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Lithium-ion Batteries for Space Applications
The Tesla Roadster, which launched in February 2018, brought people’s attention to the use of
electric vehicles and rechargeable batteries used in space. Rechargeable batteries have been a
key part of spacecraft since the beginning of the space missions. The dominating battery
technologies have evolved over the past 50 years, changing from NiCd and NiH2 batteries to
lithium-ion batteries. Lithium-ion batteries store electrical energy in solar-powered orbital and
surface missions, and are used to meet peak power demands in various satellites, rovers, and
probes.
The application of this technology in space involves stringent operating conditions, including
low-temperature and high radiation, but also requires a long life cycle. Batteries on spacecraft
are typically expected to work for 10 or even 20+ years, equivalent to tens of thousands of
cycles with various depths of discharge (DOD) life. However, testing a battery under the
loading conditions, even using time compression methods, would still take a year for a 10-yearlong mission requirement. For example, a Mars rover’s batteries would undergo cycling once
per day (~24 h of day length at Mars), hence 3650 cycles with ~2 h of cycle testing time would
take ~304 days. At CALCE, we are researching how to test batteries in less than a year for 20+
year missions, using the accelerated testing methodology.

The Tesla Roadster is an electric sports car that served as the dummy payload for
the February 2018 Falcon Heavy test flight.
www.calce.umd.edu/batteries

INSIDE THIS ISSUE:
LITHIUM-ION
BATTERIES FOR
SPACE
APPLICATIONS

1

CAN REST TIME
AFTER CHARGE
BE USED TO
ACCELERATE
BATTERY CYCLE
TESTING?

2

COMPUTED
TOMOGRAPHY
ANALYSIS OF LIION BATTERY
CASE RUPTURES

3

WHAT CAUSES
THE LOSS OF
BATTERY LIFE
4
UNDER HIGH
CURRENT USAGE?
CASCADED
OBSERVER FOR
BULK AND
SURFACE
CONCENTRATION
ESTIMATION IN
LITHIUM-ION
BATTERIES

5

DOES YOUR
POWER BANK
SPECIFY
CAPACITY
CORRECTLY?

6

RECENT CALCE
BATTERY
PUBLICATIONS

78

CALCE BATTERY
DATABASE

9

CALCE BATTERY
PUBLICATIONS
LIST

910

CALCE BATTERY NEWSLETTER

PAGE 2

Can Rest Time after Charge Be Used to Accelerate Battery Cycle Testing?

Life testing of Li-ion batteries is conducted as one means to qualify a battery by assessing its capacity fade and
power requirements for its targeted application. However, testing at normal operating conditions can be timeconsuming. To identify accelerated testing methods, CALCE has been collaborating with a major consumer
electronics manufacturer and 6 of the largest battery manufacturers. One parameter of interest is the rest time after
full charge, which commonly occurs in all laptops, smartphones and electric vehicles that are kept plugged into a
charger overnight.
We find that the open rest time condition (as compared to the float rest time where a charging power is constantly
applied to maintain a voltage level) will have limited applicability in accelerated battery testing. While the increase
in open rest time after full charge always reduced the number of cycles to reach the end-of-life threshold (20% in
the capacity loss), its effects on reduction in testing time were not monotonic in nature. The maximum acceleration
factor due to rest time for reduction in the testing time also remained less than 2.

Acceleration factor in capacity fade per
cycle increases monotonically with the
increase in rest time. (dashed lines show
95% bounds.)

Acceleration factor in capacity fade per
unit of time does not increase
monotonically with the increase in rest
time.

For more information on accelerated testing of lithium batteries and effects of rest time on battery capacity fade,
please contact Prof. Michael Pecht (pecht@calce.umd.edu).
www.calce.umd.edu/batteries
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Computed Tomography Analysis of Li-ion Battery Case Ruptures

Increased

use of lithium-ion batteries brings an increase in lithium-ion battery-related incidents, including
ruptures or explosions. Investigating exploded batteries involved in these incidents is necessary for determining
the initiation and development process of the incidents, as well as getting feedback to improve the battery design
and quality.
For “post-mortem” analysis, the conventional disassembly method is not preferred, because the destructive
method might damage or erase the evidence. The computed tomography (CT) scan is popular because it reveals
the sample’s internal structure without any destruction to the sample. This 3D data from CT scan is a combination
of numerous X-ray images with micrometer level resolution (slides) from all angles. The downside of the CT scan
is that it usually takes a few hours to achieve the high resolution often needed for in-depth analysis.
The figure below shows the CT scan result from an exploded 18650 cylindrical battery. These are the crosssections along the diameter direction (a), and the longitudinal direction (b). The bright circle in the middle of the
battery is a metallic mandrel. After the explosion, the battery electrode layers near the positive terminal no longer
retained their integrity. Some electrode layers were ejected from the battery outer case, as seen by the black
regions in the figure below. The cavity from missing electrode layers can be seen. The round-shaped bright
objects are the metal particles that formed during the explosion from the melted electrode current collector.
Because of the gas release, some debris accumulated on the positive terminal.
The work is summarized in a recent publication “Computed Tomography Analysis of Li-ion Battery Case
Ruptures” in the journal Fire Technology. CALCE has experience with CT scan analysis, and has helped with the
investigation of multiple battery incidents.

CT scan images of the cap area of exploded 18650 battery: (a) the diameter direction,
and (b) the longitudinal direction.
www.calce.umd.edu/batteries
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What Causes the Loss of Battery Life Under High Current Usage?
Video communication has become a new necessity for social distancing due to the COVID-19 pandemic. Mobile
customers may experience a fast drop in battery power and an obvious increase in surface temperature after a long
video call. Video calls drain a larger current from the battery than other functions such as texting. This large current
drain causes the ohmic heating rate to be greater than the heat dissipation rate in the battery. CALCE and Lahore
University of Management Sciences (LUMS) investigated the discharge current and temperature rise for a Motorola
phone using video communication apps. Experimental data are given in the table below. The maximum temperature
during video calling ranges from 40.4 ºC to 52.6 ºC, while the room temperature is around 25 ºC. This raises
concerns for customers wondering what effect such a high temperature rise will have on the battery cycle life.

Mobile
apps

Mean
current
(mA)

Peak
current
(mA)

Max
Temperature
( ºC)

Facebook
Messenger

814

2392

40.4

Imo

917

2574

43.1

WhatsApp

934

2728

42.6

WeChat

936

2152

43.6

Viber

1037

2382

45

Skype

1186

2605

45.6

Google
Hangouts

1330

3075

52.1
Battery capacity degradation under controlled
surface temperature at 45 ℃ and controlled ambient
temperature tests at 45 ℃

The loss of battery life under high current usages, such as video communication, can be caused by the temperature
rise and other non-thermal effects. CALCE is currently testing batteries at different discharge currents with only
battery surface temperature control and with only ambient temperature control to decouple the thermal and nonthermal effects of the discharge C-rate on battery degradation.
The figure above shows the capacity fade curves at the discharge C-rate of 0.5C and 3C. At 0.5C, the two capacity
degradation curves with surface or ambient temperature maintained at 45 ℃ overlapped, whereas at 3C, capacity of
cells with only the ambient temperature control dropped slightly faster than cells with only the surface temperature
control. This is because the battery heat generated at 0.5C balanced with the natural convection to the air. However,
this balance no longer existed at 3C, meaning that the battery surface temperature at the ambient temperature
controlled at 45 ℃ is higher than 45 ℃. The battery temperature alone has a significant effect on the battery
degradation rate.

www.calce.umd.edu/batteries
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Cascaded Observer for Bulk and Surface Concentration Estimation in Liion Batteries
An electrochemical model of li-ion batteries captures the dynamics in the bulk and surface of the electrodes. The
single particle model (SPM) is one such reduced-order electrochemical model, approximating the battery cell as a
single spherical particle and assuming a fixed current density in each electrode. An example of this model can be
found in the figure below.
The linear sliding mode observer (LSMO) is useful for estimating the lithium concentration based on the SPM
model due to its insensitivity to the model errors, parametric uncertainties and other disturbances. However, the
chattering aspect of LSMO can affect the stability and precision of the observer.
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Load

Charge

Surface Concentration Observer

Mr-1 layer Concerntration Observer

i layer Concerntration Observer

r

r
Electrolyte
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Negative Electrolyte

Positive Electrode
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Observer in negative extrode
Concerntration Observer

Schematic of the single particle model

Schematic of cascaded observer

CALCE is using the integral-type terminal sliding-mode observer to improve the stability and precision. The
integral-type terminal sliding-mode observer is a continuous control strategy which is chattering free. The figure
above on the right shows the schematic of a cascaded observer for lithium concentration estimation of every layer in
the negative electrode structure. The convergence of each observer’s error dynamics has been proved using
Lyapunov’s stability theory. The developed algorithm is being verified through simulation and experimental studies.
This study will improve the accuracy of state of charge estimation.

www.calce.umd.edu/batteries
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Does Your Power Bank Specify Capacity Correctly?
Power banks are a common option for smartphone users. But with so many different brands making these power
banks, how can you choose the best one? Most customers have no idea about the meanings of the
specified/advertised parameters provided by power bank companies. And they get more confused when power bank
companies provide misleading/wrong information about their products.
A power bank is a portable battery product that provides energy to other portable products, including smartphones
and tablets. The need for power banks arose primarily with the trend to make smartphones compact and light, which
limited the space in these products for batteries, and thus limited the product's runtime. As a result, many customers
opted for power banks to enable them to charge their devices portably, when needed. The use of power banks was
increased further when smartphone manufacturers started to make it difficult and expensive to replace the batteries
in their devices. The batteries used in power banks mostly use lithium-ion (Li-ion) chemistry because of the high
energy density, low self-discharge rate, and long cycle life.
The figure on the left shows a typical schematic of a power bank circuit, including the battery and the circuitry. 𝑉𝑖𝑛
is the voltage measured at the input port of the power bank, and 𝑉𝑜𝑢𝑡 is the voltage measured at the output port of
the power bank. The output voltage (𝑉𝑜𝑢𝑡 ) is a constant voltage that the power bank supplies to a portable product
at the output USB port. 𝐼𝑜𝑢𝑡 is the output current that the power bank provides a portable product at the output USB
port.

Simplified schematic of a typical power bank

Test setup to measure the output capacity of a power
bank

For a power bank, electrical parameters, such as capacity, input, and output voltage/current, are specified as part of
the marketing of the product. Capacity is defined as the total charge that can be withdrawn from a fully charged
battery pack (e.g., power bank) for a specified set of test conditions. It is estimated by integrating the output current
over time. Customers choose batteries based on these electrical parameters. While consumers will likely consider
the value of capacity listed on the power bank as the actual available capacity that will be delivered from the USB
port, this is not the case. For many power banks, the advertised/specified capacity is only the internal battery
capacity, not always the output capacity.
The CALCE battery team is assessing power banks in terms of their advertised capacity and usage hours. The
discrepancy between the advertisement and the reality will be explained in detail. The figure above on the right
shows a test setup to measure the output capacity of a power bank using an Arbin battery tester.
www.calce.umd.edu/batteries
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X-ray based Non-destructive Method for Alkaline Coin Cell Quality
Assurance
Companies using alkaline coin cells in their products are interested in non-destructive methods to identify cell
degradation without disassembling the final products before the shipment. This paper discusses the accelerated
testing of 1.5 V, 150 mAh rated non-rechargeable alkaline coin cells, and the monitoring of swelling as a means to
assess the degradation of the cells. A non-destructive X-ray inspection method was used to assess degradation in the
coin cells that can be implemented even when the cells are encased in the final product. The paper is recently
published in the Journal of Energy Storage.

X-ray images (after processing) of top view of cell 1
before short-circuit (left) and top view of cell 1 after short-circuit test (right).

An Analytical Model for the CC-CV Charge of Li-ion Batteries with
Application to Degradation Analysis
While the constant current charge time (CCCT) and constant voltage charge time (CVCT) are increasingly used
for the state of health (SOH) estimation of Li-ion batteries, their correlations with battery degradation are not
investigated comprehensively. This paper develops an analytical model to quantify the chargeable capacity of a Liion battery under a CC-CV profile, in which CCCT and CVCT are identified as two uncoupled parameters. The
model is verified using a battery dataset of cycling tests subjected to 19 different test conditions with different
discharge currents, ambient temperatures, and rest times. The behaviors of CCCT and CVCT during battery
degradation are studied in terms of chargeable capacity fade. A new health indicator, the CV-CC time ratio, is
developed for degradation analysis. Two partial CC-CV cases are also considered in the studies: in one case, the
partial CC-CV charge starts after different discharged depths, and in the other case, different fast charging policies
are executed before the partial CC-CV charge. The paper is recently published in the Journal of Energy
Storage.
www.calce.umd.edu/batteries

CALCE BATTERY NEWSLETTER

PAGE 8

Battery Health Estimation for IoT Devices using V-Edge Dynamics
Deployments of battery-powered IoT devices have become ubiquitous, monitoring everything from environmental
conditions in smart cities to wildlife movements in remote areas. How to manage the life-cycle of sensors in such
large-scale deployments is currently an open issue. Indeed, most deployments let sensors operate until they fail and
fix or replace the sensors post-hoc. In this paper, we contribute by developing a new approach for facilitating the
life-cycle management of large-scale sensor deployments through online estimation of battery health. Our approach
relies on so-called V-edge dynamics which capture and characterize instantaneous voltage drops. Experiments
carried out on a dataset of battery discharge measurements demonstrate that our approach is capable of estimating
battery health with up to $80%$ accuracy, depending on the characteristics of the devices and the processing load
they undergo. Our method is particularly well-suited for the sensor devices, operating dedicated tasks, that they
have constant discharge during their operation. The paper is recently published in the Proceedings of the 21st
International Workshop on Mobile Computing Systems and Applications (FREE DOWNLOAD)

Battery Warm-up Methodologies at Subzero Temperatures for
Automotive Applications: Recent Advances and Perspectives
Electric vehicles play a crucial role in reducing fuel consumption and pollutant emissions for more sustainable
transportation. Lithium-ion batteries, as the most expensive but least understood component in electric vehicles,
directly affect vehicular driving range, safety, comfort, and reliability. However, the overall performance of traction
batteries deteriorates significantly at low temperatures due to the reduced electrochemical reaction rate and
accelerated health degradation, such as lithium plating. Without timely and effective actions, this performance
degradation causes operational difficulties and safety hazards for electric vehicles. Battery warm-up/preheating is of
particular importance when operating electric vehicles in cold geographical regions. To this end, this paper reviews
various battery preheating strategies, including external convective and conductive preheating, as well as the latest
progress in internal heating solutions. The effects of low temperature on batteries from the perspectives of cell
performance as well as materials properties are briefly summarized. Thermal science issues involved in warm-up
are also elucidated. The framework of battery management systems (BTMS) at low temperatures, including the key
design considerations at different battery integration levels and the overall classification of warm-up approaches
into external and internal groups, are introduced in detail. Next, a comprehensive literature review on different
warm-up strategies is presented, and the basic principles, advantages, disadvantages, and potential improvements of
each strategy are elaborated. Finally, future trends of battery warm-up methods are discussed in terms of key
technologies, promising opportunities, and challenges. The paper is recently published in the Progress in
Energy and Combustion Science.
www.calce.umd.edu/batteries
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Open Access to CALCE Battery Data

CALCE is conducting a study in collaboration with six battery manufacturers and two consumer electronics
manufacturers to develop accelerated qualification test plans to reduce overall testing time. Multiple stress
factors, including temperature, discharge C-rate, and rest time during cycling, have been used in this study to
characterize battery degradation behavior and find novel test methods to accelerate the testing. The data from this
study is available on the CALCE Battery Database website free of charge.
The CALCE Battery Database contains data from previous studies and experiments as well. The data from these
tests can be used for battery state of charge and health estimation, remaining useful life prediction, accelerated
battery degradation modeling, and reliability analysis. CALCE has published many articles using this data. The
following researchers are among those who have used CALCE battery data for their research: Prof. Daniel T.
Schwartz from the Department of Chemical Engineering at the University of Washington, Prof. Malcolm D.
McCulloch from the Department of Engineering Sciences at the University of Oxford, Dr. David Flynn from
Heriott-Watt University, and Dr. Datong Liu from the Department of Automatic Test and Control at Harbin
Institute of Technology. The cycling data has been generated using Arbin, Cadex, and Neware battery testers.
Impedance data has been collected using Idaho National Laboratory’s Impedance Measurement Box (IMB). For
questions on the CALCE Battery Database, contact Michael Pecht (pecht@umd.edu).

Recent CALCE Battery Publications

The following are

recent CALCE publications on Li-ion batteries. For more information, visit the CALCE
battery website: https://calce.umd.edu/battery-publications.
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