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ABSTRACT

In this paper, an algorithm for estimating lead-acid battery state of charge
(SOC) is implemented. The algorithm, named “Improved Coulomb Counting
Algorithm”, was developed within a master thesis project (Samolyk & Sobczak,
2013) [1] with cooperation of a Swedish company - Micropower - Research and
Development department.

Currently used method at Micropower is Coulomb Counting; implemented
algorithm compares coulomb counting method with open circuit voltage
method and uses current, terminal voltage and temperature measurements to
finally produce improvement for the very same coulomb counting method and
get a better estimation of SOC.

The algorithm was implemented on Micropower Access Battery Monitoring
Unit (BMU) using C programming language, so that it can be tested in real time
application of the regular battery operation. In the end specific gravity
measurements were also presented to comparing the methods.

Keywords: Lead-Acid Battery, State of Charge
of the battery, Open Circuit Voltage, Improved
Coulomb Counting,.
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1. INTRODUCTION

In industry, there is a huge use of batteries with different types. Regardless of
battery types, they all need to be monitored according to their applications. One
of the most important items to consider is having a trustworthy indicator for
state of charge (SOC) of the battery as it is a measure of the amount of electrical
energy stored in it. This paper reports the result of implementing a suggested
SOC algorithm that was developed within a master thesis project (Samolyk &
Sobczak, 2013), “Improved Coulomb Counting Algorithm” [1], with cooperation
of a Swedish company - Micropower - Research and Development department.
The implementation project is also a project made for Micropower company.

The aim of this project is to implement the suggested SOC estimating
algorithm on a dedicated measurement device and verify the result by
comparing different estimating methods. The measurement device is designed
and produced by Micropower Company and was provided among other needed
equipment. The algorithm is to operate in real time and provide an accurate SOC
for the end user.

Typically, it is desired that the SOC, S(t), of the battery should be kept within
appropriate limits, for example, 20% < S(t) < 95% to maintain quality of the
battery and to operate the battery within safe limits. It is then essential to be
able to indicate the battery SOC. [2]

Producing an accurate indication of the SOC for the user can lead to
preventing deep discharge, e.g. S(t) < 20%, of the battery and therefore not
shorten the battery life time.

The next chapter describes lead-acid batteries in general. Different methods
of estimating SOC is also introduced and most importantly the suggested
algorithm. Implementation of the algorithm will be described in chapter 3
followed by test and result details in chapter 4. Finally, in chapter 5, conclusion
and future work are discussed.

2. BACKGROUND

This chapter includes a general background of lead-acid batteries with
introducing different methods of estimating SOC as well as an explanation of the
suggested SOC estimating algorithm.

2.1 Lead-Acid Batteries

Lead-acid batteries are used for different purposes and can be divided as
starting or deep cycle batteries. Starting batteries give maximum output current
in a short time for starting engines. They are not suitable for cyclic applications



and repeated deep discharge can cause capacity loss. On the other hand, deep
cycle batteries are to be regularly discharged using most of their capacities. [3]

Lead-acid batteries are defined by the nominal voltage which is standardized
at 2.0V/cell and by the nominal capacity in ampere-hours [Ah]. Battery used in
this project is a flooded! lead-acid consisting of three two-volt cells connected in
series to provide 6-volt system.

A cell of a flooded lead-acid battery is a combination of positive lead peroxide
and negative lead plates immersed into an acid solution (Sulfuric acid). The
plates are kept from touching (shorting) one another by plate separators. Each
of the plate elements contributes to the cell’s total voltage. The elements switch
their position from the anode to the cathode depending on the battery / cell
charge or discharge condition in a circuit. When charging, it converts electrical
energy into chemical energy and then recovers electrical energy during
discharge. [4]

2.2 Monitoring State of Charge (SOC)

There are several methods to monitor state of charge for lead-acid batteries;
some of them are explained in the following.

2.2.1 Coulomb Counting

Coulomb Counting method (direct method) is widely used and it is simply
measuring the current that flows in and out of the battery. This method is pure
integration of current over time; to define the SOC, if we consider fully charged
battery at time t,,, with I, (t) as discharging current, the charge delivered by the

battery at time t is |, tl; I, (t)dt . With Q,denoting the total charge that the battery
can deliver, the SOC (%) of the battery is defined as

S(t) s QO_fttO Ib(T)dT

x 100. [2]

This method seems to be an obvious and simple to implement, but since the
current flow is not constant and it changes frequently, the longer this method is
used the bigger the error gets due to the integration. Other issues that make this
method not very accurate are self-discharge and aging of the battery.

A fully charged battery which is stored and has not been in use for some
months, cannot deliver its full capacity due to self-discharge. Its SOC will no
longer be 100%, but since there is no external load, there will be no calculation
of SOC drop. Same happens considering battery aging process. All battery
producers provide customers with information about battery life time such as
number of cycles that a battery can run during its lifetime. As the battery gets

! This type of battery contains electrolyte fluid.



closer to its end, it will lose more capacity, which is not considered in this
method of coulomb counting. [5]

2.2.2 Open Circuit Voltage (OCV)

Open circuit voltage (OCV) of the battery is the voltage when the battery
current is zero and the battery has been resting for at least two hours [6]. When
the battery is disconnected from the load, the battery voltage will be increasing
with time, until it is stable and has reached its OCV value. Voltage behavior after
disconnecting from the load is explained more in section 2.4 “Suggested SOC
Estimating Algorithm”. There is an approximately linear relationship between
the SOC of the battery and its OCV given by

Voc = a;5(t) + ay,
S(t) — Voc(t)—ag

a
where S(t) is the SOC (%) of the battery, a, is the battery terminal voltage
when S(t) = 0%, and a, is obtained knowing the voltage of a; and V. at S(t) =
100% . [2]

Although this method works reasonably well for lead-acid battery, it is
important to use a trusted SOC-OCV look-up table regarding the battery type
which is normally provided by the battery manufacturer. The SOC-OCV mapping
used in this project is presented in figure 2.1. It should be observed that OCV is a
function of temperature, which will be discussed in section 3.2 “Rest State”.
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Figure 2.1 SOC-OCV mapping [6]
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Disadvantage of this method is that it cannot be performed as a real time
method, as the voltage takes time (i.e. at least two hours) to be stable after
disconnecting the battery from the load.

2.2.3 Specific Gravity (SG)

Specific Gravity (SG) method applies to flooded lead-acid batteries. Below is
the chemical formula of charging and discharging process in the lead-acid
battery. [7]

Discharge
PbO, + Pb + 2H,50, ———* 2PbSO, +2H,0(1)
Charge

Chemical reaction between sulfuric acid and the lead plates starts to cover
the plates with lead sulfate while battery discharges, this causes electrolyte to
lose much of its dissolved sulfuric acid and become more water like, thus
density of the electrolyte becomes lighter and SG gets lower.

As the battery charges, the lead sulfate begins to convert to lead and sulfuric
acid again. On the other hand, electricity flows through the water and water will
be converted to its elements which results to gassing and water loss. In this
procedure sulfuric acid gets heavier and SG will increase. [8]

Measurement of SG is done using a hydrometer to read level of the
electrolyte for each cell; overall SG is an average value of all cells. Since SG
reading is dependent on temperature of the electrolyte, values must be
compensated regarding the temperature.

Different SG levels correspond to a specific SOC values which are defined in a
look-up table presented in table 2.1. Temperature compensation is also shown
in the same table.

State of Charge | Specific Gravity Temperature Add or Subtract to
[%] [Kg/1] at 30°C P SG Reading
100 1.29
>30°C +0.0007 per degree
75 1.24
50 1.19 30°C 0
25 1.14
<30°C -0.0007 per degree
0 1.09

Table 2.1 SOC-SG look-up table and temperature compensation [6]




Using this method for estimating SOC is time consuming and is not good
enough for the real time applications because it is not convenient to access the
battery cells while in use however this method was used in this project for
comparison of the methods. It is worth to mention that by regularly recording
each cell’s SG, the need of maintenance for each cell can be observed; simply by
comparing the SG readings among all cells.

2.3 Micropower Access Battery Monitoring Unit

Micropower (MP) Access Battery Monitoring Unit (BMU) is a device to be
mounted on the battery and has built in battery voltage, acid level and battery
temperature measurements. For current measurement a separate current
sensor is connected. The BMU monitors the battery during its operation and all
data is presented in the MP Access Service Tool through a wireless
communication system to make it easy for comprehending.

Currently used method on the BMU device for SOC estimation is coulomb
counting which only uses current measurements and as mentioned in the
section 2.2.1, it produces error as time goes. That is why development was
needed to improve SOC estimation.

2.4 Suggested SOC Estimating Algorithm

The “Improved Coulomb Counting Algorithm” was designed and tested in
Mathworks Matlab environment (Samolyk & Sobczak, 2013) [1], with ensuring
that the algorithm is implementable by C programming language (i.e. what is
done in this project) and the estimated SOC has an error below 5%.

The suggested algorithm is based on the coulomb counting method but uses
all measurements available from BMU such as terminal voltage and battery
internal temperature, to improve the method.

In a real forklift’s operation there are moments in which the battery is put on
hold and therefore current is zero, at those moments - no matter how long they
last - the SOC-OCV linear characteristic (figure 2.1) can be used to provide a
reliable SOC estimation.

24.1 Battery Voltage Behavior
One of the most important experiments in the previous master thesis

(Samolyk & Sobczak, 2013) was to study the behavior of the terminal voltage
after being disconnected from the load, shown in figure 2.2 next page. [1]
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Figure 2.2 Battery voltage after being disconnected from the load;
source: Previous master thesis (Samolyk & Sobczak, 2013) [1]

Taking a closer look at figure 2.2, we can observe that as soon as the current
value is zero, battery voltage raises, and it varies until time instant T1 which is
when the voltage starts being constant for approximately 60s. The next is time
instant T2, which is when the voltage starts being constant for about 300s and
finally at time instant T3, voltage starts being constant for almost 5400 seconds
(1,5h).

Voltage at time instant T3, can be taken as the actual OCV value that needs a
longer break to be reached. Studying voltage behavior in the previous master
thesis (Samolyk & Sobczak, 2013) [1], has shown that using different discharge
currents and discharge periods will not have significant effects on voltage
differences between time instants T1 and T3 (Vy;ff,) and between time instants
T2 and T3 (Vy;ff,)- It means that V¢, and Vy;ff, values will not vary that much
no matter what discharge current is used or for how long battery has been
under discharge.

This is valuable because these values can be calculated once in the algorithm
after the first cycle and then be used for estimating OCV value after even short
breaks. Assume that the values of voltage differences are calculated and saved in
the memory, so the next time a break happens even if it can only reach time
instant T1, Vg;¢f, value which is saved formerly will be added to the measured
voltage value at time instant T1 and result is estimated voltage value at time
instant T3 which is OCV value.



2.4.2 Calibration

First step of the algorithm is a calibration. In this step estimating SOC will be
done using normal coulomb counting method. Therefore, the forklift operation
needs to stop the discharge at least 10% before the SOC indicator reaches 20%
(to prevent deep discharge).

When the discharge operation is stopped, battery should rest for 6 hours so
that the algorithm will be able to calculate time instants T1, T2 and T3 as well as
voltage differences at those moments and saving them in the memory. After
calibration is done and all needed values are saved, battery is ready for its
regular operation. It should be noted that whenever sufficient rest is reached
during the regular operation; the calibration can be done to update formerly
saved values.

2.4.3 Modification

While the battery is operating, coulomb counting is used for SOC estimation
until the time that load is disconnected, and battery is on hold. If the discharge
break is short, but long enough to reach the time instant T1, OCV is estimated by
adding Vy;ff, to the measured voltage. If the break is long enough to reach the
time instant T2, estimation of OCV value is done by adding Vg, to the
measured voltage. And finally, if the discharge break is quite long it reaches the
time instant T3. The measured voltage value at time instant T3 can be used
directly as a more precise OCV value.

By having OCV value, the algorithm can use SOC-OCV mapping (figure 2.1)
and estimate SOC value. Difference between the SOC estimated from coulomb
counting and the SOC estimated for OCV value forms an error value:

Error = SOC(0OCV) — SOC(CC),[AR]

The correction factor is calculated using the error value and the average
current throughout the last hour of discharge:

(avgCurrent + Error)

Correction Factor =
avgCurrent

Calculated correction factor will be multiplied by the current drawn for the
next one hour of discharge, to reduce the error caused during the last period of
discharge. [1]

Correction factor is calculated every time that the battery is resting and will
be applied to the next cycle of discharge, as result SOC is getting more accurate
by time. One disadvantage that might come up is that it will take time to get an
accurate SOC or it could be more reasonable to directly update SOC calculated
by coulomb counting by SOC estimated from OCV instead of doing any further
calculation of error value and correction factor. But then the result from the
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user’s view will be a sudden jump of SOC after every update which is not
acceptable. Using correction factor instead will smoothly modify SOC without
user recognizing the change. Result of implementation of the algorithm using
Matlab is presented in figure 2.3.
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S0LC (Improved Coulomb Counting
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Figure 2.3 Comparison result of both regular and improved coulomb counting;
source: Previous master thesis (Samolyk & Sobczak, 2013) [1]

More detailed explanation of the suggested algorithm can be found in the
master thesis by M. M. Samolyk & ]. Sobczak, “Development of an algorithm for
estimating Lead-Acid Battery State of Charge and State of Health,” M.S. thesis,
Dept. Signal Processing, Blekinge Institute of Technology, Karlskrona, Sweden,
2013.[1]

3. IMPLEMENTATION OF THE ALGORITHM

To get a simple implementation of the algorithm, the regular battery
operation is divided into three different states, i.e. charging, rest and
discharging, shown in flowchart 3.1.

Start

Current
measurement

Measured
Current<0A?

Measured
Current=0A?

Charging state

Flowchart 3.1 Battery operation states

Rest state

Discharging state
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3.1 Charging State

When battery is under charge it receives positive current from the charger,
the algorithm purely uses the coulomb counting method and calculates the SOC
by summing up the current values, flowchart 3.2.

Charging state
L
Current
measurement

Coulomb Counting S0C

Flowchart 3.2 Charging State

3.2 Rest State

The rest state is defined by no charging or discharging. Flowchart of this state
is presented in flowchart 3.3.

Rest state

First calibration
done ?

Previous period =
Discharging period ?

Voltage . Find time instants T1,
measuremen T2, T3 and

corresponding voltage
differences

Update time instants T1,
T2, T3 and
corresponding voltage
differences

A

Estimate OCV value

Temperature Wait until time instant T1,
L% « |
measurement T2 or T3 passes

Flowchart 3.3 Rest State
11



When algorithm enters to this state it will check if the previous period of the
battery operation was charging or discharging, algorithm continues only if the
previous state has been discharging period, the reason is that the algorithm is
designed to improve SOC estimation using information from discharging cycle of
the battery operation. Next step is calibration, as it was explained in the
previous chapter, there is a need of long rest for the first calibration, to reach
time instants T1, T2 and T3. The following values are to be found and saved for
further use:

Time instants T1, T2 and T3, Vy;5f, = Ve, = Vo, Vairr, = Vo, — Vo,
where, Vr, = Voltage at time instant T1, Vy, = Voltage at time instant T2,
Vr, = Voltage at time instant T3.

In the case that the first calibration is done, whenever battery is put on hold,
algorithm will perform the calibration in background for updating formerly
saved values. In parallel, algorithm will wait to reach time instants T1, T2 or T3.
Priority is playing an important role when estimating OCV value, so if rest was
long enough to reach time instant T3, algorithm will ignore other voltage values
at time instants T1 and T2, same happens if algorithm could not reach time
instant T3, but time instant T2 was reached then voltage at time instant T2 has
the priority and voltage at time instant T1 will be ignored. After all these steps,
algorithm is ready to use the most recently updated voltage value with respect
to the mentioned priority to estimate OCV value.

oCcVv = VT3 + tFactor,

OCV = Vg, + Vyirr, + tFactor,

OCV = Vy, + Vyipr, + tFactor,

where, tFactor = temperature correction factor.

Measured terminal voltage of the battery is dependent on the battery
temperature, as battery temperature increases voltage value decreases and the
opposite. Therefore, we can get a better estimation of OCV value by correcting
voltage measurement according to battery temperature. Table 3.1 shows how to
compensate voltage values according to battery temperature.

Temperature Add or Subtract to Voltage Reading [V/cell]
>30°C +0.0007 per degree
30°C 0
<30°C -0.0007 per degree

Table 3.1 Temperature compensation for voltage readings [6]
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3.3 Discharging State

When battery is under discharge, current is negative and is taken out of the
battery, flowchart of this state is presented in flowchart 3.4.

| Discharging state |
>
—

Current
measurement /

| |

Correction factor
calculated 7

Calculate average current OCV estimated ?
value over the last one hour

of discharge

Check the SOC for estimated
Modify measured current ocv

value (run for one hour,
then reset the correction
factor for the next cycle)

4

Calculate error value

A

Coulomb Counting

Average current
value |= 0

Calculate correction factor

Flowchart 3.4 Discharging State

While coulomb counting with use of current measurements is ongoing, the
algorithm will be calculating average discharge current over the last hour as
well as checking if OCV value has been estimated (in the rest state) or not. If yes,
SOC-0OCV mapping (figure 2.1) will be used to find SOC value.

Error value is then calculated as follows:

Error = 50Cocy — SOCcoutomp counting- [Ah]

When error value is obtained, it is time to check if average discharge current
value is also obtained so that the algorithm can continue and calculate
correction factor:

] Error + Average discharge current over the last hour
Correction factor =

Average discharge current over the last hour

13



Correction factor will be multiplied by the measured current and make
modified current value which is then used in coulomb counting resulting the
modified coulomb counting. Correction factor is obtained according to the last
one hour of discharge and will be applied to the next hour of discharge.

If error value is positive, then correction factor is less than one which leads to
slow down the coulomb counting and if error is negative, correction factor is
then greater than one and it will speed up the coulomb counting,.

4. TEST AND RESULT

The algorithm is written in C programming language using IAR embedded
workbench and is compiled with other parts of the BMU main program. IAR
Systems Group provides a device named JTAG which makes it possible to debug
the code and download it to the BMU microprocessor. After downloading, BMU
is ready to be mounted on a battery and start operating to test the implemented
algorithm.

Testing of the implemented algorithm is discussed in this chapter as well as
showing the results. Next chapter covers the conclusion of the implemented
algorithm.

4.1 Test

To test the algorithm, a normal battery operation needs to be created in the
laboratory environment. Equipment used to run the test are listed below:

- 3x 4EPzS 240Ah 2V/cell in series, forming a 6V 240Ah battery. (Picture
4.1)

- Switchable resistor cabinet (0.4 - 3 Ohm), to discharge the battery.
(Picture 4.1)

- Micropower Battery Monitoring Unit (BMU). (Picture 4.2)

- Micropower Access Service Tool USB, to collect data from BMU via
wireless communication. (Picture 4.2)

- Hydrometer, to measure specific gravity of the acid. (Picture 4.3)
- Micropower SMP PRO Battery Charger}, to charge the battery.
- Computer.

- IAR’s JTAG connection for debugging and downloading the program.
(Picture 4.3)

! Input 1x220-240V, 50-60Hz, 9A; output 6...48V DC, 0...30A.
14



Picture 4.2 BMU, MP access service tool USB

Picture 4.3 JTAG, Hydrometer

15



Battery charger

(]

Picture 4.4 BMU mounted on the 6V battery

Picture 4.4 shows overall view of the BMU mounted on the battery. As soon
as the BMU is connected to the battery plus and minus terminals, it will start
operating. MP access service tool (USB) is then used to receive momentary
measurements from the BMU and monitor the battery. For the first test, the
battery is discharged with different resting periods as described in the previous
chapter. This will allow the algorithm to run and calibrate itself. The battery is
then fully charged to start the second test. For the second test, the battery is
discharged, charged and discharged again. Test results are shown in the next
section.

4.2 Result

Plotted results of the previously explained tests are shown in figures 4.1 and
4.2, followed by figures 4.2A to 4.2C which show different parts of the second
test separately. To get a better view and possibility to compare different
methods, estimated SOC values driven from four different methods are plotted
at once:

- SOC values from the implemented algorithm, modified coulomb counting
method (modified CC); shown in momentary measurements of the BMU.

- SOC values from the simple coulomb counting method (unmodified CC);
calculated by summing up charging/discharging current values.

- SOC values from the OCV method; measured OCV values during battery
resting times are used to find the corresponding SOC from the SOC-OCV
look-up table (SOC-OCV mapping, figure 2.1).

- SOC values from the SG method; manually measured SG values are used
to find the corresponding SOC from the SOC-SG look-up table (table 2.1).

16



State of Charge [%]

State of Charge [%]

o | | L' SOCModified CC |

1 i 1 i 1

SOC unModified CC

—S0C unModified CC

—S0C Modifed CC
+ SOC OCV points

SOC SG pomts

05 1 15 2 25
Time [s]

Figure 4.1 Estimated SOC using different methods
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Figure 4.2 Estimated SOC using different methods
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Figure 4.2C Coulomb counting methods in comparison with OCV and SG points
(Test 2, Part C - Second discharging cycle)

Since all the SG measurements were done manually with a simple
hydrometer. Errors might rise due to manual measurement mistakes or
inaccuracy of the hydrometer. Best solution would be to measure SG by a sensor
which can measure electrolyte level accurately. SG level after charging cycle was
close to 90% which can be due to acid circulation process during the previous
charge and battery state of health that is beyond this project’s discussion. Tables
4.1 and 4.2 represent the SOC at different points of discharging periods from the
second test.

SOC-0CV [%] SOC-SG [%] SOC M([)O(/ioi]fied CC | socC Um}:;)(]lified CcC
100 87.5 100 100
88 78 85 85
74 67 74 74
66 63 63 63
61 58.5 59 56
56 53.5 56 52

Table 4.1 SOC at different points, first discharging cycle
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SOC-0CV [%] SOC-SG [%] SOC M([)(:/ioi]fied CC | soC UmF)(/:)(]iified CC
100 87.5 100 100
89 78.5 91 91
84 76 82,2 81,6
74 67 72 71
66 61 64 62
53 53.5 51 47

Table 4.2 SOC at different points, second discharging cycle

SOC-Modified and SOC-Unmodified are the same until the algorithm
calculates correction factor. As discharging continues algorithm has more time
to modify SOC. Comparing the SOC values at the last row in table 4.2 shows 2%
difference between the SOC-Modified and SOC-OCV and 2.5% difference
between SOC-Modified and SOC-SG. These differences are about 6% and more
with SOC-Unmodified.

5. CONCLUSION AND FUTURE WORK

The longer the algorithm is run the more accurate and acceptable SOC
estimation is obtained. The best is to start modifying coulomb counting
calculations as soon as possible, to do so there need to be some assumptions for
the voltage differences before the calibration. So, the correction can be applied
from the beginning and whenever the 6-hour rest for calibration was reached,
system can be calibrated and use new values instead of previously assumed
values.

This was one of the discussions that came up during the presentation of the
project to Micropower and will be applied to the algorithm.

Another discussion was about discharging cycles. Seems that in real
applications there will be something called re-generation which happens while
driving the forklift for instance. Re-generation gives some positive current back
to the battery for some seconds. Since the algorithm is divided to three different
states, re-generation can easily be covered in charging state without affecting
the algorithm.

An important future work would be to study voltage behavior after being
disconnected from the charger to have a better understanding about state of
health (SOH) of the battery and to determine its actual capacity. Normally there
is a calibration of SOC to 100% when it’s near to end of charging process, but
with knowing actual capacity which is reduced by battery aging, there will be a
more accurate starting point for the SOC to start discharging cycle.
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There is also a chance to use sensors for SG reading so that it can be
measured more often. Thereafter SG can also have influence on the algorithm
design and make the correction factor even more accurate.

One idea was also presented to the Micropower company for indicating the
time left for the driver regarding SOC estimation, which can help inexperienced
drivers get better understanding of for instance how many working hours
would be equivalent to 60% SOC. This type of development needs some
experiments in the real battery operations as well as knowing different working
applications or using knowledge of experienced drivers.
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