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Abstract

Operating vehicles in extremely cold environments is a significant problem
for not only the public but also the military. The Department of Defense
has encountered issues when trying to reliably cold start large, heavy-duty
military vehicles, specifically the M1126 Stryker Combat Vehicle, in cold
regions. As noted in previous work, the issue stems from the current bat-
tery technology’s limited temperature range. This current project utilized
the protocol established in the previous phase to evaluate next-generation
lithium-ion battery technologies for use in cold regions. Selected battery
technologies met necessary military specifications for use in large military
combat vehicles and were evaluated using a mechanical load system devel-
oped in previous work to simulate the starting of a Stryker engine. This
work also evaluated the performance of the existing battery technology of
a Stryker under Alaskan winter temperatures, which will verify the accu-
racy of the simulated cold room testing on the mechanical load system.
The results of the tests showed that while the system was able to reliably
operate down to —20°C, the battery management system encountered
challenges at the lower end of the temperature range. This technology has
a potential to reliably support cold regions operations but needs further
evaluation.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

Operating vehicles and machinery in extremely cold environments is a sig-
nificant problem for not only the public but also the military. The DoD has
encountered many issues when trying to reliably cold start large, heavy-
duty military vehicles in cold regions. One system specifically challenged
by low temperatures is the M1126 Stryker Combat Vehicle. The US Army
Alaska 1-25th Stryker Brigade Combat Team (SBCT; Figure 1) stationed at
Fort Wainwright, Alaska, has concerns regarding their current battery and
starter system and its ability to operate when exposed to the low tempera-
tures experienced in this location.

Figure 1. The 1-25th Stryker Brigade Combat Team in Fort Wainwright, Alaska.
(Image reproduced from US Army Alaska 2020. Public domain.).

As noted in previous work (Trubac et al. 2022), the issue stems from the
current battery technology’s limited temperature range. Lead-acid batteries
are the most common chemistry used in vehicles; however, they are severely
impacted by decreasing temperatures. To mitigate this issue and improve
the reliability of cold starting Strykers, a team at the US Army Engineer Re-
search and Development Center’s Cold Regions Research and Engineering
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1.2

1.3

1.4

Laboratory (ERDC-CRREL) investigated next-generation lithium-ion bat-
tery technologies and temperature’s effect on their performance.

Objective

The objective for this project was to evaluate next-generation lithium-ion
vehicle-battery technologies under extreme cold conditions to gain an un-
derstanding of the batteries’ performances with respect to temperature.
The goal was to compare performance of these battery technologies to the
currently used ultracapacitor engine start module (evaluated in a previous
project) and to identify any improvements made by certain technologies.
In addition, this work evaluated the performance of the existing lead-acid
battery system of the Stryker for comparison. This was to verify the accu-
racy of the CREEL battery test equipment and to identify whether the
next-generation lithium-ion batteries showed any improvements over the
lead-acid batteries.

Approach

This work was accomplished by a team at CRREL due to the member’s ex-
perience and prior research efforts related to this work. Leveraging exist-
ing cold facilities and battery-evaluation equipment, the team set up the
necessary instrumentation and collected data on battery performance
throughout the project. In addition to analyzing the results and document-
ing the findings, team members traveled to Fort Wainwright to communi-
cate with the 1-25th SBCT and to gain information on the operation of the
existing Stryker battery system in real-world cold conditions.

Impact to the Army

The US military has a large investment in the cold regions of the US, with
21,407 active-duty military personnel stationed in Alaska, of which the
Army makes up 51% (Alaska Department of Labor and Workforce Devel-
opment 2020). Figure 2 shows the distribution of military personnel by
branch. The unique conditions experienced in the nation’s cold regions
lead to many operational and technical challenges.
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Figure 2. Active-duty military population in
Alaska by branch in 2019. (Image reproduced
with permission from Alaska Department of
Labor and Workforce Development 2020).
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10%
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An installation’s ability to reliably start its vehicles is imperative to emer-
gency response and mission success. Investigating and identifying im-
provements to Army vehicle cold-start capabilities ensure that personnel
will be prepared no matter the conditions. As stated in Trubac et al.
(2022), improving cold-start capabilities will eliminate the need to remove
batteries from the vehicle to warm and the need to leave the vehicle run-
ning, saving both time and effort. This also prevents the risk of prolonged
exposure of personnel to extreme temperatures and limits the fuel needed
and the exhaust produced while the vehicle is idling.

This work is intended to provide guidance on the optimal battery technol-
ogy for use in military vehicles in cold regions; however, the results ob-
tained from this study have the potential to also inform nonmilitary efforts
related to battery and vehicle use in cold environments.
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2.1

Technology Review

Current technology

There are many varieties of batteries, and the differences come down to
the materials used in production and how the battery was constructed.
Batteries are usually grouped together according to the main constituents,
such as lead-acid or lithium-ion, but there are many varieties within those
groups. In addition to that, there are other energy storage technologies
that have potential for use in vehicles, such as ultracapacitors. The follow-
ing sections discuss some of the different available technologies.

2.1.1 Lead-acid batteries

Lead-acid batteries, like all batteries, rely on a chemical process. They are
made of lead-based electrodes that are separated by a liquid electrolyte.
The electrolyte is a blended solution of sulfuric acid (Bukhari 2015). In
general, lead-acid batteries are outperformed in most categories by lith-
ium-ion batteries, which have a higher power density, energy density, and
lifespan (Bukhari 2015). Still, manufacturing costs are significantly lower
than for other chemistries, ranging from several hundred to several thou-
sand dollars cheaper than lithium-ion batteries. This has allowed lead-acid
batteries to keep a share of the market (Hutchinson 2004).

2.1.2 Ultracapacitors

Ultracapacitors are like batteries in the sense that they are composed of a
positive and a negative electrode and store energy by placing a positive
charge on one electrode and a negative charge on the other. However, the
two electrodes of an ultracapacitor are separated by a porous separator,
usually made of carbon or graphite (shown in Figure 3), as opposed to be-
ing immersed in an electrolyte (Berrueta et al. 2019).
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Figure 3 . Schematic of an ultracapacitor.
-
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Trubac et al. (2022) investigated ultracapacitors to assist starting military
vehicles. The Maxwell 24 V* heavy-duty engine start module (ESM) is a
technology composed of several cells of ultracapacitors that could be in-
stalled in the starter system of a large, heavy-duty vehicle to improve the
vehicle’s ability to start at extreme low temperatures (Figure 4).

Figure 4. Maxwell Technology’s 24 V heavy-duty
ultracapacitor engine start module.

During testing, Trubac et al. (2022) determined that, while this technology
was able to start a simulated Stryker engine at temperatures down to

* For a full list of the spelled-out forms of the units of measure used in this document and their con-
versions, please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 248-252 and 345-347, https://www.govinfo.gov/content/pkg/GPO-
STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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2.2

—-40°C, the ultracapacitor ESM was suited only for starting the engine. Be-
cause of the technology’s low energy density, the ultracapacitor ESM is not
designed to support any sustained auxiliary load, such as additional sen-
sors or equipment.

Lithium-ion batteries

Lithium-ion is a classification of batteries that are made with metal lith-
ium. This material classification is used to distinguish them from lead-acid
batteries. There are many different active materials used to create different
lithium-ion chemistries. The term lithium-ion actually encompasses sev-
eral different individual battery chemistries. While they all share similar
characteristics, each chemistry has different applications and limitations.
For example, some chemistries are better suited for operation in cold con-
ditions, and some are less expensive.

2.2.1 Lithium-ion battery chemistries
2.2.1.1 Lithium cobalt oxide (LiCoO2)

One of the most common lithium-ions is lithium cobalt oxide (LiCoO-),
LCO. As the name suggests, cobalt is the active material, where lithium
ions are sandwiched between anionic sheets of cobalt and oxygen (Shao-
Horn 2003). This type of chemistry, or blended variations of it, has been at
the top of the market for years due to high energy density, ease of manu-
facturing, and low maintenance required. However, it comes with some
significant disadvantages. Cobalt has a high financial cost and also comes
with certain human rights costs associated with the mining. Although LCO
has a very high energy density, it is fairly limited in power density (Univer-
sity of Texas at Austin 2020). It is great for lower-current applications,
such as cell phones, computers, and cameras; but it is not ideal for high-
current applications, such as starter batteries, portable power tools, and
unmanned aerial vehicles.

2.2.1.2 Lithium titanate (Li2TiO3)

Lithium titanate (Li-TiO3) batteries differ from other lithium-ion batteries
by replacing a carbon anode with lithium titanate (Wang et al. 2017). The
cathode can be made of lithium manganese oxide or lithium manganese
cobalt. These batteries are known for high thermal stability, high charge
and discharge rates, safety, and endurance. However, lithium titanate bat-
teries have a low nominal voltage (2.4 V) and low specific energy (30—
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100 Wh/kg) with respect to other batteries (Cowie 2015). Typically, these
batteries can be found in uninterruptable power supplies; electric power
trains; solar streetlights; and, recently, mobile medical devices (Battery
University 2021; Cowie 2015). With the high cost of the materials needed
for construction (titanium and cobalt), lithium titanate batteries are at an-
other disadvantage compared to other chemistries.

2.2.1.3 Lithium iron phosphate (LiFePO4)

Lithium iron phosphate (LiFePO,) batteries consist of an electrolyte me-
dium, a carbon anode, and a lithium iron phosphate cathode. A single bat-
tery cell nominal voltage measures 3.2 V. This specific cathode material
provides energy densities greater than 175 Wh/kg in addition to safety and
durability (Li and Ma 2019). Furthermore, LiFePO, stays stable over large
ranges of temperatures and cycles, increasing its popularity for electric ve-
hicles and electric grid storage (Satyavani et al. 2016). Additionally, the
four-cell lithium iron phosphate battery provides a convenient replace-
ment for the lead-acid battery since the lithium iron phosphate battery has
a nominal voltage of 12.4 V (Lam 2020). Since the battery does not use ex-
pensive materials like nickel or cobalt, the battery prices are lower than
other lithium-ion batteries (Li and Ma 2019). One disadvantage of lithium
iron phosphate is low electrical conductivity (~10-9to 10-° S cm~) com-
pared to LCO (~10-3to 104 S cm~1). This battery property decreases the
charge and discharge rate capacity, but several advances have been made
to electrical conductivity in recent years (Satyavani et al. 2016).

2.2.1.4 Lithium mixed metal oxides

Other less prominent lithium-ion battery chemistries include lithium
mixed metal oxide batteries. Mixed metal oxide batteries encompass sev-
eral chemistries that vary depending on the composition of the metals
used in the battery. For example, two slight variations of LCO have re-
cently gained popularity—lithium nickel manganese cobalt oxide and lith-
ium nickel cobalt aluminum oxide. They retain many of the benefits of
LCO while reducing the amount of cobalt used and improving battery per-
formance (University of Texas at Austin 2020). The specific application of
each chemistry varies as each technology is at a different stage of develop-
ment, but many of these mixed metal batteries have the potential to be uti-
lized in vehicles in the future.
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2.3

2.4

Battery cold performance challenges

Temperature extremes pose many challenges for batteries. The optimum
operating temperature for lead-acid batteries is 25°C (Hutchinson 2004).
All batteries store energy by taking advantage of an electrochemical reac-
tion to produce the electric potential. This is different from an ultracapaci-
tor, which stores energy physically as a surface charge, electrostatically
(Liu et al. 2009). Temperature greatly affects these chemical reactions.
Higher temperature extremes will excite the electrons, increasing the con-
ductivity. This increases the capacity of the battery, which in turn signifi-
cantly decreases the overall life. Low-temperature extremes have the
opposite effect, where electrons are excited less than expected. This de-
crease in conductivity increases the internal resistance of the battery. The
increase in resistance limits the amount of energy that can be extracted,
thus decreasing the overall capacity of the battery (Jaguemont et al. 2015).
This decreased capacity as a function of temperature is not linear. For
lead-acid batteries, using a common discharge rate of 0.10°C, battery ca-
pacity drops to approximately 80% at 0°C, 60% at —20°C, and 30% at
—40°C (Hutchinsion 2004). Because all batteries rely on chemical reac-
tions, they all suffer degradation when operating in a cold environment.
However, cold does not affect all chemistries to the same degree. Low-tem-
perature extremes do affect the performance of lithium-ion batteries but at
a significantly lower rate than for lead-acid batteries. At a temperature of
—-10°C, lithium-ion batteries provided 5.2 and 8.5 times the capacity of
lead-acid batteries at a discharge rate of 30 A and 50 A respectively (Battle
Born Batteries 2020).

MIL-PRF-32565B performance specification

The military creates standardization for nearly every item it uses. This is to
ensure all similar parts are built with interchangeable tolerances and can
be safely used for many different military applications. This is especially
useful for emergency field repairs at forward operating bases.

For this particular research, the CRREL team used a Stryker vehicle as a
base. These vehicles require the physical size of the battery to be a 6T
standard as specified in STANAG 2601 (NATO 2017).

For the military to use a 6T-sized, rechargeable, lithium battery in a vehicle
power system, they ensure the battery is built in such a way to achieve the
characteristics described in the MIL-PRF-32565B performance document
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(TARDEC 2019). MIL-PRF-32565B includes environmental, electrical, and
mechanical attributes and references other documentation for any specific
callouts required during fabrication, such as types of plastics, metals, and
any special compatibility issues to nearby devices installed in the vehicle.
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3.1

Methodology

The purpose of this work was to collect data on the performance of next-
generation lithium-ion battery technologies for military vehicles, specifi-
cally the Stryker Combat Vehicle. The Stryker is the test case used in this
work; however, platforms with similar requirements could use the technol-
ogies evaluated by these tests. The tests intended to replicate realistic cold-
crank starting conditions of a large heavy-duty vehicle, based on MIL-PRF-
32565B for 6T military lithium-ion batteries, outlined in Section 2.4 (TAR-
DEC 2019). The batteries selected for testing were evaluated across the
specified temperature range (Table 1) determined in Trubac et al. (2022).

Table 1. Selected
temperatures for testing.

Temperature Range
28°C
18°C
0°C
-10°C
-20°C
-30°C
-40°C

This work aimed to identify changes in the batteries’ performance accord-
ing to temperature. By monitoring the variations in the voltage of the bat-
teries as they were tested on the simulated load, the goal was to investigate
if the cold negatively affects the ability of each battery to successfully start
a Stryker engine.

Test battery selection

Before performing the tests, the team had to select the batteries to use.
The batteries chosen for testing had to fulfill several requirements for the
conditions the tests were emulating. Because the testing was to simulate
cold starting a Stryker, the batteries had to meet the vehicle requirements
for use in a Stryker, which the following sections outline.
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3.1.1 Battery requirements
3.1.1.1 6T batteries

Batteries used in military vehicles have specific requirements. These vehi-
cles require the physical size of the battery to be a 6T standard as specified
in STANAG 2601 (NATO 2017). A 6T battery can be a lead-acid chemistry
or a lithium-ion chemistry if it meets the NATO specifications. This was
the minimum requirement for the batteries used in this work—they must
fall within the 6T category for batteries.

3.1.1.2 MIL-PRF-32565B Batteries

As stated in Section 2.4, MIL-PRF-32565B contains “general requirements
for secondary (rechargeable) nominal 24 volt lithium-ion (Li-ion) batteries
having the 6T form factor in accordance with STANAG 4015” (STANAG
2601 [NATO 2017] replaced STANAG 4015; TARDEC 2019, 1). Batteries
that meet these requirements are intended to be used as power sources for
automotive starting, lighting, ignition, and auxiliary electronics. For the
purposes of this work, this specification acted as a stricter set of character-
istics that the lithium-ion batteries used for testing had to meet. While the
batteries used in this work were required to meet all MIL-PRF-32565B
specifications, there were several key characteristics that were critical for
these tests. Table 2 shows the specific size and weight requirements for the
batteries used. Figure 5 and Figure 6 give more details on the required di-
mensions of the batteries.

In addition to the size requirements, the operating temperature range was
important for these particular tests. Because the purpose of this work was
to characterize the battery’s performance when exposed to low tempera-
tures, it was critical that the batteries used for testing met the MIL-PRF-
32565B requirement for operating temperatures of —46°C to 71°C.

Table 2. The 6T battery weight
and size requirements
(TARDEC 2019).

Characteristic Values
Maximum Weight|30 kg
Maximum Width |266 £ 3 mm
Maximum Length|283 £ 3 mm
Maximum Height |230 mm




ERDC/CRREL TR-22-23

Figure 5. Top-view battery dimensions. (Image reproduced from
TARDEC 2019. Public domain.)
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Figure 6. Side-view battery dimensions. (Image reproduced from
TARDEC 2019. Public domain.)
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Because the testing investigated the battery’s ability to cold start a Stryker,
the requirements for cold-cranking amps (CCA) is also an important pa-
rameter to note (Table 3).
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Table 3. Cold-cranking amp (CCA)
requirements for Type 1-A 6T lithium-
ion batteries (TARDEC 2019).

Temperature | CCA (No Preheating)
55°C 1100 A for 30 sec
-18°C 600 A for 30 sec
-32°C 300 A for 30 sec
-40°C 200 A for 30 sec

The battery selected for testing met all these requirements and was ob-
tained from the manufacturer via a solicitation based on its compliance
with MIL-PRF-32565B.

3.1.2 Bren-Tronics Inc. battery

The battery selected for testing was acquired through an open-source gov-
ernment solicitation for technologies that met the requirements of MIL-
PRF-32565B. The battery technology evaluated in this work was the Bren-
ergy BT-70939M-TPA/-TPB: 6T 24 V High-Power Li-Ion Battery manu-
factured by Bren-Tronics Inc. (Figure 7).

Figure 7. Bren-Tronics 24 V Brenergy
lithium-ion battery.
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3.2

Test Setup
3.2.1 CRREL cold room testing

Tests used a preestablished mechanical and electrical circuit configuration

that contained a simulated load equivalent to a Stryker crank (Trubac et al.

2022), shown in Figure 8. The simulated load system was also instru-
mented with several sensors to monitor voltage, current, temperature,
torque applied to the system, and rotational speed of components.

Figure 8. Mechanical load system in a CRREL cold room with the test
battery connected.

The entire test setup was installed in cold room CBx-21 to simulate the
continuous cold soak conditions that the Stryker will experience in cold re-
gions operations. All additional data collection equipment was set up out-
side the cold room. The same equipment and data collection devices from
the previous work were used during these tests, only the lithium-ion bat-
teries replaced the ultracapacitor ESM. Appropriate battery chargers were
also used to recharge the batteries at ambient room temperature after
completion of each temperature test.

With the lessons learned from the previous work with the ultracapacitor
ESM, the team more closely monitored the mechanical brake system used
to apply the appropriate torque to the load system and adjusted it prior to
the second round of testing. This verified that the load system was consist-
ently set to the correct torque value for each test, ensuring that the load
simulation was an accurate representation of a Stryker engine.
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3.2.2 Alaska field testing

For the field-testing component of this work, the CRREL team developed a
portable data acquisition (DAQ) system for monitoring vehicle battery per-
formance. This DAQ system was designed to collect data on various bat-
tery systems for many different purposes.

The DAQ was used in this work to evaluate the 12 V lead-acid Hawker bat-
teries that were installed in the Stryker during the experiment.

3.2.2.1 Data acquisition

The DAQ system needed to synchronously record battery temperature, am-
bient temperature, battery voltage and battery current for two 24 V batteries
at low temperatures. The minimum requirements were three thermocouple
temperature measurements and four analog voltage measurements: two
measurements for voltage and two measurements for current. As the scope
of the testing covered both low-current constant draw and high-current
CCA, two additional voltage measurements were needed for low-current
measurements. This yielded six analog voltage measurements.

For the above-listed requirements, the National Instruments (NI) cDAQ-
9178 was the best option. The NI ¢cDAQ-9178 can hold eight NI C Series
modules; these modules are capable to collecting analog voltage data, digi-
tal signal data, temperature data, controller area network bus data, and
many more. All the data can be collected with two modules: the NI 9212
temperature module and the NI 9220 voltage module. These modules can
record data from 8 thermocouples and 16 differential analog voltage chan-
nels, respectively. Additionally, the data acquisition system is rated to
—20°C (NI 2016).

3.2.2.2 Voltage measurements

The Stryker vehicle uses two 24 V 6T batteries in parallel. The NI 9220
voltage module can directly measure +10 V direct current (DC) with 16-bit
resolution (1526 mV/bit) at 100 kHz; therefore, the voltage measurement
needed to attenuate to the above-listed range for an accurate reading (NI
2022). A simple DC voltage reduction with minimal signal alteration is a
voltage divider. This circuit reduced the input voltage following the equa-
tion below.
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Vout _ Rk _ R
Vin  XPR;  R,+2R; (1)
where
Vout = the sensing voltage proportional to the battery voltage,

Vin

n_
k =
Rk =

Ri
Ry

R-> =

the battery voltage,

the number of resistors,

a number in the range 1 to n,

the resistor corresponding to sensing voltage,

any resistor in the voltage divider,

the two resistors with a 15 kQ value used to reduce voltage,
and

the sensing resistor with a 10 kQ value.

The voltage divider in Figure 9 performed this voltage reduction with three
resistors in series. The specific resistor used to quantify the battery volt-
age, R», was 10 kQ and two other resistors reducing the voltage, R:, were
15 kQ. Because the other two resistors shared the same value, they were
referenced as R;. The three resistors produced a voltage and a voltage re-
duction, Vout/Vm, across R- of 75%; a fully charged battery with a nominal
voltage of 30 V DC would measure 7.5 V DC for the analog voltage module,
which is well within the +10 V DC range of the voltage module (Trubac et
al. 2022). Also, the schematic in Figure 9 shows two voltage dividers as
there were two batteries.
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Figure 9. Data acquisition (DAQ) voltage-divider schematic.
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3.2.2.3 Current measurements

As mentioned above, there are two types of current measurements: low-
current constant draw and high-current CCA. Therefore, two different cir-
cuits, designed for two different current ranges, transduced the current to
an analog voltage. Both current transducers selected use a closed-loop Hall
effect to measure current.

A closed-loop Hall effect sensor can measure AC (alternating current) or
DC currents using a perpendicular current when in the presence of an ap-
plied magnetic field. In both cases, the wire provides an external magnetic
field proportional to the wire current as given by the Biot-Savart law. The
magnetic field causes a bias current and sense voltage on a nearby plate
according to the Lorentz force. The closed-loop Hall effect sensor uses the
bias current to sense wire current with high precision and resolution. Ulti-
mately, this current is proportional to the current in the wire. (Crescentini
et al. 2017).

The high-current measurement utilized the LEM LF_2010-S current
transducer. With the current measurement resistor, this transducer al-
lowed the data acquisition to measure + 2000 A DC. The current range
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specified encompassed the maximum value seen in previous testing. Addi-
tionally, the batteries were capable of outputting approximately 2000 CCA
at 24°C (Trubac et al. 2022). As seen in in Figure 10, the 12.7 Q resistor
and the datasheet parameters were 0.2 mA/A secondary current sensitiv-
ity and 0.85 A maximum secondary current, allowing for a 2.54 mV/A sen-
sitivity within the +£10 V DC NI 9229 range (LEM 2020).

Figure 10. DAQ high-current sensor schematic.
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The low-current constant-draw testing used the CR Magnetics
CR5210S-30 transducer. This transducer can measure +30 A DC and
output an analog voltage signal, within +5 V, proportional to the current
(CR Magnetics, n.d.). This voltage signal is directly readable by the NI
9220 voltage module.

This test needed to measure smaller currents as smaller currents can im-
pede vehicle starting procedures by lowering battery capacity; these could
range from tens of amps to milliamps, making the current resolution criti-
cal. Given the 6 A/V current sensitivity and 0.1526 mV/bit voltage resolu-
tion, the CR520S-30 has a resolution of 0.92 mA (CR Magnetics, n.d.).
This fine resolution allowed the data acquisition to detect the smaller-
problem currents mentioned. Figure 11 shows this setup.
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Figure 11. DAQ low-current sensor schematic.
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3.2.2.4 Temperature measurements

The NI 9212 thermocouple module allowed for measurement of all ther-
mocouple types for a software-specified temperature range (NI 2021). All
thermocouples were Type T, and the temperature range was set to —50°C
to 100°C. Type T thermocouples can measure temperatures of —250°C to
400°C, which encompasses the expected range in Alaska (Dowell 2010).

3.2.2.5 Data acquisition software

There were two versions of this software—one for each type of test; both
versions ran in NI LabVIEW. The software set the sample rate of the NI
cDAQ-9178 and the NI module settings. For the CCA testing, the sample
rate was set to 100 S/s to capture the short-duration event. Alternatively,
the constant-draw software set the sample rate to 1 S/s due to the long du-
ration. As mentioned above, all thermocouples were set to Type T, and all
analog voltage measurements measure +10 V DC. All data was converted
to the proper units: degrees Celsius, volts, and amperes. Finally, all data
was plotted.

Figure 12 shows the final construction of the DAQ system.
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3.3

Figure 12. DAQ system for Alaska field testing.

Test Procedure

The procedure established in Trubac et al. (2022) to evaluate the ultraca-
pacitor modules was followed for this testing to evaluate the lithium-ion
batteries. The same requirements applied to these tests: the batteries must
successfully turnover the load system when set to the correct torque rating.
A baseline was established at room temperature (28°C), and any unex-
pected variance from the results at the temperature would indicate if the
batteries were affected by the decrease in temperature.

Again, the performance of the batteries was evaluated across the specified
temperature range in Table 1. Once the batteries were fully charged, they
were installed in the load system in CBx-21. The batteries were cold
soaked for 24 hours to ensure all the components were at the desired tem-
perature. Using the thermocouples installed on the system, testing was
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initiated once all the temperature readings matched the ambient air-tem-
perature measurement.

The procedure for this work varied from the previous procedure in that the
batteries were tested by cranking the system at each temperature five
times as opposed to three times. This was due to the increased capacity of
the batteries compared to the ultracapacitor ESM’s, meaning there was
less depletion of the battery capacity by running the tests. The duration of
the five tests was approximately 5 seconds, to stay consistent with the pre-
vious work. Once the five tests were complete at the specified temperature,
the battery was removed and charged, then reinstalled into the load sys-
tem. Once the battery was connected, the system was then brought down
to the next temperature increment and cold soaked until the temperatures
were consistent.

The procedure for the Alaska field tests followed a similar protocol to the
previous phase and the cold room tests. Once the DAQ system was con-
nected to the battery system, the vehicle was started three times. The dura-
tion of these tests was longer due to idling the vehicle so the batteries
could be recharged by the alternator. Because the field tests were con-
ducted in environmental conditions, there were no planned variations in
temperatures between tests, just the natural changes in the ambient tem-
perature. The vehicle was stored outside; and tests were conducted in the
morning, then the vehicle and the batteries were left to cold soak at ambi-
ent air temperature until the next morning.

There also were several challenges encountered when collecting data on
the Stryker battery system. Once of the main challenges was the very lim-
ited amount of space within the vehicle. This meant that the team had very
little space to set up and install sensors and to work on equipment, which
made it difficult to collect data on the necessary parts of the vehicle. Be-
cause of this, the battery box was very difficult to access in terms of data
collection. The batteries that supplied power to the engine were not acces-
sible with the DAQ sensors; however, the auxiliary batteries were. To gain
any information on the Stryker system at all, the team installed the sensors
on the auxiliary batteries, which captured the voltage draw of start-up, but
the current draw was only what the auxiliary batteries experienced. The
current draw on the auxiliary batteries during ignition followed the same
trend as what the vehicle batteries would see, just at a much smaller mag-
nitude, so the team determined it to be useful.
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There were restrictions for photography of the Stryker and its battery sys-
tem while on-base at Fort Wainwright, so no photos of the setup or the test-
ing were taken. Section 3.2.2 describes the DAQ in detail in, and photos of a
calibration test using a Polaris utility vehicle are discussed later in this re-
port. The following section discusses all results obtained from these tests.
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4.1

Results

CRREL cold room testing

Upon completion of the five tests at each temperature and then the
following second round of five tests at each temperature (totalling ten tests
per temperature), the team analyzed the data. The following sections
discuss the resulting measurements for the torque of the system, speed of
the flywheel, voltage at the battery, voltage at the starter motor, and
current at the starter motor for the first round of the five tests at 28°C,
0°C, —20°C, and —40°C as well as the measurements for the second round
of the five tests at 0°C and —40°C.

4.1.1 Dataat28°C

At the ambient room temperature of the CRREL cold room complex
(28°C), the battery was able to successfully start the mechanical load sys-
tem for the five 5-second tests without failure. Figure 13 shows the results
from the five tests at 28°C.

Figure 13 shows that the torque of the system (shown in blue) decreased
after each of the five tests, starting at 324 N-m during the first test, which
was the torque value the brake was set to. The torque then dropped to
290 N-m by the fifth test, a total drop of 33 N-m, yielding an average
torque of 305 N-m for all five tests. The speed of the flywheel (shown in
red) stayed consistent, averaging 443 rpm for all five tests. Table 4 shows
averages, which were calculated using MATLAB, of the flywheel speeds
and torques of each test during steady state.

The consistency of the flywheel speed between the five tests is likely be-
cause the voltage of the battery stayed at relatively the same value after
each test (Figure 14).

Figure 14 shows that the voltage of the battery dropped approximately 8 V
upon initiation of each test. Test 1 started with a voltage of 30 V, spiked
down to 22.5 V, rose to 27.5 V during the test, and then returned to 30 V
upon completion of the test. The subsequent tests followed the same trend,
starting around 30 V, spiking down to between 22 V and 23 V, rising to

27 V—28 V during the 5-second tests, and then returning 29 V—30 V upon
completion.
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Figure 13. Measurements of torque, flywheel speed, and starter
current from all five tests at 28°C.
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Table 4. Calculated average flywheel speed and torque
values for all five 28°C tests.

Average Speed |Average Torque

Test # (rpm) (N-m)
1 447.15 323.50
2 436.28 313.18
3 445,71 302.48
4 447.18 297.68
5 441.99 290.39
Average of all five tests 443.66 305.44
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Figure 14. Voltages of the battery for all five tests at 28°C.
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These tests at 28°C acted as a baseline to compare how the cold impacts
performance of the battery. If any parameters changed, it indicated that
the battery was affected by cold environments to some extent.

4.1.2 Dataat0°C

There is very little difference between the tests at 28°C and the tests run at
0°C. Figure 15 shows the resulting measurements.

In Figure 15, the only noticeable difference between the tests at 0°C and
the 28°C tests is the speed of the flywheel. While the 28°C tests held an av-
erage of 443 rpm for all five tests, the speed of the flywheel for all five of
the 0°C tests averaged 410 rpm. The torque stayed consistent between the
28°C and 0°C tests, at an average of 324 N-m for all five tests. The torque
still decreased after each of the tests, similar to the 28°C tests but to less of
an extent. There was a 25 N-m drop between the first and fifth tests at 0°C
compared to the 33 N-m drop between the first and fifth tests at 28°C. Ta-
ble 5 shows the averages, calculated using MATLAB, of the flywheel speeds
and torques of each test during steady-state.
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Figure 15. Measurements of torque, flywheel speed, and starter
current from all five tests at 0°C.
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Table 5. Calculated average flywheel speed and torque
values for all five 0°C tests.

Average Speed |Average Torque

Test # (rpm) (N-m)
1 408.80 339.70
2 404.27 332.94
3 407.41 320.50
4 416.94 312.72
5 412.06 313.85
Average of all five tests 409.89 323.94

There is minimal difference between the 0°C tests and the 28°C tests,
which comparing the voltages of the five 0°C tests to each other shows

(Figure 16).
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Figure 16. Voltages of the battery for all five tests at 0°C.
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Figure 16 shows that the differences between spike down of the voltages of
the five tests at 0°C (9 V) are greater than the spike down of the three volt-
ages at 28°C (8 V), but only slightly. The 0°C tests followed the same trend
as the 28°C tests and had very similar values for the voltages.

Figure 16 shows that the voltage of the battery dropped approximately 9 V
upon initiation of each test. Test 1 started with a voltage of 29.5 V, spiked
down to 20.5 V, rose to 25 V during the test, and then returned to 29 V
upon completion of the test. The subsequent tests followed the same trend,
starting around 29 V-30 V, spiking down to between 20 V and 21V, rising
to 24 V-26 V during the 5-second tests, and then returning to 28 V-29 V
upon completion.

4.1.3 Data at-20°C

Again, there is very little difference between the tests at 28°C and 0°C and
the —20°C tests. All five of the 5-second tests were still able to be achieved
during the —20°C tests; Figure 17 illustrates these.



ERDC/CRREL TR-22-23

Figure 17. Measurements of torque, flywheel speed, and starter
current from all five tests at —20°C.
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When comparing the tests conducted at —20°C to the 28°C and 0°C tests,
again, the speed of the flywheel is the only notable difference between
them. While the 28°C tests held an average of 443 rpm for all five tests and
410 rpm for all five of the 0°C tests, the speed of the flywheel averaged 348
rpm for the five —20°C. The torque still decreased after each of the —20°C
tests, similar to the 28°C and 0°C tests. There was a 29 N-m drop between
the second and fifth tests at —20°C, compared to the 33 N-m drop between
the first and fifth tests at 28°C and the 25 N-m drop between the first and
fifth tests at 0°C. The torque of the first test was 318 N-m, which then
jumped up to 350N -m for the second test; the cause is unknown.

Table 6 shows averages, calculated using MATLAB, of the flywheel speeds
and torques of each test during steady state.
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Table 6. Calculated average flywheel speed and torque
values for all five —20°C tests.

Average Speed |Average Torque

Test # (rpm) (N-m)
1 357.03 318.48
2 336.50 350.04
3 335.96 350.54
4 346.90 337.82
5 365.36 320.25
Average of all five tests 348.35 335.43

The differences in the voltages of the 28°C tests and the 0°C tests are rela-
tively small; Figure 18 shows a similar trend for the five —20°C tests.

Figure 18. Voltages of the battery for all five tests at —20°C.
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Figure 18 shows that the differences between the spike down of the volt-
ages of the five tests at —20°C (12 V) were greater than the spike down of
the five voltages at 0°C (9 V) and spike down of the five tests at 28°C (8 V).
The —20°C tests followed the same trend as the 0°C and 28°C tests and
had very similar values for the voltages. The voltage of the battery dropped
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4.2

approximately 12 V upon initiation of each test. Test 1 started with a volt-
age of 29.25V, spiked down to 17V, rose to 21.5 V during the test, and
then returned to 29 V upon completion of the test. The subsequent tests
follow the same trend, starting around 28 V-29 V, spiking down to be-
tween 17 V and 18 V, rising to 20 V—-22 V during the 5-second tests, and
then returning to 28 V—29 V upon completion.

4.1.4 Data at -40°C

Prior to the tests at —40°C, there was an issue encountered when testing at
—30°C. After cold soaking the battery at —30°C, the battery was not start-
ing the system initially. No energy was being discharged to turn over the
system. The battery was removed from the cold room and brought to room
temperature. It was determined the electronics had deactivated the battery
due to low temperatures and were not letting the battery discharge. The
battery was then reactivated and left to cold soak again at -30°C to at-
tempt to repeat the tests, but it yielded the same result. It was determined
that the battery will deactivate itself once it reaches an internal tempera-
ture of —20°C, so as not to damage the battery components. When operat-
ing below —20°C, an internal heater needs to be activated. To do so, the
battery needs to be connected to the battery management program via the
communications cable. This presents a challenge as the batteries would
not be constantly connected to the battery management program while in-
stalled in a Stryker. To see if the internal heater could be enabled by only
having the cable connected to the communication port on the battery but
not connected to the program, the battery was left to cold soak at —30°C
again with just the communications cable connected. It was determined
that this was not a solution as the battery deactivated again.

Since this evaluation intended to replicate the Stryker vehicle battery sys-
tem, it was not practical for the battery to need to be connected to the
management program while operating.

Alaska field testing
4.2.1 Calibration vehicle tests

To verify that the portable DAQ system was functioning correctly, it was
connected to a Polaris Utility Vehicle at the CRREL Alaska Research Of-
fice site (Figure 19). Several room-temperature calibration tests were
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conducted to ensure all sensors were operating and the data was being
logged correctly.

Figure 19. Polaris utility vehicle used for DAQ system calibration.

Each set of sensors was tested separately since the Polaris only had one
12 V lead-acid battery. The current transducer was connected around the
positive battery cable running to the engine, and the voltage sensor was
connected to the positive and negative terminals of the battery, shown in
Figure 20.

Figure 20. Polaris battery configuration.

Polaris Battery
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Figure 21 shows the voltage and current measurements collected from the
Polaris using the DAQ.
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Figure 21. Voltage and current measurements collected
from the Polaris.
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Figure 21 shows that the DAQ operated correctly and registered the proper
trends for vehicle start. The voltage results show that without any electron-
ics active, the battery read 12.2 V, then once the electronics were activated,
the voltage read 11.8. Upon start-up of the engine, the voltage dropped to
approximately 9.5 V, where it then gradually increased as the alternator
recharged the system. The voltage returned to 12.2 V once the engine was
turned off. There was some noise in the voltage signal, but it is unclear as
to the cause as it occurred with only the Polaris. The current has a small
spike of 57.3 A when the electronics were engaged, then a small draw of
8.2 A until the starter was engaged, which was a much larger spike of
380.8 A. The current then dropped during idle and returned to 0 A once
the engine was shut off. The black arrows indicate when in the data the
electronics were engaged and when ignition occurred.
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These results indicate that the DAQ system was functioning correctly and
was able to capture the necessary trends.

4.2.2 Stryker battery system tests

All the tests with the 12 V lead-acid Hawker batteries in the Stryker were
conducted at the ambient air temperature in Fairbanks, Alaska, 14-18
March. Figure 22 shows the temperatures of each battery and the ambient
air for Tests 1, 2, and 3.

Figure 22. All temperatures for Tests 1, 2, and 3.
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Figure 22 shows that for all three tests, the ambient air temperature was
slightly higher than the two battery temperatures. Table 7 shows the aver-
age temperatures for all three tests.

Table 7. Average temperatures for Tests 1, 2, and 3.

Ambient Battery 1 Battery 2

Test # Temperature Temperature Temperature
1 -23.40°C -24.88°C -25.03°C
2 -23.55°C -24.86°C -25.01°C
3 -23.73°C -24.75°C -24.96°C
Average of all three tests -23.56°C -24.83°C -25.00°C
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The 1.36°C difference between the ambient air temperature and the aver-
age temperature of both batteries is likely because the ambient air temper-
ature changed faster than the battery temperature as it got later in the day
since the batteries hold their temperature better than the air.

The start-up procedure for a Stryker involves two stages: electrical compo-
nent activation, then engine ignition. Figure 23 shows the voltage and cur-
rent for the first test.

Figure 23. Stryker battery Test 1 voltage and current.
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Figure 23 shows an initial voltage of 20.8 V, where it then drops almost
down to 0 V when the electronics are engaged, and then another drop to
approximately 17.5 V when the engine is cranking. The voltage then in-
creases to 29.5 V once the vehicle has started and the alternator is recharg-
ing the batteries. The same trend can be seen in the current, with an initial
spike when the electronics engage and then again when the engine is
cranking. However, since the data was collected on the auxiliary batteries,
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not the vehicle batteries, the values of the current are much lower than
what the vehicle batteries would experience. This trend was the same for
all three tests run with the Stryker battery system, and all the values were
consistent (Figure 24 and Figure 25).

Figure 24. Stryker battery Test 2 voltage and current.
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Figure 24 also shows an initial voltage of 20.8 V, a drop almost down to
0 V when the electronics are engaged, and then another drop to approxi-
mately 17.3 V when the engine is cranking. The voltage then increases to
29.3 V once the vehicle has started and the alternator is recharging the
batteries. The same trend can be seen in the current, with an initial spike
when the electronics engage and then again when the engine is cranking.

Test 3 has this pattern also. Figure 25 shows an initial voltage of 20.8 V, a
drop almost down to 0 V when the electronics are engaged, and then an-
other drop to approximately 19.2 V when the engine is cranking. The volt-
age then increases to 29.5 V once the vehicle has started and the alternator
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is recharging the batteries. The current for Test 3 does not show as clear
an indication of the trend as Tests 1 and 2, so the engagement of the elec-
tronics and the ignition are not as noticeable. There is more noise in Test
3, but the cause is unclear.

Figure 25. Stryker battery Test 3 voltage and current.
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4.3 Discussion

Upon completion of the cold room testing, the team determined that the
performance of the battery was not significantly affected by temperature.
There was very little impact on the voltage used to run the five tests at each
temperature; and the current, flywheel rpm, and torque were all consistent
across the five tests at each temperature. There was some variation of
those parameters as the temperature decreased, but those differences can
be attributed to the increased resistance the load system encounters as the
temperature decreases. As the system got colder, the mechanical compo-
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nents of the load system became increasingly more difficult to engage, ei-
ther from the bearings being cold and increasing the resistance or the
starter motor potentially being affected by the cold and not operating as
effectively. This is a very realistic scenario that a vehicle operating in cold
regions could encounter, since batteries are not the only components that
would be impacted by the cold. As temperatures drop, oils, greases, and
other fluids in the engine and the vehicle itself will be impacted and may
not operate to their original capacity.

However, the internal heater needing to be activated for the battery to op-
erate below —20°C poses a challenge for operating this technology in a
Stryker in the field. From the information gained during the Alaska field
testing with the 1-25th Stryker Brigade, the batteries would not be con-
stantly connected to a communications cable during vehicle operation, so
it would not be possible to activate the internal heater when temperatures
reach —20°C and below.

After completing the Stryker battery testing, the team more thoroughly un-
derstood the existing battery system of the Stryker. Significant space re-
strictions in the vehicle, including the battery box, made it very difficult to
instrument the batteries with the DAQ system. However, the data collected
showed the voltage requirements any battery technology would need to
meet to operate the system.
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5 Conclusions

Operating heavy-duty military vehicles in cold regions continues to pose
challenges, both from a starting-capability standpoint and mobility stand-
point. Next-generation battery technology used to start large diesel en-
gines could possibly improve this. Therefore, this work focused on
improving vehicle cold-start capabilities of Stryker Combat Vehicles by
characterizing the existing Stryker battery system in the cold and then
evaluating the performance of the Bren-Tronics Inc. Brenergy BT-
70939M-TPA/-TPB: 6T 24 V High-Power Li-Ion Battery at various tem-
peratures. Using a simulated mechanical load system developed in a previ-
ous study, the team evaluated the battery across a series of temperatures
ranging from 28°C to —40°C. Additionally, the Stryker battery system was
evaluated using a mobile DAQ system at —25°C during field testing at Fort
Wainwright in March.

The results obtained from these tests show that the battery proved capable
of turning over the simulated engine down to —20°C with no noticeable
changes but encountered issues related to the internal heater component
and the battery management program at temperatures below —20°C. The
team determined that it was impractical to have the batteries constantly
connected to the battery management system when operating the vehicle
for temperatures below —20°C. It was also discovered that the cold im-
pacted the simulated load system, similar to what a real engine system
would experience as the testing temperatures decreased. Additionally, the
Stryker battery system has significant space constraints, which limited the
data that could be collected on the system. However, despite the space
constraints, the voltage measurements collected from the batteries during
start-up clearly showed the requirements the batteries are designed to
meet. Due to the measurements being taken on the auxiliary batteries
verses the vehicle batteries, the current measurements were not of the
same magnitude as they would be for the vehicle batteries, but the trend
was still consistent.

With the information gained from this work, the next steps in investigating
cold-capable start technology would be to further investigate this battery
technology at the lower temperature range to overcome the challenges en-
countered in this study. Additionally, it would be useful to investigate
next-generation lithium-ion battery technologies for additional vehicle
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platforms. Now that the Stryker system is more fully understood, the bat-
tery technology could be adapted for use in many different vehicle plat-
forms, and the improvements documented in this report could be
leveraged for other cold-related applications.
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