String Tests of 3S1P Configurations for
Electric Energy Storage Applications

Prepared for the

U.S. Department of Energy
Office of Electricity Delivery and Energy Reliability

Under Cooperative Agreement No. DE-FC26-06NT42847
Hawai‘i Distributed Energy Resource Technologies for Energy Security

Subtask 11.2 Deliverable 2
Report on Results of Storage Tests

Prepared by
Hawai‘i Natural Energy Institute

School of Ocean and Earth Science and Technology
University of Hawai‘i

December 2012



Acknowledgement: This material is based upon work supported by the United States Department
of Energy under Cooperative Agreement Number DE-FC-06NT42847.

Disclaimer: This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference here in to any specific commercial product, process, or service by tradename,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



String Tests of 3S1P Configurations for
Electric Energy Storage Applications

Matthieu Dubarry and Bor Yann Liaw

Hawaii Natural Energy Institute, SOEST, University of Hawaii
1680 East-West Road, POST 109, Honolulu, HI 96822

(808) 956-2339, bliaw@hawaii.edu

Table of Contents

3 S 143 o o 1101 4 o o TN 2
IR (1T g1 41T 41 - | RO 3
2.1. Cell and Chemistry SElection.........cccccciiieeniiitienieitienietieenneeeteenseeerennseeerensssessenssessssnsssssssnnnnnns 3
2.1.1. Baseline performance tests on single Cells ..., 4
2.1.2. Performance Of 3SIP STINGS...ccuuiiiiiiiee et e e bee e e rre e e e nes 5

3. Results and DiSCUSSION ......cciiiiiieeunniiiiiiiiiiinennniiiiiiiiiiesssssiiiiiiiimeemssssssiissssssssssssssssnn 6
3.1. Baseline performance of Single Cells ... iiieiiiiieiiiieiccrreerccrreeneerrenneereenseesennsesnennnnnns 6
3.2. Performance of the 3S1P StringS.....ccccciireeeiiiiieeniirieneeiriennneereensseereensseereenssessesnssesssnnssssssnnss 10

L W oo o Lol [V E 1o Y 1 ISP 15
LT (=1 1= =T 4 Vol 17



1. INTRODUCTION

As the scale of energy storage applications for electric grids increase, the number of cells used
in these battery systems also increase. Thus, the reliability and safety of large battery systems
hinge on effective management and control of these systems. Besides the issues of cell
consistency and the process to select cells for battery pack assembly that are critical to overall
battery system performance, it is equally important to understand how the battery control and
management strategy affects battery system performance. This project is designed to address
the latter aspects, with some preliminary testing of battery string performance to guide our
research.

Under funding from this grant, staff from HNEI conducted battery testing to investigate how
control strategies applied to cells and strings impact system performance. Testing to determine
the cell variability and performance were funded and reported under a separate grant [1]. The
baseline performance of each cell was established in order to investigate these cells in multi-
cell configurations.

For this project, a unique test protocol and analysis approach was developed in HNEI's
electrochemical laboratory that can be used to study string performance issues beyond the
conventional laboratory cell testing [1-4]. This approach comprises a sequence of test routines
modified from those defined by the US Department of Energy in the US Advanced Battery
Consortium (USABC) test manual and procedures. In order to reach a deeper understanding of
the cell electrochemical behavior without adding too much time to the procedure we replaced
the hybrid pulse power characterization (HPPC), electrochemical impedance spectroscopy (EIS),
and constant power cycling steps by regular constant current cycling at different rates with
extended rest time and residual capacity measurements. With this in-house analytical scheme,
detailed cell performance parameters can be derived that help assess the feasibility of cell
chemistry and design for certain stationary grid-tied applications.

To study multi-cell configurations and their performance issues, the basic configuration is a
three-cell string typically noted in the industry as 3S1P. The 3S1P configuration provides the
basis for quantitative analysis using a minimum number of cells while maintaining sufficient
complexity in performance variability to support achieving the project objectives.

Under this task, three-cell (3S1P) strings, one from Altairnano and one from SAFT, are tested
under RPT conditions (cycling at C/25, C/5, C/2, 1C, 2C and >2.5C rates with extended rest
periods and residual capacity measurements) that are designed to show the impact of the three
control strategies (string level, cell level, or (State of Charge (SOC) range) on string
performance.



2. EXPERIMENTAL

2.1. Cell and Chemistry Selection

As stated, the two (2) families of cells were selected for this project and basic information
covering cell characteristics is summarized herein (refer to Table 1) to provide useful
background for discussion.

Six Altairnano nLTO cells (ALT cells) were purchased directly from the manufacturer for the
project. The ALT cell design, with a rated capacity of 13 Ah, comprises nano-LisTisO1, (nLTO) as
an active material in the negative electrode and Li(NixMn,Co,)O, (NMC) in the positive
electrode built in a prismatic pouch-shaped configuration. The specific composition of nLTO was
not disclosed by the manufacturer (Altairnano). The nominal cell voltage is 2.2 V with a specific
energy of 75 Wh/kg, as estimated from the nominal cell voltage, rated capacity, and nominal
weight of the cell. The specific power was not disclosed by the vendor, nor could be estimated
from the specification.

The second batch of cells consisted of four SAFT VL12V cells (SVL cells) that were made
available to HNEI by SAFT. The cell design, with a rated capacity of 14 Ah, consists of a graphite
anode and Liy(NipgC0¢.15Al0.05)0, (NCA) cathode in a cylindrical shape. The nominal cell voltage
is 3.6 V. The specific energy is74 Wh/kg and the specific power is 6 kW/kg in continuous
operation.

Table 1 Specifications and characteristics of the cells selected for this string project

Cell Model 13Ah nLTO VL2V

Vendor Altairnano SAFT
Form Prismatic Cylindrical
Chemistry PE NMC NCA
Chemistry NE LTO Graphite
Nominal Capacity 13 Ah 14 Ah
Nominal Voltage 2.2V 3.6V
Discharge cutoff voltage (V) 1.8 2.5
Charge cutoff voltage (V) 2.8 4.1
Specific Energy (Wh/kg) 75 74
Specific Power (kW/kg) - 6



2.1.1. Baseline performance tests on single cells

To establish the baseline performance characteristics of a cell design and its chemistry, a
reference performance test (RPT) is used to determine a single cell’s properties. The RPT is
typically conducted at room temperature using constant-current discharge (CCD) regimes with
the following rates: C/25, C/5, C/2, 1C, 2C, and 3C. The charge regime uses the same rate as in
the intended discharge regime to charge the cell (thus, a constant-current charge “CCC”
regime) and then a constant-current trickle charge (CCTC) regime at C/25. The intent of the
CCTC regimes is to determine the amount of charge return still available after the initial charge
regime. This measurement also provides information about the state of charge (SOC) at the end
of the initial charge regime. A rest period of 1-4 hours is also instituted between any test
regimes under open-circuit condition to measure the rest cell voltage (RCV) to determine the
SOC of the cell for further analysis. These procedures are already discussed in Refs [1-4], and
supplemented by additional discussions in Refs [9-17], which outlined the entire process of cell
evaluations including cell aging analysis and modeling.

All of the tests were performed at room temperature.

During testing of the SVL cells, the same schedule was used except the highest rate used for the
test was limited to 2.5C, instead of 3C, due to a current limitation of HNEI’s SVL test equipment.
In addition to the RPT, 120 cycles of 3C cycle aging were applied to one ALT cell (cell #1) to
extract the information regarding its initial stage of degradation as a preliminary result.

The initial conditioning and performance characterization tests of these cells during single cell
testing was reported in a separate report [1] and summarized in Table 2. These single cell
testing protocols comprise isothermal CCD regimes to determine the capacity of the cell under
various rates, typically C/2 and C/5, to assess the capacity variations with rate. The dependence
of capacity as a function of discharge rate is often called the rate capability. We have shown in
our previous work [7, 10, and 13] that three parameters are critical to characterize the quality
and variability of a batch of cells. Those parameters are the rate capability, the “capacity ration”
(i.e. the mAh capacity per one percent of SOC, which is usually the cells maximum capacity),
and the ohmic resistance. For the rate capability and the capacity ratio, any standard variation
under 2% is considered acceptable in the industry to date, although less than 1% is desirable.
For the ohmic resistance, a 10% standard deviation is considered acceptable as well with 5%
being desirable.

As shown in Table 2, we recorded a rate capability variation of 0.85% for the ALT cells, a 0.6%
capacity ration variation, and a 10 % ohmic resistance variation. For the SVL cell, the variation
of rate capability, capacity ration, and resistance were 0.2%, 1.5%, and 5.7% respectively.

In summary, both batches of cells are sufficiently consistent to be used for multi-cell string
testing with sufficient confidence that all cells will produce nearly identical results.
Subsequently cell #1 of each batch was subjected to the baseline performance tests, as a



control cell, and two of the remaining cells in the batch are arbitrarily selected for the 3S1P
string tests.

2.1.2. Performance of 3S1P strings

Since the cell variability was so small (cf section 2.1.1) we introduced additional cell variations
by design of experiments to study the impact of control strategies on system performance. The
following protocols were used in the RPTs for the 3S1P strings:

(1) Each 3S1P string was tested with a 5% SOC imbalance introduced purposely by under-
charging one of the three cells by 5% (Cell #1 in the string of 3). Thus, among the three
cells in the string, Cell #1 was only at 95% SOC in the beginning of the discharge regime,
while the other two were at a 100% SOC.

(2) The impact of this 5% undercharging was monitored and quantified in the subsequent
tests with different protocols imposed by the control strategy variations in the RPTs.

(3) The RPTs comprise CCD regimes at the following rates: C/25, C/5, C/2 and 1C. The
charge regime was conducted to maintain the 5% imbalance in the beginning of each
CCD regime of a specific rate.

(4) Three different control strategies (control schemes) in the RPTs are exercised by design
as follows:

Control Scheme #1. Use the same cutoff conditions as scaled up from that of the
single cell (i.e. Vasipcutoff = 3 X VSCeutoff), Where Vsceyuofr is the single cell
cutoff voltage (refer to Table 1). This protocol is designed to reveal the
capacity of the string at full discharge under the influence of cell
imbalance. The capacity delivered at different rates is determined for
comparison with those of the other two schemes and that of single cell.
For safety reasons, an additional safety limit was set on the single cell
level at Vsceyoff £ 100 mV depending upon the regime.

Control Scheme #2. Apply the test regimes within the 80%-20% SOC range. This
protocol is designed to reflect a real-life operational scenario with a built
in safety cushion to prevent overcharging or over discharging as the cells
and string age. The 80-20% SOC range is commonly used in the field. The
capacities in the CCD regimes with various rates are thus determined for
comparison. The cutoff voltages were calculated from the CCD and CCC
regimes at 1C rate. For example, the cutoff in the CCD regime is the
voltage of the cell when discharged to 20% SOC at C/1.



Control Scheme #3. Cutoff the CCD regimes when one of the three cells in the string
reaches the single cell cutoff condition. This control strategy is used in
many battery management systems to protect the cells from abuse.

3. RESULTS AND DISCUSSION

3.1. Baseline performance of single cells

The ALT and SVL cells have approximately the same capacity, around 14.5 Ah at 1C as
determined from the test data. It is also reflected in the results shown in Table 2, where the
capacity ration (or “Q ration” in the table) shows the amount of mAh capacity corresponding to
1% SOC. The ALT cells show 154.2 mAh per 1% SOC, which would correspond to a full capacity
of 15.4 Ah if all materials are used in delivering the capacity. In contrast, the SVL cells have
146.95 mAh per 1% SOC, which translates to 14.7 Ah in full capacity for the cell. In the
specifications, they are rated for 13 Ah and 14 Ah, respectively.
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Figure 1. Comparison of rate capability as shown by the capacity versus discharge rate curves

for (a) ALT and (b) SVL cell #1

Figure 1 shows the capacity variation as a function of discharge rate for the ALT and SVL cells,
respectively. The results suggest that ALT cells have a lower rate capability than the SVL cells,
since the capacity dependence on rate is more sensitive to rate variations as evident by the
non-linearity, and slope of the curve. This is also understandable from the perspective of the
materials in the electrode design. Although nLTO has been touted for its facile rate capability as
an anode material, the NMC as cathode material is not a high-rate material. It is therefore likely
that the NMC hampers the cell rate capability. In Table 2, the rate capability is also estimated
from the capacity variation between C/2 and C/5. The simple ratio of capacity at C/2 (Qc/,) over
that at C/5 (Q¢/s) is an indication of rate capability as well. The value of the ratio Qc//Qcs is



0.967 and 0.99 for ALT and SVL cells, respectively, showcasing the difference in rate capability
between the two cell designs.

The SVL cell design is intended for very high-power applications, as explained by the
manufacturer and confirmed by the results of the test that revealed the high-rate capability of
0.99. The ALT cell design is intended for grid applications requiring fast charge/discharge rates,
high round-trip efficiencies, long cycle life, and the ability to operate under extreme
temperatures with a balanced performance between specific energy and power. The similarity
in the specific energy between the two cells and the difference in the rate capability show the
differences in design philosophy, objective, and potential applications.

Another useful parameter is internal ohmic resistance. The average internal ohmic resistance
for the ALT cells is about 9.5 mQ £ 10%, while SVL cells exhibit a very low ohmic resistance
value of 1 mQ £ 5%. The cell resistance variations might be a critical parameter to assess in
some of the control strategies.

In addition to rate capability and resistance variations between the two cell designs the cell
aging behavior would also have an impact on string performance.



Table 2. Summary of results obtained in the single cell evaluations for (a) ALT and (b) SVL cells.

I e B il R D | Vnveroee | Fssaciiard davion

C/2 capacity (Ah) 14,742 0.60% C/2 capacity (Ah) 1377 1.83%
C/5 capacity (Ah) 15.242 0.74% C/5 capacity (Ah) 13.96 1.71%
Rate capability 967 0.85% Rate capability 0.99 0.20%
BODRCV @ C/2 (V) 2.731 0.15% BOD RCV @ C/2 (V) 4.09 0.06%
EODRCV@C/2(V)  2.062 0.85% EODRCV @ C/2 (V) 3.16 1.11%
EOD SOC @ C/2 (%) 4.05 0.56% of SOC EOD SOC @ C/2 (%) 239 0.39% of SOC
BODRCV @ C/5(V)  2.684 0.26% BOD ROV @ C/5 (V) 4.09 0.02%
EODRCV@C/5(V)  1.895 1.9% EOD ROV @ C/5 (V) 598 0.66%
EODSOC@C/5(%) 144 0.3% of SOC EOD SOC @ C/5 (%) 0.91 0.10% of SOC
Resistance (m() 9:51 i Resistance (mQ) 1.03 5.70%
(m%;;:ggc) 154.2 0.6% Qration (MAh.%SOC)  146.95 1.57%
Weight (g) 400.5 0.08% Weight (g) 628.42 0.58%

(a) Initial OCV (V) 2.043 0.70% (b) Initial OCV (V) 2.565 36.1%
a



Figure 2(a) presents the behavior of a nominal commercial cell that consists of a graphite anode
and NMC cathode [18] that follows a typical trend of aging behavior in capacity fading, whereas
(b) is the cycle aging result from an ALT cell, which is also supposed to use NMC materials in the
cathode, and shows that there is no fading in the initial 120 cycles of aging.

Although we do not know if the cathode materials used in this nominal commercial cell (Figure
2 bottom plot) and ALT cell (Figure 2 top plot) are similar or not, we do not anticipate such
subtle difference in the cathode compositions to create a significant difference in aging
behavior in the cells. Therefore, any noticeable difference in the aging behavior between the
two would likely come from the anode; thus, graphite versus nLTO.
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Figure 2. Capacity fade as a function of cycle number for a nominal commercial cell comprising
graphite negative electrode and NMC positive electrode and ALT cell.

The capacity decrease with cycle number can be an early indicator of capacity fading with aging.
This fading behavior is often attributed to the decomposition of organic electrolyte and salt in
parasitic reactions at the surface of the negative electrode [9,11,14,15]. A commonly observed
result of such parasitic reactions is the loss of Li inventory, where the amount of recyclable Li
ions is gradually reduced in the cycle aging. The result in Figure 2 (b), top plot) suggests that this
phenomenon seems to be benign in the ALT cells in contrast to the fading behavior exhibited in
Figure 2 (a) bottom plot for typical commercial cells using NMC cathode and carbonaceous
anode. A caution should be made here that in the ALT cell chemistry, both NMC and nLTO
contain reversible Li in their compositions. The loss of Li inventory might be difficult to detect in
the early stage of aging. In contrast, typical commercial cells using NMC cathode and
carbonaceous anode are more vulnerable to Li inventory loss, since the Li inventory only comes
from the cathode. Once lost, it is easy to detect in the aging behavior.

The SVL cells contain carbonaceous negative electrodes. This aspect leads us to believe that we
would expect (although not tested) the SVL cells to follow a similar trend line in capacity fade as
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that shown in Figure 2 (a), bottom plot). The data for the SVL cells are not available for
comparison at the writing of this report.

A unique and powerful tool to study cell aging and degradation is incremental capacity analysis
[1,3,9,11,14,15]. This is a technique developed by HNEI based on prior art used in the study of
electrode materials. The incremental capacity is the amount of charge (AQ) involved in a small
interval of voltage variation (AV) in the path of cell reaction. In other words, the integral part of
current (in a finite step of time) over a finite decimal step of voltage change in the cell (3I:At/AV
= AQ/AV) shall represent the tendency of reaction kinetics in such a reaction at that voltage. By
examining the incremental capacity curve, which exhibits the incremental capacity (AQ/AV)
versus voltage for a cell, one can usually infer what the degradation might be incurring in the
cell aging condition. For easy comparison, the incremental capacity is normalized to the cell’s
rated capacity to facilitate the comparison among cells of different capacities and designs.

Incremental capacity (V'1)
o

2L i
-2.5
3 L. Cycle 25 | e
——Cycle 125 : :
-35 i 1 i i i i
1.4 1.6 1.8 2 22 24 26 2.8

Voltage (V)

Figure 3. The incremental capacity curves for the ALT cell at cycle # 25 and 120.

Figure 3 shows the incremental capacity curve at cycle # 25 and # 120, respectively, for the ALT
cell.

The similarity between the two curves shown in Figure 3 suggests that aging did not incur in any

noticeable way during the initial cycle aging tests, thus the cell was not affected by the 120
cycles of aging performed.

3.2. Performance of the 3S1P strings

The influence of the control schemes on the string performance is assessed here, with a
predetermined imbalance in SOC to impose sufficient imbalance in the SOC among the cells in
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the string. This scenario is representative of what could happen to a battery system as a result
of poor quality control during manufacturing and the fidelity of cell variability data in cell
selection for system assembly. For example, a potential source of imbalance could be
introduced as a result of low-resolution sensors in a battery monitoring system not having the
capability to accurately measure small differences in the cell voltage which could translate into
a measurement error that could be several %. For example, a measurement of a few mv could
be interpreted as a significant error in SOC.

Another source of imbalance among the cells could be introduced when the cells are assembled
into a system. For instance, the high initial OCV spread observed in the SVT cells (+36%, Table 2)
was introduced by a poor CCD handling to discharge the cells to low SOC for shipping. Before
the cells are used in the assembly, they need to be carefully conditoned and fully recharged to
the same SOC.

Figure 4 presents (a) the capacity retention for the ALT 3S1P string at C/2 rate under the normal
CCD regime and under the three control schemes with 5% SOC imbalance in Cell #2; and, (b) the
individual cell discharge curves under Control Scheme #3 at C/2. Cell #2 was the control cell
with a 5% undercharge in SOC, which limits the string performance in the discharge regime.

In Figure 4(a), the green curve displays the theoretical discharge curve of a string without
imbalance under controlling scheme #1, the black, blue, and red curves display the discharge
curves with 5% imbalance introduced and the string operated under control schemes #1 to #3,
respectively. Figure 4(b) presents the discharge curves of the 3 cells in the 351P assembly under
control scheme #3 (red curve on Figure 4(a)).
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Figure 4. (a) C/2 discharge curves of the ALT 3S1P string under normal discharge conditions and
under three control schemes and (b) C/2 discharge curves for the three cells in the string under

control scheme #3.

Figure 5 presents similar results obtained for the experiments following the same protocols as
presented in Figure 4 for the SVL 3S1P string. Similarly to the ALT string, Cell #1 (solid line in
Figure 5(b)) was used in the control protocol with 5% undercharge in SOC, which limits the

string performance. The color scheme is the same as the previous figure.
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Figure 5. (a) C/2 discharge curves of the SVL 3S1P string under normal discharge conditions and
under three control schemes and (b) C/2 discharge curves for the three cells in the string under
control scheme #3.

Figure 6 compares the rate capability using the approach shown in Figure 4 and Figure 5
respectively, in yielding the capacity retention at four different rates (C/25, C/5, C/2 and 1C) to
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show the variations in the capacity retention as a function of rate with the three control
schemes, as compared to that of the normal CCD regime.
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Figure 6. Comparison of rate capability between the (a) ALT and (b) SVL 3S1P string. The
capacity retention as a function of discharge rate C/n is shown in each figure for rates of C/25,
C/5, C/2 and 1C under a normal discharge regime and under the three control schemes.
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Control scheme #1 which is based on the string cutoff value yields the best result among the
three schemes for the ALT and SVL strings, since the capacity retention and the rate capability
are the highest, (as judged from the slope of the lines — the shallower the better). However,
since the strategy focuses on string level control, in both cases the cutoff condition for the
string was triggered by the safety limit (charge cutoff voltage plus 0.1v) of the limiting cell (Cell
#1).

Control scheme #2 results in the worst in performance of the three schemes for both ALT and
SVL strings. This is understandable, since the range of the SOC was intentionally limited to 80%-
20% plus the variability of the individual cells. For the ALT cells, not only the charge retention
for all rates is significantly lower, but also the rate capability (the slope of the curve is the
highest) is lower than those of the other two schemes. For the SVL cells, the charge retention is
also greatly reduced by the limited SOC range. The rate capability (slope of the curve) was not
affected very much by the scheme, as a benefit of the high-power design.

Control scheme #3 is based on the single cell cutoff value and is more conservative than control
scheme #1. Also the capacity retention and rate capability are lower than those used in control
scheme #1. The conservative approach presented in this strategy might result in better
durability than control scheme #1, since adverse abuse conditions are minimized in the scheme.

In Figure 6(a), for the ALT design, the difference in capacity between control schemes #1 and #3
starts off relatively small; but as rate increases, their differences increase as well. The rate
capability under control scheme #1 is better (i.e. the slope of the curve is less steep) than under
control scheme #3 and the single cell (or string without the predetermined imbalance).

In Figure 6(b), for the SVL design, the difference in capacity between control schemes #1 and #3
is less dependent upon the rate. The two curves are essentially parallel over the CCD test
regimes.

. CONCLUSION

The performance of two types of cells provided by Altairnano and SAFT in a 3S1P string
configuration was evaluated. Reference performance tests were used to characterize the
baseline performance characteristics of the ALT and SVL cells. The test results show the design
differences between the two types of cells. The ALT design (nLTO//NMC) optimizes high energy
and power, while minimizing capacity fade. The SVL design optimizes cell performance for high-
power applications.

A 3S1P string consisting of each type of cell was tested to derive the string performance
characteristics utilizing three different control schemes. The observed differences among the
three control schemes show sensitivity to the cell imbalance and test protocols. The cell
imbalance was predetermined by design with one of the three cells intentionally under-charged
by 5% (in SOC). By combining the cell imbalance and control scheme, the performance of the
strings can be compromised.
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Although the tests are quite preliminary, the results are useful to illustrate the points regarding
the impacts on string performance attributed to cell design, cell imbalance in a string
configuration, and the test protocols as implemented by control schemes.

The results obtained from the analysis of three control schemes would be useful in matching
the cell technology and design to a given application in electrical energy storage for grid and
distributed energy storage systems.

For example, high-power performance and fast charge/discharge rates are desired for
frequency and voltage regulation, where low impedance in the cell and spontaneous response
to improve power factor is a critical consideration. On the other hand, to support peak shaving
and ancillary services like spin reserve, a more balanced energy-power design might be more
suitable to achieve the goals.
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