




















This section has described the development of the B3S0C algorithm, covering the "Coulomb 
counting" method, the general "black-box" approach requiring little or no detail knowledge of the 
actual installation and its specification, and the use made of recalibration opportunities. The following 
section traces the application of the algorithm to a real 3-week Pauaeke data set, identifying notable 
and critical points in this data. 

4 Application of the B3S0C algorithm 

The operation of the B3S0C algorithm is best explained with reference to the graphs and notable 
points of Figure 12. This shows the algorithm in operation, and plots the changes in calculated Et 
(energy stored in the batteries), as well as changes in the estimate of ElOo (maximum capacity), and the 
resulting calculated state-of-charge (SoC) at each data point, over the 2 I-day sample period. 
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Figure 12: Algorithm and parameter development based on the 3 week sample data, showing battery stored 
energy El. battery maximum capacity E1OO, and state-of-charge SoC. The overlayed numbers indicate notable 
points which are described in the text. 

With reference to this graph, and the discussion of Section 3, the following general points should be 
noted: 

At the outset, all three plotted parameters are assumed to be zero, as there is no prior knowledge 
of their actual values; ie actual energy stored, maximum capacity, and state-of-charge_ 
The initial assumed value of the charge efficiency Ceffis 80%; ie on average only 80% of the 
energy delivered to the battery is actually stored and available for re-use. 
Within the first 3 days of the algorithm's operation, the maximum capacity figure, E100, 

becomes well established (at around 4400 watt-hours) meaning that from this point onwards, the 
SoC figures are valid. 
Any error in the charge efficiency (Ceff) value shows up as a general upward (Cerr too high) or 
downward (Ccff too low) drift in the Et and SoC values, as described in detail in Section 3. 
However, provided the maximum (ElOo) value is established relatively quickly (say in 5 days) 
then the impact of any Ccff drift on this value will be minimal. 

A more detailed understanding of the operation of the algorithm is provided with reference to the 
numbered points/events on the graph, as follows: 

I. At this point, E100 is increasing because Et was assumed to have an initial value of zero, but it is 
getting less (ie tending negative), so ElOo is being increased in order that Et does not go below 
zero (ie Et is held at zero while the batteries continue to discharge). E100 represents the highest 
value of Et seen so far. 

2. E100 continues to increase in this region, following the rise of Et as charging commences. 
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3. As the true ElOo value has not yet been established, the SoC value shows as 100% for the 
highest charge level (Et) so far seen. 

4. E100 continues to track the maximum value of Et so far, but is also driven up if Et tries to go 
negative, as in (l) above. 

5. Five days have passed, so the algorithm freezes E)oo at this point, assuming a "stable" value has 
been established (4430 watt-hours). (The daily 2% drop in its value is also introduced at this 
stage.) From this point onwards SoC values should be considered valid, and battery full and 
battery empty events (or their absence) can be used to recalibrate the parameters. 

6. SoC goes over 100% at this point, but not as high as 105% (the tolerance region), so no 
recalibration occurs. 

7. SoC drops to -5% with no battery empty event occurring, suggesting that Cerr is too low, in that 
the batteries hold more charge than the parameters predict (Figure 9). A new value of Cerr is 
calculated from the power in and out of the battery over the previous 7 days (81 %), and Et is 
reset to zero. Although Et (and hence SoC) continues to fall for a period, it does not fall to -5%, 
so no further recalibration action occurs here. 

8. SoC again drops to -5% with no battery empty event, so Con is recalculated, this time to 82%. 
Very shortly afterwards SoC again drops to -5% and C.rr is recalculated to 82.5%; this is 
repeated once again giving a value for Con of 83.2%. Shortly afterwards a battery empty event 
(L VSD) does occur, but as SoC is at 0%, no action from the algorithm is required; the 0% value 
has been confirmed. 

9. Here the SoC rises up to 105% without a battery full event, so E)oo is increased to bring SoC 
down to 100% (Figures 10 and 11). The new value (4020 watt-hours) is lower than that set in 
step 5, as a result of the 2% drop in the original value each day. At this stage, the net effect is a 
correction downwards from that original value. Although the SoC continues to rise, it goes only 
to 101 % before falling again, so no further action is triggered. 

10. Here a battery empty event (LV SO) did occur at SoC = 11 % (> 5%), but as the power draw was 
high (-1.3kw = 59% Pmax) over the previous two or more minutes, no recalibration action was 
carried out. 

11. The SoC again rises to 105%, so ElOo is increased to bring this down to 100%, as shown in 
Figures 10 and 11. Subsequently SoC continues to rise, and reaches 105% again, with E100 

adjusted up again, and then a third time as well, before SoC starts to fall. The final adjusted 
value ofEIOO, 4407 watt-hours, is close to the original estimate from step 5. 

12. At peak solar time the following day, there are again a sequence of three 105% SoCs, as in step 
11, with each resulting in an increase to EIOO, and producing an ultimate value of 4930 watt­
hours. 

13. A battery empty event (LVSD) event occurs at 20% SoC, the situation described in Figure 8. 
The average power draw over the previous two minutes was -3 80watts ( = 17% P max), so this is 
acknowledged as requiring recalibration of Cen. Et is reduced to 0, and Cen is recalculated using 
the previous 7 days data (down to 81.7%). 

14. SoC rises to 104% as solar charge peaks for the day, but as this is within the ±5% tolerance 
range, no recalibration occurs. 

15. SoC rises to 105%, so ElOo is recalibrated upwards, to 4472 watt-hours. 

This section has described the algorithm in operation, and shown the SoC values produced in real-time 
by the algorithm. In the following review section, these values are analysed with hindsight, to establish 
the accuracy of the approach. 

5 Analysis and Conclusion 

The aim of this work has been to develop a black box approach to estimating in real-time the state-of­
charge (SoC) of the batteries in a continuous use off-grid electricity system. It was suggested at the 
outset that the required accuracy for this SoC estimate was similar to that of the fuel gauge in a car 
(±12.5%). It was also established that under the circumstances (particularly continuous use), SoC 
calculations at best are not precise, nor deterministic, and even with hindsight, the "true" value of the 
SoC at any point in history can still only be estimated, but with the advantage of knowing about 
subsequent recalibrations which may have rendered the original SoC in error. 

5.1 Errors in the Calculated State-of-Charge 
In order to assess the accuracy of the B3S0C algorithm, retrospective analysis has been applied to the 
original calculations shown in Figure 12, and the consequent error in the real-time SoC value has been 
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calculated. The calculated error is shown in Figure 13. Before discussing this graph, it is necessary to 
describe the means by which the "true" SoC has been calculated. 

There are three key parameters in the B3S0C algorithm which with hindsight may need to be 
modified, and consequently those modifications may have an impact on the historical value of Soc. 

1. The charge efficiency, Ceff. This value is subject to recalibration, for example at points 7, 8 and 
13 in Figure 12. When it is recalibrated, data from the previous week is used (this assumes that a 
week ago the old value was correct, but since then has been incorrect). In retrospect, this new 
value should be applied to all energy into the batteries over the previous week, and consequently 
will impact those historical values of Soc. 

2. The maximum charge level, E,oo. This value is also subject to recalibration, in the case of the 
data under discussion, at points 9, 11, 12 and 15 (Figure 12). Although there is the 2% reduction 
in this value every midnight, this is not a recalibration per se, but is intended ultimately to 
initiate one. For the retrospective calculation, a straight line interpolation of the EIOO value is 
carried out between actual recalibration points. 

3. The deliverable energy in the batteries, Et. Although this value is not directly subject to 
recalibration, this is implicit in the low charge situations illustrated by Figures 8 and 9. In those 
cases (7, 8 and 13), as mentioned in (I) above, as the Ceff value is modified for the previous 
week, then so too will a recalculation of Et over this period be required. 

For completeness, for the initialS-day settling-in period, the values of the three parameters at the end 
of that period have been retrospectively applied to the full period. 
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Figure 13: A comparison of the retrospectively established SoC with the real-time estimate produced by the 
B3S0C algorithm. The data shown is the percentage point difference between the two values, and the overlaid 
numbers refer to specific points shown in Figure 12. 

From Figure 13 it can be seen that once the initialS-day settling-in period has passed (point 5 in Figure 
13), the real-time calculated SoC provides an indication of charge level typically within ±5% of the 
"true" SoC (actually, it is within ±5% after only 3 days). There are three exceptions to this, all 
occurring at recalibration points (11, 12 and 13 in Figures 12 and 13). Each of these departures is 
characterised by a single point on the graph (Figure 13) where data points are at I-hour intervals, 
indicating that an error of this magnitude persistcd for less than 2 hours. Each of the points 1I and 12 
represents an upward recalibration of the EIOO value, which has the effect of a step reduction in SoC 
(formula 3). In fact, in both of these cases the error is exactly 12%, the difference between the real-time 
SoC (105%) and the retrospectively calculated "tme" SoC (93%). The more significant error, and the 
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only one falling outside the specification of ±12.5%, is that occurring at point 13. Note that the error is 
small immediately before and after the recalibration event, suggesting (i) that the gross recalibration, 
triggered in this case by an L VSD at an SoC greater than zero, was an over-reaction, and (ii) that even 
so, the consequences of that over-reaction diminish quickly. It is likely that refinement of the algorithm 
in relation to this could be achieved. 

5.2 Summary 
In summary, this paper has described an algorithm for estimating in real-time the state-of-charge 

of lead-acid batteries in an off-grid electricity system, where they are effectively in continuous use, 
making it impossible to use approaches which require "at rest" measurements. The technique which is 
based solely on battery voltage and current measurement, with frequent automatic recalibration of 
critical parameters using this data, has produced results which with few exceptions are within ±12.5% 
ofthe "true" state-of-charge, sufficient for fuel-gauge accuracy. 
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