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Matching Response Times of 

Lithium-Ion Cell Self-Discharge 

Current Measurements 
New system calibration method assures well-matched 
response times of self-discharge current measurements, 
enabling reliable classification of cells more quickly.  
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Introduction 
Keysight’s self-discharge measurement (SDM) solutions (figure 1) measure and characterize self-

discharge performance of Li-Ion cells. Self-discharge currents are recorded across a group of cells, with a 

typical measurement completing in as little as a few minutes. This compares favorably to the 1-2 weeks 

required by the widely-used alternative method of cell open circuit voltage (OCV) measurements. 

Using a potentiostatic method provides fast, direct measurement of a cell’s self-discharge current. (See 

“What is a Potentiostatic Method for Measuring a Cell’s Self-discharge Current?”) With this method the 

series resistance value between the cell and potentiostatic source plays a vital role in optimizing the 

measurement response time versus sensitivity to noise factors, such as EMI and temperature deviations. 

 

 

 

Figure 1. Keysight solutions to collect and process SDM data include the BT2152B Self-Discharge Analyzer (left) and 

the BT2155A Self-Discharge Analysis Software (right). 

However, when characterizing a group of cells, not only is the resistance value important, but how well- 

matched this value is across the group is equally important for matching measurement response times for 

achieving fast and reliable classification of the cells for self-discharge. Well-matched series resistance, 

and hence well-matched rise-times, enables reliable relative ranking of the group of cells early on, prior to 

the measurements fully settling out. It also enables more reliable projection out to the final settled 

measurement values based on having well-controlled and well-matched response times. 

Here we will see how the series resistance value impacts SDM response time versus sensitivity to noise 

factors, and how its poor matching leads to difficulties in grading a group of cells for self-discharge. This 

is followed by how the calibration process used to provide accurate and well-matched series resistance 

values in-turn leads to providing faster, more reliable classification of the cells for self-discharge. 

Self-discharge measurements can be used in a range of settings: In R&D, they can 

help characterizing cells; in production settings, they can be used to screen defective 

cells; in second-life applications, they can help estimate remaining cell lifetime. 
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Total Series Resistance Value and Measurement 
Response Time 
Because a cell is effectively an extremely large capacitor, it takes time for the self-discharge current 

measurement to settle. The effective capacitance of a cell can be estimated from the inverse of the slope 

of its discharge curve as shown by the following expression: 

C (Farads) =1 / slope = ΔQ(Coulombs) / ΔV(Volts) = (3,600(sec/h) × ΔQ(Ah)) / ΔV(Volts) 

 

 

Figure 2. Example Li-Ion cell discharge curve slope 

As one example, in Figure 2 it has been determined that the effective capacitance is about 10,000 Farads 

for a 2.4 Ah cell with a discharge slope of 0.009V/%SoC at 85% SoC. Note that 100% SoC is 2.4 Ah. 

For the potentiostatic method depicted in Figure 3, the measurement response time can be approximated 

by the time constant formed between the cell’s effective capacitance and total series resistance between 

the cell and potentiostatic voltage source. Continuing with the 2.4 Ah cell having an effective capacitance 

of 10,000 Farads and having 25 µA of self-discharge current, the measurement response time has been 

plotted in Figure 5 for 0.1 ohm and 1-ohm total series resistance values. Note that the self-discharge 

current does not affect measurement response time. It only determines the final, settled value. 
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What is a Potentiostatic Method for Measuring 
a Cell’s Self- Discharge Current? 
The OCV method relies on measuring a very small loss of cell voltage over a long period of time to serve 

as an indirect indicator of the cell’s self-discharge rate. It traditionally takes days to weeks. In comparison, 

the potentiostatic method measures the cell’s self- discharge current. This is a direct measurement of the 

self-discharge rate, as current is coulombs per seconds, which is charge loss over time. The potentiostatic 

method is depicted in Figure 3. 

 

Figure 3. Potentiostatic method for measuring a cell’s self-discharge current 

The cell’s self-discharge is modelled as a parallel resistance, RSD, within the cell. On the left, at the 

start, when the cell is open- circuited, the self-discharge current ISD internally drains charge from the 

cell through RSD. With the potentiostatic method, a low noise, very stable DC source is set to match the 

cell’s OCV. 

The DC source is then connected to the cell through a micro- ammeter to measure the current flowing 

between the DC source and cell. On the right, as the DC source comes to equilibrium with the cell, the 

self-discharge current ISD has transitioned from being sourced internally to being totally furnished 

externally from the DC source, holding the cell’s state of charge (SoC) constant. ISD can then be directly 

measured using the microammeter. 
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Figure 4. Example of measuring a cell’s self-discharge rate with the potentiostatic method 

An example of a self-discharge current measurement with this method is shown in Figure 4.  

Advantages of this method include: 

• Test time can typically be under an hour to determine the self-discharge current. Cells having 

unacceptably high self-discharge can be discerned from good cells in much less time. 

• The result, ISD, is a direct measurement of the cell’s self-discharge rate. 

• The real impact of the potentiostatic method is: 

• In development, greatly reduced schedules to more quickly capitalize on opportunities. 

• In production, greatly reduced WIP, simplifying storage logistics and associated hazards. 

 

Figure 5. Self-discharge current calculated response time for 2.4 Ah cell 
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It is desirable to reduce measurement time as much as possible by using the lowest total series 

resistance possible. However, as its value gets lower, the cell’s internal impedances and characteristics 

become more dominant, ultimately limiting how fast a measurement can be made. Another limitation with 

using lower series resistance is the measurement sensitivity to external noise factors increases. 

 

Total Series Resistance Value and Sensitivity to 
Noise Factors 
In practice, self-discharge current measurements are perturbed by external environmental noise factors, 

as well as ones existing within the setup. The primary external noise factor is temperature-induced 

changes. The cell’s OCV has a temperature coefficient of voltage (TCV). Change in the cell’s OCV 

translates into a comparable error in the SDM current measurement. Similarly, electrical noise, both from 

external EMI pickup, as well as within the potentiostatic voltage source, also translate into comparable 

errors in the SDM current. These noise factors, being voltages, translate into current measurement errors 

inversely with the total series resistance value. 

The current error grows with smaller resistance. This can be seen in Figure 6 where an SDM test is 

displayed for two cells; one having a series resistance of 0.1 ohms and the second one having a series 

resistance of 1.0 ohms. The lower total series resistance reduced the measurement time but increased 

the sensitivity to the noise factors. This is a bit of a double-edge sword. Reduced measurement time can 

reduce the amount of temperature change experienced, depending on its rate of change, but at the same 

time become more sensitive to the temperature change and other noise factors. In practice, one typically 

needs to strike a balance between measurement time and noise. One must also try to minimize external 

noise influences as best as possible when working to reduce the measurement time, such as insulating 

the cells from temperature changes. 

Finally, de-noising algorithms can be used to remove external noise from the measurement, to improve 

the result. For further information on de-noising, see the application note “Removing Noise in Lithium-Ion 

Battery Cell Self-Discharge Data Sets”, referenced at the end of this document. 

Figure 6. Actual self-discharge currents for 2.4 Ah cells with different series resistances used 

in measurement configuration 
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Electronically Adjusting the Total Series 
Resistance Value 
In practice the resistance of the wiring, connectors, and cell contacts all contribute towards the total series 

resistance value between the potentiostatic source and the cell. These are all fixed values. Therefore, to 

have an adjustable total series resistance value, the SDM system must include a means to control the 

total series resistance. The Keysight BT2152B Self-Discharge Analyzer electronically generates 

additional resistance at its output. This is illustrated in Figure 7. Note that it may generate either positive 

or negative resistance, depending on whether the desired total series resistance value is greater than, or 

less than, the external physical resistance. 

 

Figure 7. BT2152B electronic series resistance generation 

 

Importance of Having an Accurate Total Series 
Resistance Value 
As has been shown, the total series resistance value has a pronounced effect on the self-discharge 

current measurement. Especially as the total series resistance value is set to smaller values to reduce the 

measurement time, it becomes increasingly important to have an accurate value. This means accurately 

knowing or measuring what the external physical resistance is. If the value of the external resistance is 

erroneously higher or lower than its actual value, then it will in-turn be over- or under compensated for 

electronically, when setting a total series resistance value. 

In an extreme case, if the total series resistance value becomes negative, the system becomes unstable. 

In a less extreme case, when simultaneously testing an array of cells, it becomes increasingly difficult to 

efficiently and reliably grade the cells for self- discharge. This can readily be observed in Figure 8. 
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Figure 8. SDM results for a group of cells with poor total series resistance matching 

While the expected total series resistance setting for the group of cells tested in Figure 7 was 0.5 ohms, 

actual values ranged from 0.1 ohms to 1.0 ohms. Factors causing poor total resistance settings include: 

• Inconsistent contact resistance to cells from test cycle to cycle. 

• Inconsistent connector resistance over time and use. 

• Errors and inconsistencies in measuring/determining physical wiring resistance path between 

potentiostatic source and cells. 

 

In Figure 8 it is observed measurements for cells having very low series resistance rise very quickly and 

have substantially greater noise induced by voltage noise factors, while measurements on cells having 

high series resistance rise much more slowly and have much lower noise. This complicates quickly and 

reliably grading the cells for self- discharge due to the inconsistencies in measurements, such as: 

• Cells with fast measurement rise times would be judged early on to have relatively higher self- 

discharge even though ultimately, they may have lower self-discharge. 

• Conversely, cells with slow measurement rise times would be judged early on to have relatively lower 

self-discharge even though ultimately, they may have higher self-discharge. 

• Cells with higher levels of measurement noise makes their relative judging for self-discharge against 

neighboring cells more difficult or impossible at any given instance. 
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In-Situ Series Resistance Calibration Optimizes 
SDM Response Times 
There are different means of determining the physical resistance path value. Most of these means can be 

categorized as either by-short calibration, where the cell is replaced by a shorting jumper, or in-situ 

calibration, where the cell remains in place during the calibration process. Versions of these two methods 

have been implemented in the BT2152B. The by-short calibration method is depicted in Figure 9. 

 

Figure 9. By-short physical wiring resistance calibration method 

With the by-short calibration method, a test current is applied, and voltage and current readings are 

taken. The wiring resistance is then calculated from the readings. 

In comparison, the in-situ physical calibration method is depicted in Figure 10. This method is feasible 

because the cell is effectively a short circuit but also having a large DC voltage offset. 

 

Figure 10. In-situ physical wiring resistance calibration method 
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Again, a test current is applied, and readings taken. The physical resistance is then calculated from the 

readings. Because the cell is in place, the physical resistance value may include a small, but typically 

negligible amount of the cell’s effective series resistance (ESR). Unlike the by-short method however, with 

the cell in place, the test current used must be such that it does not appreciably affect the cell’s rested 

SoC. Otherwise, this would cause charge redistribution effects, upsetting the cell’s rested OCV. The 

BT2152B has multiple test current levels to get an optimum physical resistance calibration value while at 

the same time negligibly affecting the cell’s rested SoC.  

While each method has certain unique merits, the in-situ method of physical wiring calibration in general 

has shown to be the best option for providing the most accurate and consistent results, both for individual 

cell channels as well as matching across all the cell channels. There are a few reasons for this: 

• The in-situ method eliminates differences in calibration resistance value and actual resistance value 

during test due to changing connections from a short to the cell being tested. 

• The in-situ method eliminates differences in calibration resistance value and actual resistance value 

during test due to changes in connector resistances over time and use. 

• The in-situ method allows one to go right from running it to starting SDM testing for each test run. 

This assures the resistance value used for testing is exact every time. 

• Lastly, testing large groups of cells requires fixturing, very likely under automated control. The in-situ 

method does away with having to develop a process of applying and removing shorts for all the 

fixture’s contacts required when using the calibration by-short method. 

The same group of cells tested in Figure 8 for SDM current were again tested, this time using an in-situ 

physical wiring resistance method to obtain a much more accurate and well-matched 0.5 ohms of total 

series resistance for all the cells. The SDM test was re- run, with results now shown in Figure 11. 

Figure 11. SDM results for a group of cells with excellent total series resistance matching 

An accurate, well-matched total series resistance value for the group of cells provides comparably well- 

matched measurement response time and noise levels, providing quicker, more reliable grading of the 

cells for self-discharge. As can be seen, there is no need to wait for the measurements to reach their final 

values to grade the cells on a comparative basis. They have established their relative positions early on 

and maintained them to the end. 
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Summary 
Keysight’s BT2152B and BT2155A self-discharge measurement (SDM) solutions measure and 

characterize self-discharge performance of Li-Ion cells. They use a potentiostatic method that directly 

measures the self-discharge currents across a group of cells, with a typical measurement completing in 

well under an hour. This compares favorably with the 1-2 weeks required by the widely-used alternative 

method of open circuit voltage (OCV) measurements. 

With the potentiostatic method the series resistance value between the cell and potentiostatic source 

plays a vital role in optimizing the measurement response time versus sensitivity to noise factors. 

However, when characterizing a group of cells, not only is the resistance value important, but how well- 

matched this value is across the group is equally important for matching measurement response times for 

achieving fast and reliable classification of the cells for self-discharge. 

While the BT2152B adjusts the total series resistance value electronically, it still relies on having an 

accurate value of the external physical resistance to end up with an accurate total series resistance value. 

This becomes increasingly critical as the total series resistance is reduced to reduce measurement time. 

Therefore, it is vitally important to accurately calibrate the system for the external physical resistance. 

The various means of calibrating the external physical resistance can be categorized as either the by- 

short calibration method or the in-situ calibration method. In the former the cell is replaced by a shorting 

jumper across the fixture contacts to measure the physical resistance. In the latter the physical resistance 

is measured with the cell in place in the fixture. Both have unique advantages, but generally the in-situ 

calibration method is more likely to assure accurate and consistent calibration in practice. Accurate and 

consistent external physical resistance calibration ultimately assures quicker and more reliable grading of 

a group of cells for self-discharge when using the potentiostatic method for direct measurement of the 

cells’ self-discharge currents. 
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More Information 
For more information on Li-Ion cell self-discharge and Keysight’s Self- Discharge Measurement Solutions 

Visit: http://www.keysight.com/find/Self-Discharge 

 

Application Note: Measure Lithium-Ion Self-Discharge of Cells in a Fraction of the Time Traditionally 

Required (5992-2517EN). 

Application Note: Removing Noise in Lithium-Ion Battery Cell Self-Discharge Data Sets (5992-3979EN). 

BT2152B Self-Discharge Analyzer: http://www.keysight.com/find/BT2152 

 

BT2155A Self-Discharge Analysis Software: http://www.keysight.com/find/BT2155 

 

BT2191A Self-Discharge Measurement System: http://www.keysight.com/find/BT2191 
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