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Summary 

 
Monitored data from the CETC—Varennes hybrid system test bench was used to 

perform a rudimentary validation of certain elements of PVToolbox. The test bench data 

provided information on the room temperature, battery temperature, outdoor temperature, 

battery voltage, and battery current for six cycles of discharge and recharge. A Simulink 

model to replicate this battery cycling was assembled from PVToolbox components as 

well as some purpose-built component models. 

 Initially the monitored data was compared to the output of a system model that 

used a battery model calibrated with data for the Global Yuasa battery. The behaviour of 

the test bench, which incorporates an Absolyte IIP battery, and the system model were 

significantly different, and as a consequence the existing battery model was fit to 

Absolyte II P data. A second comparison revealed that this did not significantly improve 

the performance of the battery model. As a result, the battery model was scrutinized in 

the light of all available data, and a number of changes were made. A third comparison 

showed somewhat improved performance, but nevertheless a number of important 

shortcomings remain. 

 The weaknesses of the battery model are rooted in two factors. First, we lack 

sufficient discharge and charge data at different temperatures and currents to adequately 

characterise the behaviour of the battery. As a result, we are forced to make assumptions 

which, while common in the literature, prove to be significantly at variance with reality. 

Second, we have assumed from the beginning of our model development that a single 

state variable can be used to characterise the state of the battery. In fact, the comparisons 

reported on this report suggest strongly that this is not the case: when currents vary, such 

as in constant voltage charging, one state variable, i.e., state-of-charge, is insufficient. 

 This report deals with the comparison of the simulation and the monitored data; 

an account of the fitting of the battery model to Absolyte data, and subsequent changes to 

the battery model, is given elsewhere. This report also includes recommendations 

concerning 1) minor changes to the hybrid test bench, 2) future tests to be run on the 

hybrid test bench, and 3) how the battery model’s inaccuracies should be dealt with in 

future investigations. 
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1 Introduction 
  

In order to validate the PVToolbox, and its battery model in particular, monitored 

data from six cycles of battery discharge and charge were compared with a PVToolbox 

simulation model. The data were collected from a test run on the PV Hybrid test bench.  

 

2 Description of the Monitored Data 
 

A battery capacity cycling test was run on the hybrid test bench in December, 

2002. The hybrid test bench is described in other reports; here we merely recall that the 

battery bank consists of 4 Absolyte IIP 90A07 12 V batteries, connected in two parallel 

strings of two batteries in series. The resulting battery bank has a nominal voltage of 24 

V and nominal 20 hour discharge capacity of around 600 Ah). The battery was initially in 

an unknown state-of-charge; it is assumed that this was nearly 100%. This test involved 

six cycles of the following procedure. 

 

1) The ADAM controlled an electronic load which discharged the battery at a 

constant current of 48.6 Amps (a slightly smaller current than the 10 hour rate) to 

a setpoint of 1.95 Vpc (23.4 V), measured at the battery terminals by the ADAM. 

2) The battery is held at open-circuit for an hour. 

3) The ADAM connects the Trace bi-directional converter to the battery and the 

genset is started. The two perform a bulk and absorb charge. The Trace handles 

the setpoints: it charges at a roughly constant current of 53 to 58 Amps until 28.2 

V is measured at the terminals of the Trace.  

4) The Trace then switches to absorb (constant voltage) charging, attempting to 

maintain 28.2 V at its terminals. This absorb charge is programmed to end when: 

a. The Trace determines that 3 hours have elapsed since the onset of absorb 

charging; it then falls into float mode with a setpoint of 27.0 V. 

b. The ADAM detects that the voltage is above 26.5 V and the current below 

5 Amps—indicating that either the Trace has switched to float after 3 

hours or that the resistance of the battery has risen to such a high level that 

absorb can be considered to have run its course.  

5) The ADAM disconnects the Trace and connects a power supply (where the PV 

modules would normally be installed). The power supply performs a constant 

voltage float charge, maintaining the voltage at its terminals at 27.0 V, for 24 

hours.  

6) The battery is held at open-circuit for an hour. 

 

A number of variables were monitored over the course of the six cycles of this 

procedure. Every 10 minutes a data file recorded the average value of the voltage 

measured across the battery terminals, the current flowing from the battery into the 

inverter, the current flowing from the power supply into the battery, the current flowing 

from the battery into the electronic load, the temperature of the upper surface of the 

exterior casing of the battery, the temperature of the air near the wall at a point adjacent 

to the Trace, and the exterior air temperature. In addition, for each 10 minute period the 

data file recorded maximum and minimum values of the voltage across the battery. 
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 Examination of the data from this apparently simple test revealed several 

complications. First, in all six cycles the absorb stage of charging terminated well before 

either three hours had elapsed or the average charge current had fallen below 5 Amps. In 

fact, the transition from absorb to float appeared to occur roughly 1h45m following the 

onset of absorb, with the current around 31 Amps. No explanation for this could be 

found; the most probably hypothesis is that the Trace momentarily let the current drop 

below 5 Amps but the voltage did not have the time to fall to 26.5 V.  

 Second, the battery temperature is somewhat uncertain. As seen in Figure 1, the 

interior air temperature and the battery casing temperature are significantly different. It 

appears that when the difference between the temperature inside and outside the test 

bench is high, the battery temperature does not attain the measured air temperature. This 

can be seen in the fifth float charge, for which the battery temperature is steady at a 

temperature about 5 degrees below the inside temperature. This suggests that the 

temperature within the test bench is not uniform. The area around the battery has poor air 

circulation and is colder than the air where the indoor air temperature is measured. 

Furthermore, the battery is in thermal contact with the floor, which may be a relatively 

cold surface under the conditions of this test. The inside air temperature is not steady 

during the test, either, and the battery temperature does not seem to stabilise until the last 

cycle. The heater is not able to maintain the interior air temperature at its 25 ºC setpoint 

when the exterior air temperature is below around –15ºC; when the genset is on the heat 

it produces raises the temperature to the setpoint. And finally, the sensor measuring the 

temperature of the battery casing returned clearly erroneous values for two extended 

periods during the test. 
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Figure 1 Interior, exterior and battery casing temperature during the test 
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 Third, the battery voltages measured in the monitored data manifest the finite 

resistance of the cables that connect the battery to the Trace and the power supply. Based 

on a comparison of the setpoint (i.e., the voltage measured at the Trace or the power 

supply), the voltage measured across the battery terminals, and the current, the wire 

resistance was estimated to be 0.008 ohms for the cable attached to the Trace and 0.3 

ohms for the cable attached to the power supply. These estimates are close to the 

calculated values for all six cycles.  

 Fourth, on the sixth and final cycle, the float charge was terminated after only 5 

hours. The reason for this is unknown.  

 

3 Simulink System Model 
 

A Simulink system model was built to simulate the discharge-recharge test 

described in the previous section (see Figure 2). This system model used the battery 

model and the 3 stage charge controller model from PVToolbox. In addition, three new 

components were developed for this simulation. The Discharge controller component 

permits a discharge current to pass until the battery voltage drops before a user-specified 

threshold; then it turns off the discharge current permanently. The Turn On Charge 

component monitors the discharge current; when it is switched off (by the Discharge 

Controller), the Turn on Charge component waits a certain period specified by the user 

and then “connects” a charge current.  This charge current furnishes the bulk (constant 

current) charge of the procedure described in the previous section; this available charge 

current is limited by the 3 stage controller to generate the absorb and float stages. In order 

for the voltage seen by the 3 stage controller model to correspond to the voltages across 

the terminals of the Trace (during bulk and absorb charging) and the power supply 

(during float charging) a Wire Resistance component was introduced. It generates a 

voltage drop proportional to the current; the resistance is zero on discharge and a user 

specified value on bulk, absorb, and float charge.  

The temperature of the battery for the test was assumed to be 17 ºC; this is an 

estimate of the average temperature of the battery casing over the period of the test. The 

discharge current was 48.65 Amps and the current available for charging was 55.5 Amps. 

The battery capacity was set to 600 Ah at the 20 hour rate and the nominal voltage set to 

24 V. The initial state-of-charge was assumed to be 1 and the self-discharge rate was 2% 

in a one month period. 

The Discharge Controller disconnects the discharge current when the battery 

voltage attains 23.4 V; the Turn on Charge component then waits one hour before 

connecting the charge current. Bulk charging occurs until the battery voltage plus the 

voltage drop calculated by the Wire Resistance component reaches 28.2 Amps. Absorb 

charging occurs at a voltage (including wire resistance voltage drop) of 28.2 V until the 

current falls to 31.5 Amps or less. Then the battery is float charged at 27.0 V (including 

voltage drop).  
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Figure 2 The Simulink System Model 

 

4 Comparison of Simulation and Monitored Data 
 

The output of the simulation and the monitored data are compared in the figures 

contained in this section. In Figure 3 we see the evolution of voltage over the entire test. 

The traces in bold are from the simulation; the traces from the real cycles are fine lines.  

 When it was found that the existing battery model fitted to Global Yuasa data 

corresponded poorly to the monitored data, the battery model was fit to discharge and 

charge data from the Absolyte IIP battery. The output of the simulation run with this 

model is labelled “old model”. Evidently this output does not correspond very well with 

the monitored data either, so the existing battery model was examined in detail. Extensive 

changes were made to both the discharge and the charge portions of the model; these 

changes, while motivated by the discrepancy between the model and the monitored data, 

never drew upon the hybrid test bench data for calibration: rather, independent data sets 

were used, to ensure that the model was not being tailored to fit the variation seen in this 

particular test. Following the changes, the simulation was rerun, and its output is seen in 

the trace labelled “new model”.  

 The new model output, while a marked improvement over the old model, is still 

quite different from the monitored data. To investigate whether the choice of 

environmental and initial conditions, rather than the model itself, might be causing the 

discrepancy, the new model was rerun with different battery temperature and initial state-

of-charge parameters. By lowering the end-of-discharge voltage setpoint so that the 

simulation discharge lasted 7.2 hours—i.e., as  long as the average monitored 

discharge—the inadequacies of the discharge part of the model are eliminated from the 

comparison of the subsequent charge period. These additional runs of the new model are 

labelled on Figure 3, and subsequent graphs.  
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Figure 3 Voltage over the Entire Test, Simulation and Monitored Data 

4.1 Discharge 

 

The discharge section of the test is shown in detail in Figure 4. The old model 

reaches the cut-off threshold after only 5.3 hours; this results in a discharge about 25% 

less severe than the monitored tests, which run for about 7.2 hours on average. The new 

model runs for 6.2 hours, making it 15% less severe than the monitored data. 

The discrepancy may be due to a number of factors. First, the temperature of the 

interior of the battery is unknown. Given that the battery is considerably colder than the 

measured interior air temperature, and that the batteries rise in temperature during most 

cycles, we can assume that the battery is gaining heat from the environment, except 

during the third cycle, when the interior air temperature drops, and the fifth cycle, when 

the temperature is stable. If losses to the environment are zero or negative, then any heat 

generated within the battery during discharge will raise the temperature of the plates and 

surrounding electrolyte. Heat conduction through the plastic cell casing to the steel 

battery casing may be quite poor. Furthermore, with the electrolyte immobilized in the 

absorbed glass mat, heat transfer by convection cannot occur. With heat transfer by 

conduction only, it is not impossible that there is a significant temperature difference 

between the battery internals and the point on the battery casing that is being measured. 

Given the overpotential during discharge, the sum of irreversible and reversible 

heating can be estimated to be around 140 Wh over the 7.2 hours of discharge (the 

irreversible heat alone is 350 Wh). Operating under the assumption that there are no heat 

losses to the environment, the extent to which this raises the temperature of the battery 

internals will depend on their effective heat capacity and their mass. The battery bank 
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weighs 570 kgs; we can estimate that 70 kg of this is the steel casing and 500 kg is the 

mass of the cells. The specific heat capacity is unknown; for lead it is 0.13 kJ·kG
-1

·C
-1

, 

for water it is 4.2 kJ·kG
-1

·C
-1

, and for glass it is 0.82 kJ·kG
-1

·C
-1

. Given the dominance of 

lead, lead oxide, and lead sulfate in the mass of the battery internals, the effective heat 

capacity will be quite low. If it is estimated to be 0.2 kJ·kG
-1

·C
-1

, the internal battery 

temperature will rise by 5ºC during the discharge alone; if it is 0.5 kJ·kG
-1

·C
-1

, the 

temperature will rise by 2ºC. Thus it is not inconceivable that temperature inside the 

battery rises considerably over the discharge, and that the internal battery temperature is 

significantly different from that measured on the casing. 

This hypothesis is given some credibility by the difference between the battery 

voltage on the first monitored discharge and subsequent discharges, as seen in Figure 4. 

At the outset of the first discharge, the battery casing temperature is about 10ºC, and one 

can expect that the battery will be at a uniform temperature throughout. The battery 

voltage at the outset of the first discharge is quite low, as would be expected for a battery 

at a low temperature. But over the course of the discharge the voltage declines much less 

rapidly than in previous cycles; this may suggest that the battery is warming up. The 

effect is much more significant than would be expected based on the approximately 1ºC 

rise in temperature registered at the battery casing. 
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Figure 4 Battery Voltage on Discharge 

 

 In order to investigate the effect of battery temperature, the new model was rerun 

with a temperature of 25ºC and initial state-of-charge of 96%. The resulting trace, seen in 

Figure 4, shows that while this corresponds more closely than the model at 17ºC to the 

monitored data from cycles 2 through 6, the slope of the model curve is no closer to the 

monitored data. One possible explanation for this would be heating that is occurring 
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during these cycles as well: the battery starts out at temperature below 25ºC but finishes 

the discharge at a temperature above 25ºC.  

 Of course, this explanation assumes that the battery model is perfect, which it 

clearly is not. But the inadequacies of the battery model should not be especially 

pronounced during discharge since 1) the current is constant, as in the data used to 

calibrate the model and 2) the discharge rate (approximately 10 hours) is roughly the 

same as in one of the data sets used to calibrate the model. The model fits the calibration 

data at the 10 hour rate much more closely than it fits the data from the hybrid test bench. 

This raises the question of whether the battery that produced the calibration data has the 

same behavioural characteristics as the battery in the hybrid test bench. 

 Both batteries are relatively new Absolyte IIP devices. While the technology is 

the same, the calibration battery was a 6-50A05, containing 3 negative and 2 positive 

plates of 50 Ah capacity, and the test bench battery is a 6-90A07, containing 4 negatives 

and 3 positive plates of 90 Ah capacity. Copetti and Chenlo have suggested that the 

internal resistance of a battery rises as the size of the battery decreases [Copetti and 

Chenlo, 1992]. They base this on measurements on three different sized batteries, 

unfortunately of different technologies. Nevertheless, there may be theoretical support for 

their hypothesis: while increasing the plate size should have negligible influence on its 

resistance (due to edge effects), changing the number of plates could have an observable 

effect. Adding plates changes the ratio of end plates, which interact with a neighboring 

plate on only one side, to sandwiched plates. Diffusion of electrolyte into end-plates may 

be quite different from diffusion into sandwiched plates.  

 If battery capacity does affect the internal resistance of the battery, then the 

practice of calibrating data for one size cell and then scaling the characteristics up or 

down based on the ratio of capacities is suspect. Such a conclusion would be premature, 

however. Copetti and Chenlo show that the effect of capacity on cell resistance is 

primarily one of shifting the entire resistance curve upwards by a substantial offset. This 

would suggest that our model error at the outset of discharge should be substantial, and 

the additional error caused by the error in the slope of the discharge curve should be 

secondary. This is not the case: the model is relatively accurate at the outset of discharge, 

and it is the error in slope that contributes the majority of the discrepancy. Thus, while 

differences in battery capacity and perhaps even battery history and state may cause the 

calibration battery to have slightly different characteristics than the test bench battery, 

this hypothesis can not explain the majority of the discrepancy between the model and the 

monitored data. Rather, changing internal battery temperature remains our primary 

suspect. 

4.2 Open Circuit Between Discharge and Charge 

 

The battery voltage during the one hour open circuit between discharge and charge 

is shown in Figure 5. In all its incarnations, the new model is much closer to the 

monitored data than the old model. When the new model is forced to discharge for 7.2 

hours prior to the open circuit, its output corresponds to monitored data quite closely; this 

reflects the important role of the state-of-charge in determining the open circuit voltage. 

One obvious difference between the model and the monitored data is that once open-
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circuited, the model voltage does not change but the real battery’s voltage does. This is a 

consequence of transport effects within the battery, which are not modelled. 
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Figure 5 Battery Voltage During Bulk and Absorb Charging 

4.3 Bulk Charge 

 

The battery voltage during charging is shown in Figure 5. The “old model” and 

“new model” traces are clearly at variance with the monitored data, but a large part of 

this difference stems from the premature termination of the preceding discharge. The 

traces for simulations with 7.2 hour discharge cycles are much closer to the monitored 

data. Yet there remain important differences. While the slope of the model bulk charge 

curve matches that of the monitored data, the model curve appears to be shifted upwards 

by around 0.5 V. This results in the model curve entering absorb charging prematurely. 

Assuming that the model is accurate, there are several reasons that the model 

voltage may be shifted upwards during bulk charging. First, the state-of-charge may be 

estimated to be higher than it actually is. This would result if the initial state-of-charge 

were, in fact, less than 100%. 

Since the monitored voltage curves are remarkably similar from one cycle to the 

next, the bulk-absorb-float charge must be either returning exactly the same charge to the 

battery as is discharged, or be returning more charge. If this were not true, we would see 

a downward trend in battery voltage from one cycle to the next—which we do not 

observe. If more charge is being returned to the battery than is discharged, then the 

battery must be at 100% state-of-charge at the end of charge, since otherwise we would 

see an upward trend in the battery voltage. Thus, to even entertain the possibility of an 

initial state-of-charge below 100%, the charge returned to the battery must be nearly 

exactly that discharged from it. 
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To examine whether this could be the case, the charge withdrawn and returned to 

the battery on each cycle is shown in Table 1. This demonstrates that the charge returned 

to the battery is very nearly equal to the charge withdrawn. Given losses due to gassing 

and other parasitic reactions, the very low level of overcharge is consistent with a battery 

that is being recharged to exactly the same level as its initial state-of-charge. Thus it is 

possible that the battery was below 100% state-of-charge at the beginning of each cycle 

of the test-bench. 

 Discharged capacity 

(Ah) 

Recharged capacity 

(Ah) 

Overcharge  

(%) 

Cycle 1 330 336 2.0% 

Cycle 2 361 365 1.2% 

Cycle 3 365 365 0.2% 

Cycle 4 341 341 0.1% 

Cycle 5 348 359 3.4% 

Table 1 Charge Withdrawn and Returned to the Test Bench Battery, by Cycle 

 

 Having established that the initial state-of-charge may be below 100%, the 

simulation was rerun with an initial state-of-charge of 96%. As the trace labelled “New 

Model, 96% SOC, 7.2 hour discharge” in Figure 5 shows, this improves the battery 

model performance but does not fully account for its inaccuracies. The initial state-of-

charge could be below 96% but in this case the modelled open circuit voltage at the end 

of discharge would be too low.  

 Another possible explanation for the low modelled battery voltage could be 

erroneous estimation of the internal battery temperature, as discussed in Section 4.1 of 

this report. To investigate this possibility, the model was run with a temperature of 25ºC; 

the trace for this simulation is labelled “New Model, 96% SOC, 7.2 hour discharge, 

25ºC”. As seen in Figure 5, this brings the model output closer to the monitored data, but 

does not fully close the gap. 

 In Section 4.1, it was concluded that the internal battery temperature could be 

greater than 25ºC at the end of discharge. Perhaps the difference between the modelled 

and monitored results could be eliminated if a higher battery temperature was assumed. 

On the other hand, the slope of the modelled curve and the monitored data curves is very 

similar. This suggests that the battery temperature is constant during the bulk charge; 

otherwise the slope of the charge curve should decrease as the battery warms up, as seen 

during discharge. This raises a question: what is happening to the heat evolved during 

charge? 

 In Figure 1 we see that during charge the temperature of the battery casing rises 

noticeably during bulk charging. This may be due to several factors. The operation of the 

genset may cause the air temperature in the vicinity of the battery to increase, through 

better air circulation and increased heat generation. The heat generated inside the battery 

during charging may raise the interior temperature of the battery; it is important to note 

that the rate of heat evolution during charge is about 8 times that during discharge. The 

vibrations caused by the operating genset may cause random motion of the electrolyte in 

the battery, improving the transfer of heat to the casing. In this last case could one expect 

the battery temperature to remain relatively constant during bulk charge. 
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 In the first half hour of bulk charge, the monitored battery voltage rises quite 

slowly. This may be due to temperature: if the internal heat generation of the battery is 

high enough, in only half an hour it may raise the temperature of the battery to the level 

at which it is in equilibrium with its environment. Once this equilibrium temperature was 

reached, the slope of the battery would be steady until a relatively high state-of-charge 

was reached. On the other hand, this changing slope could be due to transport effects: 

following the discharge, the concentration of sulfate ions in the vicinity of the plate is 

low, facilitating the transfer of ions from the plate to the electrolyte.  

 The monitored voltage for the fourth and fifth cycles shows a slightly different 

slope during bulk charge than the other cycles. These are the two monitored traces below 

the trace for the first cycle, which starts recharge earlier than the others. The reason for 

the different slope of these two curves is unknown. 

 If one discards the assumption that the model is perfect, other explanations of the 

discrepancy between the modelled and the monitored data present themselves. As in the 

case of discharge, the calibration of the model to a battery with a smaller capacity than 

the test bench battery may affect its accuracy. If one permits the modelled open-circuit 

voltage to fall below the monitored level, then one can assume that the initial state-of-

charge of the battery was below 96%. 

 None of these explanations are particularly satisfying. One must make a number 

of tenuous assumptions about temperature and heat transfer, the initial state-of-charge, or 

the role of the battery capacity in determining the battery resistance. Until more data have 

been collected, the reason for the discrepancy cannot be established. Fortunately, a 

discrepancy of less than 40 milliVolts per cell is not catastrophic. 

4.4 Absorb Charge 

 

The discrepancies between the characteristics of the real battery and the battery 

model are very pronounced during absorb charging, and they may be key to an 

understanding of the inadequacies of models using only the state-of-charge to 

characterise the state of the battery. Figure 6 shows the battery voltage and current during 

bulk and absorb charging. The model output is shown in bold and the monitored data 

from the second cycle is shown with the fine red line. During absorb charge, the battery 

voltage is not constant, as might be expected, since the voltage drop across the wires 

connecting the Trace to the battery falls as the current decreases. 

During the absorb charge, the modelled battery voltage drops much more quickly 

than the monitored battery voltage. As a consequence, the modelled absorb stage lasts 

only 48 minutes while the monitored absorb stage lasts approximately 105 minutes. This 

is baffling: during calibration of the battery model, the voltage-current behaviour of the 

model fit the data much better than in this test on the hybrid test bench. The charge rate, 

voltage, and state-of-charge during this absorb charge all fall into ranges covered by the 

calibration data. Furthermore, the slope of the voltage curve during the preceding bulk 

charge was quite accurate. How can the model now be so much in error? 

The first possibility is that error in the fit of the model to the calibration data is 

causing this. To investigate this possibility, the fit of the model at the 10 and 20 hour 

rates (which cover the range of currents occurring during the absorb charge) was 

examined. The fit of the model to the 10 hour data is shown in Figure 7. It can be seen 
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that while the overall fit of the model is quite good, above 2.3 Vpc (or 27.6 V for a 

nominally 24 V battery), the model diverges from the measured curve. The absorb 

setpoint is 28.2 V, but due to the voltage drop in the wires, the voltage at the battery 

terminals during absorb varies from 27.7 to 27.9 V. At 2.333 Vpc (28.0 V for a nominally 

24 V battery), the slope of modelled curve for a single cell charging at the 10 hour rate is 

approximately 0.067 V/hr; in contrast, the battery test bench calibration data suggest 

0.049 V/hr. For the 20 hour rate, the model suggests 0.033 V/hr while the calibration data 

indicate a figure of 0.0231 V/hr. If one reasons that a current that falls too fast during 

constant voltage charging implies a voltage that rises too fast during constant current 

charging, the discrepancy in the slope of the voltage curve in the neighborhood of the 

absorb setpoint is suspicious.  
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Figure 6 Voltage and Current during Charge 

 

The effect of this discrepancy between the model and the calibration data was 

investigated by refitting the model to the data. The parameters were chosen to ensure a 

nearly perfect fit over the range of currents that occur during absorb charging (i.e., at the 

10 hour and 20 hour rates). The fit of the model for the 10 hour rate is seen in Figure 8; 

the 20 hour rate data is equally well fit by the model. The discrepancy between the slope 

of the two curves is now insignificant. When this refit model was used in the simulation 

of the hybrid test bench procedure, however, there was only a marginal improvement. 

Absorb charging now lasted 54 minutes instead of 48 minutes, still far short of the 

roughly 105 minutes observed in the monitored data. Furthermore, for the model the 

battery temperature was assumed to be 26 ºC (the temperature at which the calibration 

curves were taken). If the battery temperature is in fact lower than this (the air 

temperature in the test bench is roughly 17ºC), the slope of the constant current voltage 

curve as a function of time should be higher, resulting in a shorter absorb charge.  
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Of course, the shortened absorb charge may be due to a battery temperature much 

higher than the one measured at the battery casing or major differences between the 

characteristics of the batteries used in the calibration tests and the hybrid test bench. 

Without more experimental data, these possibilities cannot be eliminated. But at this 

point they appear rather inadequate given the significant error observed here. It is 

worthwhile contemplating other hypotheses. 
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Figure 7 Original Fit of the Model to Calibration Data, 10 hour Rate 

 

 One unlikely explanation would be that the model is drastically underestimating 

the gassing current during absorb charging. As will be seen in a subsequent section of this 

report, according to the model less than 5% of the charge current is being lost in gassing 

during absorb. If this fraction was larger, the state-of-charge of the battery would rise 

more slowly during absorb, and the current achieving the absorb voltage setpoint would 

fall more slowly as well. To double the length of the modelled absorb charge, it appears 

that the state-of-charge would have to fall half as quickly. This implies roughly 50% of 

the charge current going into gassing. This is highly unlikely: at 2.3 Vpc, gassing should 

be minimal, especially given the antimony-free grid composition. Furthermore, this level 

of gassing would mean that the charge returned to the battery during recharge was much 

less than that drawn from the battery during discharge. From one monitored cycle to the 

next, the voltage would fall. This is not observed.  

 An assumption inherent to our battery model (and many others) is that the state of 

the battery is fully characterized by one variable, the battery state-of-charge. That is, at a 

given state of charge, the output corresponding to a certain combination of battery 

temperature and current will always be the same. The behaviour observed during absorb 

seems to violate this assumption. Several mechanisms may be at play here. 
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 One of these mechanisms is the existence of a concentration gradient in the 

electrolyte, i.e., transport effects. The concentration gradient affects the battery voltage 

via the Nernst equation for the electrode potential, which states that the electrode 

potential is proportional to the natural logarithm of the local concentration of the species 

participating in the redox reaction. In other words, the half-cell potential of each of the 

electrodes depends on the specific gravity of the electrolyte in the vicinity of the plates—

not the bulk electrolyte. The state-of-charge gives only the bulk electrolyte concentration. 

A more severe concentration gradient suggests a more pronounced difference between 

the specific gravity of the bulk electrolyte and that of the electrolyte in the vicinity of the 

plates. Thus, a more severe concentration gradient raises the density of the electrolyte 

around the plates, and raises the battery voltage on charge. 
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Figure 8 Fit of the Model to the Calibration Data, after Refitting 

 

During bulk charge, a constant current flows into the battery, as in the calibration 

data. In order for sulfate ions
1
 to diffuse from the electrodes to the bulk electrolyte, a 

concentration gradient must be established. Since the rate at which sulfate ions are 

liberated from the electrodes is proportional to the charge current, this concentration 

gradient remains roughly constant. During absorb charging, however, the current, and 

therefore the concentration gradient is constantly changing. If the change in the 

concentration gradient significantly lags the change in the current, the actual voltage may 

differ from that predicted assuming the concentration gradient for a fixed current. 

                                                 
1
 In addition to sulfate ions, H3O

+
 ions and, at the cathode, water molecules, are reactants or products and 

affect this concentration gradient.  
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At first glance, this hypothesis does not appear to explain what is observed. 

During absorb, the current is controlled to maintain the battery voltage at the desired 

level. Consider what happens when the current is decreased by a small amount. The 

concentration gradient in the Nernst diffusion layer between the electrode and bulk 

electrolyte has been established by a larger current than now exists and thus is more 

pronounced. It takes some time for the electrolyte concentration in the vicinity of the 

plates to reach the steady-state value, and during this time, the voltage of the battery will 

be higher than during constant current charging at the same current and state-of-charge. 

Thus, the effect of decreasing the current is diminished, and to maintain the voltage at the 

desired level, the current would have to fall faster, not slower. Meanwhile, the 

concentration gradient is constantly evolving in response to the current, so unless the 

concentration gradient changes very slowly, the effect should be limited to a period of 

adjustment at the beginning of absorb charging. 

The concentration gradient is linked to a second mechanism, however, that may be 

coming into play during absorb. Bode relates the results of x-ray microprobe 

examinations of the PbSO4 distribution in a cross-section of a plate at various states of 

discharge and various constant currents [Bode, 1977]. These show that while at low 

average current densities the plate discharges uniformly across its cross-section, at high 

current densities the discharge is very complex. Starting with a fully charged plate, 

discharge is initially concentrated at the center of the plate, nearest the current collecting 

grid. The reactions at the centre of the plate make use of acid that has diffused into the 

electrode prior to discharge; at high current densities the diffusion of electrolyte into the 

plates during discharge cannot keep up with the reaction. When the acid concentration 

contained in the inner section of the plate falls to sufficiently low levels, the outer 

sections of the plate begin to react, even though the active material at the center of the 

plates has not been fully discharged. The outer sections achieve a more-or-less complete 

discharge, and then the discharge ends. The rate of diffusion of acid does not permit full 

utilization of the center of the grid. 

As mentioned earlier, Bode found that these inhomogeneities in the PbSO4 

distribution occurred only with currents on the order of the 1 hour rate or higher. These 

currents are much higher than those associated with either the hybrid test bench data or 

the calibration data. But Bode’s tests were conducted on SLI plates 1.5 to 2 mm thick. 

Batteries intended for deep cycling will have much thicker plates than this. The Absolyte 

plates appear to be in the neighborhood of 6 mm. Bode indicates that inhomogeneous 

PbSO4 distributions will occur at significantly lower current densities with thicker plates. 

Bode does not discuss what occurs during charge, but we can speculate that it will 

be at least as complex as during discharge. PbSO4 is only slightly more than half as dense 

as the lead of a fully charged negative electrode (anode) and certainly less than two-thirds 

as dense as the lead dioxide of a fully charged positive electrode (cathode). As a 

consequence, the discharged sections of the plate are less porous: the pores must give 

way for the additional volume occupied by the lead sulfate itself. This hinders diffusion. 

Furthermore, PbSO4 is a semiconductor, and has a resistivity about 12 to 14 orders of 

magnitude higher than the lead or lead dioxide [Barak, 1980]. Together, these suggest 

that inhomogeneities on charge should be observed at a current density lower than that 

required for discharge. 
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From this, it is possible to speculate that initially recharge occurs nearest the 

current collectors, at the center of the plate, due to the high resistance of PbSO4. Sulfate 

ions accumulate in the pores near the center of the plate, the barrier of non-porous lead 

sulfate at the outer regions of the plate limiting the outward diffusion of sulfate ions. 

From here it is hard to guess what happens next. It is possible that the high resistivity of 

lead-sulfate causes charging to move linearly outwards from the center, or that the 

concentration of sulfate ions in the pores at the center of the plate will become too high 

and charge will switch to the outer regions before the inner region is fully charged.  

Once the likelihood of limited diffusion and inhomogeneous lead sulfate 

distribution is recognized, it is not hard to imagine how a constant current charge could 

have difficulty predicting the effects of the ever-changing current of absorb charging. 

Falling currents may increase the rate of recharge at sites that were diffusion limited at 

higher currents. Thus, lowering the rate of charge may open up new sites for recharge, 

decreasing the resistance to charging. Those sites would have already been recharged 

during a constant current charge at the same rate. 

The above arguments suggest that the battery has memory on several levels, and 

the state-of-charge may be insufficient to capture all the effects of this memory on the 

voltage-current characteristics of the battery. To have accurate prediction of these 

characteristics, it may be necessary to know the lead-sulfate distribution across the plates 

as well as the electrolyte concentration across the plates. If this is the case, the state-of-

charge used for our model, as well as many other models, can give approximate results 

but will never be able to model the effects of varying current, and thus absorb charging.  

Indeed, looking back over our monitored data I observe numerous tests that can be 

explained in terms of the above effects, but would be difficult to model using only state-

of-charge. For example, following an open-circuit condition interspersed between periods 

of either charge or discharge, or when the direction of current flow is reversed for a short 

time and then returned to its original level, monitored data shows transitory irregularities 

in the battery current voltage characteristics.  

Nevertheless, the existing battery model may not utilize the state-of-charge in the 

best way. The model assumes that the battery state-of-charge is determined by the ratio of 

recharged to total active material in the plates. Towards the end of charge, this ratio 

approaches one, and given the paucity of sites for further recharging, the voltage rises 

sharply. The above discussion suggests that this sharp voltage rise associated with a 

paucity of recharge sites may occur even when there is a reasonable amount of 

discharged material in the electrodes, if this discharged material can not be recharged due 

to insufficient electrolyte diffusion. This limit will be reached sooner at higher charge 

currents. That is, the effective state-of-charge should vary with the recharge rate, just as it 

varies with the discharge rate. Then, on absorb charge, when the current is forced 

downwards it will have two effects: the overpotential of the battery will fall, and the 

apparent state-of-charge will fall as new sites for recharge become available. This should 

result in a more gradual decline in the absorb current. 

A new battery model was developed that made the state-of-charge a function of the 

charge current; the charge current was defined as the total current minus the gassing 

current. This function was inferred from the calibration data based on the derivative 

dV/dSOC of the linear section of the curve. The effective capacity of the battery at a 

given recharge rate was inferred from this derivative: if the battery voltage rose more 
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quickly with an increase in SOC, it suggests that the effective capacity of the battery is 

smaller.  

This function for determining the effective SOC based on the charge current proved 

inappropriate for locating the sharp rise in the voltage towards the end of charge. The 

voltage upturn appeared too soon in the constant current charge. A second function for 

relating the SOC to the charge current was found from curve fitting. The first function 

was used to find the slope of the voltage curve in the linear section of the constant current 

charge curve, the second to locate the upswing in voltage for the constant current charge 

curve. This revised model was fit to the calibration data. A reasonable fit could be 

obtained; the slope of the voltage versus time curve for the 20 hour and the 10 hour 

recharge rate was certainly not less than that measured (i.e., any improvement in the 

model can not simply be attributed to errors in the slope of the curve in the vicinity of the 

absorb voltage, as discussed above). This model was implemented in a S-function, a 

necessary step due to the difficulty of altering the SOC based on the actual charge current 

and not merely the available charge current. 

 This new battery model was included in the Simulink system model and found to 

significantly improve the performance. With temperature assumed to be 25ºC (necessary 

since the temperature dependency of the new model was not evaluated) and a 7.2 hour 

discharge prior to the start of recharge, the absorb charge lasted 74 minutes. But while 

this is nearly 40% longer than the refit model (54 minutes), it is still well short of the 

roughly 105 minutes found in the monitored tests. It appears that there is merit to the 

approach, but that it does not fully include the effects of changing currents in the battery.  

4.5 Float Charge 

 

Following the absorb charge, the voltage setpoint is reduced to 27.0 V, measured at 

the terminals of the power supply providing the float current. The resistance of the wire 

connecting the battery to the power supply is relatively high, so currents in the 

neighborhood of only a few amperes are sufficient to cause a significant voltage drop. 

The current entering the battery, as predicted by the model and found by measurement, is 

shown in Figure 9, and the voltage during float can be examined in Figure 3. 

As seen in Figure 9, the modelled current, though more accurate with each revision 

of the model, is significantly in error. The model predicts that a current of only 0.74 

Amps is sufficient to maintain the battery at around 26.8 V (the 27.0 V setpoint minus a 

0.2 V voltage drop). In fact, a float current of 1.5 to 2.5 Amps is required to maintain the 

battery at a float voltage of 26.3 to 26.6 V. The discrepancy in voltage between the model 

and the monitored data is due solely to the error in current, which results in a reduced 

voltage drop in the connecting cables. 

 The currents observed here are below those of the lowest current test in the 

calibration data; a 2.5 Amp current for this 600 Ahr battery corresponds to a 0.5 Amp 

current for the 122 Ahr calibration battery, and the lowest charge current examined in the 

calibration tests was 0.75 Amps. Note, however, that a cell voltage of 2.19 to 2.22 Volts 

(corresponding to the observed battery voltages during float), the calibration curve 

suggests that a 0.75 current corresponds to a state-of-charge of roughly 66 to 73%  (i.e., 

with respect to the 20 hour capacity at 25ºC). The battery model indicates that the battery 

is roughly 83% charged at the onset of float charging. Note, furthermore, that at these 
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states-of-charge, the battery is being operated well within the linear portion of its constant 

current charge curve.  
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Figure 9 Current on Float Charge 

 

One conclusion that could be drawn is that at very low charge rates (i.e., less than 

the 200 hour rate), the model overestimates the battery voltage. Even at the 200 hour rate, 

a comparison of the calibration curve and the model output suggests this: the model curve 

is slightly too high.  

The model already includes a term of the form (1-exp(-I/m)), where I is the 

available charge current and m is a number close to zero. All terms in the charge voltage 

equation that are not multiplied by a function of I, such that they go to zero when I goes 

to 0, are multiplied by this term. For values of I much larger than m, this expression is 

essentially one. As I falls below m and to 0, the expression falls to 0. This term is used to 

ensure that the model converges on the open-circuit voltage as I falls to 0.  

In the existing model, the value for m is 0.1 (i.e., for the 122 Ahr calibration 

battery). With I raised to 0.5, the battery model actually fits the data better at the 200 hour 

rate (0.75 Amps), there being no difference observed at higher currents. As seen in Figure 

10, this has a significant impact on the float current: the orange trace labelled “Model 

with SOC=f(I), reduced V at low I” arises with a value of m of 0.5.  

Changing m improves the accuracy of the model in a least squared error sense. It 

should be noted, however, that the trends of the modelled current and the monitored 

current are still quite different. The latter rises after float charging begins, peaks, and then 

falls at a rate higher than the rate at which the modelled current falls. This suggests that 

while raising m results in a better model for this test, there is some underlying mechanism 

that is not being addressed. One possibility is that in reality, the battery is approaching a 
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full state-of-charge, and thus the current is being forced downward, while in the model 

the battery still has significant discharged active material, so that the voltage falls more 

slowly. 
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Figure 10 Float Currents showing Effect of Reducing Voltage at Low Currents 

 

 It may also be that the missing mechanism is related to the inadequacies of the 

model observed during absorb charging. With the current suddenly reduced from around 

31 Amps to 2 Amps, a large amount of active material that had previously been 

inaccessible due to diffusion limits becomes available for charging. The current rises, 

probably due to diffusion opening up new sites for charging, and then falls, as the amount 

of uncharged active material declines. This is quite different from merely applying a 

factor that reduces the voltage when the current is low. 

4.6 Open Circuit at the End of Charge 

 

As seen in Figure 3, the model significantly underestimates the open circuit voltage 

of the battery following the termination of the float charge. A part of this discrepancy is 

probably the model’s estimate of the battery state-of-charge. With the model which treats 

the state-of-charge as independent of the charge current, at the end of the float charge 

18% of the capacity (measured at the 20 hour rate at 25ºC) has yet to be returned to the 

battery. With the SOC a function of the charge current and the variable m raised to 0.5, 

12% of the battery capacity has yet to be recharged. In contrast, the monitored battery is 

probably nearly fully charged at the end of float charging. Even if the model battery were 

fully charged, however, its voltage would fall short of the observed level—the model 

predicts 25.65 V for a fully charged battery on open circuit. 
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The discrepancy cannot be quantified, because the modelled battery voltage is still 

falling when the open circuit condition ends. Sulfate ions in the electrodes are diffusing 

out into the bulk electrolyte, changing the electrolyte concentration in the vicinity of the 

plates and thus the battery voltage. Such diffusion processes are not included in the 

model. 

4.7 State-of-Charge and Gassing Current 

 

State-of-charge and gassing cannot be observed in the monitored data, so no 

comparison with the model is possible. Figure 11 shows the modelled state-of-charge (in 

terms of the 20 hour rate capacity at 25ºC) and Figure 12 shows the modelled gassing 

current, in terms of fraction of the total available charge current. Both these figures are 

for the model with state-of-charge as a function of charging current and the variable m 

raised to 0.5.  
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Figure 11 Modelled State-of-Charge (in terms of the 20 hour rate capacity at 25ºC) 

 

Figure 11 shows that according to the model the battery finishes the test only 90% 

recharged. In Table 2 the charge returned to the battery in various stages of charging is 

compared for the battery model and the second set of monitored data. The model 

terminates both the bulk charge and the absorb charge prematurely. The former occurs 

due to the model overestimating the battery voltage; the latter has been discussed in the 

discussion of the absorb charge. 
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 Fraction of discharge returned to battery 

Stage Monitored Data, series 2 Model 

Bulk Charge 66% 57% 

Absorb Charge 22% 15% 

Float Charge 13% 13% 

Total 101% 84% 

Table 2 Charge Returned to the Battery during Various Stages of Charging 

 

 Figure 12 shows that according to the model, gassing is nearly negligible during 

this test. It is particularly significant that the gassing during bulk and absorb charging is 

no more than a few percent of the total available charge current. This demonstrates that it 

is not gassing that is preventing the battery from reaching a full state-of-charge; rather, it 

is inaccuracies in the battery model’s current/voltage/SOC characteristics. 
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Figure 12 Modelled Gassing Current (in terms of fraction of the total available current) 

 

5 Discussion 

5.1 Summary of Possible Sources of Error 

 

This report has argued that a major source of error during absorb and float charging 

has been the model’s reliance on a single variable, state-of-charge, to characterize the 

state of the battery, whereas in reality the state will be determined by the spatial variation 

in the composition of the plates and the electrolyte. While this hypothesis was not 
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proposed as an explanation for other errors in the model, it could well be a major source 

of error in the bulk charge and even the discharge. The bulk charge occurs at a constant 

current different from the preceding discharge; this is different from the situation for the 

calibration data, in which the rate of the discharge and the subsequent recharge are 

always the same. Since the amount of charge returned to the battery over the entire 

charge phase is not much greater than the amount discharged from the battery, it is 

possible that the structure of the plates is being returned to a completely recharged state. 

It is possible that lingering inhomogeneities in the plates are affecting the discharge and 

the subsequent recharge. 

As noted in the discharge and bulk charge sections, inaccuracy in the measurement 

of the cell temperature is also a likely source of error. This has potential to affect the 

absorb and float stages as well. Insertion of a thermocouple into the space between cells 

of the battery would probably reduce measurement uncertainty and permit an evaluation 

of the role of temperature in model inaccuracies. Unfortunately, we face a paucity of 

reference data for temperatures other than 25ºC, especially for charge, and this hinders 

the development and calibration of the model. 

A further source of model error may be differences in the characteristics of the test 

battery used to generate model calibration data and the battery used in the hybrid test 

bench. In particular, it is not clear whether it is possible to “scale-up” from a small 

calibration battery to a larger test battery: the current/voltage/SOC behaviour may be 

different. Without the purchase of another battery and further battery test bench tests, it 

will be difficult to examine hypotheses relating to the differences in these batteries. 

Other possible reasons for discrepancies between the model and the monitored data 

include the possibility that the battery is not fully charged, as initially assumed, and that 

the capacity of the battery is different from that assumed. Neither of these is very 

convincing, however, because changing our assumptions regarding these variables 

decreases the discrepancies between model output and monitored data during certain 

stages of the test while increasing the discrepancies during others. For example, assuming 

that the initial state-of-charge of the battery is, say, 90%, may improve the 

correspondence of model and measurement during bulk charging, but would worsen the 

correspondence during discharge. Similarly, assuming that the battery is larger than 600 

Ahrs would improve the model performance on discharge and absorb charge but worsen 

it on bulk recharge.  

5.2 Avenues for Model Improvement 

 

The comparison of battery model and measured data described in this report has 

yielded some insights into possible avenues for model improvement. Three approaches, 

each with advantages and disadvantages, could be taken; each would involve an 

important investment of time and effort. 

The most promising avenue for model improvement may be to abandon our use of 

the state-of-charge as the sole indicator of the state of the battery. Rather, the battery 

plates and electrolyte would be treated as continua, discretized at appropriate resolution, 

and then the state of these continua determined at each time step with a finite difference 

or finite element technique. For the Absolyte battery, stratification of the electrolyte can 

probably be ignored, and a one-dimensional approach, along a normal to the surface of 
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the electrode, would suffice. Originally, our battery model was fully implemented in 

Simulink blocks that could not incorporate such an approach. Now that our battery model 

is half implemented in a C S-function, it is not out of the question to consider 

implementing a finite difference or finite element technique; speed and complexity would 

not necessarily be problematic. This approach is explored in the literature, so there would 

be some background information to help us. Since this approach is based more on theory 

than empirical measurements, it might help us circumvent our difficulties associated with 

lack of calibration data. 

 A second avenue for model improvement is to continue the development of the 

existing model. This assumes that the state-of-charge is sufficient to fully characterise the 

state of the battery and that the existing model errors are due to implementation, not 

fundamental approach. Unfortunately, if the approach is to entail more than mere 

guessing at possible improvements, more empirical battery test data would be required. 

This would not necessarily be simply constant current charge and discharge data, either. 

Model development would guide the development of test protocols aimed at specific 

hypotheses concerning improvements to the model. Such testing can be a major 

undertaking, however, and ultimately the conclusion might be that the state-of-charge is, 

on its own, insufficient. Nevertheless, additional empirical data for future validation and 

reference would not be wasted. 

 A variation of this approach would be to combine understanding gleaned from 

treating the electrodes and electrolyte as continua, as in the first approach, with a model 

that still used only state-of-charge to characterise the battery. This approach could reduce 

the requirement for empirical data and permit a rougher model of the continua (since it is 

required for understanding rather than precise prediction) but would require the 

development of the continuum model. 

 A third approach would be to assume that the state-of-charge is sufficient to fully 

characterise the state of the battery, as in the second approach above, but to discard our 

model and try other models in the literature. Unfortunately, the literature contains little 

information that would help identify models that might perform better than the existing 

model: they do not, for example, examine the model performance during absorb 

charging, which appears to be an excellent test of the model. The models are often fully 

empirical, without any effort to justify themselves based on the underlying mechanisms 

of the battery. It would be such a justification that could clue one in to a model that might 

perform better than the existing battery model.  

One model found in the literature that may address the problems found here is the 

kinetic battery model of Manwell and McGowan, used in Hybrid2. The use of their 

capacity model to generate a replacement for state-of-charge might result in a model that 

had much better performance on absorb and float charging. They use two variables to 

describe the state of their battery, bound charge and available charge. 

5.3 Use of the Existing Model 

 

Before attempting to improve the model, however, some consideration should be 

given to whether the existing model is sufficiently accurate for our purposes, and thus 

does not need improvement, and how its deficiencies could be addressed through means 

other than changes to the model.  
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At the outset of battery model development, the goal was a model that could predict 

energy flows, but not necessarily sufficiently accurate to study the influence of setpoints. 

It appears that the existing battery model satisfies this criteria: it  is mainly in its voltage 

behaviour that it is in error, such that the use of certain voltage setpoints generates the 

errors in energy flows.  

In this test, for example, changing the charge and discharge setpoints can lead to a 

test that is very accurate in terms of the time spent in each phase of discharge and charge, 

and the current and energy that has been withdrawn from and returned to the battery. 

Table 3 shows the modified setpoints for this simulation; the setpoints have been adjusted 

by 29 to 42 mV per cell—a relatively minor alteration—and the absorb charge has been 

lengthened by 45 minutes. The simulation made use of the battery model that treats state-

of-charge as a function of temperature; the temperature was 17ºC, although the charge 

part of this version of the model has no temperature dependencies. 

 

 Actual Test Adjusted Model Parameters 

End of Discharge Setpoint 23.40 V 23.05 V 

Bulk Voltage Setpoint 28.20 V 28.61 V 

Time of Absorb 1.75 hr 2.50 hr 

Float Voltage Setpoint 27.00 V 27.50 V 

Table 3 Adjustment of Simulation Setpoints 

 

 Table 4 and 5 compare the monitored data and the model output. With these 

adjusted setpoints, the error in the model’s prediction of the energy withdrawn from and 

returned to the battery is never more than 2%. The ratio of energy into the battery to the 

energy withdrawn from the battery is modelled to within 2% as well.  

 

 Monitored Data Model Error 

 Time 

(hrs) 

Charge 

into 

battery 

(Ahrs) 

Energy 

into 

battery 

(Whrs) 

Time 

(%) 

Charge 

into 

battery 

(%) 

Energy 

into 

battery 

(%) 

Discharge 7.4 -361 -8732 0 0 -1% 

Bulk 4.3 239 6366 0 0 1% 

Absorb 1.75 78 2184 43% 0 0 

Float 23.6 48 1258 0 0 2% 

Table 4 Errors in the Model at each Stage (Adjusted Setpoints)  

 

Merely changing the setpoints cannot improve the performance of the model 

during absorb charging. Having the current fall too quickly on absorb results in absorb 

taking longer to return a certain amount of charge to the battery.  

The effect of raising the float setpoint was somewhat surprising. Figure 10 shows 

that using a 27.0 V setpoint results in current declining too slowly, such that by the end of 

the float charge, the model overestimates the current. Raising the setpoint to 27.5 V could 

be expected to exacerbate this, such that the accuracy of the model would depend largely 

on how long the battery was held in float: if it was shorter than the existing 23.6 hours, 
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the energy returned to the battery would be badly underestimated, while if it was longer, 

the energy would be badly overestimated. In fact, as can be seen in Figure 13, the current 

predicted by the model falls sharply towards the end of the float stage, as the battery 

approaches a full state-of-charge. Because the adjusted setpoints ensure that the battery 

enters the float stage at an accurate state-of-charge, the current is limited by the state-of-

charge. 

 

 Monitored Data Model Output 

Time (hr) 38.7 39.5 

Charge in/Charge out 101% 101% 

Energy in/Energy out 112% 114% 

Table 5 Errors in the Model for Entire Test (Adjusted Setpoints) 
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Figure 13 Current on Float Being Limited by State-of-Charge 

 

While the above simulation demonstrates that changing the setpoints results in 

battery model output very similar to that observed, it is not certain that this same change 

in setpoints would work for a different test. This needs to be investigated, by running 

different tests and seeing whether a single set of modifications to the setpoints can 

reproduce the behaviour of all the tests. 

In the above test, the time limit on absorb was used to ensure that a certain 

amount of charge was returned to the battery during absorb. The time limit that achieved 

this had to be found by trial and error. A better way to ensure that a certain amount of 

charge is returned to the battery before the end of absorb would be to add a new condition 

to the logic of the charge controller, based on the state-of-charge of the battery. This 
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condition would not permit absorb to terminate before a certain state-of-charge was 

reached. If using the time limit does not prove workable, this may be required. 

Finally, it must be noted that there are still some problems with crashing of the 

simulation under certain conditions. Some of the reasons for this have been isolated. For 

example, when, during float, the contribution to the voltage made by the linear part of the 

voltage expression matches the setpoint, crashing occurs. But other problems seem to be 

related to the choice of the proportionality constant for the charge controller. It may be 

prudent to integrate a voltage limit into the battery model itself, so that no PI controller is 

required. This should also speed up the simulation considerably. On the other hand, the 

interconnection of the blocks in the simulation will be further from the interconnection of 

real components, which may make their use less intuitive. 

 

6 Conclusions 
 

A single state variable such as state-of-charge is probably insufficient to 

characterize a lead-acid battery. An approach based on a single state variable will not be 

able to account for transport effects in the battery that prove to be critical in the behaviour 

of the battery when varying currents are applied to it. The diffusion of electrolyte through 

the electrodes is limited, and therefore the rate of recharge becomes limited towards the 

end of charge. 

An excellent test for determining how well a battery model performs when 

currents are varying may be the constant voltage (or absorb) charge. With the voltage 

fixed, the current must fall as the state-of-charge rises. Our existing model predicts that 

current falls too rapidly. 

 The inadequacies of battery models based on a single state variable are not 

generally recognized in the literature. Recent articles have proposed dynamic battery 

models (i.e., meant for varying currents) relying on only a single state variable approach. 

In general, these empirical models demonstrate a weak understanding of the underlying 

operation of the battery. 

 While the existing battery model relies on a single state variable and does not, 

therefore, accurately model all behaviour of the battery when current varies, it can be 

made to give reasonable results, at least for the test examined here, by changing the 

setpoints associated with discharge and charge. This suggests that while the model is not 

accurate enough to permit the investigation of the choice of setpoints, it should be 

sufficiently accurate to model energy flows within the hybrid system. 

 A promising approach for dealing with transport effects in the battery may be to 

combine the capacity model of Kinetic Battery Model used in Hybrid2 with our existing 

model. The Kinetic Battery Model uses two state variables, and accounts for first order 

diffusion in a rudimentary way. If this does not improve the model performance, the 

electrolyte and electrodes may need to be treated as continua and investigated by finite 

element or finite difference methods. 

 Many uncertainties remain concerning both how temperature affects battery 

performance and the precise cell temperature during the hybrid test bench tests discussed 

in this report. In order to address these situations, more experimental data will be 

required. 
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7 Recommendations 
 

Concerning the hybrid test bench: 

• The reason for the premature termination of the absorb charge should be 

investigated. Absorb charging ended after 1.75 hours at a current of about 31 

Amperes; the Trace was programmed to terminate only after 3 hours or when a 

current of 5 Amperes was reached. 

• The battery temperature is uncertain. A temperature sensor should be inserted 

between the cells in the battery, in such a way as the sensor is position near the 

centre of the battery. 

• When it is desired that the battery temperature remain constant over the course of 

a test, future hybrid tests should be run following a period of temperature 

stabilisation of 3 days or longer.  

• The battery may experience a temperature gradient. Extruded polystyrene 

(Styrofoam SM blue or grey) should be placed under the battery, such that it is not 

in contact with the floor. Insulation should be placed behind the battery, as well. 

A fan should circulate room-temperature air around the battery. 

• The existing space heater is not sufficient to keep the hybrid test bench warm 

when temperatures are below around –10ºC. A layer of insulation should be 

placed on the inside of the door to the hybrid test bench, weather-stripping should 

be added around the door to reduce infiltration of cold air, and if this proves 

insufficient, another space heater should be added during cold temperature tests. 

 

Prior to the battery capacity cycling test and in the course of the test itself, the battery 

should be fully charged. The absorb charge should be held longer than the present 1.75 

hours. Five to ten percent more charge should be returned to the battery than is 

withdrawn during the test. 

 

A variety of tests should be run to determine whether a simple adjustment of setpoints is 

sufficient to correct for inaccuracies in the battery model. These tests should involve 

various regimes of charge and discharge. 

 

While the existing battery model appears adequate for the PV-hybrid system program’s 

immediate needs, in future the capacity model of the Kinetic Battery Model used in 

Hybrid2 should be integrated into the existing battery model and its performance 

evaluated. 
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