State of Charge Optimization for Military
Hybrid Vehicle Microgrids

Denise M. Rizzo
Mechanical Engineering-Engineering Mechanics
Michigan Technological University
Houghton, Michigan 49931
Email: dmrizzo@mtu.edu

Abstract—One of the barriers to fielding a military
hybrid vehicle is the absence of a holistic view of a
vehicle’s energy. This paper introduces the concept
of treating a military vehicle as a microgrid and
utilizing energy optimization methods from stationary
microgrids, namely battery state of charge (SOC) opti-
mization. This analysis illuminates the comprehensive
benefits of military hybrid vehicles with respect to
operational energy, which includes propulsion power,
electric power for government furnished equipment
(GFE), silent watch capability, and vehicle-to-grid
(V2G) mobile energy exchange and storage. V2G
is especially important in a military setting, where
vehicles may be deployed to assist or replace an
energy source, therefore common optimization meth-
ods become increasingly important and advantageous.
It is shown that optimizing SOC can lead to fuel
economy improvements over a drive cycle. In addition,
the optimal SOC profile determination is explored to
allow for expansion and more complex drive cycles.
[Unclassified. Distribution Statement A. Approved for
public release.]

I. INTRODUCTION

Militaries worldwide are interested in realizing the
potential energy savings associated with hybrid ve-
hicles. “Fossil fuel accounts for 30 to 80 percent
of the load in convoys into Afghanistan, bringing
costs as well as risk. While the military buys gas
for just over $1 a gallon, getting that gallon to some
forward operating bases costs $400,” according to
Gen. James T. Conway, the commandant of the
U.S. Marine Corps [1]. In fact, the U.S. Army has
been researching hybrid vehicles since 1943 [2].
However, from observing the literature, it appears
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that the U.S. and other countries are far away from
realizing a hybrid ground vehicle.

There are very few, if any, military hybrid hard-
ware related publications, and many of the papers
overlook some of the basic requirements of mil-
itary ground vehicles, such as 60% grade ability
and fording. Furthermore, a standard or universally
accepted military duty cycle for measuring fuel
economy does not exist nor does the research focus
on a particular technology. A detailed survey of
military hybrid vehicle research to date that details
the challenges and reasoning of why a military
hybrid vehicle has yet to be fielded can be found
in [3].

It is important to note that there are other potential
payoffs associated with military hybrid vehicles.
The first benefit is the ability to idle and possibly
move without the noise and thermal signatures of
an internal combustion engine [2]. Another benefit
is the increased available onboard electrical power;
not only can a hybrid system, such as an engine with
an integrated starter generator, provide more electri-
cal power than the typical alternator, but this power
can be converted, conditioned and delivered in any
form to and from any load. Some examples included
charging the soldier’s battery powered equipment
or delivering power back into an electrical grid.
Additionally, new military vehicles are demanding
an excess of S0kW of electrical power [4], which
can only be provided with an advanced onboard
power unit or a hybrid system. Quantifying these
capabilities from an operational energy standpoint



could help governments understand the benefits of
military hybrid vehicles.

Electric power delivery is especially important to
the U.S. Army, because their reliance on electrical
power is greater than ever and the loss of battlefield
electricity imposes a significant loss of capability
and operational performance [5]. To ensure power
and energy security, as well as reduce overall
energy use, the concept of a microgrid has been
introduced [6], [7]. A microgrid is defined as an
aggregation of consumers and sources operating as
a single system. It can connect to other grids or
be operated as an island. Additionally, emerging
vehicle-to-grid (V2G) technology has been shown
to have the ability to support the microgrid as a
source, but also a storage device for excess en-
ergy [8]. From a military standpoint, there is also an
added benefit of temporary connectivity or network
capability, which could be useful in a temporary
peacekeeping or military operation.

To date, the V2G capability that comes along with
a military hybrid has lacked quantifiable value,
making it difficult to perform a cost / benefit analy-
sis when trade studies are conducted. Additionally,
there are many challenges related to controls and
optimization for hybrid vehicles serving in a V2G
capacity that need to be explored.

This paper will introduce the concept of regarding a
military hybrid vehicle as a microgrid and utilizing
battery state of charge (SOC) optimization to min-
imize energy use in a military scenario. A proof of
concept will show how optimizing SOC over a drive
cycle can reduce fuel usage. The conclusion and
future work will address expandability challenges
and next steps.

II. OBJECTIVE AND SCOPE

The overall objective is to quantify and understand
the complete benefits of a military hybrid vehicle
with respect to operational energy. This includes
taking into account:

o Propulsion power requirements

« Electrical power requirements for government
furnished equipment (GFE)

« Silent watch - defined as the ability to idle and
move without the noise and thermal signatures
of an internal combustion engine

o Mobile energy exchange

« Mobile energy storage

Understanding the operational energy of a military
hybrid allows for a comprehensive, realistic anal-
ysis and therefore the benefit of a military hybrid
vehicle to be fully quantified. Additionally, it would
introduce and explore the novel use of vehicles as
a microgrid that could support a rapid deploying or
temporary microgrid.

An unexplored challenge related to this type of
analysis will be to coordinate the energy use of
the vehicle with stationary microgrids to achieve an
overall efficiency. In addition, a military vehicle is
used in ways that provide unique challenges, e.g.
electrical energy requirements for GFE or idling
for lengthy periods of time. This suggests it is
beneficial to treat a military hybrid vehicle as a
microgrid and utilize energy optimization methods
from stationary microgrids, namely SOC optimiza-
tion. Therefore, the scope of this work will be to
detail a process of determining SOC profiles in
order to optimize energy use in a military relevant
scenario. The next sections will detail this idea
and a proof of concept. The future work for full
realization on a military hybrid vehicle will be
discussed.

III. CONCEPTUAL OVERVIEW

Figure 1 illustrates typical components of a station-
ary microgrid as originally defined by Lasseter in
reference [6]. It is defined by an energy generator,
consumer and storage device. As shown in Figure 1,
a generator can be any technology that can feed
energy to the grid, a consumer is the user of
this energy and the storage device stores excess
energy when available and provides energy when
necessary or optimal. A supervisory control may be
used to oversee the energy transfer, thus ensuring
that all requirements are met in the most efficient



manner possible. Localized control schemes, such
as droop control, can also be used to facilitate power
flow.
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Fig. 1: Overview of a generic stationary microgrid

From a military microgrid perspective, it has been
shown that SOC control and design optimization
can reduce fuel use from 3 to 30%, due to down-
sized generators and control of renewable energy
with a forward looking energy storage strategy [9].
Peters, et al. [10] used model predictive control to
solve the power dispatch problem for a military
microgrid using various prediction horizons. This
work also determined that limitations in batteries
led to energy waste and the design of microgrids
would benefit from more effective control and de-
sign of the battery system. The effect of the battery
resistance was investigated with respect to voltage
and frequency regulation and it was determined that
an effective inverter based control design should de-
pend on both regulation and the direct current (DC)
source characteristics [11]. Lastly, it was illustrated
that a range of plug-in hybrid electric vehicle pene-
tration levels can satisfactorily regulate the voltage
and frequency of a military microgrid [12]. In all of
this work, storage control and design optimization
played a large role.

The concept of a microgrid can be applied on any
scale, e.g. a large city or a single building, therefore
it should also be applicable to a military ground
vehicle as shown in Figure 2. It has a source (typi-
cally an internal combustion engine) and consumer
(i.e. the propulsion requirement or GFE) and storage
(usually a battery of some type). Additionally, it’s
goal is similar to a microgrid — to fulfill power
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requirements in the most efficient manner possible.
Therefore, the supervisory control of the vehicle
would benefit from exploiting methods used to
optimize stationary microgrid performance, namely
the SOC optimization, which has yet to be explored
from a vehicle standpoint.
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Fig. 2: Overview of a vehicle microgrid

This concept becomes increasingly advantageous
when the vehicle has the ability to plug into another
microgrid and either absorb or provide power; this
is described by the term “vehicle-to-grid (V2G)
connectivity.” The vehicle now has multiple sources,
the engine and the microgrid, and multiple con-
sumers, the propulsion requirements and the mi-
crogrid. This capability also allows the military an
added security element to temporarily connect mi-
crogrids via a hybrid vehicle or utilize the vehicles
as the sole source for a microgrid in the event a
source was removed or unable to provide enough
power.

IV. PROOF OF CONCEPT

As introduced earlier, a vehicle treated as a mi-
crogrid can benefit from SOC optimization, which
would not only improve energy efficiency, but also
allow for interconnection strategies for stationary,
rapidly deploying and temporary microgrids. This
interconnectivity would not only improve overall
operational energy usage, but provide added flexi-
bility in a military scenario. This section will detail
the proof of concept showing how SOC optimiza-
tion can decrease fuel usage over a drive cycle in a
hybrid vehicle.



A. Hybrid Model

A state space model defined by equations (1), (2)
and (3) of a Toyota PriusTM hybrid was shown in
[13] and [14], where the inputs were defined as
motor torque, engine torque and generator torque.
The outputs, or states, were defined as the ring
gear or motor speed, which is directly related to
the vehicle speed, the engine speed and the battery
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However, for this analysis, the vehicle duty cycle

or mission profile is known and the goal is to

C= be + MRtirefrg =+

minimize energy use by optimizing SOC. This
can be accomplished by constructing a state space
representation detailed in equations (4), (5) and (6).
For brevity, the A and B matrices are derived from
equations (1), (2) and (3).
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By solving these equations for the engine, motor
and generator torque, the total fuel used over the
cycle can be determined. Therefore, using the time
dervitative of the ring gear and engine speed, which
are derived from the drive cycle, as the input the
resultant engine torque can be used to minimize
fuel consumption over a drive cycle by optimizing
SOC.

B. Optimization Problem

Using the hybrid state space model, the following
optimization problem (7) was constructed using the
fmincon function [15] in MATLAB®.

end
Objective: minimize J = Z f(soc)
t=1
subject to 30 < SOC <100

@)

A drive cycle, shown in Figure 3, which is a plot
of time versus vehicle speed, was used as the basis
for the inputs into the model. The ring gear speed is
directly related to vehicle speed, the engine speed
was determined using a rule based control (strategy
shown in Table I) and the generator speed is a
function of engine speed.



TABLE I: Rule based desired engine speed

Vehicle Speed Engine Speed
Rule No. Range (mph) Setpoint (rpm)
1 0-5 500
2 6-15 900
3 16-30 1500
4 30-55 2000
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Fig. 3: Proof of concept drive cycle

C. Define Optimization Parameters

The first step was to determine fuel usage for the
case of a constant SOC. For this case, only one
SOC level was allowed and a constant SOC of 60%
was determined to be optimal.This case showed that
holding a constant SOC over the input drive cycle
will result in a fuel usage of 9.0247 kg.

The next step was to determine if fuel usage can
be minimized by optimizing more than one SOC
levels. The number of SOC levels and location
of SOC breakpoints were determined by the step
changes in the drive cycle; more specifically, the
number and location of the zero crossing of the
second derivative of the vehicle speed, which is
the location of the drive cycle inflection point.
Once the number of SOC levels and locations were
determined, these values were used to optimize fuel
usage over the drive cycle using fmincon [15] in
MATLAB®.

D. Optimization results

The optimized SOC inputs are shown in Figure 4,
which is a plot of desired SOC levels and subse-
quent rate of change of SOC versus time. These
results depict that the desired SOC is decreasing
as the vehicle is accelerating and increasing as
the vehicle decelerating as expected. These results
show a total fuel usage of 8.7952 kg over the
drive cycle, which is less than the fuel used for
constant SOC case. This illustrates that optimizing
SOC over a drive cycle can result in reduced energy
consumption by 2.5%.
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Fig. 4: Optimized SOC inputs

V. CONCLUSION AND FUTURE WORK

The full advantage of a military hybrid vehicle has
yet to quantified, especially related to microgrids
and V2G capability. A military hybrid vehicle can
provide support to a rapidly deploying or temporary
grid. It could also be the sole source of a stationary
grid in the event that the source was not able to
meet the demand or if it was removed.

This paper introduced the concept of regarding a
military hybrid vehicle as a micorgrid and utilized
stationary microgrid control methods, namely SOC
optimization. It was shown through a proof of con-
cept that fuel usage can be minimized by optimizing
SOC on a hybrid vehicle over a duty cycle.



While the drive cycle used thus far was justifiable
for a proof of concept investigation, it does not
represent a realistic military drive cycle. Therefore,
the next step will be to integrate a mission profile.
Determining the number of necessary SOC levels
and the locations of the SOC break points will
become increasingly complex with this type of drive
cycle. In addition, rule based engine speed determi-
nation could also prove to be challenging

The next step is to explore methods of reduced
order optimization. The first is proper orthogo-
nal decomposition (POD), also known as principle
components analysis, single value decomposition or
Karhunen-Loeve transform, dates back to the 1940s
for continuous systems [16] and is known for creat-
ing a compact representations of complex systems.
The second methodology that will be explored is
Volterra series, which is a multidimensional combi-
nation of a linear convolution and a nonlinear power
series [17].
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