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DISCLAIMER 

This report, prepared on the behalf of the Government of Canada, is distributed for informational 

purposes and does not necessarily reflect the views of the Government of Canada nor constitute 

an endorsement of any commercial product or person.  The Government of Canada and its 

ministers, officers, employees and agents make no warranty with respect to this report nor do 

they assume any liability arising from this report. 
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SUMMARY 

 

This document reports on a five-week test run on the hybrid system test bench of the 

Photovoltaic and Hybrid Systems Group at the CANMET Energy Technology Centre—

Varennes. During the test, a photovoltaic array and a genset provided power to a DC load, with 

energy surpluses and deficits being accommodated by a battery. Overcharging of the battery was 

avoided by interrupting and reconnecting the charge current on the basis of voltage thresholds, 

that is, “on/off” charge control.  

The test investigated the ability of on/off charge regulation to fully charge the battery. It found 

that with relative dimensions of batteries and photovoltaic arrays in Canadian hybrid systems, 

simple on/off charging is not appropriate, and will be unable to fully charge the batteries even 

when sufficient sunlight is available. On/off charge control may be appropriate for Canadian PV-

only systems, in which the battery is relatively large compared with the maximum array charge 

current. On/off charge control of multiple, independently switched sub-arrays may be an 

appropriate charging method for hybrid systems, however. 

Measurements at a frequency of one hertz were used to track battery voltage and current during 

on/off charge regulation. Two different reconnect voltage thresholds and several different load 

currents were used. Both were found to significantly affect the behaviour of the system. The 

conclusion that the voltage reconnect threshold is a key variable in the efficacy of on/off charge 

regulation, drawn in previous studies found in the literature, was supported by the behaviour 

observed here. 
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1 INTRODUCTION 

Within the context of photovoltaic technology, the term “hybrid systems” refers to power sources 

combining a photovoltaic generator with one or more generators drawing on non-solar energy 

resources. Often these systems are used off-grid, that is, to supply electricity to sites not serviced 

by an electrical network, such as remote homes, monitoring equipment, and telecommunication 

repeater stations. In Canada, hybrid systems typically combine a photovoltaic array with a fossil-

fuel driven generator (a “genset”); systems also include lead-acid batteries for energy storage 

over the period of a day to several days, controllers to manage charging of the battery, controllers 

to effect genset dispatch (starting and stopping), and circuitry to convert between AC and DC, as 

required. 

Since 1998, the Photovoltaics and Hybrid Systems group of the CANMET Energy Technology 

Centre—Varennes (CETC-V), with the assistance of the NRCan Program on Energy Research 

and Development (PERD), has researched the optimal utilisation of hybrid systems in Canada. 

The overall goal of this effort has been to enlarge the market for photovoltaic technology by 

assisting the Canadian PV industry build better hybrid systems and by disseminating information 

about the capabilities and operation of hybrid systems to consumers and potential consumers. A 

number of activities aimed at this goal are presently underway: a half-dozen hybrid systems in 

various parts of Canada are monitored to determine the operational behaviour of existing 

systems; a regular newsletter is published and widely distributed (e.g., [Roussin and Turcotte, 

2004]); and a flexible PV simulation package (“PV Toolbox”, developed by CETC-V [Sheriff et 

al., 2003]) and a configurable physical hybrid system test bench (also built under the auspices of 

the hybrid system program) are being used in a cycle of simulation and verification to improve 

understanding of how hybrid systems function—and how they may be improved. 

The hybrid test bench consists of a 7.5 kVA diesel genset, a 24 V bank of batteries with a 

capacity of 600 Ah, a photovoltaic array configurable up to 1.5 kW, a 48 Amp PWM charge 

controller, a 3 kW inverter/charger, variable DC and AC resistive loads, and a monitoring and 

control system. It is located in a separate building on the CETC-V premises. The interior 

temperature of the building can be controlled through an electric heater and a fresh air damper.  

Tests ran on the hybrid test bench through much of 2004. Most of these tests cycled the battery 

under genset power, permitting characterization of the behaviour of the battery as well as 

validation of PV Toolbox [Ross, 2004a],[Ross, 2003]. In addition, a five week test with the 

photovoltaic array included provided some insight into the operation of hybrid systems making 

use of three-stage (bulk-absorb-float) charge controllers [Ross, 2004c]. 

In the hybrid test bench test sequence described in this document, on/off charge control was 

substituted for three-stage charge control. The monitored data collected over five weeks of 

testing are used to evaluate the appropriateness of the on/off charge control in hybrid systems. 
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2 EQUIPMENT AND TEST DESCRIPTION 

This document reports on the test run on the hybrid system test bench from 2:30 PM on October 

25, 2004, to 7:00 PM on November 29, 2004. During this period, the hybrid power components 

of the test bench were configured as described in Section 2.1, the monitoring systems were as 

described in Section 2.2, and the test sequence was as described in Section 2.3. For the 

descriptions that follow, midnight (0:00) on the night spanning October 24
th

 and 25
th

 has been 

assigned 0:00:00 in the data logs; the first day of the test is, by extension, also referred to as 

day 0. 

2.1 Hybrid System 

During the test, the test bench was configured as a typical small PV-genset hybrid system: a 

photovoltaic array and genset provided power to a DC load, and power in excess of the load was 

stored in a battery bank. A bi-directional power converter transformed the AC output of the 

genset into DC, and controlled genset charging of the battery bank. A custom control system 

dispatched the genset according to predefined criteria. 

No charge controller was used for this test. Rather, the hybrid test bench control system was used 

to disconnect the entire photovoltaic array when the battery voltage rose to a certain threshold, 

and then reconnect the array when the voltage fell back to a second voltage threshold (see 

Section 2.1.6).  

Other than the absence of charge controller, the hybrid system test bench was configured for this 

test exactly as it was for the prior test. The reader is referred to that report for further details 

[Ross, 2004c].  

2.1.1 Photovoltaic Array 

The photovoltaic array comprised 15 parallel strings of two Astropower Canada APC-5103 

modules (see Table 1) connected in series, to make a nominally 24 V, 1440 WDC array. The 

modules have no bypass diodes. They are located in the southwest corner of the lower array on 

the roof of CTEC-Varennes. They have a surface azimuth angle of 0º (i.e., they face due south) 

and are tilted at an angle of 45º to the horizontal. They are connected by a blocking diode having 

a 0.8V forward voltage drop under typical array operating conditions; the resistance of the wiring 

between the array and the test bench is estimated to be 5.2 · 10
-2

 ohms. 

Table 1 : Astropower APC-5103 Module Characteristics 

Nominal Power 48 Wp 

Impp at STC 3.1 A 

Vmpp at STC 15.4 V 
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Isc at STC 3.6 A 

Voc at STC 20.3 V 

Technology Monocrystalline silicon 

2.1.2 Battery Bank 

The battery bank consists of two parallel 24 V strings, each consisting of 12 cells in series. The 

12 cells are divided into two batteries, viz. GNB Absolyte IIP 90A-07 units. These batteries are 

of the valve-regulated lead-acid type, with the electrolyte immobilized in an absorbent glass mat. 

The major axis of the plates is horizontal, and the plates are oriented in vertical planes. If 

discharged such that 1.75 V per cell is attained after eight hours, the battery will yield 265 Ah at 

25ºC; at a 20 h rate, the capacity is 300 Ah, and at a 100 h rate, it is 365 Ah. The battery bank 

contains two battery strings and will therefore yield twice these capacities. 

The battery has been cycled a number of times prior to this test; the plates are well formed, but 

there is no reason to believe that they have deteriorated in any significant way. 

The battery sits on a rigid board of extruded polystyrene insulation; the wall behind the batteries 

is also lined with this insulation. A fan blows the room air over the batteries.  

2.1.3 Genset  

The dispatchable power source in the hybrid test bench is an Onan 7.5DKDFB 7.5 kWAC genset. 

Its output is single-phase 120 V alternating current of up to 60 A. The genset and its fuel tank are 

situated wholly within the test bench building. The genset draws its air from within the test 

bench, and radiator exhaust air is either directed out of the building or, when interior 

temperatures are below about 23ºC, to within the building. A fresh air intake on the wall of the 

test bench opens whenever the genset is in operation.  

2.1.4 Bi-directional Converter 

The genset is connected to the battery via a Statpower 3 kW Prosine Inverter/Charger. The 

device is configured to “sleep”, with very low power consumption, until AC power is detected at 

its terminals. Then, during bulk charging, it draws power sufficient to provide 48.6 A of DC 

current to the battery. When the battery voltage rises to a preset threshold, the current is tapered 

to maintain the voltage at the absorb charging voltage. After several hours, the exact duration of 

absorb being determined by an algorithm not disclosed by Statpower, the current is reduced to 

the level necessary to maintain a float voltage.  

2.1.5 Electronic Load 

A DC electronic load, model DLP 50-150-3000A Dynaload from Transistor Devices Inc., was 

connected to the battery for the duration of the test. The load was set manually. The device is 
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capable of sinking 0 to 150 A of current at 3 to 50 V, with a maximum power dissipation of 

3000 W. 

The load was adjusted at various points in the test. Initially, and for most of the first half of the 

test, it was set at 6 A. 

2.1.6 Controls  

A custom control and monitoring system based on two Advantech ADAM 5510-A2 data 

acquisition modules effected the dispatch of the genset and the control of the air intake vent and 

the louvers on the genset radiator exhaust air stream. The control and monitoring system runs a 

version of DOS and is programmed in C/C++. The code is responsible for both monitoring and 

control. 

In this test, the custom control and monitoring system was responsible for disconnecting and 

reconnecting the photovoltaic array to avoid overcharging of the battery when it is full. The 

control system monitored the battery voltage, measured in the DC junction box just above the 

battery, and opened a DC contactor when this voltage measurement rose to a pre-programmed 

voltage threshold, Vdisconnect. The disconnection of the charging current caused the battery voltage 

to fall. When it reached a second pre-programmed threshold, Vreconnect, the control system would 

close the DC contactor.  

The disconnection threshold was set to 28.6 V (2.38 V per cell) for the entire test. For most of 

the this test, the reconnection threshold was set to 27.0 V (2.25 V per cell); for one day at the end 

of the test, a reconnection voltage of 26.0 V (2.17 V per cell) was applied.  

2.1.7 Temperature Control Systems 

The test bench temperature is controlled by the use of heat from the genset, as outlined in Section 

2.1.3, as well as a 1.5 kW portable electric heater with internal fan and wall-mounted thermostat. 

Controls endeavour to maintain the test bench temperature at 25ºC by adding heat when 

necessary. The fresh air intake is opened when the interior temperature is above the exterior 

temperature and above 25 ºC. 

2.2 Monitoring Systems 

 

This test uses data from two monitoring systems: the meteorological station on the roof of 

CTEC-Varennes, and the hybrid test bench monitoring system. The former is responsible for the 

measurement of most environmental variables, and solar irradiance in particular, while the latter 

reports on the operation of the components described in Section 2.1, as well as some ambient 

temperature measurements.  
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2.2.1 Meteorological Station 

The meteorological station is located on the southwest corner of the upper roof of the CTEC-

Varennes building. Its view of the sky is essentially the same as that of the array used for the 

hybrid system, with the exception of a minor solid angle to the north-east of the met station 

where the upper PV array obstructs the sky. The station and the hybrid sub-array have a slightly 

different view of the ground, the met station being located approximately 5 metres higher than 

the lower array, but this difference should have minimal effect. 

 

The measurements taken by the met station and used in this analysis are: 

• Global solar radiation on the horizontal, by an Eppley PSP pyranometer. 

• Diffuse solar radiation on the horizontal, by an Eppley PSP with Eppley shadow band. 

• Direct solar radiation, by an Eppley normal incidence pyrheliometer (NIP) in an Eppley 

tracker. 

• Global radiation in the plane of the hybrid array (0º surface azimuth, 45º tilt angle), by an 

Eppley PSP with an operating ventilator base. 

• Global radiation in the plane of the hybrid array, by a Li-Cor photodiode. 

• Air temperature, by a Vaisala HMP35A temperature and relative humidity probe in a Gill 

41002 Multi-plate Radiation Shield. 

 

The output of the Eppley instruments passes through Eppley instrumentation amplifiers located 

several metres from the instruments themselves. The output of the amplifiers, along with the 

output of the other instruments, are fed into a Datataker data acquistion system located 

approximately 15 metres away. The system samples and records the inputs from the instruments 

every 15 seconds. These 15 second readings have been grouped into two minute averages for 

most of this report, so as to be on the same time base as the hybrid test bench monitored data. 

In previous hybrid systems tests, a number of problems in the meteorological station, many as 

yet without explanation, were identified [Ross, 2004c]. These greatly increase the uncertainty of 

the measurements from the station; under certain conditions, the measurements of the station are 

known to be invalid. Furthermore, for that test the author of this document very closely attended 

to the meteorological station, and was in a position to identify and, where possible, rectify 

problems; on the other hand, the author is not intimately familiar with the maintenance 

procedures executed during this test. 

2.2.2 Hybrid Test Bench Monitoring System 

The hybrid test bench monitoring system relies on the same ADAM data acquisition modules 

mentioned in Section 2.1.6. For the purposes of this test, the following variables were measured 

and recorded every 2 minutes throughout the test: 

• Mean, maximum, and minimum battery voltage. 
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• Direct current from the Statpower bi-directional converter, measured by a calibrated 

shunt. 

• Direct current from the hybrid PV array, measured by a calibrated shunt. 

• Direct current from the charge controller, measured by a calibrated shunt. 

• Direct current to the DC load, measured by a calibrated shunt.  

• Temperature of the battery, measured between two cells in one of the four batteries, 

measured by a T-type thermocouple. 

• Temperature of the battery, measured on the top of the battery case, measured by an 

RTD. 

• Temperature of the air within the test bench room, measured by a T-type thermocouple. 

• Temperature of the exterior air just outside the test bench, measured by a T-type 

thermocouple. 

 

On/off charge control results in rapidly fluctuating voltages and currents when the PV charge 

current is switched. To resolve these fluctuations, for portions of two different days, 

measurements were made and recorded every second.  

2.3 Test Sequence 

One day prior to the test, the battery was charged by the genset to a voltage of 28.1 to 28.3 V, 

where it was held (by tapering the current) for 5.2 hours. Then a power supply held the battery at 

a float charge voltage of 26.86 to 27.21 V for 24 hours. Based on past experience, this sequence 

is sufficient to fully charge the battery.  

The current being drawn by the electronic load (see Section 2.1.5) was manually adjusted at 

various points throughout the test. These adjustments were made so as to encourage the system 

to behave in a particular manner: at various times, it was desired that the battery discharge, and 

at others, that it charge up. For the first half of the test, the electronic load was usually set to 

draw 6 A of DC current.  

The PV array was always connected, except when the voltage had reached the disconnection 

threshold and not yet fallen to the reconnection threshold.  

The genset was turned on when the voltage of the battery descended below 2.03 V per cell, or 

24.36 V. It was turned off after 3.5 hours of operation; a second criterion would have turned off 

the genset when the battery reached 2.33 V per cell (28.0 V), but this never occurred. 

If the battery is fully charged and then discharged at a rate of 6 A, it will reach the 24.36 V 

setpoint when 60% of its capacity, measured at the 20 hour discharge rate, has been 

discharged—i.e., it will discharge to a 40% state-of-charge. Assuming, as happened to be the 

case for most of this test, that photovoltaic output is negligible during periods of genset 

operation, then the 3.5 hours of charging at 48.6 A will raise the battery state-of-charge by an 

increment of approximately 25% of the 20 hour discharge capacity. Thus, in the absence of 
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photovoltaic power and non-ideal behaviour on the part of the battery, the genset would cycle the 

battery between 40% and 65% state-of-charge.  

The criteria used to terminate genset operation ensure that the bi-directional converter never 

enters absorb charging. In many hybrid systems, the genset would be sized to provide the desired 

charge current during bulk charging, and then operate at a lower and lower loading factor as the 

charge current tapered during absorb charging. In avoiding absorb charging, the algorithm 

implemented here avoids the decreased efficiency and higher wear of partial load operation.  

When the system had been operating in the above-described way for 35 days, a final discharge, 

followed by a complete recharge, was executed: 

1) A DC load of approximately 48.6 Amps was connected and the battery discharged to a 

voltage of 23.4 V (i.e., 1.95 Vpc). This discharge was, however, interrupted three times 

due to work being executed on the test bench.  

2) The battery was open circuited for one hour. 

3) The genset was started and the charger supplied 48.5 Amps to the battery until the battery 

voltage rose to approximately 28.05 V, or 2.34 V per cell (bulk charging). 

4) The charger reduced its current output in order to maintain approximately 28.4 V at its 

terminals (absorb charging). The current supplied to the battery fell from about 48.5 

Amps to approximately 12 Amps and, due to the voltage drop in the cables between 

battery and charger, the battery voltage rose from about 28.05 V to approximately 28.3 V 

(2.36 Vpc). 

5) The genset was stopped. 

6) The battery was held on float charge for 24 hours: the low current necessary to maintain 

the battery voltage at approximately 27.1 V was provided by a power supply. 

The 48.5 Amp discharge current and the 23.4 V end-of-discharge threshold are the same as were 

previously used in battery characterization (see [Ross, 2003]). This facilitates a determination of 

the state of the batteries at the end of the test. 
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3 RESULTS FROM MONITORING 

3.1 Data Quality 

Given the number of known problems with the meteorological station, its data were not closely 

scrutinized. Rather, this test only utilises the meteorological station where necessary, e.g., for 

reconstruction of missing test bench data. A previous study [Ross, 2004c] has examined the 

operation of the hybrid system, and the array in particular, in light of meteorological system data; 

since the system in that study is identical to the one here (with the exception of the charge 

controller), conclusions drawn there should also apply here. 

The monitored record from the hybrid test bench is quite complete. Data are missing from only 

871 minutes out of a total of 5.07 · 10
4
 minutes of testing (i.e., 2% are missing), as indicated in  

Table 2. All but one of these periods are insignificant: they were too short to be of consequence, 

or the load and PV current were zero. The exception is the 742 minute gap occurring over the 

night of the 11
th

 and 12
th

 of November, when the ADAM monitoring system ran out of memory.  

Table 2 : Periods during which Data is Missing from Test 

Date  Minutes missing Cause 

2004/11/04 21 Testing thermocouples 

2004/11/11- 

2004/11/12 

742 ADAM memory full (operator error) 

2004/11/15 2 Glitch 

2004/11/15 2 Glitch 

2004/11/16 2 Glitch 

2004/11/22 50 ADAM memory full (operator error) 

2004/11/29 32 Reconfiguration of test bench 

2004/11/29 16 Manual measurements 

2004/11/29 4 Manual measurements 

2004/11/29 28 Manual measurements 
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Although regrettable, the 742 minute gap has minimal impact on the interpretation of the test 

results. First, it is known that the load current remained constant at 3.04 A throughout the gap. 

Second, the photovoltaic array current was 0 during the night, and would have been non-zero for 

only the last 120 minutes of the period. Third, the 120 or so minutes of missing PV array current 

data can be estimated on the basis of solar irradiance data from the meteorological station. Data 

from the rest of the test were used to find a linear correlation between irradiance in the plane of 

the array and array current. When periods during which charge regulation was occurring were 

excluded, this correlation had a coefficient of determination of 0.997; it was, therefore, suitable 

for reconstructing the period of lost data. Finally, while the voltage measurements from this 

period cannot be recovered, they do not, unlike the PV array and the load current, affect the 

interpretation of the data that follow the gap.  

Of the remaining gaps in the data record, only the two-minute gaps occurred when the load or 

array current were non-zero. As a result, the remaining gaps are not problematic. 

3.2 Environmental Parameters 

3.2.1 Irradiance in the Plane of the Array 

The solar irradiance in the plane of the photovoltaic array, as measured by the Li-Cor photodiode 

pyranometer, is shown in Figure 1. This demonstrates that the test period included a mix of 

bright sunny days and heavily overcast days, but is not otherwise especially revealing.  
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Figure 1 : Two-Minute Average Solar Irradiance in the Plane of the PV Array 
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Figure 2 is more helpful: it shows the three-day running average solar irradiance in the plane of 

the array. Solar energy is abundant at the beginning and middle of the test, but is otherwise in 

short supply.  
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Figure 2 : Three-day Running Average of Solar Irradiance in the Plane of the PV Array 

3.2.2 Exterior Air Temperature 

The outside air temperature, as measured by a thermocouple installed in a radiation shield 

mounted on the north wall of the hybrid test bench building, is plotted in Figure 4. Air 

temperature fell as low as –10º C at night and rose as high as 13ºC during the day. 
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Figure 3 : Outside Ambient Air Temperature 

3.3 Test Bench Operation 

A previous study examined the operation of all the test bench components in detail [Ross, 

2004c]. Since the current test bench configuration is largely identical to the one in that study, the 

focus here will be on the components affected by on/off charge regulation: the array and the 

battery.  

3.3.1 Overview: Current and Voltage  

The relevant currents as well as the battery voltage are shown in Figure 4 for the first half of the 

test and Figure 5 for the second half of the test. For context, the final discharge and beginning of 

the subsequent recharge are shown in Figure 6. 

Over the first five days of the test, there was sufficient sunshine to supply the 6 A constant load 

and keep the batteries from running down to the voltage threshold at which the genset is started 

(see Figure 2 for the average availability of solar energy over the test). The batteries were thus 

cycled between partial states of charge, without ever being driven to the voltages at which charge 

regulation occurs. Following this, however, weak solar energy permitted the battery voltage to 

fall to the point where the genset ran on two consecutive days. At this point, the load was turned 

off, to permit the battery to charge up to voltages where charge regulation, the focus of this 

study, would occur. This came to pass on the 11
th

 day of the test, and the load was switched back 
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on. Unfortunately, this coincided with a cloudy run of days, and on the 13
th

 and 14
th

 days the 

genset ran again. On the 15
th

 day of the test, there was just enough sunshine to drive the battery 

voltage to the verge of the disconnect threshold, with the load switched off, but intermittent 

clouds did not allow this when the load was switched back on. The load was turned off again. 
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Figure 4 : Overview of First Half of Test: Voltage and Current 

In the second half of the test, shown in Figure 5, the genset did not run at all. I turned off the load 

for much of the test, judging that cycling the batteries between partial states-of-charge using the 

genset would reveal nothing about on/off charge control.  

At the beginning of the second half of the test, there was a period of clear weather. The load was 

reconnected on the 17
th

 day of the test, first at 3 Amps and then, on the 19
th

 day, at 6 Amps. Four 

consecutive days of strong sunshine drove the battery into charge regulation. To determine 

whether on/off charge regulation had fully charged the battery, on the 22
nd

 day the battery was 

discharged at 48.6 Amps to 23.4 V—the standard conditions used for capacity tests in previous 

studies.  

Following the discharge, the load was turned off, and the battery permitted to recharge over four 

days. Once again, cloudy weather prevented charge regulation from occurring. The load was 

turned back on, on the 25
th

 day (momentarily) and the 26
th

 day.  
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For the two days following this, I left both the array and the load disconnected; this was a 

weekend, and I wished to preserve the state of the battery without having it either charge up 

without a load or discharge down with one. On the Monday following the weekend the array was 

reconnected and the load set to 3 Amps. Unfortunately, clouds moved in over the day, so the 

battery was driven into regulation for a period of only about 4 minutes—far too short to be of 

interest to this test. The load was turned off, and the following day, without the load, the battery 

was forced into regulation—but once again, only for several minutes before cloud rendered the 

PV array current incapable of driving the battery to the disconnection voltage. The following two 

days were heavily overcast. 

Finally, on the 33
rd

 day of the test, clear skies permitted the battery to be forced into charge 

regulation for an extended period of time. The array reconnect threshold was lowered from 

27.0 V to 26.0 V, in order to examine what effect this would have. Over the day, the load was 

also adjusted, and occasionally the battery discharged with a high current, such that the battery 

was not always full when charge regulation occurred. Much data was collected at a frequency of 

one hertz.  
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Figure 5 : Overview of Second Half of Test: Voltage and Current 

Following this, the load and the array were disconnected for two days before a final discharge (at 

48.6 A, to a limit of 23.4 V) was executed. As seen in Figure 6, the discharge was interrupted 

three times, due to concurrent work being done on the test bench. During the interruptions, the 

load and the array were disconnected. After the discharge, the battery was given a complete 
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recharge, with the genset powering an extended absorb charge and a power supply allowing a 24 

hour period of float charging. 
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Figure 6 : End of Test: Voltage and Current 

3.3.2 PV Array  

The array current is quite linearly related to the irradiance of the array except when the charge 

controller is limiting the current during regulation, as seen in Figure 7. In a previous study of 

system operation with a three-stage charge controller [Ross, 2004c], curved lines of data points 

were easily discerned below the main linear tendency; a figure from this report is reprinted in 

Figure 8. These lines traced the operation of the array during regulation on cloud-free days: the 

charge controller started limiting the current around noon, and then the solar irradiance declined, 

causing the line to loop back towards the main linear cloud of points. It is interesting that this 

same behaviour, though less pronounced, can be observed here: between 500 and 900 W/m
2
, 

there is a clear crescent-shaped cloud of points below the linear tendency. 

Regulation starts near mid-day on bright days, hence the crescent deviates from the linear 

tendency at irradiances around 900 W/m
2
. Then the controller limits the average current, so the 

cloud drops vertically in the graphic. As the afternoon proceeds, the irradiance declines, so the 

curve sweeps to the left. Eventually the irradiance is insufficient for the array to drive the battery 

to the disconnect threshold; this appears to occur around 500 W/m
2
.  
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That this crescent shaped cloud should be visible is somewhat surprising, given that on/off 

charge control is used. One would expect that the current should oscillate between being fully 

on, and therefore lying on the linear tendency, and fully off, and therefore on the horizontal line 

described by the array current equal to 0 (collinear with the x-axis in Figure 7). The crescent 

appears, however, because the data-averaging interval of two minutes is, at certain times at least, 

much longer than the period of oscillation between disconnection and reconnection. Thus the 

two-minute averaging interval is long enough that from one data point to the next, the average is 

relatively consistent, and gradually falls over time as the battery accepts less current. At these 

times, on/off control mimics constant voltage charge control, in average terms at least. 

On the other hand, under certain conditions the frequency of oscillation is much lower, and the 

two-minute average varies greatly from one reading to the next. This is the case, for example, 

when the load is small or non-existent, and the battery voltage thus falls slowly following array 

disconnection, as will be discussed in Section 3.4.3. This behaviour manifests itself as scatter 

above and below the crescent. 
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Figure 7 : Array Current as a Function of Irradiance in the Plane of the Array 

Several clustered lines of points can be discerned in the “linear tendency”, and there is further 

random scatter around these lines. This reflects a number of secondary variables. The battery 

voltage, which fixes the operating point on the array IV curve, may shift the array current up or 

down slightly. When operating near the knee of the IV curve, the array temperature may also 

affect the current slightly. That individual lines can be resolved reflects the relatively small 
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number of days on which the irradiance level reached above 600 W/m
2
; more data would have 

filled the gaps between the lines. In addition, because the two-minute samples of array current 

and irradiance may be slightly shifted in time with respect to each other, significant variations in 

the irradiance on a time-scale less than two minutes will result in scatter in the data. The scatter 

to the right of the curved lines reflects momentary peaks in irradiance during charge regulation. 
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Figure 8 : Array Current as a Function of Irradiance in the Plane of the Array, 

from a Previous Test Using a Three-Stage Charge Controller 

 

The linear tendency does not pass through the origin; rather, array current falls to zero at an 

irradiance of around 50 W/m
2
. This results from the array being clamped to the battery voltage 

(i.e., the lack of a maximum power point tracker). As irradiance levels decline, the IV curve of 

the array shifts downwards. The downward curving section of the curve at higher voltages 

intersects the I = 0 axis at decreasing voltages: the open circuit voltage declines. Eventually, the 

battery voltage, at which the array must operate, exceeds the open circuit voltage and the array 

produces no current. Figure 7 implies that at around 50 W/m
2
, the open circuit voltage of the 

array is about 25 V, or 12.5 V for a module. This seems somewhat low and may indicate that the 

array fill factor is poor at low light levels.  

When periods of charge regulation are eliminated, only the linear tendency is left in the plot of 

array current versus irradiance, as seen in Figure 9. A straight-line approximation that minimizes 

the sum of squared errors has been fit to the data. The coefficient of determination of 0.9967 

indicates that the equation for the line explains nearly all the variation in the data.  
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IPV = 0.0399·GPOA - 1.5549

R2 = 0.9967
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Figure 9 : Array Current as a Function of Irradiance in the Plane of the Array, 

with Periods of Regulation Excluded 

The power output of the array shows the same linear relationship to irradiance as the array 

current, as seen in Figure 10. The array power is the product of the array current and the 

estimated array voltage. The array voltage is estimated by summing the voltage drop in the 

cables (the product of the current and the cable resistance), the estimated equivalent resistance of 

the charge controller, a fixed 0.75 V diode drop, and the battery voltage (see Section 2.1.1).  

A straight-line approximation of the array power as a function irradiance has been fit to the data 

excluding periods of regulation, and is given in Figure 10. The coefficient of determination of 

0.9963 is virtually identical to that of the line fit to current in Figure 9, indicating that variation 

in the battery voltage causes minimal additional variation in the power data (although it 

influences the current through its determination of the array operating point).  

In a previous study, the correlation of power and irradiance was calculated, with a similarly high 

coefficient of determination, to be: 

436.511193.1 −⋅= POAPV GP  

The offset is now slightly lower and the slope slightly higher. Some of this discrepancy may be 

caused by the use of different instruments: in the previous study, the correlation was based on the 

plane of array irradiance measured by the Eppley pyranometer, whereas in this study the data 
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from the Li-Cor photodiode pyranometer were used. Another possibility is that colder average 

temperatures in this test raised the power output per unit of solar irradiance. When operating near 

the knee of the IV curve, cooler temperatures will raise the array current for a given voltage.  
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Figure 10 : Array Power as a Function of Irradiance in the Plane of the 

Array, Periods of Regulation Excluded (Black) and Included (Grey) 

The control system disconnected the array, indicating a nearly full battery, during 525 two-

minute data periods over the course of the test; these occurred on 11 separate days. Table 3 

compares the energy from the photovoltaic array that was actually used to the energy that would 

have been available had the battery never been full.  

Table 3 : Actual and Available PV Array Output, as would be Measured at Test Bench DC Junction Box 

Energy from the Photovoltaic Array 

 

Actual (kWh) Available (kWh) 

When not regulating 52.8 52.8 

During regulation 9.4 15.4 

Total PV array energy 62.2 68.2 
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3.3.3 Battery 

The state-of-charge is a term that, while commonly used, is quite imprecise. This section will 

consider instead the “available capacity”, or charge that could be liberated from the battery at a 

given point in time, assuming no stratification, sulfation, or other non-ideal behaviour, a 

temperature of 25ºC, a 20 hour discharge rate, and a battery voltage of 1.75 volts per cell at the 

termination of discharge. The available capacity will generally be expressed as a fraction of the 

nominal capacity of the battery under the same conditions of discharge. 

The available capacity is not directly measurable except through a discharge test. It can be 

inferred, however, by counting the charge that is entering and leaving the battery, and adjusting 

this on the basis of assumed inefficiencies. A previous report developed a method for doing this 

based on the supposition that the current that is consumed in secondary reactions, Igas, is related 

to the battery voltage, Vbat, by: 








 −

⋅=
6038.0

67.26

5.0
batV

gas eI  

The gassing current was then used to estimate the fraction of the charge current that did not 

actually contribute to charging of the battery. This, in turn, permitted estimation of the available 

capacity of the battery, as seen in Figure 11 for the first half of the test and Figure 12 for the 

second half of the test. These figures show the available capacity as estimated in this way, and as 

estimated for an ideal battery, i.e., one with a zero gassing current. At the end of every period of 

regulation during which the ideal battery estimate of available capacity exceeded 100%, this 

estimate was reset to 100%, so that it did not rise without limit. An asterisk indicates those days 

on which charge regulation occurred. 

The battery cycled between partial states-of-charge over the course of the first half of the test. 

Low battery voltage triggered four genset runs, indicated in Figure 11. The battery was never 

fully charged, despite three periods of charge regulation. 

At the beginning of the second half of the test, clear weather permitted the array to force the 

battery into charge regulation on five days out of six. The ideal battery estimate of the available 

capacity suggests that on four of these five days the battery was fully charged. The inefficient 

battery estimate suggests that the available capacity reached a peak of around 93% on each of 

these days, but that the battery was never fully charged. Following this, a discharge to 23.4 V 

was used to measure the available capacity.  

Since the load was disconnected for the much of the remainder of the test, the available capacity 

estimates step upwards in a series of plateaux. The ideal battery estimate indicates that the 

battery was fully charged about seven days before the end of test, but the inefficient battery 
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estimate shows the battery never reaching full charge before a final capacity test. On the other 

hand, genset charging following the final capacity test results in estimates of available capacity 

of 105 to 115%. 
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Figure 11 : Estimated Available Battery Capacity—First Half of Test 

It is clear that the relation for the current consumed in secondary reactions is not perfectly 

accurate: prior to the final discharge, the inefficient battery estimate indicates that the battery is 

never fully charged, yet the final genset recharge raises the available capacity estimate to 105%. 

The ideal battery assumption does not yield a more credible estimate: it shows the battery often 

exceeding 100% available capacity. The accuracy of the available capacity estimates will be 

examine more closely in Section 3.4.2; in the meantime, the inefficient battery estimate of the 

ideal capacity, while not perfect, appears reasonable—it is not in error by more than 5 or 10 

percentage points. It can, therefore, furnish an idea of the battery cycling regime during this test. 

In that vein, Figure 13 is a histogram of the available capacity as estimated based on the 

assumption of an inefficient battery. The histogram is based on the data from hour 15, when the 

load was connected, to hour 519, when the first capacity test started. Data after the first capacity 

test are ignored because the load was seldom connected during this time. The available capacity 

is between 70 and 95% three-quarters of the time—which is a healthy range for the battery. 
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Figure 12 : Estimated Available Battery Capacity—Second Half of Test 

The battery efficiency, calculated from measured data, is found in Table 4. The energy, or 

“round-trip” efficiency was around 88% for hours 15 to 519 and 83% for the whole test. 

Dividing the energy efficiency by the coulombic efficiency, the current-weighted average ratio 

of battery voltage on discharge to battery voltage on charge is determined to be around 0.92. 

Losses here are considerably lower than in prior simulation studies, for example [Ross, 2004b]. 

Low losses can be attributed in part to the relatively low genset charge currents, the relatively 

low discharge currents, and a dispatch strategy that worked well for this test. The battery 

efficiency in this test was similar to that found in a previous study with three-stage charge 

regulation [Ross, 2004c].  

Calculating the efficiency for hours 15 to 519 permits the histogram of available capacity in 

Figure 13 to be interpreted in the context of the battery efficiency during this same period, but 

presupposes that the available capacity has reached 100% by hour 519. This is questionable, and 

is further investigated in Section 3.4.2. 
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Figure 13: Histogram of Available Battery Capacity, Hours 15 through 519 

Table 4 : Measured Battery Efficiency 

 Hours 15 to 519 Whole Test 

Energy out of Battery 44.8 kWh 60.9 kWh 

Energy into Battery 50.9 kWh 73.0 kWh 

Energy Efficiency 88.0% 83.4% 

 

Charge out of Battery 1825 Ah 2494 Ah 

Charge into Battery 1908 Ah 2738 Ah 

Coulombic Efficiency 95.6% 91.1% 

 

Vdischarge/Vcharge 0.920 0.916 

 

In previous studies (e.g., [Ross, 2004c]), it has been observed that cycling between partial states-

of-charge negatively affected battery operation. When the battery was not fully recharged by the 

photovoltaic array between genset runs, the battery voltage at the end of the genset run rose from 

one run to the next. Each run charged the battery virtually the same amount, so the higher 
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voltage at the end of the run indicates that the state of the battery was evolving from one run to 

the next.  

This same behaviour is seen in this test. Table 5 summarizes the four genset runs; the second 

column indicates the battery voltage just following the start of genset charging; the third column 

reports the battery voltage just before the run ended. Each run lasted 210 minutes, and the 

charging current was roughly 50 A. The battery voltage at the end of charging tends to rise from 

one run to the next, although it falls slightly from run 3 to run 4. This may be due to the 

photovoltaic array: during the second and third run, 2 to 4 Ah of charge were fed to the battery 

by the photovoltaic array, and there was additional photovoltaic charging current at the end of 

the run.  This would have raised the battery voltage slightly. 

Table 5 : Summary of Genset Operation 

 
Vbat at start (V) 

Vbat at end 

(V) 

Genset 

charge 

(Ah) 

PV charge 

(Ah) 

IPV at end 

(A) 

Run 1 26.08 26.98 169 0 0 

Run 2 26.05 27.17 169 3.9 0.4 

Run 3 26.16 27.43 169 2.0 3-4 

Run 4 26.08 27.32 169 0 0 

 

Between genset runs, the photovoltaic array was not able to fully charge the battery. In a 

previous study using three-stage charge control, full charging by the photovoltaic array was able 

to reverse the effects of cycling between partial states-of-charge. The ability of on/off charging 

to do the same was not, unfortunately,  tested here. 

3.3.4 Battery and Interior Air Temperatures 

The battery temperature, test bench interior air temperature and exterior air temperature 

(measured on north exterior wall of the test bench) are shown in Figure 14. In general, the 

battery temperature varied between 22 and 26ºC and the interior air temperature varied between 

21 and 25ºC. Spikes above these ranges occurred during genset operation, and dips below these 

ranges occurred on cold nights. 

The diurnal cycle in the exterior ambient temperature is reflected in both the interior ambient 

temperature and the battery temperature; heating of the battery by daytime array currents may 

exacerbate the latter. High frequency oscillation in the ambient air temperature, seen when 

exterior temperatures are low, when the genset is running, or both, reflects cycling of the heater 
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thermostat and the exhaust damper. The battery temperature rises when the genset operates, due 

to the sustained high charge currents. This is especially evident in the final recharge. 
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Figure 14 : Battery and Air Temperature during Test 

 

3.4 Discussion 

3.4.1 Operating Regime 

As a test of dispatch strategy or system operation, this test accomplished little. At this time of the 

year, the solar resource tends to be more variable than at other times of the year, and this 

qualitatively influences the behaviour of the hybrid system. It is, therefore, difficult to run a test 

that has something to say about operation in general, and not just operation in November 

conditions. As a consequence, the load was often adjusted to generate a certain type of behaviour 

of particular interest, especially in the second half of the test; a test that has been manipulated so 

purposefully does not represent a typical system. 

This is not a serious problem, however, because the goal of this test was to investigate particular 

aspects of on/off charge control. System behaviour and dispatch has already been extensively 

studied for a system that was identical to this one, except that three-stage charge control was 

used in place of on/off charge control [Ross, 2004c].  
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3.4.2 Available Battery Capacity  

In Section 3.3.3, the gassing current was calculated so that the available battery capacity could be 

estimated. This estimate, shown in Figure 11 and Figure 12, suggested that the battery was never 

fully charged, despite extensive periods during which on/off charge regulation occurred, until the 

final recharge at the end of the test. The estimate itself is somewhat questionable, however, since 

it shows the battery attaining an impossible 105% available capacity following the final recharge. 

This raises two closely related queries: 

1) Does on/off charging fail to fully charge the battery, as suggested by the estimated 

available battery capacity? 

2) Is the method used to estimate the available battery capacity, which worked well in a 

previous study ([Ross, 2004c]), valid? If not, are there aspects peculiar to on/off charging 

that invalidate the method? 

If it assumed that estimated available capacity of the battery is too high (by 5% at the end of the 

test), then on/off charge regulation, at least for the relative sizes of array, battery and load, 

disconnect and reconnect thresholds, and conditions encountered in this test, is incapable of 

recharging the battery in a timely fashion. This is not a novel conclusion, and is, in fact, 

supported by the literature; tests in the early 1990’s demonstrated that some on/off controllers 

were associated with average battery state-of-charge in the range of 55 to 70% [Woodworth et 

al., 1994], despite sufficient sunshine being available. High battery voltages caused by high 

charge currents explained this: when strong sunshine was available, the on/off controller 

attempted to force the large array current into the battery, which drove it quickly above the 

disconnect voltage, even though it was not yet fully charged.  

The study in [Woodworth et al, 1994] examined very small stand-alone systems; it may be asked 

whether their findings also apply to larger hybrid systems, such as the CETC hybrid test bench. 

A comparison of these two systems in terms of battery capacity, peak array current, and load, is 

given in Table 6. While the hybrid system is roughly six times larger, the relative sizing of the 

components is essentially the same. Thus, it is not surprising that the battery was not fully 

charged during this test. 

Table 6 : Comparison of Pertinent System Characteristics 

 Battery 

(Ah) 

Max Array 

Current 

(A) 

Load 

(A) 

Ratio 

Battery: Array: Load 

Woodworth et al., 

1994 

105 6.26 1 16.8 : 1 : 0.16 

CTEC-Varennes 600 41 6 14.6 : 1 :  0.15 
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It is significant that the problem is not on/off charge control per se, but rather the array current 

being high in relation to the size of the battery. Woodworth et al conducted their study in the 

southern United States of America; in such a climate, a battery having autonomy of 4 to 4.5 days 

would be typical for PV-only (i.e., non-hybrid) systems. In Canada, however, greater seasonal 

variation in the availability of solar energy and battery temperature necessitate greater battery 

autonomy if systems are to function reliably year-round. For example, a typical PV-hybrid 

system might have a battery capacity to peak array current ratio of 50 or 70 to 1, and not 15 to 1 

as in Table 6. With such large ratios, the battery accepts the peak array current with a much 

lower voltage rise, letting the battery reach a higher state of charge before an on/off controller 

disconnects the array
1
. Woodworth and al. went so far as to suggest that with autonomy of 30 

days, a charge controller might not even be necessary. Thus, the argument against on/off 

controllers is weak in Canada, at least for stand-alone systems having large battery capacity in 

proportion to the maximum array current. 

In Canadian hybrid systems, however, the ratio of battery capacity to peak array current is 

typically 20:1 or lower. Thus, the argument against on/off charge controllers is very valid for 

hybrid systems, but not necessarily Canadian PV-only systems. 

There are two alternatives to simple on/off controllers. The most common of these is the constant 

voltage, two-stage or three-stage controller, often using pulse width modulation. A simpler 

approach is to use an on/off controller that switches two or more sub-arrays independently. This 

permits the controller to reduce the array current rather than have the battery driven to its 

disconnect threshold at a low state-of-charge. For example, with an array divided into two sub-

arrays, one producing two-thirds of the current and the other one-third of the current, the 

controller can output two, equally spaced intermediate levels of current between on and off. This 

effectively triples the battery capacity to peak array current ratio—in our hybrid system it would 

rise from 15:1 to 45:1. Such a high ratio would probably make this staged on/off control quite 

effective.  

This leaves the question of the validity of using a gassing current to estimate the available battery 

capacity, as outlined in the study using three-stage charging ([Ross, 2004c]) and used in Section 

3.3.3.  

In the study where the gassing relation was developed, the constants were chosen so that at the 

end of the final recharge, the available capacity estimate was 100%; in the present study, these 

result in an available capacity of 105%. An infinite set of constants will force the available 

capacity at the end of the final recharge in the present test to 100%; it appears, however, that 

regardless of the set used, the maximum available capacity in the days prior to the first capacity 

test will be roughly 92%, and prior to the second capacity test it will be roughly 93%.  

                                                 
1
 Assuming low battery temperature does not limit charge acceptance. 
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These estimates of the available capacity prior to the first and second capacity tests can be 

compared with the capacity actually measured in these capacity tests. In [Ross, 2004a], 387 Ah 

are discharged from the battery, at the same current and temperature as in this test, before the end 

condition of 1.95 volts per cell is reached. In a previous study using three-stage charge control, 

the capacity under these conditions was found to be 353 Ah. This capacity test followed days of 

cycling between partial states-of-charge, which, it noted in that study may have led to non-ideal 

battery behaviour [Ross, 2004c]. In the present study, the first capacity test liberated 332 Ah—

implying an available capacity of about 91% at the outset of the test—and the second liberated 

307 Ah—implying an available capacity of 87%. These figures are slightly lower than estimated 

by the gassing relation. Note, however, that the capacity tests suggest that the battery was more 

fully charged prior to the first capacity test than prior to the second, whereas the estimate of the 

available battery capacity indicates the opposite. So even adjusting the constants, which is 

questionable, the relation does not fit the current data. 

There are mathematical reasons for expecting the existing approach to fail. The monitored data 

average the battery voltage over two-minute periods. When on/off regulation leads to oscillation 

between connect and disconnect with a period much shorter than two minutes, an “average” 

voltage intermediate to the disconnect and the reconnect threshold will be reported. The gassing 

current will be calculated on the basis of this average. But the gassing current relation is non-

linear—it is an exponential—so superposition does not apply: raising e to the average voltage is 

not equivalent to the average value of e raised to the instantaneous voltage. On the basis of this, 

one would expect the existing approach to underestimate the gassing current during periods of 

high frequency on/off regulation. This does not fit the data either. On the other hand, it is 

possible that during the second capacity test the available battery capacity is reduced by non-

ideal battery behaviour, as noted at the end of Section 3.3.3. 

There appears to be a more fundamental objection to the existing approach. This approach is 

predicated on the gassing current being a function of battery voltage and temperature only: the 

available capacity and charge current may be ignored. This is a common assumption, e.g., see 

[Bader, 1975], [Meszorer et al., 1992], and [Catherino et al., 1999], and fits charge data taken 

from a constant current charge quite well. But when a more dynamical system is examined, it 

appears to fail. This was observed in [Ross, 2003] and earlier fitting of the PVToolbox battery 

model, which makes use of the same approach.  

Catherino et al document the problem very well [Catherino et al., 1999]. They fit a surface to 

data from a series of constant current charges. As a validation of their surface, they compared its 

prediction for the gas current at 14.25 V and 66ºC to what they measured when a fully charged 

battery was held at these conditions. The surface suggested 0.5 mA; the battery accepted 0.5 A in 

reality—a difference of three orders of magnitude. Furthermore, they verified through 

measurements of water loss that the 0.5 A current was entirely dedicated to gassing, to within the 
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limits of their measurement apparatus. In short, the gassing current on float is much higher than 

the gassing current at the same voltage but a lower state-of-charge.  

Catherino et al hypothesize that “the prevailing gas evolution process is of a kinetic nature and 

quite independent of the ‘normal’ gas evolution process that is characteristic of the electrode 

system. The inference is that the kinetic gas evolution process is being catalyzed by 

contaminants naturally occurring in the system.” Apart from suggesting that catalysts present 

during float charging but not at other times play a role, this explanation is not very helpful.  

Another possible explanation is proposed here, drawing upon the discussion of battery 

discharging and charging in [Ross, 2003]. There it is noted that lead-sulfate, the product of 

discharging, is a semiconductor and 12 to 14 orders of magnitude less conductive than lead or 

lead-oxide [Barak, 1980]. Thus it is hypothesized that recharge starts at the centre of the plate, 

near the grid, and moves outward toward the surface; otherwise the voltage drop across the 

uncharged lead-sulfate would cause too great a voltage drop
2
.  

Diffusion of ions through the dense lead-sulfate layer causes a high overpotential, not least 

because lead-sulfate is only one-half to two-thirds as dense as the charged active material. The 

pores in the electrode are “squeezed” by the additional space taken up by the lead-sulfate. It 

would reason that the outward movement of hydrogen and oxygen gas molecules—possibly 

clumped into bubbles by the surface tension—would be even more problematic. With the low-

porosity lead-sulfate layer hindering the gasses from being flushed out of the pores of the plate, 

gas would become entrapped. This is indeed observed, when large quantities of gas escape from 

the plates even after charge has ended. Here it is proposed that this would tend to reduce the rate 

of gassing within the plate, without concomitantly reducing the rate of the charge reaction, 

although the author is not sufficiently knowledgeable to judge the validity of this assumption. In 

short, a build-up of gas would slow the rate of gassing within the plate, forcing further gassing to 

occur at the surface of the plate.  

Gassing at the surface of the plate implies that current has moved across the semi-conducting 

layer of lead-sulfate. Passing any significant current across this layer would result in a serious 

voltage drop, dramatically reducing the rate of the gassing reaction. 

Thus, when the plate has not been fully or nearly fully charged, gassing within the plate is 

hindered by the poor migration of gas out of the low-porosity lead-sulfate layer, and gassing at 

the surface is hindered by the difficulty of electronic conduction across that layer. In contrast, 

when the battery approaches full charge, the lead-sulfate layer becomes a thin sheath on the 

exterior of the plate that eventually disappears. The impediment to gassing both within the plate 

                                                 
2
 That report leaves open the possibility that ion diffusion across the lead-sulfate layer is more onerous than 

conducting electrons across that layer, such that at some point the charge reaction would switch to the outer limit of 

the lead-sulfate zone. Here I disregard that possibility, on the basis of the poor conductivity of lead-sulfate. 
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and at the surface of the plate is greatly reduced, and the rate of this reaction increases as a 

consequence. 

This theory explains the observation that gassing appears to be higher when a battery is placed 

on float following constant current recharge than at the same voltage during the recharge. It 

further predicts that if an uncharged battery (say, at 50% available capacity) was placed on 

constant voltage charge (say, at 2.45 V per cell), measurements of the gas evolved from the 

battery would show it being low and relatively stable until the battery approached full charge, at 

which time the gassing current would rise towards a second plateau. This prediction is not in 

accordance with the theory that the gassing rate is primarily a function of voltage, and thus can 

be estimated from a constant current charge.  

In the meantime, it must be recognized that while the method used to predict the gassing current 

in this study gives reasonable values, it is not fully accurate, and cannot be used for accurate 

prediction of the battery available capacity. 

3.4.3 Effect of the Array Reconnect Threshold 

 

An important conclusion of [Woodworth et al, 1994] was that the array reconnect threshold is the 

primary variable affecting how completely on/off charging can recharge the battery. They found 

that when the reconnect voltage approached the disconnect voltage threshold, the array appeared 

better able to fully charge the battery. In contrast, they found that the absolute level of the 

disconnect voltage had only a minor effect. 

This finding is supported by this test. In the first capacity test, following charging with a 

reconnect threshold of 27.0 V, the battery yielded 332 Ah, while in the second capacity test, 

following  charging with a reconnect threshold of 26.0 V, the battery yielded 307 Ah. 

In order to better understand how the reconnect threshold affects the behaviour of on/off 

charging, several periods of charge regulation were monitored at high frequency—one 

measurement per second—and two different reconnect voltage thresholds were used. For the 

entire test, the disconnect voltage threshold was 28.6 V (i.e., 2.38 V per cell). The reconnect 

voltage threshold was lowered from 27 V (2.25 V per cell) to 26 V (2.17 V per cell) part way 

through the test. Data from the higher threshold are plotted in Figure 15, and for the lower 

threshold in Figure 16, Figure 17, and Figure 18. In these latter graphics, the influence of the 

load current is also investigated. 

Presumably on/off charge regulation struggles to fully charge the battery due to the periods when 

the array is disconnected. Not only does the battery not receive any charge during these periods, 

but it must also satisfy the load. In a three-stage controller, the array supplies the load during 

regulation periods. Another hypothesis could be that array disconnect thresholds are typically 
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higher than three-stage absorb or float voltages, and thus cause more gassing. But while gassing 

will indeed be higher at the higher voltages, so will the useful charge current. Thus this second 

hypothesis is not true.  

Figure 15 shows on/off control when the reconnect threshold is relatively high. Following array 

disconnect, the battery voltage drops rapidly, such that in a couple of seconds the reconnect 

threshold is reached. The array is connected most of the time. As time progresses and the battery 

charges up, the battery reaches the disconnect voltage more quickly, leading to more frequent 

oscillation, and the battery voltage falls slightly more slowly to the reconnect threshold, resulting 

in the array being connected for a smaller fraction of the time. 
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Figure 15 : On/Off Regulation with Reconnect Threshold of 27.0 V 
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Figure 16 : On/Off Regulation with Reconnect Threshold of 26.0 V and Load of 6 A 

The effects of lowering the reconnect threshold from 27.0 V to 26.0V are drastic, as seen by 

comparing Figure 16 to Figure 15. Now the battery takes minutes to fall to the reconnect voltage 

(note that the time scale of Figure 16 is longer by roughly an order of magnitude). In absolute 

terms, the battery takes longer to reach the disconnect threshold than with the 27.0 V reconnect 

threshold, but in relative terms, the array is connected for a smaller fraction of the time. Hence 

less charge enters the battery, which is consistent with Woodworth et al.’s findings. 
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Figure 17 : On/Off Regulation with Reconnect Threshold of 26.0 A and Load of  15 A 

The time taken by the battery to fall back to the reconnect threshold is strongly influenced by the 

load on the battery when the array is disconnected, as demonstrated by a comparison of Figure 

16, Figure 17, and Figure 18. With the 15 A load, the battery voltage falls more quickly, and the 

array is connected for a greater fraction of the time than it is disconnected. With the 3 A load, the 

battery voltage falls very slowly.  

Note, however, that just because the array is connected for a larger fraction of the time when the 

load is higher does not necessarily mean that more net charge enters the battery: the array feeds 

more in, but the load drains more out. Examining the charge actually entering the battery in 

periods shown in Figure 16 through Figure 18 suggests that for load of 6 A or higher, there is a 

weak positive correlation between the net charge entering the battery and the load. With the 3 A 

load, considerably less charge enters the battery, so this correlation is stronger at low loads. 

It is also interesting that in Figure 16 and Figure 17, upon array disconnection the battery voltage 

falls more quickly on successive cycles, as opposed to more slowly, as seen in Figure 15. It can 

be speculated that the decline in the battery voltage reflects the establishment of a concentration 

gradient in the electrolyte around the active materials. The first time the array disconnects, the 

long period preceding disconnect during which the battery was on charge created a surplus of 

sulphate ions in the electrolyte during the plate; since these are readily available, the 

concentration overpotential is minimal. On subsequent cycles, the preceding charge period is 

shorter, and the reserve of surplus ions is smaller. When the disconnect threshold is 27.0 V, it is 
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possible that the voltage reconnect threshold is reached before the concentration gradient  

becomes significant.  
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Figure 18 : On/Off Regulation with Reconnect Threshold of 26.0V and Load of 10 A dropping to 3 A 

 

For this battery, it is clear that any reconnect threshold below 26.5 V will perform poorly—the 

battery voltage falls slowly below this level. It is surprising, however, that even a 27.0 V 

threshold was unable to fully charge the battery. This points out the weakness of on/off charging, 

even when reconnect thresholds are relatively high. 

3.4.4 Suggestions for Further Tests 

This study confirmed that when battery capacity to maximum array current ratios are around 

15:1, on/off charging cannot fully charge the battery. It would be interesting to repeat a 

discharge-recharge-capacity test cycle with larger battery capacity to maximum array current 

ratios, to determine the approximate ratio at which on/off charging becomes efficacious. This 

would then be useful in the sizing of sub-arrays for on/off controllers capable of independently 

switching two or more sub-arrays. 
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CONCLUSIONS 

The CETC-Varennes hybrid system test bench ran an extended test using on/off charge control. 

Since the test ran in November, when variability in the solar resource is especially high, the load 

was often adjusted in order to encourage the system to behave in a certain way. As a 

consequence, this test is not representative of hybrid system operation. This is not especially 

problematic, however, because previous tests have explored hybrid system operation, and the use 

of on/off charge control should not lead to radically different results. Furthermore, the test did 

permit exploration of the behaviour of the battery during on/off charge regulation.  

Simple on/off charging appears unsuitable for hybrid systems. Generally, these systems will be 

sized such that the battery capacity, in amphours, is less than twenty times the maximum array 

charge current, in amps. The high charge current will drive the battery to its disconnect threshold 

long before the battery has been fully charged. This may not be a problem for PV-only systems 

in the Canadian climate, where seasonal variation in the solar resource demands large batteries, 

better able to accommodate large array charge currents. Individually switched sub-arrays may 

also permit on/off charging to be used with hybrid systems. 

Previous studies of the CETC-Varennes hybrid test bench have calculated the available battery 

capacity by subtracting an estimate of the gassing current from the total charge current. The 

gassing current was estimated according to the Tafel equation—that is, at a given temperature 

the gassing current was a function of the battery voltage only. This approach is widespread in the 

literature and has also been used in the PVToolbox battery model. It fits the data of this test in 

only an approximate fashion, however. Other papers also indicate that it is flawed. This report 

presents a rough theory explainging the difference in gassing current seen between float charging 

when the battery is fully charged and constant current charging when the battery is not fully 

charged.   
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RECOMMENDATIONS 

 

This study confirmed that when battery capacity to maximum array current ratios are around 

15:1, on/off charging cannot fully charge the battery. It would be interesting to repeat a 

discharge-recharge-capacity test cycle with larger battery capacity to maximum array current 

ratios, to determine the approximate ratio at which on/off charging becomes efficacious. This 

would then be useful in the sizing of sub-arrays for on/off controllers capable of independently 

switching two or more sub-arrays. 

The relation currently used to estimate the gassing current in this test and in the PVToolbox 

battery model is only approximate. This report presents a theory explaining why gassing appears 

to be higher when a battery is placed on float following constant current recharge than at the 

same voltage during the recharge. It further predicts that if an uncharged battery (say, at 50% 

available capacity) was placed on constant voltage charge (say, at 2.45 V per cell), 

measurements of the gas evolved from the battery would show it being low and relatively stable 

until the battery approached full charge, at which time the gassing current would rise towards a 

second plateau. This prediction is not in accordance with the theory that the gassing rate is 

primarily a function of voltage, and thus can be estimated from a constant current charge. This 

test should be conducted in order to better understand the evolution of the gassing current during 

charging.  
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