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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 

 

Two tests were run on the CETC-Varennes hybrid test bench with the intention of examining the 

role of various parameters in operation of small PV-battery-genset hybrid system. These 

parameters included the solar fraction, the genset stop criterion, the genset charge current, and 

load variability. The first test, which achieved a solar fraction of 0.53 (considerably lower than in 

previous tests), used a constant load and an elapsed time criterion for determining when the 

genset must be stopped; the battery was cycled between 40 and 65% state-of-charge under genset 

charging. The second test, which achieved a solar fraction of 0.64, used both constant and 

varying loads and a voltage threshold to determine when to stop the genset. The battery voltage 

thresholds used to start and stop the genset were intended to cycle the battery between 30% state 

of charge and the beginning of absorb charging. 

Partial state-of-charge cycling due to low solar fractions led to non-ideal battery behaviour in the 

two sensitivity tests analysed in this report. In the first test, which used a constant load and an 

elapsed time criterion to shut down the genset, this non-ideal battery behaviour manifested itself 

as a progressively higher battery voltage at the termination of genset charging. In the second 

sensitivity test, where both constant and varying loads were employed and a voltage threshold 

was used to determine when the genset should be shut down, the time of each genset run 

progressively declined as the battery voltage reached the threshold more quickly. As a 

consequence, the genset cycled more and more frequently, with less and less charge being 

returned to the battery. The PVToolbox could simulate the first test with high accuracy; 

simulations of the second test had errors of up to 10% in the total energy flows. For reasons of 

predictability, user satisfaction, and battery longevity, dispatch strategy should be designed to 

avoid the behaviour of the second test.  

Analysis of the two sensitivity tests described in this document suggests that further tests should 

be run, both to examine other sets of parameters and to confirm the results of the tests already 

run. These tests should examine system operation with solar fractions of around 0.7 to 0.8, 

investigate more robust methods for determine when the genset should be started, and determine 

how operating the genset for one, two, or three hours of absorb charging would affect the 

persistence of non-ideal battery behaviour observed in the sensitivity tests studied in this report.  
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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.  

The test bench is useful for examining the real world operation of a hybrid system. The two tests 

discussed in this report examined the role of several parameters. Previous tests were run with a 

high solar fraction; here, the solar fraction was quite low (0.5 to 0.6). Thus, the behaviour of the 

system under continual partial state-of-charge cycling was observed. In the first of the tests, the 

battery was cycled between roughly 35 and 60% state-of-charge; in the second, it was intended 

that the battery cycle between a 30% state-of-charge and the state-of-charge at which absorb 

charging begins (roughly 75%). In both cases, a voltage criterion was used to determine when 

the genset should be started. The first test ran the genset for a predetermined duration, however, 
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while the second test used a voltage criterion to stop the genset, as is typically done for small 

hybrid systems. In addition, the impact of a varying load was investigated: towards the end of the 

second test, the constant load was changed to a varying load, of the same average current. 

The operation of the test bench during these two tests was monitored, and the collected data are 

studied in this report. In addition, the PVToolbox was used to simulate these two tests. This was 

useful for two reasons: first, it helped determine how accurately the PVToolbox models these 

test runs. This assessment of the accuracy revealed the extent to which simulations can be used 

to generalize the specific results of these short-term tests and identified weaknesses in the tool 

that should be addressed in the future. Second, the simulation provides a point of comparison for 

the monitored data, thus making evident the real system’s deviation from ideal or intended 

behaviour. 
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2 FIRST SENSITIVITY RUN 

2.1 Description of Test 

The test, conducted from March 2
nd

 through March 23
rd

, 2005, examined the operation of a 

hybrid system with a low solar fraction and frequent starting of the genset. In addition, the test 

investigated how doubling the charge current affected system operation. 

For this test, a 13 A continuous DC load was supplied by the photovoltaic array, genset and 

battery. For typical March weather, this should have resulted in a solar fraction of 0.3 to 0.5. As 

in a previous hybrid cycling test, the genset dispatch setpoints were selected to achieve cycling 

between 40 and 65% state-of-charge. The control algorithm started the genset when the battery 

voltage reached 24.0 V, and ran it long enough to supply the system with around 150 Ah of 

charge above what was consumed by the load during that period. For the first half of the test, the 

rectifier charge current was around 48.5 A, so with an effective charge current of about 35 A, the 

genset ran for 4.2 hours. For the second half of the test, the rectifier charge current was about 

95 A, so the genset ran for around 1.8 hours. The battery started the test fully charged. 

At the end of the test, the PV array was disconnected and a final discharge, at 48.6 A, was 

conducted. This ended at a battery voltage of 23.4 V. Then the battery was completely recharged 

with a genset bulk and absorb charge (at approximately 28.2 V), followed by over 24 hours of 

float charging (at 27.1 V) using a power supply.  

Two unexpected problems arose during this test. First, several days into the test, the test bench 

alarm halted the test due to detection of products of combustion. Frozen condensate had blocked 

the exhaust pipe; the test was halted for four days before ambient temperatures near zero 

permitted operation of the genset resulting in thawing of the condensate. During this halt, the 

load and PV array were disconnected from the battery. As a result, there are a total of 15 days of 

useful data for this test, of which about two cover the period of the final discharge and recharge. 

Second, when the rectifier current was raised to 95 A, the Statpower inverter/charger failed due 

to an overcurrent condition. The battery and AC connections were swapped over to the existing 

Trace inverter/charger, and the test continued with only a few hours delay. 

2.2 Summary of the Monitored Data 

A synopsis of the test is contained in Table 1; graphics showing the evolution of battery voltage 

and various currents over the test are contained in Section 2.3. The low solar fraction of around 

0.53 resulted in the battery cycling between partial states-of-charge without ever approaching a 

state of full charge. As a result, the battery efficiency is very high, and the coulombic losses are 
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probably mostly due to the final recharge. No energy was wasted in charge regulation due to 

high voltages when the battery was full.  

Table 1 : Synopsis of the First Sensitivity Test 

Charge…   

From PV array 2250 Ah 

From rectifier/power supply 1917 Ah 

To load 4051 Ah 

Into battery 2704 Ah 

Out of battery 2609 Ah 

  

Energy…  

From PV array 58.2 kWh 

From rectifier/power supply 51.3 kWh 

To load 101.1 kWh 

Into battery 71.8 kWh 

Out of battery 64.0 kWh 

  

Battery Efficiency  

Coulombic 96.5% 

Energy 89.2% 

  

Solar fraction   

Of charge supplied 55.0% 

Of energy supplied 53.2% 

  

Solar energy wasted in charge regulation 0 

 

2.3 Comparison with Simulation 

 

The PVToolbox tool was used to simulate the behaviour of the hybrid test bench over the course 

of the test. The main objective was to investigate the accuracy of the tool for simulations of 

hybrid systems operating in these conditions—i.e., with low solar fraction, fixed load, and the 

termination of genset operation determined by a time criterion. 

Data from the meteorological station at the CETC-Varennes was used as input to the simulation. 

In particular, the simulation used the plane-of-array irradiance measurements from the Eppley 

PSP pyranometer. Measurements every 15 seconds were averaged to find two-minute averages. 

An offset was added to the timestamps of this time series in order to synchronize it, to within 

roughly 30 seconds, with the two-minute data from the hybrid test bench. Then the block of data 

corresponding to the period during which the exhaust condensate was frozen was removed, such 

that the data appears as a 15-day test with no delays.  



 

Document type – CETC 2004-XXX (XX) 5 July 15, 2005 

The array was modelled using parameters, shown in Figure 1, taken from an IV curve 

measurement of the array [Ross, 2005]. The wiring resistance between the array and the battery 

was assumed to be 0.114 ohms, with an additional 0.73 V voltage drop due to blocking diodes, 

based on measurements reported in [Ross, 2005]. 

 

Figure 1 :  Array Parameters 

The battery model parameters are shown in Figure 2 and the initial rectifier parameters in Figure 

3. The rectifier parameters do not reflect the installed Xantrex converter. Since the inverter 

performance was not being investigated, and since the output of the rectifier is relatively constant 

whenever it is on, only the output level of the rectifier was important; the choice of parameters in 

Figure 3 was found to give appropriate output levels for the first half of the test, when the charge 

current was around 48 A. When the charge current was raised to 95 A in the latter half of the test, 

the rectifier parameters were adjusted in consequence: the nominal power was raised to 2470 W. 
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A 7.5 kW genset was assumed, but since its operation is not being investigated, it can be 

considered as simply a generic source of power-on-demand.  

 

Figure 2 :  Battery Parameters 

Charge control and dispatch parameters were adjusted at various points in the simulation to 

reflect changes that occurred during the operation of the test bench. The genset was started at 

24.0 V, except for the final discharge, when the battery voltage was permitted to fall as deeply as 

necessary to accommodate the load. During the first half of the test, when the rectifier was sized 

to put out 48 A, the genset stop criterion was a 4.2 hour run. During the second half of the test, 

when the rectifier was sized to put out 95 A, the genset stop criterion was 1.75 hours. For the 

final recharge, the parameters were adjusted to match the absorb time of the real test.  

Measured load data were used as input to the simulation. 
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Figure 3 :  Rectifier Parameters 

The simulated and measured battery voltage over the course of the test is shown in Figure 

4. The simulation was conducted in three parts, to permit the adjustment of setpoints and the 

rectifier size. The discontinuities in the monitored battery voltage on day seven of the test are 

due to the disconnection of the battery following the failure of the Statpower inverter.  The 

curtailed genset run just preceding this signalled the demise of the inverter.  

The correspondence between the monitored and the simulated battery voltage is excellent 

throughout the test. There is more error in the voltage during charge, especially in the second 

half of the test.  

The sharp spikes in the battery voltage correspond to times of genset operation. It can be seen 

that the voltage at the end of genset recharge tends to rise from one genset run to the next, as 

observed in previous tests. This is evident in the first half of the test. In the second half, the 

genset run following the failure of the Statpower inverter must be ignored, since it was preceded 

by an abnormally deep discharge. 

The simulation also does an excellent job of reproducing the measured useful array current (that 

is, the  PV array current that is not rejected by the charge controller; in this case this is equivalent 

to the available PV array current, since there is no output rejected by the controller). This is seen 

in Figure 5.  
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Figure 4 :  Battery Voltage During the Test 
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Figure 5 :  Used PV Array Output During Test 
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The fidelity of the simulation is demonstrated by the very close correspondence between the 

simulated and measured times of genset operation, shown in Figure 6.  
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Figure 6 :  Rectifier/Power Supply Current  
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Figure 7 :  Simulated Battery State-of-Charge  
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The simulated battery state-of-charge is shown in Figure 7. Genset operation generally cycled the 

battery between 35 and nearly 60% state-of-charge. At no time before the end of the test did the 

battery approach a full state-of-charge. The dip in the state-of-charge below 35% on day seven 

occurred when frozen exhaust condensate prevented the genset from running. This test suggests 

that when the solar fraction is very low, as in this test, the average battery state of charge will 

tend to be somewhere around the state-of-charge at the end of genset operation. 

The synopsis of the test presented in Table 1 is extended in Table 2 to include the simulation 

results. The error in the simulation results is minimal.  

Table 2 : Comparison of Simulation and Measured Data Synopsis over Whole Test 

Charge… Measured Simulation Unit Error 

• From PV array 2250 2194 Ah -2.6% 

• From rectifier/power supply 1917 1927 Ah 0.5% 

• To load 4051  4051 Ah Na 

• Into battery 2704 2659 Ah -1.7% 

• Out of battery 2609 2589 Ah -0.8% 

     

Energy…     

• From PV array 58.2 57.5 kWh -1.2% 

• From rectifier/power supply 51.3 51.0 kWh -0.6% 

• To load 101.1  101.4 kWh 0.3% 

• Into battery 71.8  70.5 kWh -1.8% 

• Out of battery 64.0 63.5 kWh -0.8% 

     

Battery Efficiency     

• Coulombic 96.5 97.4 % 0.9 ppt 

• Energy 89.2 90.0 % 0.9 ppt 

     

Solar fraction      

• Of charge supplied 54.0 53.2 % -0.8 ppt 

• Of energy supplied 53.2 53.0 % -0.2 ppt 

     

Solar energy wasted in charge regulation 0 0   

It is also interesting to compare the measured data and simulation results broken down by the 

three parts of the test (first half, second half, and final discharge recharge), as is done in Table 3. 

In particular, we see that while the simulation consistently underestimates the output of the 

photovoltaic array by 1 to 3%, the output of the rectifier is over predicted by 3 to 5% during the 

first two parts of the test, and then underestimated by around 7 to 8% in the final discharge and 

recharge. The overall, combined error is very small, but for the type of cycling conducted during 

the body of the test, the error should be estimated at around 3 to 5% —which is still excellent.  
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Table 3 : Comparison of Simulation and Measured Data Synopsis over the Three Parts of the Test 

 Part 1 Part 2 Part1+2 Part 3 Total Units 

PV Energy Simulated 22919 34557 57476 0 57476 kWh 

PV Energy Monitored 23302 34939 58241 0 58241 kWh 

Relative Error -1.6% -1.1% -1.3%  -1.3%  

       

PV Charge Simulated 880.4 1313.7 2194.1 0 2194.1 Ah 

PV Charge Monitored 902.5 1349.3 2251.8 0 2251.8 Ah 

Relative Error -2.4% -2.6% -2.6%  -2.6%  

       

Genset Energy Simulated 22496 17488 39984 10983 50967 kWh 

Genset Energy Monitored 21417 17398 38815 11877 50692 kWh 

Relative Error 5.0% 0.5% 3.0% -7.5% 0.5%  

       

Genset Charge Simulated 861.9 664 1525.9 401.27 1927.17 Ah 

Genset Charge Monitored 821.5 643.9 1465.4 429.89 1895.29 Ah 

Relative Error 4.9% 3.1% 4.1% -6.7% 1.7%  

       

Battery Charge In 1014 1243 2257 401 2659 Ah 

Battery Charge Out 1359 1230 2589 0 2589 Ah 

Battery Energy In 26636 32880 59516 10988 70504 kWh 

Battery Energy Out 33405 30069 63474 0 63474 kWh 

 

The battery voltage during the final discharge and recharge is shown in Figure 8. During the 

discharge and recharge preceeding the final discharge, the simulation overestimates the battery 

voltage. Then, during the 48.5A discharge to 23.4V, it underestimates the battery voltage. 

Because the simulation was configured to continue the discharge even though the 23.4 V 

threshold had been reached, the simulated battery is more deeply discharged than the real battery. 

This may be the reason that its voltage is lower during the final recharge, although it is equally 

probable that this is simply due to error in the model.  

The charge current during the final recharge is shown in Figure 9. During the absorb and float 

stages of the charge, the charge current passed by the simulated charge controller is significantly 

in error, reflecting inaccuracies in the battery model noted earlier. Had the test ended during 

absorb or the initial hours of float charging, the error in the simulation as a whole would have 

been considerably higher. 
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Figure 8 :  Battery Voltage during Final Discharge and Recharge  
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Figure 9 : Charge Current during Final Recharge  

As seen in Figure 8, the simulation permits the final discharge to depress the battery voltage 

below 23.4 V and operates the genset for a shorter absorb stage than occurred in reality. The 

simulation can be rerun with the final discharge ending at 23.4 and the absorb stage lasting the 

same time as in the real system, as shown in Figure 10. This simulation confirmed, however, that 
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this little affected the results: around 20 Ah less charge was removed during the final discharge, 

and consequently approximately 20 Ah less charge was returned in the final recharge. 
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Figure 10 :  Battery Voltage for Final Discharge and Recharge, Alternative Simulation  

The deficiencies of the battery model are illustrated by the errors in the battery voltage just prior 

to and during the final discharge, as mentioned earlier. In Figure 11 it is seen that the simulation 

overestimates the battery voltage during PV charging, but underestimates it during genset 

charging. This suggests that the battery model is inaccurate with high charge currents. This is not 

suprising, since the rate of recharge used in this test is twice the maximum rate of recharge seen 

in the data used to calibrate the battery model; in addition, there may be more fundamental flaws 

in the model. This latter possibility is supported by Figure 11, too: the simulated battery voltage 

rises instantly when the photovoltaic array puts out current in excess of the load, but the real 

battery voltage rises much more gradually.   

In a past comparison of simulated and monitored test bench operation, it was speculated that 

simulation accuracy would deteriorate when the battery is cycled between partial states-of-

charge without regular full charging, voltage or current criteria are used to stop the genset, or the 

the load current varies. This test investigated the first of these situations, and simulation accuracy 

appears to be excellent despite partial state-of-charge cycling. It should be noted that the battery 

was of the absorbent glass matt type, and therefore resistant to stratification; a flooded battery 

cycled in this way would probably pose greater problems for the simulation. 
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Figure 11 :  Battery Voltage for Days 9.5 to 11.5  
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3 SECOND SENSITIVITY RUN 

3.1 Description of Test 

The test, conducted from March 23rd through April 20th, 2005, examined the operation of a 

hybrid system with a low to moderate solar fraction, and relatively infrequent starting of the 

genset, achieved by a low genset start voltage threshold and longer genset run times. Genset 

operation was terminated at the onset of “absorb” charging, as detected by a voltage threshold. In 

addition, the test investigated how varying loads affected system operation. 

For first part of this test, a 13 A continuous DC load was supplied by the photovoltaic array, 

genset and battery. For typical April weather, this should result in a solar fraction of 0.5 to 0.6. 

The genset dispatch setpoints were selected to achieve cycling between 30 and 75% state-of-

charge. The control algorithm started the genset when the battery voltage reached 23.85 V, and 

ran it until the battery voltage reached around 28.05V, indicating the start of absorb charging. 

The rectifier charge current was around 95 A. 

Towards the end of the test (starting on the afternoon of April 13), the 13 A continuous load was 

replaced by a varying load with an average draw of 13 A. A pattern of variation was repeated 

each day, over five days, after which the final discharge began. The load peaked at 50 A. 

At the end of the test, the PV array was disconnected and a final discharge, at 48.6 A, was 

conducted. This ended at a battery voltage of 23.4 V. Then the battery was recharged with a 

genset bulk and absorb charge (at approximately 28.2 V).  

Several complications arose during this test. First, the use of a voltage threshold to detect the 

onset of absorb charging was not precise. Initially the setpoint was 28.12 V. This was lowered to 

28.05 V and finally 28.01 V. In the earliest genset run, 26 minutes of absorb charging were 

included in the run. In the final runs, the genset stopped before absorb charging began, or else 

absorb charging did not last more than 6 minutes. 

Second, on the 30th of March a technician from Generatrice Drummond arrived unexpectedly to 

perform maintenance on the genset. Unfortunately, the breaker that connects the genset to the 

hybrid system remained closed, and the technician ran the genset briefly on several occasions. 

Thus, on that day several spurious spikes of charging current are observed. 

Third, water leaking out of the muffler towards the genset shut down the test for five days. 

Around 20h00 on April 3rd, the genset should have started, but did not. Instead, the battery 

discharged to around 23.1 V before the problem was detected, around 8 AM on April 4th. The 

load was turned off immediately. An inspection revealed that water from the muffler had entered 

the genset. This necessitated two visits by Generatrice Drummond to drain the water from the 
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muffler and verify that no damage had occurred. The PV array was switched off at 11h30 on 

April 5th; the load was turned on for around 3.5 hours at this time. On April 8th, the genset was 

run at nearly full output for several hours in order to dry out the exhaust system, and then the test 

resumed. During the full output run, the battery was charged with a current of around 50 A (AC 

loads were connected directly to the genset). 

3.2 Results from Monitored Data 

A synopsis of the test is contained in Table 4; graphics showing the evolution of battery voltage 

and various currents over the test are contained in Section 3.3. The low solar fraction of around 

0.65 resulted in the battery cycling between partial states-of-charge without ever approaching a 

state of full charge. As a result, the battery efficiency is very high, and the coulombic losses are 

probably mostly due to the final recharge. Since the battery was not fully recharged in the final 

recharge (the 24 hour float charge was omitted), these estimates of the efficiency are slightly 

high; the real efficiencies would be no more than two percentage points lower, however. No 

energy was wasted in charge regulation due to high voltages when the battery was full.  

Table 4 : Synopsis of the Second Sensitivity Test 

Charge…  

• From PV array 4700 Ah 

• From rectifier/power supply 2497 Ah 

• To load 7014 Ah 

• Into battery 4652 Ah 

• Out of battery 4509 Ah 

  

Energy…  

• From PV array 122.3 kWh 

• From rectifier/power supply 68.0 kWh 

• To load 175.5 kWh 

• Into battery 124.1 kWh 

• Out of battery 110.4 kWh 

  

Battery Efficiency*  

• Coulombic 96.9%* 

• Energy 89.9%* 

  

Solar fraction   

• Of charge supplied 65.3% 

• Of energy supplied 64.3% 

  

Solar energy wasted in charge regulation 0 

* Note that battery not fully recharged at end of test so estimate of efficiency is slightly high 



 

Document type – CETC 2004-XXX (XX) 17 July 15, 2005 

 

 

3.3 Comparison with Simulation 

The PVToolbox tool was used to simulate the behaviour of the hybrid test bench over the course 

of the test. The main objective was to investigate the accuracy of the tool for simulations of 

hybrid systems operating in these conditions—i.e., with moderate solar fraction, fixed and 

varying load, and the termination of genset operation determined by a voltage criterion. 

Data from the meteorological station at the CETC-Varennes was used as input to the simulation. 

In particular, the simulation used the plane-of-array irradiance measurements from the Eppley 

PSP pyranometer. Measurements every 15 seconds were averaged to find two-minute averages. 

An offset was added to the timestamps of this time series in order to synchronize it, to within 

roughly 30 seconds, with the two-minute data from the hybrid test bench.  

The array, battery, and genset parameters were set as in the simulation of the first sensitivity test, 

described in Section 2. The 2470 W rectifier of the latter half of the first sensitivity test was also 

used here. Measured load data were used as input to the simulation. 

Charge control and dispatch parameters were adjusted at various points in the simulation to 

reflect changes that occurred during the operation of the test bench. The genset was started at 

23.85 V, except for the final discharge, when the battery voltage was permitted to fall to 23.4V 

without the genset starting; the subsequent genset start was timed to coincide with the test bench 

genset start. Initially, and up until day 90, the genset would charge the battery up to 28.05 V, 

hold the battery in absorb for 22 minutes (as in the first testbench run) and then stop. For the 

remainder of the test preceding the final recharge, the genset would run until a voltage of 28.0 V 

had been reached, and then shut down. For the final recharge, an absorb voltage of 28.3 V was 

held for around 6 hours and 40 minutes, the elapsed time of absorb charging measured on the test 

bench. The PV charge controller setpoint was initially at 28.26 V, but this was reduced to 28.05 

on day 84, and further dropped to 28.0 from day 89 onwards.  

The simulated and measured battery voltage over the course of the test is shown in Figure 12 and 

Figure 13. The simulation was conducted in four parts, to permit the adjustment of setpoints. 

There is a good correspondence between the monitored and the simulated battery voltage in the 

first half of the test; in the second half, the two diverge as the simulated genset operation deviates 

from reality. The sharp spikes in the battery voltage correspond to times of genset operation. 

From day 103 to 108, the effect of the varying load is observed; the load current is shown in 

Figure 14 and Figure 15. Note that the average daily load is constant, at 13 A.  
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Figure 12 : Battery Voltage during First Half of Second Sensitivity Test 
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Figure 13 : Battery Voltage during Second Half of Second Sensitivity Test 
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Figure 14 : Load During Second Sensitivity Test 
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Figure 15 : Varying Load Profile  

In the first half of the test, the simulation predicts the used PV array current quite accurately, as 

seen in Figure 16; the simulation has a weak tendency to underestimate the current. As the 
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simulated and measured battery voltage diverge in the second half of the test, however, so do the 

simulated and measured array current: the voltage determines the array operating point, so this is 

not unexpected. 
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Figure 16 : Used PV Array Current During First Half of Second Sensitivity Test 
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Figure 17 : Used PV Array Current During Second Half of Second Sensitivity Test 



 

Document type – CETC 2004-XXX (XX) 21 July 15, 2005 

The battery voltage and rectifier current during the final discharge and recharge are shown in 

Figure 18 and Figure 19, respectively; for context, these graphs also include the quarter day prior 

to the final discharge. The simulated battery reaches 23.4 V much sooner than the test bench, 

terminating discharge prematurely. Perhaps the real battery was more fully charged than the 

simulated battery—after all, the real genset did run briefly only hours before the final discharge, 

whereas the simulated genset had not run for over a day. But the simulated battery voltage was 

consistently higher than the monitored battery voltage, as seen in Figure 13 and Figure 18, which 

would suggest that the simulated battery was at a higher state-of-charge. This underlines the 

inability of the current battery model to capture many real world characteristics of the battery 

that, as in the final discharge, have a significant impact on system operation. 
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Figure 18 : Battery Voltage during Final Discharge and Recharge of Second Sensitivity Test 
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Figure 19 : Rectifier Current during Final Discharge and Recharge of Second Sensitivity Test 

The operation of the simulated and real genset was quite different, as suggested by Table 5: 

while both ran for 22 to 24 hours in total (excluding the final recharge and the two times when 

the genset started for maintenance reasons), this was spread over 13 runs in reality but only 8 

runs in the simulation. These runs are shown in Figure 20 and Figure 21, which also show when 

the two genset maintenance runs occurred.  

Table 5: Genset Runtime and Starts, Not Counting Maintenance Work and Final Recharge 

 Total Run Time (h) # of Starts 

Test Bench 22.3 13 

Simulation 24.0 8 
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Figure 20 : Rectifier Current During First Four Genset Runs 
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Figure 21 : Rectifier Current During Second Half of Second Sensitivity Test 

Initially the timing of real and simulated genset runs corresponded quite closely, with the 

simulation predicting the first genset start slightly sooner than it occurred in reality (see Figure 

20 and Table 6, which gives details on each of the genset runs). But as the test progresses, up to 
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the point when the load begins to vary, the timing of the simulated genset starts falls further and 

further behind that of the real genset. This divergence is extremely marked compared to the first 

sensitivity test, where the simulation barely diverged from reality (recall Figure 6). Then, 

following the start of varying load, the genset is started, both in reality and simulation, by peak 

currents occurring in the morning. Every morning, these start the real genset, but the simulated 

genset is started only every other morning.  

It is worthwhile examining the causes of this divergence. The real genset consistently generated 

less electrical energy in a run than the simulated genset, and its output per run declined 

precipitously during the test (Table 6). In the first test bench run, the simulation predicted output 

of 9.5 kWh, but the real genset put out only 8.6 kWh. This first run included 26 minutes of 

absorb charging; when this was eliminated in the second and subsequent genset runs, the 

simulated output fell to around 8.5 kWh per run. The real genset output per run immediately 

dropped to 6.5 kWh, however, and then continued to decline: in the last two runs before the load 

started to vary, it put out only 3.9 to 4.6 kWh. It should be noted that prior to the point at which 

the load started to vary, test bench genset operation did not coincide with significant solar 

radiation, and the reduced time required to drive the battery to 28.0 V cannot be attributed to 

additional PV current. In contrast, this does occur with the simulated genset on days 92 and 98; 

the resulting 0.6 to 1.0 kWh reduction in the genset output is modest in comparison to the decline 

seen in the real genset output. 

How can this reduction in the real genset output prior to the onset of varying loads be explained? 

One possibility is that battery cell voltages are diverging over the test. Examination of the logged 

cell voltages reveals a mixed picture. In general, there is not significant divergence. However, 

following calibration of the between-cell thermocouple, one of the cell interconnects was quite 

loose, and during high currents this caused an overvoltage on this one cell. But it was relatively 

constant during genset charging, at around 0.1 V throughout the test, so this does not seem to 

explain the evolution in the charge returned over time. Furthermore, until load variation started, 

it little affected the voltage on discharge, so the genset was not being started “prematurely”. 

A more likely explanation is that non-ideal battery behaviour, such as observed in previous 

studies (e.g., [Ross, 2003], [Ross, 2004]), is causing the voltage-current-SOC characteristics of 

the battery to change quite drastically over time. In the first sensitivity test, the voltage at the end 

of genset charging rose throughout the test, but because a time criterion was used, this did not 

affect the amount of charge returned to the battery. In this test, however, the voltage criterion 

permitted a drastic decline in the charge returned to the battery.  

Once the load began to vary, the genset output per run fell even further. Peak loads of around 50 

A, although of short duration, momentarily dragged down the battery voltage to the point that the 

genset was started, even though the state-of-charge was relatively high. With the real genset, this 

occurred every morning, and the genset put out only 1.75 to 1.95 kWh per run. With the 
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simulated genset, around 3.7 kWh of energy was generated per run, and this was sufficient for 

the genset to start only every other day, as shown in Figure 22. Nevertheless, the effect of the 

peak loads on system operation was drastic. This illustrates the potential difficulty of using a 

simple voltage criterion to start the genset; it should be noted that this is common practice in the 

industry. 

Table 6 : Simulated and Monitored Genset Start Times and Energy Output 

Test bench Simulation 

Start Time 

(day) 

Energy 

(Wh) 

Time 

(mins) 

Start Time (day) Energy 

(Wh) 

Time 

(mins) 

87.68 8593 216 Test bench – 3.1 h 9503 236 

91.19 6516 160 Test bench – 2.2 h 8519 210 

92.05 6514 158 Test bench + 3.8 h 8497 210 

92.83 6193 144 Test bench + 9.4 h 7890* 194 

98.86 5843 144 Test bench + 32.4 h 7520* 184 

101.21 3914 98    

103.18 4624 114    

Varying load begins 

   103.67** 8897 220 

103.78** 1950 50    

104.29** 1922* 50    

105.29** 1751* 46 Test bench + 4 min** 3816* 94 

106.29** 1779* 46    

107.29** 1800* 48 Test bench + 4 min** 3708* 92 

108.29** 2141* 56    
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* Significant PV current at termination of genset run 

** Genset start coincides with high load 
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Figure 22 : Battery Voltage with Varying Load 

The synopsis of the test presented in Table 4 is extended in Table 7 to include the simulation 

results. Errors are considerably higher than in the first sensitivity test, but accuracy to within 

10% is still achieved. These totals include the output of the genset during the maintenance runs; 

ignoring these increases the error in the rectifier output by less than half a percentage point.   

Table 7 : Comparison of Simulation and Measured Data Synopsis over Whole Test 

Charge… Measured Simulation Unit Error 

• From PV array 4700 4409 Ah -6.2% 

• From rectifier/power supply 2497 2650 Ah 6.1% 

• To load 7014 7014 Ah Na 

• Into battery 4652 4519 Ah -2.9% 

• Out of battery 4509 4429 Ah -1.8% 

     

Energy…     

• From PV array 122.3 116.6 kWh -4.7% 

• From rectifier/power supply 68.0 71.2 kWh 4.7% 

• To load 175.5 175.8 kWh 0.2% 

• Into battery 124.1 121.1 kWh -2.4% 
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• Out of battery 110.4 109.0 kWh -1.3% 

     

Battery Efficiency     

• Coulombic 96.9* 98.0* % 1.1 ppt 

• Energy 89.9* 90.1* % 0.2 ppt 

     

Solar fraction      

• Of charge supplied 65.3 62.5 % -2.8 ppt 

• Of energy supplied 64.3 62.1 % -2.2 ppt 

     

Solar energy wasted in charge regulation 0 0   

* Note that battery not fully recharged at end of test so estimate of efficiency is slightly high 

 

In Table 8 the measured data and simulation results are broken down into the four parts of the 

test. The tendency, observed in the first sensitivity test, to overestimate the rectifier output up to 

the final discharge and then underestimate it in the final recharge, is even more pronounced here. 

During cycling, the simulated rectifier output is about 10% too high, and during the final 

recharge, it is low by around 17%. It is unclear how much of the 17% error is due to the 

simulation terminating the final discharge well before the test bench did, and how much is due to 

the battery model being unable to model the effect of changing charge currents on the battery 

voltage; in either case, the battery model is the problem. The photovoltaic array output is more 

seriously underestimated than in the first sensitivity test, but still within 5 to 7% of the real 

figure.  

Table 8 : Comparison of Simulation and Measured Data Synopsis over the Three Parts of the Test 

 Part 1 Part 2 Part 3 Part 

1+2+3 

Part 4 Total Units 

PV Energy Simulated 45818 70820 0 116638 0 116638 kWh 

PV Energy Monitored 47608 74741 0 122349 0 122349 kWh 

Relative Error -3.8% -5.2%  -4.7%  -4.7%  

        

PV Charge Simulated 1726 2683 0 4409 0 4409 Ah 

PV Charge Monitored 1811 2890 0 4701 0 4701 Ah 

Relative Error -4.7% -7.2%  -6.2%  -6.2%  

        

Genset Energy Simulated 10051 51670 0 61721 9452 71173 kWh 

Genset Energy Monitored 9231 47588 0 56819 11398 68217 kWh 

Relative Error 8.9% 8.6%  8.6% -17.1% 4.3%  

        

Genset Charge Simulated 374.8 1932.7 0 2307.5 342.0 2649.5 Ah 

Genset Charge Monitored 338.6 1761.5 0 2100.1 409.5 2509.6 Ah 

Relative Error 10.7% 9.7%  9.9% -16.5% 5.6%  
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Battery Charge In 1210 2967 0 4177 342 4519 Ah 

Battery Charge Out 1476 2880 73 4429 0 4429 Ah 

Battery Energy In 32327 79261 0 111588 9462 121050 kWh 

Battery Energy Out 36569 70733 1718 109020 0 109020 kWh 

 

The simulated battery state-of-charge is shown in Figure 23. Prior to the point at which load 

variation begins, the genset is started at a state-of-charge of around 30%. Once the load has 

begun to vary, the genset is started at a 50% state-of-charge; the real system is undoubtedly 

starting at a state-of-charge even higher than that. When there is no array output during the 

genset run, the genset shuts down at a 75% state-of-charge.   
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Figure 23: Simulated State-of-Charge during Second Sensitivity Test 
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4 DISCUSSION 

 

Here a solar fraction of 0.5 to 0.65 was observed, which is lower than in a previous test. One 

consequence of this was the total lack of waste due to charge regulation. While this is 

unsurprising, it is worthwhile mentioning, because it shows that genset dispatch strategy does not 

need to be preoccupied with wasted PV output following a genset charge, at least when the solar 

fraction is low. Even in the second test, where the genset was stopped at around 75% SOC (at the 

start of absorb), no charge regulation waste occurred. Low solar fractions will be typical in many 

hybrid power systems, because systems are generally sized to avoid wasting PV energy. In these 

systems, algorithms that predict the next day’s insolation will be of limited use, except perhaps 

when attempting to use the PV array to finish an equalisation charge. 

In a previous report, it was predicted that low solar fractions resulting in partial state-of-charge 

cycling would lead to non-ideal battery behaviour that would pose problems for the PVToolbox. 

The first sensitivity tests demonstrates that low solar fractions and non-ideal battery behaviour 

are not problems per se; the battery voltage at the end of each genset run rose over the course of 

the first sensitivity test, and this was not captured by the simulation, yet simulation and reality 

did not diverge. In contrast, during the second sensitivity test, the two did diverge greatly. The 

key difference is whether the dispatch criteria are sensitive to non-ideal battery behaviour.  

In the first sensitivity test, non-ideal behaviour little affected simulation accuracy (a reflection of 

predictability in the test bench run) since a robust criterion was used to end genset charging: the 

genset shut down following a certain elapsed time. In the second test, a voltage threshold shut 

down the genset, and this proved far less robust.  

It appears that the problem is exacerbated by high currents: note the reasonably good 

correspondence between simulated and measured battery voltage when the rectifier current was 

48 A (at the beginning of the first sensitivity test), but the worsening correspondence when the 

rectifier current was raised to 100 A. Thus with currents that vary widely and rapidly the use of 

voltage thresholds to determine when to start or stop the genset is very problematic.  

This is true for load currents, too. Peak load currents cause the genset to turn on at a state-of-

charge which may be much higher than that desired. The genset may cycle frequently, with short 

genset run times. There is one caveat to this conclusion, however: a loose battery cell connection 

may have exacerbated the voltage drop during peak loads. 

It is interesting that the second sensitivity test, with a dispatch strategy designed to reduce the 

frequency of genset cycling, was starting the genset at least once a day by the end of the test. A 

genset run was supposed to output somewhere between 6500 and 8500 Wh; by the end it was in 

the neighbourhood of 2000 Wh. This demonstrates that permitting a deep depth-of-discharge and 
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a high end-of-charge voltage threshold do not guaranty infrequent cycling; in fact, they seem to 

be minor determinants of the frequency. 

Is the non-ideal battery behaviour and frequent genset cycling really a problem? After all, during 

the second sensitivity test the genset was being run at the same output level as the first test, the 

battery efficiency was still high, and the additional genset starts might add up to the equivalent of 

20 minutes of runtime wear. But there are reasons for wishing to avoid frequent cycling: 

1. Users may not appreciate frequent genset runs, and probably prefer longer, less frequent 

runs. Even when noise is not an issue, the user may worry why their big battery bank is 

cycling so frequently. 

2. In the interest of the battery longevity, the underlying non-ideal battery behaviour should 

not be permitted to continue forever. If the apparent capacity of the battery declines, then 

probably one area of the plates is being used more than the others, and subsequently 

suffering faster wear. More frequent cycling may exacerbate stratification and other 

problems. 

3. If the system is behaving in an irregular fashion, then it will be difficult to determine the 

state of the system; this is information that the user may wish to have. More advanced 

control strategies will not be easily applied to a system that is behaving strangely. 
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CONCLUSIONS 

 

Partial state-of-charge cycling due to low solar fractions led to non-ideal battery behaviour in the 

two sensitivity tests analysed in this report. In the first test, which used a constant load and an 

elapsed time criterion to shut down the genset, this non-ideal battery behaviour manifested itself 

as a progressively higher battery voltage at the termination of genset charging. In the second 

sensitivity test, where both constant and varying loads were employed and a voltage threshold 

was used to determine when the genset should be shut down, the time of each genset run 

progressively declined as the battery voltage reached the threshold more quickly. As a 

consequence, the genset cycled more and more frequently, with less and less charge being 

returned to the battery. The PVToolbox could simulate the first test with high accuracy; 

simulations of the second test had errors of up to 10% in the total energy flows. For reasons of 

predictability, user satisfaction, and battery longevity, dispatch strategy should be designed to 

avoid the behaviour of the second test.  

Simple battery voltage thresholds are not a robust method for determining when the genset 

should be started or stopped: non-ideal battery behaviour strongly affects the starting and 

stopping of the genset, which in turn may lead to greater divergence from expected or desired 

system operation. In contrast, the use of an elapsed time criterion to determine the when the 

genset should be stopped is a very robust criterion, at least when loads are constant and there is 

no PV charging.  

When a simple battery voltage threshold is used to signal the need for a genset start, momentary 

high discharge currents causing depression of the battery voltage will result in wide variation in 

the state-of-charge at which the genset starts. This complicates control and may lead to more 

frequent starting of the genset. 

The PVToolbox battery model does not capture important aspects of the real battery behaviour. 

More effort should be invested in this model if highly accurate simulations are required. 

The use of a five-hour charge current is feasible with the batteries and rectifier of the hybrid test 

bench. 
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RECOMMENDATIONS 

 

Analysis of the two sensitivity tests described in this document suggests that further tests should 

be run, both to examine other sets of parameters and to confirm the results of the tests already 

run. In particular: 

• Moderate solar fractions: the test bench should be configured with a load achieving a 

solar fraction of 0.7 to 0.8 and tests should be rerun. 

• The increased frequency of genset cycling, due to non-ideal battery behaviour, associated 

with the use of a voltage threshold for terminating genset operation should be confirmed 

in the absence of the loose cell connection present in the second sensitivity test. 

• The effect of varying loads on the use of a voltage threshold for genset starting should be 

investigated. Genset start criteria that are little affected by peak load currents should be 

researched and tested. Different patterns of load variation and higher peak loads should 

be tested. 

• A test that permits the genset to charge the batteries into the absorb stage (constant 

voltage operation) for one, two, and three hours should be run, with a low solar fraction 

(i.e., 0.5). This will be typical of many existing small hybrid systems. It will also assist in 

gauging the effect of varying durations of absorb charging or the persistence of non-ideal 

battery behaviour.   
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