposed method still
provides valuable insights on evaluating the sophisticated dynamics of an SPS.

Keywords: shipboard power system; hybrid model; simulation; high-power pulse loads

1. Introduction

The integrated power system of ships has become the main development direction of
future ships, which can supply power to various loads on board, including daily electrical
loads, maneuvering systems, communication, navigation, and propulsion systems [1,2].
Compared with conventional ships, a shipboard power system (SPS) can significantly
reduce life-cycle costs, support more payloads, and provide greater survivability. By
centralizing the propulsion system and other electrical equipment into a unified grid,
SPS can rationally distribute energy throughout the ship. This will enable “unlocking”
of propulsion energy and provide opportunities for high-powered pulsed loads (HPPLs,
e.g., electromagnetic catapults, high-energy radars, and laser weapons) to be used on board,
which will fundamentally transform the weaponry and significantly improve the maritime
countermeasures capability of naval vessels [3-5].

The main purpose of HPPLs on board is to perform countermeasures [6,7]. External
attacks are sudden and intermittent, and SPS also has the capability to actively combat
extreme events. This means that the entire countermeasure process does not stop until the
end of the event or the system is compromised. Random arrival of multiple concurrent
attacks and fluctuating pulse loads during intense attack and defense will have a dramatic
impact on SPS dynamics, making it difficult to build a system model that can characterize
the entire operation of the confrontation.

Taking the electromagnetic rail gun (EMRG) as an example, the single launch duration
is about 9ms, and the power demand is 160 MJ [8]. With the continuous demand (12/min)
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that must occur in the fierce confrontation process, such significant power must be pro-
vided by SPS. To reduce the impact of instantaneous ultra-high-power demand, energy
storage devices should be used before HPPLs integration, such as batteries, supercapacitors,
flywheels, and other hybrid energy storage devices [9-11].

However, the uncertainty of the countermeasure process and the complexity of the
countermeasure target will cause the dynamic characteristics of SPS to change drastically
in a short period of time, and the traditional system model can no longer meet the demand
of real-time countermeasure decisions. In order to deal with multiple concurrent attacks
arriving randomly and pulse-load operation plans for combating external targets, a model
that can describe the system’s mixed dynamic evolution process driven by random discrete
events in a holistic manner is required.

In addition, the zonal power distribution structure of SPS allows each zone to handle
an external attack autonomously, and the damage caused by the attack will not spread
beyond the damaged zone, which also determines that the system hybrid dynamic model
must take into account the need for distributed control and provide a model basis for
subsequent defense and recovery strategies. These are difficult to achieve by traditional
modeling theory, simulation, and controller design.

The current research on modeling and simulation of SPS mainly focuses on con-
tinuous dynamic electromagnetic transient modeling and simulation methods [12-14].
High-accuracy models for medium-voltage DC (MVDC) SPS were developed to accu-
rately capture the complex and nonlinear system continuous dynamics in physical test
systems [15-17]. Attempts to use reduced-order models have also appeared in the study of
AC ship integrated power systems [18,19] and in the authors’ previous work for MVDC
SPS [20]. To minimize the computational time, a mixed SPS model using different compo-
nent models with varying fidelity was established based on the bond graph method [21].
However, modeling and simulation studies that comprehensively consider the evolution of
the mixed dynamics of SPS are still rarely addressed.

Some studies of power electronic systems proposed discrete-state event-driven hybrid
models and simulation methods to analyze the multi-timescale mixing characteristics of
power electronic systems [22-24]. However, these studies consider discrete events triggered
by the evolution of the system’s own state, which is quite different from the external discrete
attack events that SPS must actively respond to during a countermeasure.

Basically, hybrid modeling methods can be divided into two categories:

The first type considers the system as a continuous dynamic system and describes the
whole system using differential equations. Events that make system equations change are
used as discrete inputs, which means embedding the discrete events into the continuous
dynamic system. This kind of method focuses on the stability and controllability of the
system, and its main modeling methods are switching system model, hybrid logic dynamic
model, etc. For example, a microgrid switching system model was established to ensure sta-
bility of microgrids in different operating states [25]. An AC/DC hybrid system switching
system model was established and applied to the field of power system transient stability
assessment [26]. The hybrid logic dynamic model was used to study the economic dispatch
problem [27].

The second type is to embed continuous dynamic behavior into discrete event dynamic
systems, focusing on performance verification and comprehensive design of controllers,
whose main modeling methods are the hybrid automaton model, hybrid Petri net model,
etc. The Petri net model was used to deal with the discrete switching control events in smart
microgrids [28], and this model was also used to analyze the reachability of microgrids
consisting of green energy sources [29]. A discrete hybrid automaton was used to model
the storage system and controllable electrical loads of the UFES pilot microgrid [30].

While research efforts have been undertaken to study SPS as a hybrid system, the
focus was prioritized to studying operations such as load shedding [31] and supervisory
control [32]. For example, an equation of state model with integer inequality constraints
was developed by building a hybrid logic dynamic model to analyze the optimal control
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behavior of SPS after loss of a generator [33]. However, this method always requires coarse
discretization of the continuous state, and a large set of differential equations must be
solved in the search space formed by the discretized continuous and discrete states at each
moment, which is not suitable for describing the dynamic characteristics of SPS driven
by a sequence of discrete events with drastic sudden changes in a short period of time.
Moreover, it also cannot meet the needs of the subsequent defense and recovery strategy
optimization considering accuracy and computational efficiency.

In the authors’ previous work, a centralized hybrid automaton model for the whole
SPS was established for reconfiguration [34], and it was further extended to the model
under partial observation in Ref. [35]. In this paper, we would like to continue the previous
research by developing a distributed, hybrid model for SPS considering HPPLS integration,
which not only provides a complete description of the system dynamics but also accommo-
dates the requirements for zonal autonomy. A hybrid automaton model of SPS including
both continuous and discrete dynamics of the system is established to completely describe
the system dynamics. The simulation process of the hybrid model is divided into an itera-
tive forward process: differential equations solving of the continuous controlled system in
the discrete state, differential equations reconstruction of the continuous controlled system
after discrete state transition and initial status resetting, and differential equations solving
after the transfer. The implementation steps and algorithms of this process are provided.
Further, two case studies are provided to show the SPS hybrid dynamic evolution process
driven by discrete events.

Compared with the existing SPS modeling and simulation approaches, the novelty
and intellectual merits of this paper can be summarized as follows:

(1) This paper seeks a hybrid model for shipboard power systems considering high-
power pulse loads integration, which can deal with multiple concurrent extreme
events arriving randomly and fluctuating pulse-load operation, to illustrate the hybrid
dynamic evolution process of SPS.

(2) This paper presents the hybrid model in a distributed manner. The proposed model
takes full advantage of the zonal distribution structure of SPS and allows each zone in
SPS to handle the external events autonomously.

(38) The proposed hybrid model provides a direct input/output interface to be integrated
with different-scale continuous models, which allows easy refinement and adjustment
to adapt to different ship design intentions and control requirements.

The rest of this paper is organized as follows. Section 2 introduces a representative
MVDC SPS and derives its hybrid model description, while Section 3 illustrates the sim-
ulation process for this hybrid model. The simulation results are presented in Section 4,
followed by the conclusions.

2. Hybrid Model Description for SPS

Based on the theory of hybrid automata, a hybrid model of SPS consisting of four
zones is proposed in this section. The continuous dynamics of each zone are represented in
the time domain by differential equations, and the continuous state reset relations caused
by discrete state transition are provided to realize simulation of this hybrid model.

2.1. Representative SPS

The next-generation ship integrated power system proposed in Ref. [4], as shown
in Figure 1, is provided as the baseline topology for this paper. This system consists of
two main gas-turbine generator sets (MTGs) and two auxiliary gas-turbine generator sets
(ATGs). These generator sets are connected to the port and starboard buses to form a
zonal power distribution network connected at the bow and stern of the ship. This zonal
distribution network supplies power to four kinds of loads: propulsion loads on each port
and starboard side, consisting of the propulsion motor with its drive (variable speed drive,
VSD) and propeller; inside the zonal network, there are three pulse loads connected to the
port and starboard through energy storages; there are also four zonal loads representing the
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daily electrical loads of the ship, each of which is internally a small distribution network
with a different internal structure depending on the actual needs of the ship. All generators
and loads are connected to the distribution network through power conversion modules
(PCM) and circuit breakers (black squares in the figure). It should be noted that, although
there are connection switches for the port and starboard DC buses at the bow and stern of
the ship, the port and starboard are normally operated separately.

5kV DC bus
T ¥

| T | |
| | |
DC/DC DC/DC DC/DC
|PCM| I |PCM| I IPCMI I IPCMI
[ ] | 0]
S | | | -
= .IStoraget Pulse Zone | Zone IStorage Pulse || IStoraget Pulse Zone | Zone |M o)
§ Load Load1 ||| Load2 Load || Load Load3 | | | Load4 2
| | |
| | |
DC/DC I | | PCMl I | PCMl
| | |
| | ! | '

STARBROAD

Figure 1. Schematic diagram of the four-zone SPS.

The dotted lines connecting port and starboard breakers divide the entire SPS into
four zones. The power supply devices (generator sets and energy storage equipment) are
distributed among the zones and can supply power to the loads across the zones. The
zonal distribution network allows each zone to be autonomous, and the damage caused by
attacks does not spread beyond the damaged zone. Establishing separate hybrid models
for each zone will facilitate implementation of subsequent distributed control schemes.

2.2. Automata-Based Hybrid Model for Each Zone

For each zone of SPS, its basic hybrid structure can include discrete controllers and
continuous controlled systems and their interfaces, describing the discrete event dynamics
and continuous dynamics, respectively. Its basic hybrid model can be represented by a
hybrid automaton:

H=(Q XY, U,Init, f,g,X,EG,T,R) (1)

where Q U X is the state space, Q is finite, Y is the set of output variables, U is the set of con-
tinuous control inputs, Init C Q x X x U is the set of initial conditions, f : Q x X x U — X
is the set of continuous state evolution laws describing the continuous state correspond-
ingtoeachg € Q, g: QxXxY xU—=Y is the set of algebraic equations for each
g € Q,X =2X.UZ, is the set of discrete events, where X is the set of controllable events,
%, is the set of uncontrollable events, EG : X x U — X is the event generator function,
T:% x Q — 29 is the discrete state transition relation, R : Q x X x U — 2X*U is the reset
relation, that is, the control behavior generator function.
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The impact of extreme events on the discrete dynamics of the zones is considered
to develop an extended zonal hybrid model. The extreme events, i.e., external attacks,
have two effects on the discrete dynamics of the zones: one is the intra-zone initiation of
pulse loads, and the second is the fault caused by the attacks on the damage of each zone
(including communication and cables, etc.). The former can be considered as the normal
operation configuration of the zone, while the latter is the fault configuration, according to
which the discrete event transfer of each zone is classified. The operational configuration of
each zone is regarded as the set of normal operational configuration and fault configuration,
and the set of transition events between the two configurations is defined. Then, we can
obtain the extended hybrid model of each zone:

S = (M, FT,RE, Hy) @)

where H is the set of all possible configurations of the subsystem, S and H is the initial
configuration of the subsystem S. FT and RE are the set of transition events between the
normal operation configuration and the failure configuration:

PT:{ft;i:i:Lz,---,n;j:1,2,..-,m} 3)

RE:{7427‘21,2,“-,n;jzlrz/"'fm} @

where f tj- is the fault events, and ri is the recovery events.

In this hybrid model, each discrete state of a zone has its corresponding differential
equations to describe the continuous dynamics. Take zone 1 as an example: its continuous
controlled dynamics in the discrete state g; can be expressed as:

x= fqi(x‘h’yqi’uqi) (5)
0 = g, (%q;/ Yg; Ug;)

The continuous dynamic modeling process for SPS can be found in a previous publi-
cation by the authors [28]. Here, we only provide the basic description of variables in (5),
where x,;, is the continuous state variables (including state variables of MTG, pulse load,
DC bus voltage, and current, etc.), y,;, is the output variables (including variables we want
to monitor), and uy;, is the continuous control inputs (including preset values for MTG and
other device controllers inside zone 1). f;, and g, are the differential functions that can be
derived from Ref. [20].

For the discrete states in this model, let us express the online status of the MTG, ATG,
PM, pulse load, and zonal load as integer values, as well as the connection status of breakers
in the zone. The set of current states of all these devices is a discrete state in this hybrid
model. In addition, take zone 1 as an example: it includes an ATG, two types of load, and a
breaker connecting the port and starboard. We use “0”, “1”7, “2”, and “3” to indicate the
connection status of loads, with “0” indicating no connection, “1” indicating the connection
to the starboard bus, and “2” indicating the connection to zone 2, and “3” indicating a
simultaneous connection to port and starboard. Then, for ATG, indicators of “0” and “1”
can be used to represent their online status, with “0” indicating offline and “1” indicating
online. Moreover, for the breaker, “0” indicates open, and “1” indicates closed. Combining
these indicators, we can use a string to express the discrete states of zone 1. For example,
“1310” means that the ATG is online, the pulse load is connecting to the port and starboard
simultaneously, the zone load is connecting to the starboard bus, and the breaker is open.

The discrete dynamics of a zone are represented by event-driven discrete state tran-
sitions, such as the discrete state transition of zone 1 from “1310” to “0130” is caused by
the event “ATG shutdown”. With the transition of discrete states, not only the differential
equations describing the continuous dynamics change but also the initial conditions after
the transition must be recalculated. This will be discussed in Section 4.
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2.3. Global Hybrid Model for SPS

Assume that there are s zones in the SPS (in this paper, it is 4), and the zone
Sk(k=1,2,...,4) has (n + m), configurations. Therefore, the distributed configuration of
SPS can then be denoted by

C= (Hl,ll JHap, oo, Hs,ls) (6)

where Hy,, is the zone configuration in ¢, [y = 0,1,..., (n+ m),. The set of all possible
distributed configurations of SPS can be denoted by C. Therefore, the global model for SPS
can be represented as:

S= (C, ) @)

where € is the initial distributed configuration of SPS.

This global hybrid model fully reflects the autonomous nature of each zone, where
each zone can handle its own internal operation and management as well as respond to
external attacks.

3. Hybrid Simulation Method for SPS

Simulation of the hybrid model involves the continuous dynamic mutation caused by
a discrete state transition. Therefore, the simulation necessarily includes two steps: (1) cal-
culating the initial conditions of the system after discrete state transition; (2) continuous
dynamics simulation of the system in the discrete state after the transition.

3.1. Continuous Dynamic Mutation Due to Discrete State Transition

Suppose that system is first in a discrete state q; with differential equations as (8); after
the discrete state transition occurs, the system is in q; and differential equations as (9):

x(k+1) = fq, (xqi(T,>/y'7i(T/)’u‘7i(T/)) (8)
0= g‘ii (x‘Ji(T/)' yq,-(T/)r”q,-(T/))

x(k41) = o, (%0,(T4), g, (), g, (7))
0 = gy (g (), g, (), gy (7))

where x(tT),y(t"), u(t") are continuous state variables, output variables, and continuous
control inputs after discrete state transition, respectively.

The change in output variables and continuous state variables caused by discrete
state transition, which is also the reset relationship of continuous state after discrete state
transition, has the following initial condition calculation flow chart:

It should be noted that the numbers of output variables, continuous state variables,
and control inputs may change after the discrete state transition. During the flow chart in
Figure 2, the output variables are solved first, followed by the continuous state variables;
after that, the continuous state variables at the end of time step k are calculated in normal
order by using the following backward differencing method:

)

fo; (xq; (K), yq,(TF), ug; (k))

10
+f4; (xqj(T+)/yqj(T+)/qu(T+)) (10

h
xg; (k) — xq; (th) = >
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v

Calculatex(f'),Y(T')s”(T') by (8) |
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v

Calculate the continuous state variables at the end of k using backward differencing formula (10)

v

Calculate the output variables at the end of k by g, (xq/ (k),yq/ (k),uq/ (k)) =0

Next transition

Figure 2. Initial condition calculation flow chart when the discrete state transition occurs.

After the above steps, the system simulation can continue until another discrete state
transition occurs.

3.2. Continuous Dynamic Model Reconstruction and Solving after Discrete State Transition

Basically, besides reformulating the differential equations of the system and resetting
the initial conditions when the discrete state transition occurs, simulation of hybrid systems
only requires solving the differential equations under the current discrete state.

First, differential equations set for each zone are formed by differential equations for
all components in that zone with their input-output relationships. Detailed differential
equations for each component can be found in Ref. [20], including the power generation
module, propulsion module, power conversion module, energy storage module, loads, and
power distribution module. These equations cover the parameters, state variables, control
inputs, and outputs of each component. Based on the current discrete state of the zone, the
operating status of each component is determined. Then, we can construct the differential
equations for the zone by connecting the input-output relationships of these components
based on the internal distribution network, as shown by f7(x,y, u) in Figure 3.

Zone 1 ‘V’ !

~ power
f21(x1’y1’”1) fzz(xzayzauz fz4(x4,y4,u4

QZ] QZZ QZ4

Zone 4

\ 4

Zone2 | 5 .
«— 1 <«

Figure 3. Inter-dependency of the zones.

Then, the global hybrid model can be formed by (7). In this paper, the proposed
global hybrid model is a loosely distributed structure under weak restrictions. Each
zone can execute its internal operations and calculate the continuous dynamics driven by
discrete events. Figure 3 provides the inter-zone power flow relationships under the zonal
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distribution network. In this way, the hybrid model proposed here can be easily applied to
further distributed control and management studies.

Finally, the generalized discretization method (fourth-order Runge-Kutta method) is
used to solve the differential equations. The whole simulation is implemented in MAT-
LAB platform.

4. Simulation and Results Analysis

In order to verify the hybrid modeling and simulation method proposed in this paper,
a typical SPS shown in Figure 1 is used here to build a hybrid model and perform simulation
cases. Table 1 displays the component specifications of the SPS under study, whose detailed
parameters can be found in Ref. [28].

Table 1. Components specification in benchmark SPS.

Components Zone 1 Zone 2 Zone 3 Zone 4
PGM ATG 4AMW MTG 36MW MTG 36MW ATG 4MW
PM 36MW 36MW
Pulse Load 20MW IMW 1MW
Zonal Load 2MW 2MW 2MW 2MW

The discrete states of SPS are determined by the working status of all components
and the connection status of power cables. Due to the large number of power cables in the
system, here, we only provide the possible discrete states of all components in Table 2. The
discrete status of the generator set indicates whether it is online or not. The propulsion
motor can be offline or operating at 50% or rated power. The zonal load and pulse load can
be disconnected or supplied by port, starboard, or both port and starboard equally. The
port and starboard connecting breakers can be open or closed.

Table 2. Discrete status of components in benchmark SPS.

Status
Devices/Components
0 1 2 3
ATG1 Offline Online
PL1 Offline Port Supply  Stbd Supply = Both Supply
21 ZL1 Offline Port Supply  Stbd Supply = Both Supply
Brk1 Open Close
MTG1 Offline Online
PL2 Offline Port Supply  Stbd Supply  Both Supply
22 Z12 Offline Port Supply ~ Stbd Supply  Both Supply
PM1 Offline 50% power  Rated power
MTG3 Offline Online
PL3 Offline Port Supply ~ Stbd Supply  Both Supply
z3 ZL3 Offline Port Supply  Stbd Supply ~ Both Supply
PM2 Offline 50% power Rated power
ATG2 Offline Online
Z4 714 Offline Port Supply ~ Stbd Supply  Both Supply
Brk2 Open Close

4.1. SPS Start-Up Scenario

First, consider the scenario where the ship starts up to full speed, which means that
the final propulsion motor will run at its maximum power of 37 MW, and, with four zone
loads, the full system load power is close to 80 MW. The discrete event sequences and their
occurrence moments during the whole simulation are shown in Table 3. In addition, the
operation of the pulsed load is not considered in this condition, and the EMRG will remain
disconnected during the whole process.
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Table 3. Discrete event sequences during startup.
ID Time (s) Event Description

1 0 Simulation starts; all generator sets running at rated speed
2 5 All generator sets connect to the DC bus
3 20 All zone loads online

Propulsion subsystems connect to DC bus and ship speed
4 30 )

gradually increases to 32 knots

5 300 Simulation ends and record the results

The simulation results are shown in Figures 4-9, which provide the full-system simu-
lation results under the starting condition, including the mechanical torque and speed of
the gas turbine, DC bus voltage, output current of the generator set, electromagnetic torque
and speed of the propulsion motor output, ship’s speed and resistance, mechanical power
output of the gas turbine, power output of the generator set, mechanical power output of
the propulsion motor, and zonal loads power curves.

Turbine speed

40! T T T T T
@
3
E 200 4
g
1 1 1 1 1
0 50 100 150 200 250 300
18 Turbine torque
l T T T T T
"é\ ]
Z
z i
F
1 1 1
0 50 100 150 200 250 300
d Turbine power
T T T T T
—~ 4 : 7
g
S, -
1 1 1
0 50 100 150 200 250 300
Figure 4. Case 1 gas turbine speed, torque, and power.
Generator currents
8000 T T T T T
— — port MTG|
$= — port ATG]|
) —— stbd MTG
— stbd ATG
— T I
0 50 100 150 200 250
<10 Generator power
T T T T T
~ — port MTG|
% — port ATG| |
§-=’o stbd MTG
A —— stbd ATG
1 1
0 50 100 150 200 250 300

Figure 5. Case 1 generator current and power.
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S 4000 .
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> 2000 -
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Figure 6. Case 1 DC bus voltage.
<16 PM torque
T T T T T
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\Z_, xr stbd PM[
3! ]
H
1 1 1 1 1
0 50 100 150 200 250 300
PM speed
l T T T T T
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=L .
\é. — port PM|
s 3 stbd PM[|
1 1 1 1 1
0 50 100 150 200 250 300
x 10 PM power
T T T T T
§ | — portPM
3! stbd PM
o
[=%}
1 1 1 1
0 50 100 150 200 250 300
Figure 7. Case 1 PM torque, speed, and power.
<10 Zone load power
T T T T T
s — Z1 loadyj
E Z2 load||
E I Z3 loadf]
a Z4 load
1 1 1 1 1
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time(s)
Figure 8. Case 1 zonal loads power.
Ship speed
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z
=}
S
=
= 208 T
&
>
1 1 1
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x 10 Ship resistance
T T T T T
z
= 2
1 1 1 1 1
0 50 100 150 200 250 300
time(s)

Figure 9. Case 1 ship speed and resistance.
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The simulation result curve shows that, from the initial moment to 20 s, the gas turbine
is first started under the action of the governor, and its speed is gradually stabilized at
the rated value of 377.0 rad /s. Meanwhile, the DC bus voltage rises continuously under
the action of the generator excitation controller and remains stable when it reaches the
rated value of 5000 V. At 20 s, the zonal loads are online; at this time, the power of the
generator sets undergoes a small increase. At 30 s, the propulsion system is connected to
the DC bus, and a given electromagnetic torque is added at a speed of 50,000 N-m/s. When
the torque reaches 3MN-m, it remains stable. At this time, there is a significant increase
in the output current of MTG, which causes a slight fluctuation in the DC bus voltage.
The electromagnetic torque of the propulsion motor rises gradually with the given value,
driving the propeller to rotate, and the propeller starts to produce resistance torque and
thrust for the ship to sail forward. After the electromagnetic torque of the propulsion motor
reaches stability, the rotational speed also gradually reaches stability, while the ship’s speed
takes a longer time to stabilize due to the large inertia time constant, and it finally reaches
32 knots in about 200 s.

4.2. Pulse Load Launch Scenario

Next, consider the pulse load launch scenario. It should be noted that the pulse load
of zone 1 in Figure 1 includes the energy storage module, which rises to 15 MW in 5 s
and then performs pulse load firing with the whole pulse period of 6 s. This pulse load is
powered by the port and starboard together. The pulse power curve is shown in Figure 10,
whose load demand will rise to 15 MW in 3.33 s and fall at a rate of 50 MW /s. The discrete
event sequence and its occurrence moment during the whole simulation are shown in the
Table 4. The gas turbine is controlled by the governor to drive the synchronous generator
to always run at a constant speed, and the zonal loads and radar are always kept online
with an initial ship speed of 8 knots and accelerated to 25 knots after two launches. The
simulation time is 200 s.

xl()‘

Power(W)

0 2 4 6 8 10 12 14 16 18 20
Time(s)

Figure 10. EMRG operation power profile.

Table 4. Discrete event sequences during pulse load launch.

ID Time (s) Event Description

1 0 Simulation starts, ship speed 8 knots
2 5 EMRG starts charging
3 10 EMRG launches

4 11 EMRG charging again
5 16 EMRG launches again
6 17 EMRG disconnects, ship accelerates to 25 knots
7 200 Simulation ends and record the results

The simulation results are shown in Figures 11-16. They also provide the mechanical
torque and speed of the gas turbine, DC bus voltage, output current of the generator
set, electromagnetic torque and speed of the propulsion motor output, ship’s speed and
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resistance, mechanical power output of the gas turbine, power output of the generator set,
mechanical power output of the propulsion motor, and zonal loads power curves.

Turbine speed
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Figure 11. Case 2 gas turbine speed, torque, and power.
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Figure 12. Case 2 generator current and power.
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Figure 13. Case 2 DC bus voltage.
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Figure 15. Case 2 zonal load power.
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Figure 16. Case 2 ship speed and resistance.

The simulation result curves show that the system is in a steady state at the beginning,
at a speed of 8 knots. Before the launch of EMRG, the energy storage device absorbs and
accumulates energy from SPS, and this energy is released for pulse load during the mission.
In this case, during each pulse duration, the energy storage device is charged at 15 MW
for 5 s and then discharged for 1 s as the EMRG is fired. With the launch of the pulse load
in 5 s, there is a small oscillation in the speed of the gas turbine. After the pulse load is
put into use, its power rises to 15 MW in 3.3 s. As seen from the output power curve of
the generator set, there is a sharp rise in the output power of both MTGs to meet the load
power. At the same time, the DC bus voltage drops. During the charging and discharging
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process of the pulse load, there are four oscillations in the DC bus voltage curve, but they
all return to the set value quickly. Although it is not obvious in the simulation curve, the
output power of the propulsion motor also shows a slight oscillation, which is directly
related to the oscillation of the DC bus voltage. After the pulse load stops working, the ship
enters an acceleration phase by adding a given electromagnetic torque at 25,000 N-m/s to
reach 0.9 MN-m. The ship speed reaches 25 knots in about 200 s.

4.3. Comparison and Discussion

Our work presents a hybrid model architecture for SPS that focuses on the continuous
dynamics triggered by discrete events transition. Benefiting from the properties of the
hybrid model, SPS can be treated as a discrete event system by event and control action
generation. Thus, this hybrid model can accept pulse loads operation plans as discrete
event sequences and perform simulation and analysis. Other modeling methods can
also be used for SPS simulation but may not be suitable for the following control and
energy management requirements of SPS. As we emphasized in the introduction, multiple
concurrent attacks arriving randomly and the pulse loads operation plan will cause the
dynamic characteristics of SPS to change drastically in a short period of time, making it
important to focus on the discrete event sequences and their impact on the dynamics in
each zone. This is exactly the reason why we propose this hybrid model.

In the following discussion, different modeling methods are compared from five
different aspects: application SPS topology, model type, configuration, method, and case
studies. The results are shown in Table 5. It can be seen that most modeling studies do
not take into account the distributed feature of SPS, and they are more concerned with
computational efficiency. However, it is obvious that a distributed solution will be more
economical in terms of computational resources. Additionally, previous hybrid model
studies have tended to focus on system reconfiguration after components failed but have
not considered the impact of external attacks. As we mentioned in the introduction, pulse
loads operation plans and faults caused by external attacks will have a significant impact on
system dynamics, which requires attention to system dynamics affected by discrete event
sequences. Among the few hybrid modeling pieces of research for SPS in the literature, our
work shows its advantages in distributed and pulse loads adaptability.

Table 5. Comparison of different modeling methods.

SPS Model Model Modelin .
Research Topology Type Configuration Methodg Case Studies
[12] DC + Zonal Continuous Centralized Simulink Pulse load
[13] DC + Radial Continuous Centralized Simulink Ship acceleration and deceleration
[14] DC + Radial Continuous Centralized Simulink Ship acceleration +.Overloaded *
Restoration
[15] DC + Zonal Continuous Centralized RTDS N/A
[20] DC + Zonal Continuous Centralized Simulink Ship acceleration + Pulse load
[31] DC + Radial Hybrid Centralized Simulink Load shedding
[32] AC +Ring Hybrid Centralized Simulink Supervisory control
[33] AC + Ring Hybrid Centralized Simulink Reconfiguration
Our work DC + Zonal Hybrid Distributed Simulink Ship acceleration + Pulse load

5. Conclusions

This paper proposes a hybrid modeling method for SPS that takes into account dis-
crete control events and continuous system dynamics. In particular, considering HPPLs
integration with discrete and random attack event sequences, the hybrid model of each
zone is established separately according to the zonal power distribution structure, which
enables dealing with external attack events and actual damage from the perspective of zone
autonomy. Through continuous states reset after discrete state transition and reconstruction
and solving of continuous differential equations, simulation of the SPS hybrid model is
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realized. The simulation results show that the hybrid model developed in this paper can
specifically describe the hybrid dynamic evolution process of SPS driven by discrete events,
as well as the operating characteristics of the whole process into the confrontation phase.
This research can improve the modeling theory of SPS and enrich system analysis.

As an extension of our work, one can systematically investigate the effect of cyber
failures on the onboard control and communication systems, which will cause abnormal
operation of SPS and result in the unobservable state of some equipment. Especially during
the confrontation phase, it is probable that the system state is partially observable. State
estimates, as with our previous research in Ref. [35], can be further introduced to provide a
prediction of system dynamics.
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