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Abstract— Several technical power system architectures are
being evaluated for the Navy’s next generation all-electric
warship. One concept being considered includes a scheme to
power both port and starboard busses from a single generator
with dual-windings. This approach offers redundancy and reduces
the effects of prime mover light loading, but it inherently couples
the two busses through the common generator. In this work,
dynamic issues of galvanic and electro-mechanical coupling of
power systems through a single dual-wound generator are
discussed. Previous works focused on harmonics and galvanic
coupling. Herein, focus is placed on average-value modeling of the
galvanic coupling and on evaluation for fault response.
Conclusions are presented from analysis, simulation, and
experimental results.
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L. INTRODUCTION

The primary purpose of a dual-wound machine is to supply
multiple power systems from a single compact generator [1].
Several different winding strategies and applications can be
applied to dual wound machines [1]-[3]. This can even include
using two sets of windings with different frequencies to supply
a high powered propulsion load as well as a lower powered
service load [1], but should also allow for redundant systems
where one generator can be used to supply power for both port
and starboard busses [4]. Dual wound machines can also allow
for a single machine to operate in both generation and motoring
modes at the same time [2]. In some instantiations, this can
allow for some simplification of power electronics and enables
a connected battery to charge or discharge to one set of
windings while the other set of windings is always used to
provide power to electrical devices on the system [2]. Dual
wound machines can also provide better power quality by
tighter regulation of stator MMF [3]. In all the above cases, the
machine windings are made to minimize flux linkages between
the phases of different winding sets and their construction can
be very different from traditional strategies.

The primary engineering challenge with dual wound
machines is managing the galvanic and electromechanical
coupling of the two circuits. Specifically, since the phase
currents of both circuits contribute to flux linkage and torque,
the loading of one circuit may couple to the other through the
stator flux (galvanic) and/or through transient effects on
mechanical speed (electro-mechanical). While the electro-
mechanical coupling is somewhat intuitive and easily modeled,
the galvanic coupling is more challenging. In this work, a 2-zone

power system with dual-wound machine was modeled and
evaluated in simulation for several fault scenarios. In particular,
an average-value model was developed through extension of the
approach laid out in [5]-[7], to capture the coupling between
phases under different loading conditions. In addition, a scaled
version of the system was evaluated in a laboratory-scale
testbed.

The next section describes the 2-zone power system under
evaluation and presents the models used for the key components.
Section III provides simulation results for faulted and unfaulted
scenarios. A scaled version of the system was evaluated in
hardware on the Secure Scalable Microgrid Testbed (SSMTB)
[8] and compared to simulation results; the system and results
are described in Sections IV and V. Finally, conclusions and
future work are described in Section V1.

II.  TWO-ZONE POWER SYSTEM WITH DUAL WOUND
GENERATOR

In this work, a two-zone power system, wherein both zones
are supplied by a single generator, is evaluated; see Fig. 1. The
system includes a 10 kW rated gas-turbine generator with speed
governor, a dual-wound permanent magnet synchronous
machine (PMSM) , two passive rectifiers with LC output filters,
switch gear, and variable resistive loads. Herein, two variations
of the dual-wound machine are considered, including a
symmetrical dual-wound PMSM (SDW-PMSM) and an
asymmetrical dual-wound machine (ADW-PMSM).

It is noted that a larger scale system would likely include a
synchronous machine with field winding and excitation system
as well as active rectifiers; herein, the focus is on a system that
is consistent with Sandia’s SSMTB. The principal component
models are described further in this section.

A. Gas Turbine Engine
The model for the gas turbine engine was derived from [9]
and [10], which simplifies the system based on an empirical
analysis of power flow. According to the derivation of [9], the
model takes the form:
Pj:uel = (6 + CrWpm + Cswgm + C9(‘)1§m)ufuel + (c10 +
C11Wpm + C120Fm + C1305,) (1 — Upyer) (1)
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Figure 1: Illustration of Two Power Systems Supplied by a Single Generator
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where Pf,,; and Ppy, are the commanded and actual fuel
power, Pyomp and P, 3 are the power at the compressor and
output shaft, s, is the normalized control input between 0
and 1, M4, is the maximum rate of change of fuel power, T¢,,,
is the time constant of the fuel rate, and 7, is the efficiency of
X.

The parameters c; through cs are based on a surface
mapping of the relationship between steady state output power,
steady state fuel power, and steady state speed. Parameters k&,
through ks are based on c, through c¢s, Tcomp, and the
efficiencies of the compressor, combustor, turbine, and
extraction. The parameters cg through c¢;3 determine
polynomial fits to the minimum and maximum fuel power as
functions of speed.

The output torque of the turbine, Ty, can be determined
by dividing the turbine output power by the shaft speed:

P
Tturb - Miu:nb (6)

The turbine speed is controlled through the use of a standard
proportional + integral (PI) feedback control based governor.
The control adjusts the mass flow rate of fuel in response to
turbine speed error.

ufuel(t) :KP(w:m rm(t))+ K[J‘( Drm _a)rm(t)yt (7)

where Kp and K, are the proportional and integral coefficients
respectively and are provided in Table 1.

B. Dual wound generator

For a round rotor permanent magnet machine with 6 phases,
a reference frame transform can be constructed by considering
the two 3-phase sets separately, with one referenced to the rotor
position €, and one offset by an angle £ as follows:
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where [ denotes the pitch angle between the abc and xyz set of
windings. The generator model is adjustable to run with offsets
of 60° or 30° between the abc- and xyz-phases of the generator,
termed symmetrical and asymmetrical respectively. The
machine equations in this reference frame can be written as:

vgsabc %lqsab + wrldsabc + plqsabc (10)
vgsxyz = Slqsxyz + wrldsxyz + plqsxyz (1 1)
vésabc = rsljésab wrlqsabc + pldsabc (12)
Vasyy, = Tsldsyy, — wr/lqsxyz + pldsxyz (13)
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Figure 2: Electrical schematic of generator, rectifier, LC filter, and loads

where fos ., fas,pe» a0d fos,,, denote the variable f from the
abc set of phases in the gd0-axis and quxyz, fdsxyz’ and fOSxyz
denote the variable f from the xyz set of phases in the gd0-axis.

The electromagnetic torque may be expressed in the gd-axis
as [11],[12]:

3P, /. .
Terec = E;Am (lgsabc + lgsxyz) (22)

wherein P is the number of poles, is g-axis current

T

lqsabc

associated with the abc set of phases, iy, is the g-axis current
xXyz

associated with the xyz set of phases, and 15, is the flux linkage

contributed by the permanent magnet.

C. Average-value rectifier model

Since the system involves both an electrical response and a
mechanical response, it is helpful to develop an average-value
model (AVM) for the rectifier in order to reduce computational
load. The AVM used is based on [6]-[8] which takes a detailed
switch level model of the rectifier and processes the response
to a continuously changing load. The results of this detailed
simulation are then used to determine relationships between the
DC variables and AC variables. Herein, the method is adapted
to include two electrical 3-phase windings and two rectifiers.

In general, the model for a single rectifier can be
parameterized for the fast average values around a dynamic
impedance relating the output voltage, v,, to the magnitude of
the input currents, ||qu5||

7=
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(23)

Algebraic estimations can be formulated for the remaining
variables based on parameterization around the dynamic
impedance:

24
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where a(z), B(z), and ¢(z) are look-up tables based on the
results from the detailed simulation.

In a system with two rectifiers connected through a single
dual wound synchronous generator, the behavior of one
rectifier will have a dynamic effect on the performance of the
other. Therefore, the parameterizations need to take the
dynamic impedance of both rectifiers into account. Herein, this
is accomplished using expressions:

(26)
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These equations are different from those used in [8] due to the
necessity of supplying two independent loads requiring
separate ¢g- and d-currents for each phase set.

III.  SIMULATION MODEL

To evaluate the dynamics, simulation models were
generated in Matlab that include the dual wound generator as



well as the gas turbine prime mover, a passive diode rectifier
with LC output filter, and step-wise resistive load. The gas
turbine generator was incorporated into the simulation using the
empirically derived model found in [9]. The machine model
was implemented using a Matlab ordinary differential equation
(ODE) solver for equations 10-22. The rectifier was modeled
both as a detailed switch model and using the AVM method
described in Section II. A more detailed schematic is shown in
Fig. 2, and Table 1 provides values used in the model. For the
sake of brevity, the GTG parameters ci-c13 and ki-k¢ are omitted
here, but were scaled from values available in [9].

Table 1: System parameters

Parameter Symbol Value Units

Governor Integral Coeff. K, 0.0195 Watt/rad
Governor Proportional Coeff. Kp 0.0234  Watt x sec/rad
GTG rotor inertia J 0.63264 kg x m?
Machine phase resistance rg 0.276 Q
Machine magnetizing inductance L, 3.50E-02 mH
Machine leakage inductance Ly 0.02 mH
Permanent Magnet Flux Linkage A 0.0703 volt-sec
Rectifier LC filter inductance L 8 mH
Rectifier LC filter inductor ESR T 0.22 Q
Rectifier LC filter capacitance C 1 mF
Rectifier LC filter damping capacitance C, 7 mF
Rectifier LC damping resistance ra 0.86 Q

Calibration of the AVM model required several simulations
be done first using the detailed model. Fig. 3 shows a
comparison between the responses of the detailed model and
the average-value model to a step change in load on the abc-
side of the generator. The AVM remains a close match even on
the unchanged side of the generator.

400 60
< < 40
& ‘—/-— = 20“
0 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
200 40

-100 20
0 0.05 0.1 0.156 0.2 0 0.05 0.1 0.15 0.2
-11
1710 20
<. T
I3 Detailed Model 5 0
5‘" -1 - ——Fast Average g“
- AVM -
-2 - - -20 — -
0 0.05 0.1 0.156 0.2 0 0.05 0.1 0.15 0.2
t (sec) t(sec)

Figure 3 Comparison between detailed model and AVM for a low impedance
fault of 1 Q at 0.05 seconds

IV. SIMULATION RESULTS

The AVM system models for both SDW-PMSM and ADW-
PMSM configurations were simulated for a fault scenario
representing a DC fault followed by an opening of an AC

breaker. The simulation was run for 5 seconds with a short
circuit fault occurring on the DC side of the xyz phase set at t =
0.05 seconds. The AC side of the xyz phase set was then open
circuited at = 0.15 seconds to clear the fault. These results are
shown in Fig. 4. From the results it can be seen that over short
timescales the galvanic coupling between windings does result
in a response on the unfaulted winding set when a fault is placed
on the other winding set.

Over longer time scales, the electromechanical coupling
becomes a more important factor. Even after the breaker has
opened, it takes some time for the speed governor to correct for
the lost speed. The results show that there is very little
difference in the performance of the 30° and 60° systems on the
DC side. The DC voltage is 137 V at steady state when the fault
occurs, but drops to 117 V during the fault and overshoots to
150 V after the breaker opens. This represents a 14.6%
maximum deviation from the steady state value on the
unfaulted side of the machine. This is a very large deviation and
could exceed tolerances of the system. This problem could be
solved with faster fault sensing and a faster breaker system.

V. LABORATORY SCALE ELECTRIC SHIP REPRESENTATION

The dynamic response was evaluated in hardware using the
Secure Scalable Microgrid Test Bed (SSMTB). This section
provides an overview of the testbed components used for the
dual-wound generator experiment and presents the hardware
results.

A. Microgrid Testbed Description

The SSMTB was developed to validate controls for
networked microgrids [8] and was later configured to represent
an all-electric ship power system with multiple busses (or zones)
[13],[14]. The testbed includes three microgrid systems, a
central bus cabinet for connecting components and microgrids,
control computers, a data acquisition system, and a graphical
user interface. The testbed is designed to operate at voltages up
to 400 V dc; primary components include: several PMSM
generators (6.5-10.0 kW), several 5 kW rated energy storage
emulators, commercial motor drives with custom controls to
emulate different rotational generators, and high-power digital
resistors (0-6.7 kW), among other components. In addition, a
master control console scripts the experiments with designated
source and load profiles to ensure that experiments with highly
variable sources and loads are run exactly the same each time.
The laboratory layout is pictured in Fig. 5, along with some key
components used in this work; these include the passive rectifier
and digital resistor.

In addition, for this work, the SSMTB’s electromechanical
emulator [15]-[17] was modified to mimic the dynamics of a
GTG with governor. The GTG model matches closely the one
developed in [9], but scaled down as described in Section III. A
custom 10 kW rated Georator [18] generator was developed,
installed, and configured to act as a SDW-PMSM; see Fig. 6.
The next subsection describes an experiment to validate the
simulation model described in Sections II and III.
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Microgrid #1 . .
Microgrid #3 Microgrid #2 ,
o - pge]

Figure 5: Photos of (top) the microgrid testbed including three interconnectable microgrids and select components including (bottom

left) passive rectifier with LC output filter, and (bottom right) 6.7 kW digital resistor.



B. Variable Loading Experiment

An experiment was run with the generator commanded to a
speed of 850 rpm and the resistive loads on each bus were
varied in both steps and ramps between 50 Q and 27.8 Q over
a 120 second profile. The load profiles are shown below in Fig.
7. The load profile is displayed this way since it gives a more
intuitive depiction of loading since it is approximately
proportional to load current.

A screenshot of the master control graphical interface
following an experiment with the above load profile is shown
in Fig. 8.
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The experimental results and simulated results are compared
in Fig. 9. The graph shows the measured data, a fast average of
the measured data, and the results from a simulation of the
system using the same operating conditions and load profile.
The model correlates to the measured data well with little error.
The simulated speed response is shown in Fig. 10. The
simulated speed response matches the experimental response
shown in Fig. 8. Table 2 quantifies the simulation and
experimental results given the same scenario. Therein, the RMS
error and Spearman correlation coefficient are also computed
for the simulated and hardware results of each bus. The
simulated data shows a high degree of correlation with the
measured data as shown by Spearman coefficients close to 1.
Additionally, RMS error is less than 1.05% of the mean.
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Table 2: Comparison of Simulation and Hardware results
(abc bus quantities appear above xyz bus quantities)

Metric Simulation | Hardware Units
140.72 141.22
Max bus voltages 121.08 120,92 Volts
. 131.59 129.78
Min bus voltages 3187 12970 Volts
Mean bus 135.83 135.13 Volt
voltages 136.56 135.12 O
.. 3.60 4.50 0
Max deviations 343 230 %
Spearman 0.9425 i
Coefficient 0.8809
0.9609
RMS errors 14295 Volts

VI. SUMMARY AND FUTURE WORK

In this paper, an analysis of the dynamics of a power system
with dual-wound generator was performed. Both a detailed and
an average-value model of a laboratory-scale system was
developed; this model included an empirical gas turbine model,
detailed models of a six-phase synchronous machine, and an
average value modelled rectifier that was developed through
parameterization of a detailed simulation of the system. The
system was replicated in hardware and used to validate the
results of the model. The model was then used to analyze the
system response under fault conditions.

Future work will focus on modeling and simulating larger
MW-scale power systems supplied by a dual wound machine.
Model enhancements will be made to more closely replicate a
practical shipboard system, including the addition of an
excitation system and active rectifiers to the generator as well
as the use of more representative load models. In addition,
hardware experiments using an asymmetrical dual-wound
machine configuration will be done to validate asymmetrical
machine models and to further explore differences in
performance between the different machine configurations.
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