
 

  
Abstract—The Hybrid Power System Test-bed currently being 

constructed at NAVSEA Philadelphia is designed to serve as a 
developmental platform for the evaluation of hybrid power and 
propulsion options related to unmanned surface vehicles (USVs).  
Prior to component integration, a Matlab/Simulink model of the 
test-bed was created to simulate the system interactions and as-
sist in the detailed electrical design.  A reduced order system 
model was required before a detailed analysis of the individual 
components was performed.  This paper describes the evolution 
of the test-bed model and the work to date in developing detailed 
component models for the system. 

Index Terms—unmanned surface vehicles, hybrid power sys-
tems, modeling and simulation.  

I. INTRODUCTION 
UE to the various operating characteristics that proposed 
Unmanned Surface Vehicles (USVs) possess, various 

propulsion and electrical distribution technologies need to be 
integrated.  Systems incorporating batteries, fuel cells and 
diesel engines have been envisioned, and the proper size and 
placement of these components is of interest. The Hybrid 
Power System Test-bed is a proposed configuration of 
sources, loads, and power electronic devices providing a vari-
ety of options that currently are being assembled in a small-
scale hardware demonstration at NAVSEA Philadelphia.  The 
primary purpose of this test-bed is to facilitate the design of 
power system architectures for USVs using various system 
configuration options, and also to serve as a platform to evalu-
ate system level power management schemes currently under 
development [1]. 

To determine the operating conditions and constraints of the 
physical system, a system simulation of the test-bed was con-
structed to facilitate the detailed electrical system design.  The 
Matlab Simulink environment was selected utilizing the avail-
able models in the SimPowerSystems Blockset.  

This paper is organized as follows.  Section II describes the 
various devices included in the test-bed.  In section III the 
strategy used to develop the test-bed model is discussed.  The 
initial modeling and subsequent updating of the battery model 
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is discussed in section IV.  Section V and VI present results 
obtained from the individual models and the overall system 
respectively.  Finally, section VII concludes the paper.  

II. DEVICE DESCRIPTIONS 
One potential configuration of the test-bed is depicted in 

Fig. 1 (measurement related blocks have been removed).  
Generally, the test-bed consists of two main sources and two 
loads, connected via a DC bus.  The generation components 
consist of a diesel generator set and: a Lithium-Ion (Li-Ion) 
battery pack, and the load components consist of, a program-
mable load and a permanent magnet rim-driven motor serving 
as a propulsion motor that is submerged in a tank,.  Each 
source is connected to the DC bus via a power electronic con-
verter.   

 
Fig. 1. Simulink model of test-bed. (Note: measurement blocks not included.) 

 
The diesel generator set used in the test-bed is the Caterpil-

lar Olympian D80-4, providing 75kW, 3-phase 60Hz 
120/208V power.  A list of the generator parameters is pro-
vided in Table 1.  

TABLE I 
GENERATOR PARAMETERS 

Xd 3.82  Xo 0.005 
Xd’ 0.15  Td’ 100ms 
Xd” 0.089  Td” 10ms 

Xq 2.29  Tdo’ 2555ms 
Xq” 0.110  Ta 15ms 
X2 0.1    

 
The Lithium-Ion (Li-Ion) battery used was custom built by 

Lithium Technology Corporation.  The battery consists of 33 
cells providing between 3 and 4 volts each for a total voltage 
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of approximately 120 V.  The capacity of the battery is esti-
mated at 60 Ah.  Other than these electrical operation charac-
teristics, no specific parameter values associated with a battery 
model were provided regarding for example transient behavior 
or state of charge vs. open circuit voltage curves. Therefore, 
tests were performed to extract these parameters and build an 
adequate simulation model of the battery. 

The rim-driven motor is an experimental in-house design of 
an electric propulsion motor producing low levels of acoustic 
noise.  This motor was initially designed to validate motor 
design principles that can be applied to a podded Secondary 
Propulsion Unit for submarines.   For the initial system simu-
lation, the model of this motor is approximated with a generic 
permanent magnet motor that will further be developed in the 
future to reflect the inherent motor design features.   

The resistor element shown in the lower right of Fig. 1. 
represents the Aerovironment ABC-150 power processing 
system.  This component is capable of emulating a broad 
range of devices such as motors, electronic equipment, faults, 
and resistive loads, and will be utilized as a load emulator in 
the test-bed.    Currently, a simplified resistive model and con-
stant power model are being used to depict the ABC-150 until 
the unit is rigorously tested and its associated parameters are 
extracted.   

The last components are three power electronic converters 
used in the test-bed.  They include an AC-DC converter, a 
DC-DC converter, and the motor drive for the RSPS.  Each of 
these devices is constructed as a combination of one or more 
Power Electronic Building Blocks (PEBBs) [2, 3], and in par-
ticular, the American Superconductor PM1000 Power module 
concept has been used.  These devices can be configured in a 
variety of ways to accommodate various applications.  Similar 
to the rim-driven motor, these components are being tested to 
extract the specific model parameters, and are currently being 
simulated using generic power electronic models with custom 
control algorithms. 

III. MODEL DEVELOPMENT STRATEGY 
The basic concept behind this strategy was to first model 

the system in a manner that a) took into account all known 
parameters of the devices, b) ensured that each device behaved 
in a manner reflective of typical behavior of similar devices, 
and c) led to adequate performance and stability of the overall 
system.  The goal initially was to provide a system level 
model that can assist in the detailed electrical design of the 
system providing feedback into the transient characteristics to 
properly size system cabling and protection elements.   

After this initial model was constructed the individual sys-
tem component models are updated to reflect the specific 
components of the system.  Upon delivery of these compo-
nents, tests are conducted to extract the specific component 
parameters and update the simulation model.  First the indi-
vidual component model is changed to match experimental 
data.  This component model is then placed in the system 
model, to ensure the interactions with the other system com-
ponents are acceptable.  Again adjustments are made on the 
remaining devices to ensure adequate performance and stabil-

ity. 
At present this process is still on-going and the detailed 

models for the rim-driven motor, ABC-150 power processing 
unit and PM1000 power electronic modules are still in an it-
erative state.  The following section provides an overview of 
the process used to extract these models, focusing on the Li-
Ion battery.    

IV. BATTERY MODELING AND REVISION 
While developing the Simulink model for the Li-Ion bat-

tery, basic information about the device electrical characteris-
tics  was known.  The general architecture of the battery was 
known in advance.  The nominal voltage of the battery was 
designed to be about 120 Volts.  To meet this requirement 33 
smaller cells each between 3 and 4 volts were used.  The ca-
pacity of these cells was to be approximately 60 Amp-hours 
(Ah). 

There are many known battery models published in litera-
ture.  For an overview of the different types of models avail-
able refer to [4].  A model proposed in [5] was selected for the 
test-bed due to its capability in modeling the dynamic and 
steady state behavior of the battery and due to its relative sim-
plicity.  The circuit diagram of the model published in [5] is 
shown in Fig. 2.  The battery model is described by two circuit 
diagrams which interact via a nonlinear voltage controlled 
voltage source and a current controlled current source.  The 
first circuit consists of a large capacitor which represents the 
state of charge (SOC) of the battery, while the other circuit 
consists of two RC circuits and a series resistance.  The sec-
ond circuit models the transient behavior and voltage-current 
relationship of the battery.  

 
Fig. 2. Circuit diagram for battery model adapted from [5]. 

 
To implement this model in Simulink an ordinary differen-

tial equation representing the circuit diagram in [5] was de-
rived yielding 
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where RTS and CTS are the resistance and capacitance in the 
short transient RC circuit, RTL and CTL are the resistance and 
capacitance in the long transient RC circuit, CCAP is the ca-
pacitance representing the capacitance of the battery, RS is the 



 

series resistance, g is the non-linear SOC function.  The state 
vector x represents the voltage across CCAP, CTS, and CTL.  The 
input u is the current entering the battery, and the output y is 
the voltage across the battery terminals. 

This equation was then implemented in Simulink using sev-
eral standard Simulink blocks as well as some of the SimPow-
erSystems blocks.  The nonlinear SOC relationship was im-
plemented using a lookup table with a set of 10 values ranging 
from full charge to complete discharge. 

Most of the other test-bed components were modeled using 
the SimPowerSystems blockset, which uses a different style 
connection than is usually used in Simulink.  Because the dif-
ferential equation above was implemented primarily using 
standard Simulink blocks, an interface had to be setup in the 
model to link between the two types of connections.  The bat-
tery model is shown in Fig. 3.  On the right hand side of the 
diagram is the interface, consisting of a current measurement 
block and a voltage source block. 

 
Fig. 3. Simulink model of Li-Ion battery. 

 
The transient behavior, internal non-linear relationship, and 

internal resistance of the Li-Ion battery were initially un-
known.  Therefore the parameters for the Polymer Li-Ion bat-
tery tested in [5] were used as a basis for the model.  However, 
the nominal voltage had to be increased significantly to match 
the battery voltage listed in the specification by scaling the 
internal SOC relationship in the model. 

Shortly after completing the Simulink model of the test-bed, 
the Li-Ion battery arrived at the facility and underwent initial 
testing.  The first available test results were a series of con-
stant resistance full discharges of the battery.  The experimen-
tal data included the current and voltage at the terminals of the 
battery as well as several other values pertaining to individual 
cells, temperature, etc.  These test results were sufficient to 
update the SOC relationship in the model. 

To calculate the state of charge, Equation (2) was used.  The 
integral was approximated at each time step by a simple cu-
mulative sum, the error incurred in doing so was negligible 
considering the large number of data points. 
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vSOC(t) is the internal voltage representing state of charge at 
time t, and i(t) is the current at time t. 

According to the manufacturer, at full charge each cell in 
the battery should measure 4.2 Volts.  However, the test re-
sults showed an initial voltage of 4.09 Volts for each cell.  To 
account for this difference, it was assumed that the test began 
at a 90% state of charge.  Therefore vsoc(0) was set to 0.9 in 
the above equation. 

Once the SOC throughout the test was determined, the 
lookup table could easily be updated by searching through the 
data and referring to the corresponding terminal voltage at 
different SOC points.  The SOC relationship was then com-
puted by accounting for the voltage loss in the resistive ele-
ments of the circuit. 

Fig. 4. and Fig. 5. compare the initial and refined models of 
the battery with respect to the experimental data.  It is clear 
from the figures that updating the model has significantly im-
proved its accuracy. 

 
Fig. 4. Comparison of battery voltage for experimental data and initial and 

refined models. 

 
Fig. 5. Comparison of battery current for experimental data and initial and 

refined models. 



 

V. SUMMARY OF OTHER SYSTEM MODELS 
Each device in the test-bed was simulated individually.  The 

device models and plots of these simulations are briefly re-
viewed below. 

The parameters of the DC-DC converter included the 
switching frequency of the converter, the size of the capacitor 
and inductor, the resistive losses in the inductor, and the pro-
portional and integral gains for the PI controller used to regu-
late the output voltage.  The switches and capacitor in the con-
verter were assumed to be ideal. 

The switching frequency of the actual converter is listed in 
the specification as ranging between 4kHz and 8kHz and 
therefore 4kHz was chosen for the model’s switching fre-
quency.  Based on this value the capacitor and inductor were 
selected to be 226.6 µF and 4.5 mH respectively in order to 
achieve a reasonably small ripple voltage and input ripple cur-
rent.  The inductor was assumed to have a resistive loss of 
0.04 Ω. The proportional and integral gains for the PI control-
ler were selected to be 5 and 0.003 respectively. 

This choice in parameters yielded the following perform-
ance:  5 % ripple voltage, 6 % input ripple current, 0.146s rise 
time, 0.190s settling time, and no overshoot at startup.  Fig. 6. 
shows the boost converter at startup. 

The AC-DC converter used to connect the generator set to 
the DC bus consisted of a three phase rectifier feeding a boost 
converter.  The boost converter parameters were chosen iden-
tical to those above, and Figs. 7. shows the AC-DC converter 
at startup.  

 
Fig. 6. Boost converter output voltage at startup. 

 
Fig. 7 AC-DC converter output voltage at startup. 

The generator set model is shown in Fig. 8.  The generator 
set uses two control loops, one which uses the exciter to regu-
late the output voltage, and one to regulate the frequency.  
Although the electrical parameters of the generator were pro-
vided by the manufacturer the parameters of the excitation 
system and the frequency regulator parameters were estimated 
and will further be refined with additional testing of the diesel 
generator set.  Figs. 9 and 10 show the voltage and frequency 
of the generator at startup. 

 
Fig. 8 Generator set model. 

 
Fig. 9. Generator set stator voltage at startup. 



 

 
Fig. 10. Generator set frequency at startup. 

The rim-driven motor and motor drive models were created 
together.  The parameters of the rim-driven motor are not pub-
licly available, so parameters for the motor were chosen to 
reflect typical permanent magnet motors in the respective 
power range. 

The motor drive for the propulsion motor consists of three 
half bridges supplying each phase of the motor.  The motor 
has a hierarchical control structure.  The main PI controller 
supplies three current references for each phase based on the 
speed and angular position of the motor shaft.  Three sub-
controllers adjust the pulse width of each half bridge control-
ling the output current supplied to the motor. 

The parameters of each of these controllers were chosen to 
allow the motor to operate at rated speed.  The main controller 
consisted of a PI controller which was then modulated for 
each phase.  The modulation consisted of a sinusoidal function 
synchronized with the angular position of the shaft for one 
phase and shifted by 120° for the remaining two phases.  In 
addition this sinusoidal function was offset by a small phase 
angle to compensate for the rise time of the half bridge cir-
cuits.  Fig. 11 shows the effect of this offset. 

While it sufficed to use a PI controller for the main control-
ler, the half bridges required an output-feedback controller.  
The root locus of the half bridge circuits with feedback intro-
duced yielded poles which were either in the right half plane 
or very close to it depending on the feedback gain.  The Mat-
lab SISO Design Toolbox was used to find a compensator 
which led to a more stable system with improved perform-
ance, and typical results are depicted in Figs. 11, 12, and 13. 

VI. OVERALL RESULTS 
The purpose of the test-bed is to have a physical system 

available for use in experiments focusing on integrating multi-
ple sources in a small scale power system.  Therefore, it is 
important to know how the system will behave with either of 
the two power sources connected to the system. 

A stateflow chart was included in the test-bed for future im-

plementation of power management schemes, timed switch-
ing, etc.  The controller modeled in stateflow controls three 
switches placed between the DC bus and each power source as 
well as the motor load.  A simple example chart is shown in 
Fig. 14.  The controller connects the battery to the DC bus via 
one of the switches, waits for the voltage to rise above 410 V 
and then connects the propulsion motor to the DC bus. 

To test the stability and behavior of the overall system the 
simulated test-bed was operated in two different configura-
tions.  One configuration used the generator set as a power 
source, while the other used the Li-Ion battery.  Results show-
ing the bus voltage and the motor speed using the generator set 
source are shown in Figs 15 and 16 while results using the 
battery are shown in Figs 17 and 18.  

VII. CONCLUSION 
Future work in developing the Simulink model includes the 

testing and updating of all the remaining pieces of equipment.  
The generic models can then be replaced in the overall test-
bed model.  Upon completion of the test-bed, the overall 
model can be simulated to verify its accuracy. 
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Fig. 11. Comparison of desired current, reference current, and actual current 

for RSPS motor. 

 
Fig. 12. RSPS DQ0 current  at startup. 

 
Fig. 13. RSPS speed at startup. 

  
Fig. 14.  Stateflow chart. 

 

 
Fig. 15. DC bus voltage at startup for test-bed powered by the generator set. 

 

 
Fig. 16. Motor speed at startup for test-bed powered by the generator set. 



 

 
Fig. 17. DC bus voltage at startup for test-bed powered by the Li-Ion battery. 

 
Fig. 18.  Motor speed at startup for test-bed powerd by the Li-Ion battery. 

 


