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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 

The photovoltaic array and genset of the CETC hybrid system test bench supplied power to a 

variable load, via a battery when necessary, over a two month period. This test examined the 

operation of a hybrid system with a moderate solar fraction and relatively infrequent starting of 

the genset, achieved by a low genset start state-of-charge threshold and longer genset run times. 

This test was the third in a series of “sensitivity” tests intended to investigate the influence of a 

range of common operational parameters—like solar fraction and the state-of-charge at which 

the genset starts and stops (see [Ross, 2005b]). In many ways, the test was similar to the second 

sensitivity test. In certain respects, however, it was different: the loose cell connection present in 

that test had been fixed; the load was lower; the genset start was based on a method for 

estimating the battery state-of-charge; the genset was preferentially started at 4 AM; and the load 

followed a diurnal pattern of variation throughout this test. 

The genset ran 12 times in this test. From one run to the next there was significant variation in 

the energy and charge returned to the battery. For example, the maximum charge returned to the 

battery was 219 Ah, and the minimum was 112 Ah. Part of this variation can be explained by 

variation in the estimate of the state-of-charge at the time the genset was started. Further 

variation can be explained by error in the estimation of the state-of-charge. The remaining 

variation can largely be explained in terms of the effects of partial state-of-charge cycling. It is 

shown in this test that if the PV array raises the state-of-charge above the level achieved between 

the two prior genset runs, then when the genset runs it will tend to raise the battery state-of-

charge to a higher level than during the previous genset run. Otherwise, the reverse will occur. 

The high resistance of the connection between the array and the test bench results in the array 

having a more rounded IV curve, at least as seen from the battery. The nominal maximum power 

point voltage of the array is quite low, so as the battery state-of-charge and voltage rise, the array 

tends to operate at voltages above its maximum power point, especially when array temperatures 

are relatively high (e.g., 50 ºC in this test). Normally this would result in a significant decline in 

the array power reaching the load and the battery. In our system, wiring losses compensate in 

part for this decline: as array current declines, so do the wiring losses. This demonstrates how 

wiring losses may reduce the potential benefits of maximum power point tracking. 

The decline in the charge and energy returned to the battery in each genset run of the second 

sensitivity test can be explained in terms of partial state-of-charge cycling, and it is unlikely that 

a loose cell connection was related to this decline. Similar behaviour is evidenced in the existing 

test. 
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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 (for this test, this was 

configured as a nominally 24 V, 1440 W array), a 48 A 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, fresh air damper, and damper to direct genset 

cooling air to either the interior or the exterior of the test bench.  

For the test examined in this report, the photovoltaic array and genset supplied power to a 

variable load, via a battery when necessary. It examined the operation of a hybrid system with a 

moderate solar fraction and relatively infrequent starting of the genset, achieved by a low genset 

start state-of-charge threshold and longer genset run times. Genset operation was intended to 

terminate at the onset of “absorb” charging, as detected by a voltage threshold.  
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This test was the third in a series of “sensitivity” tests intended to investigate the influence of a 

range of common operational parameters—like solar fraction and the state-of-charge at which 

the genset starts and stops (see [Ross, 2005b]). In many ways, the test was very similar to the 

second sensitivity test.  

In certain respects, however, the test differed from the second sensitivity test. First, the loose cell 

connection present in that test had been fixed. Second, the load was lower, leading to less 

frequent genset operation. Third, the genset start was based on the method of estimating the 

battery state-of-charge developed for the first “ad hoc” test, rather than a straight voltage 

threshold.  Fourth, the genset was preferentially started at 4 AM in order to permit the 

observation of the influence of the genset on the battery voltage without the confounding 

influence of the PV array current. And fifth, the load followed a diurnal pattern of variation 

throughout this test. 
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2 TEST CONDITIONS AND SEQUENCE 

The hybrid test bench was set up to use the photovoltaic array, the genset, and batteries to supply 

power to a DC load. The test ran from the afternoon of August 19
th

, 2005, until October 3
rd

, 

2005, without interruptions. The test examined the operation of a hybrid system with a moderate 

to high solar fraction, and relatively infrequent starting of the genset. Genset operation was 

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

From 8:49 PM on August 24
th

 through 10:11 AM on August 25
th

, the data acquisition system did 

not save the monitored values of current, voltage, and temperature, due to its memory being full. 

This did not seriously affect the test, however, since the load current was known for that period 

and the genset did not run. The PV current could be estimated for the four daylight hours during 

this period by examining the data from previous and subsequent days. 

For about 44 hours spanning August 17
th

 to the morning of the 19
th

, the battery was float charged 

at around 27.2 V. By the end of this charge, the current had tapered to just below one ampere. No 

appreciable discharge occurred between the end of the float charge and the beginning of the test. 

Following the test, the battery was recharged with several periods of float charging. 

Throughout the test, the daily load profile varied. The profile of variation is shown in Figure 1. 

The load averaged 8.6 A. Over the course of a day, 46% of the load charge is drawn in the 42% 

of the time falling between 7 AM and 5 PM. Thus, the load is slightly weighted towards daylight 

hours.  

On September 8
th

, the load was raised slightly, such that it would average 9.5 A over the course 

of a day, but due to operator error, on September 9
th

 and subsequent days the 8.6 A profile was 

used.  

The genset was started according to a method for estimating the state-of-charge, already used in 

a previous test [Ross, 2005c]. If, at 4:00 AM, the state-of-charge was below 40%, the genset was 

started. If, at any time of the day, the state-of-charge fell below 30% or the battery voltage fell 

below 22.8 V, the genset was also started. This avoided running the genset when PV current 

would confound interpretation of the results. 

The Xantrex bi-directional converter acted as a rectifier, drawing 30 amps from the genset. The 

genset was turned off when the battery voltage, averaged over twenty seconds, reached 28.01 V, 

signalling the onset of absorb charging. The load was turned off for the first and last four minutes 

of genset operation, so that the battery voltage at a more-or-less fixed charge current could be 

observed. 
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With an 8.6 A average load and cycling between nominally 40% and 100% state-of-charge, the 

battery autonomy was 1.7 days.  
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Figure 1: Daily Load Profile During Test 

 

 



 

Document type – CETC 2005-XXX (XX) 5 January 16, 2006 

3 ANALYSIS OF DATA 

3.1 Overview: Current and Voltage 

Figure 2 and Figure 3 show, for the first and second halves of the test, respectively, the battery 

voltage, photovoltaic array current at the output of the charge controller, and the current supplied 

by the genset as measured at the DC side of the bi-directional converter.  

Genset runs were fairly infrequent, due to sunny weather, especially during the first half of the 

test. Over three periods of the test the photovoltaic current was able to drive the battery to the 

absorb voltage threshold: days 17 through 19, days 22 through 24, and again on day 36. In each 

case, this occurred in the afternoon, between 2 and 3 PM, when the load dropped to 4.1 A. Only 

on day 36 did the absorb charge last long enough to cause the battery to enter float charging, at 

27.1 V. The battery remained in float charge for less than 30 minutes, and the current required to 

maintain the float voltage was around 9.5 A. This was far greater than the less than 1 A end-of-

float current observed in the full charge preceding the test, indicating that the battery was not yet 

fully charged. 
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Figure 2: Currents and Voltages during the First Half of the Test 

 



 

Document type – CETC 2005-XXX (XX) 6 January 16, 2006 

14

16

18

20

22

24

26

28

25 30 35 40

Day of Test

V
o

lt
a
g

e
 (

V
)

0

20

40

60

80

100

120

C
u

rr
e
n

t 
(A

)

Battery Voltage

Rectifier Current

PV current

 

Figure 3: Currents and Voltages during the Second Half of the Test 

3.2 Overview: Temperature 

Traces representing the battery, interior air, and exterior air temperatures are shown in Figure 4. 

The interior air temperature fluctuated at relatively high frequency under the influence of the 

control system. The control parameters were changed around day 20, in anticipation of cooler 

weather. Prior to this point, the control kept the interior air at around 22 to 23ºC during the night. 

This cooled the battery below 25ºC, such that during the day higher temperatures and charge 

currents did not raise the battery temperature much above 25ºC. After day 20, the interior air 

temperature was maintained at 24 to 25ºC. This strategy was able to keep the battery temperature 

within 3ºC of 25º most of the time. Abrupt spikes in the battery temperature coincide with genset 

operation, which not only warmed the air inside the test bench, but due to high charge currents, 

warmed the battery from within. 
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Figure 4: Battery, Interior and Exterior Temperatures During Test 

3.3 Solar Fraction 

In terms of charge, the solar fraction during the test was 77.5%. This is considerably higher than 

in the second sensitivity test, when it was 65.3% [Ross, 2005b]. The weather during the test was 

generally sunny with the occasional overcast day. 

3.4 Battery Efficiency 

Over the course of the test the coulombic battery efficiency was 96% and the round-trip (energy) 

efficiency was 88%. These efficiencies are very nearly the same as those found in the second 

sensitivity test [Ross, 2005b]. The higher discharge currents and solar fraction of this test appear 

to have little affected battery efficiency.  

3.5 Genset Operation 

The genset ran 12 times during the test. Seven of those times it was started at the 4 AM preferred 

start time, and five of those times it was started at some other time of the day. The characteristics 

of these genset runs are summarized in Table 1. 



 

Document type – CETC 2005-XXX (XX) 8 January 16, 2006 

 

 

Into battery… Run # Start Time 

(h : m) Energy (Wh) Charge (Ah) 

Starting Vbatt 

(V) 

Notes 

1 100:04 5959 219 24.23 4 AM start 

2 268:04 3371 124 24.31 4 AM start 

3 305:32 4603 170 24.02  

4 364:04 3056 112 24.21 4 AM start 

5 508:04 4455 164 24.24 4 AM start 

6 693:00 5629 208 23.66  

7 717:02 4395 162 23.74  

8 748:04 3461 128 24.15 4 AM start 

9 796:04 2959 109 24.23 4 AM start 

10 844:04 3348 123 24.28 4 AM start 

11 923:34 5506 203 24.04  

12 1011:52 4370 161 24.07  

Table 1 Characteristics of the Twelve Genset Runs 

From one run to the next there was significant variation in the energy and charge returned to the 

battery. For example, the maximum charge returned to the battery was 219 Ah, and the minimum 

was 112 Ah. Part of this variation can be explained by variation in the estimate of the state-of-

charge at the time the genset was started. When the genset started at 4 AM, the estimated state-

of-charge could be at any level between 30 and 40%—uncertainty equivalent to 60 Ah. When the 

genset started at times other than 4 AM, the estimate of state-of-charge was always 30%, yet the 

charge returned during these runs varies from 161 Ah to 208 Ah. This further variation can be 

explained by error in the estimation of the state-of-charge.  

To facilitate interpretation of the genset run data, the charge that should have been returned to an 

ideal battery can be calculated. Here “ideal” refers to absence of both coulombic inefficiencies 
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and decline in the apparent battery capacity induced by partial state-of-charge cycling. This 

calculation is based on the assumption that all genset runs terminate at the same battery state-of-

charge. If the cumulative charge into the battery is reset to zero at the onset of every genset run, 

then, according to this assumption, each genset run should return the difference between the 

charge fed into the battery by the rectifier during the last genset run and the cumulative charge at 

the start of the present genset run. This is tabulated in Table 2, which also indicates the 

difference between the actual charge into the battery and the predicted charge into the battery.  

Run # Start Time 

(h : m) 

Charge into 

battery (Ah) 

Cumulative 

charge at genset 

start (Ah)  

Predicted charge 

into battery (Ah) 

Difference (Ah) 

1 100:04 219 55 NA NA 

2 268:04 124 86 133 -9 

3 305:32 170 -46 170 0 

4 364:04 112 38 132 -20 

5 508:04 164 55 57 106 

6 693:00 208 -2 166 42 

7 717:02 162 18 190 -27 

8 748:04 128 22 140 -13 

9 796:04 109 29 99 10 

10 844:04 123 20 89 34 

11 923:34 203 -20 143 60 

12 1011:52 161 14 189 -28 

Table 2 Actual and Expected Charge Returned to Battery During the Twelve Genset Runs 

The difference in charge into the battery compared to an ideal battery varies from –28 Ah to 106 

Ah—a very significant range. Clearly, the assumption of an ideal battery does not apply. But in 

what way is the battery not ideal: is the difference attributable to coulombic inefficiencies, or is it 

caused by changes in the apparent capacity of the battery induced by partial state-of-charge 

cycling? 
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Figure 5 contains the information necessary to investigate this question. It shows the battery 

voltage, PV array current, rectifier current and cumulative charge into battery over the entire test. 

The cumulative charge curve is arbitrarily set to 420 at the beginning of the test. Each genset run 

is labelled just above the cumulative charge curve at the completion of the run; thus, the height 

of the label indicates the amount of charge returned to the battery during each genset run. Across 

the top of the figure is printed the implied coulombic efficiency during PV charging between 

runs 4 & 5, 5 & 6, 8 & 9, 9 & 10, and 10 & 11. Runs 5, 6, 9, 10, and 11are the runs in which 

more charge is returned to the battery than is predicted for an ideal battery. The implied 

efficiency is calculated by assuming gassing and other parasitic reactions during PV charging 

entirely account for the excess charge returned to the battery in the following genset run.  
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Figure 5: Genset Operation: Cumulative Charge and Implied PV Charging Efficiency 

The first hypothesis is that coulombic battery inefficiencies during PV charging are responsible 

for genset runs 5, 6, 9, 10, and 11 returning more charge to the battery than the integrated net 

charge current since the end of the previous genset run. At first glance, this seems reasonable. 

Battery voltage, a good indicator of the rate of gassing, approaches or exceeds 28.0 V during the 

PV charging prior to genset runs 5, 6, and 11, and could be considered above average prior to 

runs 9 and 10.  There are two problems with this hypothesis, however. First, if the difference 

between the charge returned for an ideal battery and a real battery is to be attributed to battery 

inefficiencies, then genset runs 2, 4, 7, 8, and 12 are associated with efficiencies significantly in 



 

Document type – CETC 2005-XXX (XX) 11 January 16, 2006 

excess of 100%, clearly an absurdity. For example, under this assumption, the PV charging prior 

to genset run 7 is 117% efficient! Second, the implied PV charging efficiencies marked along the 

top of Figure 5 are not consistent. For example, prior to the occurrence of the lowest implied 

efficiency, the 82% of genset run 10, battery voltages were not higher than 27.2 V, and generally 

lower than prior to genset runs 5, 6, 9 and 11. As another example, similar battery voltages 

precede genset runs 5 and 6, but the implied efficiencies—86 versus 95%—are markedly 

different.  

It could be countered that the efficiency of both PV charging and the genset run should be 

considered. Such an approach would not solve the problem of coulombic efficiencies exceeding 

100%, however. Furthermore, genset runs 5 and 12 are virtually identical in terms of duration, 

concurrent load, and time-of-day, and the profile of battery voltage is quite similar. Yet 

compared to an ideal battery, a surplus of 106 Ah was returned in genset run 5 whereas genset 12 

was 28 Ah in deficit. So the genset run is not at the root of the problem. 

The second hypothesis explains the difference between the charge returned to the actual battery 

and an ideal battery in terms of an apparent capacity decline brought about by partial state-of-

charge cycling. A decline in apparent capacity has been observed on numerous occasions (e.g., 

[Ross et al., 2005] and [Ross, 2005a]). Recent tests conducted on the hybrid test bench have 

suggested that PV charge current between genset runs can increase the apparent battery capacity, 

with the result that there is a cycle-on-cycle improvement in the state-of-charge at the end of the 

genset run (terminated by an invariant battery voltage or absorb current criterion). More 

specifically, it has been proposed that when the genset runs every morning, the state-of-charge at 

the end of a genset run will be higher than in the previous run if the peak in the cumulative 

charge into the battery is higher preceding the current run is higher than in the previous day 

[Ross, 2005c]. 

Ignoring for the moment that in this test the genset does not run every morning, the application 

of this hypothesis to Figure 5 yields good predictions of whether the charge returned to the 

battery versus that returned to an ideal battery will be in surplus or deficit. For all genset runs 

except #6, this hypothesis predicts correctly. The peak in the cumulative charge curve prior to 

run 6 is lower than the peak prior to run 5, so the hypothesis predicts a deficit; in reality, a 

surplus occurs. The failure of the hypothesis to explain the charge returned in run 6 is not 

surprising, given that the genset did not run every morning. Had it done so, it appears that the 

hypothesis would have predicted an improvement in the battery’s apparent capacity on five of 

the eight days between runs 5 and 6. Furthermore, the battery was driven to the absorb voltage 

threshold on three days, which should have helped the battery approach full charging.  

It appears, therefore, that the partial state-of-charge cycling observed here is consistent with that 

observed in earlier tests, and largely explained by a previously hypothesized method for 

predicting the state-of-charge at the end of a genset run. No doubt coulombic inefficiencies do 
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arise from PV charging, but they do not alone—or even in large measure—explain the observed 

cycle-to-cycle variation in the charge returned by the genset.  

3.6 Maximum State-of-Charge Achieved 

As noted in Section 3.1, it was only on day 36 that the PV charge current was able to maintain 

the battery at the absorb voltage long enough for the controller to cause the transition to float 

charging. To maintain the 27.1 V float setting, a current of 9.5 A was required, much greater than 

the l A required when the battery was fully charged prior to the test.  This is strong evidence that 

even though the battery may reach float charging, it is not necessarily close to being fully 

charged. To fully charge the battery, an extended period of float charging is probably necessary. 

For example, prior to this test, the battery was float charged for nearly two days. For the float 

current to fall from 4.25 A to 2 A took nearly 10 hours and 30 Ah of charge.  

Further evidence of the difficulty of fully charging the battery is found in the long discharge that 

terminated in the genset run 5, visible in Figure 5. Following three consecutive days on which 

the PV current raised the battery voltage to the absorb threshold, the battery began an essentially 

uninterrupted discharge. After 35 hours and the withdrawal of 296 Ah, the genset was started at 4 

AM. The battery voltage under load just prior to the genset starting was 24.24 V. This can be 

compared to the extended discharge occurring prior to the genset run 1, which started with the 

battery in a fully charged state. In this discharge, a net 370 Ah was withdrawn from the battery 

before the genset started, at 4 AM and a battery voltage of 24.23 V. Thus, just prior to genset run 

5 the battery had reached the absorb voltage on three consecutive days, yet it was still around 

70 Ah short of a full charge (the difference in battery voltage at the genset start accounting for 

perhaps 5 Ah).  

This has several implications. First, there is a reduction in the real battery autonomy. Even after 

the battery has been driven to absorb and float charging by the photovoltaic array, around 70 Ah 

of battery capacity is not available for discharge. Second, it may be that a certain portion of the 

plates is rarely, if ever, recharged. This may impact the lifetime of the battery. Third, the relative 

sizes of the battery and array may need to be selected in such a way as to encourage the array to 

drive the battery into absorb and float for a longer period of time, if very full charging is desired. 

3.7 Rejected Solar Energy 

As in previous tests, the charge controller rejected minimal solar energy during this test—despite 

a relatively high solar fraction of 77.5% and a load only slightly weighted towards daylight 

hours. Available charge current was rejected on only five days. Around 1 Ah was rejected on day 

17, 2 Ah on each of days 18 and 19, 1.5 Ah on day 23, and 3 Ah on day 36. In short, a miniscule 

fraction of the available photovoltaic charge current was wasted.  
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The peculiarities of the CETC hybrid system test bench complicate the interpretation of the 

wasted solar energy, however. The photovoltaic array used in the hybrid system has a relatively 

low maximum power point voltage of around 31.8 V at standard test conditions. Under 

irradiance of 1000 W/m
2
, the array will be at a temperature about 25ºC higher than the ambient 

air temperature, so in this late summer test, daytime array temperatures were around 50ºC. This 

causes a drop in the maximum power point voltage. The array is connected to the hybrid system 

battery via a diode, with a nominal voltage drop of a little over 0.7 V, and a long wire run with a 

resistance of around 0.11 ohms. As a result, the array voltage is significantly higher than the 

battery voltage, especially when the array current is strong.  

When all these factors are taken together, they suggest that the battery voltage which will operate 

the array at its maximum power point voltage will be quite low. As the state-of-charge of the 

battery rises above around 80%, its voltage rises towards 28.0 V. This could cause the array to 

operate at a voltage above its maximum power point, strongly curtailing the power output of the 

array. In short, there would be energy “rejection” beyond that performed by the controller 

whenever the battery approached a full state-of-charge. 

This possibility was investigated using a PVToolbox simulation.  The simulated array current 

and power are shown in Figure 6, as a function of the battery voltage, for an irradiance of 

900 W/m
2
 and ambient air temperature of 25ºC. The array parameters are as found in [Ross, 

2005c]: Voc of 21.0 V x 2, Vmpp of 15.9 V x 2, Isc of 3.1 A x 12.5, and Impp of 3.6 A x 12.5.  The 

simulated array temperature is 50ºC. Two power curves are shown: one for the output of the 

array, the other for the array power measured at the battery; the difference between the two is 

dissipated as heat in the diode and wiring.  

As seen in Figure 6, the high resistance of the wiring between array and battery effects an 

upward shift in the maximum power point voltage (as measured at the battery) and diminishes 

the reduction in power associated with pushing the voltage above the maximum power point. 

The IV characteristic, as measured at the battery, takes a more rounded shape, as though the fill 

factor were poor. The effect is to minimize the impact of high battery voltages: shifting from 

25.0 to 28.0 V, for example, entails only a 5% reduction in power entering the battery.  

This is confirmed by examination of the change in the monitored array power, measured at the 

point where the array, load, and battery are connected, when a spike in the load causes a 

depression in the battery voltage. On day 19 of the test, for instance, two load spikes are easily 

discerned in the monitored data (Figure 7). The power increases by about 1.9% when the voltage 

falls from 27.0 V to 25.8 V during the first load spike, and about 2.8% when in the transition 

from 28.0 V to 25.4 V during the second. These two voltages are marked on the power curves of 

Figure 6. Temperature and irradiance at the time of the second spike match those of the 

simulation nearly perfectly. The simulation predicts a decline of 4.6% for the second spike. 
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Figure 6: Simulated Array Current and Power as a Function of Battery Voltage 

0

5

10

15

20

25

30

35

40

45

5:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00

Time

A
rr

a
y
 C

u
rr

e
n

t 
(A

)

10

12

14

16

18

20

22

24

26

28

B
a
tt

e
ry

 V
o

lt
a
g

e
 (

V
)

Battery Voltage

Array Current

Load Spikes

 

Figure 7: Measured Array Current and Battery Voltage on Day 19 
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These figures suggest that in the hybrid system test bench, minimal solar energy is “wasted” due 

to operation at a voltage above the maximum power point. This conclusion can be extended to 

other hybrid systems. Most systems will use modules with a higher maximum power point 

voltage and be wired such that the voltage drop between the array and the battery/load is much 

lower than seen here. As a consequence, high battery voltages will not operate the array at 

voltages above the maximum power point: higher battery voltages may even increase the array 

power output. So waste caused directly by higher battery voltages will not occur. This additional 

power may drive the battery to the absorb voltage sooner, however, and cause the controller to 

reject some additional energy. Nevertheless, the quantities would likely be minimal.  

For achieving fuller charging of the battery, these higher currents will be advantageous. Indeed, 

it may be necessary to accept a higher level of wasted solar energy if fuller battery charging is 

desired and long periods of genset operation at low loading levels are to be avoided.  

The controller will likely reject more solar energy when the battery to array ratio is smaller. The 

existing array achieves charge currents of, at most, around 35 A. This is just a bit higher than a 

20 hour rate of charge. It would be interesting to see how waste would be affected by higher 

charge rates. Though the test bench array can not easily be made larger, this could be achieved 

by running a test with only one of the two parallel battery strings connected. This would also 

permit investigation of whether smaller batteries facilitate multi-day full charging. Of course, the 

load would have to be adjusted to maintain solar fractions roughly comparable to those found in 

this test. Such a test should be conducted.  

3.8 Evolution of Cell Voltages 

In general, non-ideal battery behaviour may be caused by one or more weak cells whose 

behaviour deviates from the others over time. To verify that this was not the case during this test, 

Figure 8 shows the difference between the maximum and minimum cell voltages (as well as the 

voltage of the cell with the highest voltage). The difference is approximately 40 to 50 mV 

throughout the test, although there are spikes and troughs associated with high charge and 

discharge currents and absorb charging. In short, there is no indication that one or more cells is 

diverging from the others. 
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Figure 8: Deviation in Maximum and Minimum Cell Voltage over Test 
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4 COMPARISON WITH SENSITIVITY TEST #2 

This third sensitivity test was run in order to expand and elucidate the results from the second 

sensitivity test. In particular, the cause of the decline in the duration of genset runs seen in that 

test needed clarification (e.g., was it due to the loose cell connection?) and the operation of a 

similar dispatch strategy at a higher solar fraction merited investigation.  

This third sensitivity test did indeed exhibit a higher solar fraction (77.5% as opposed to 65.3% 

in the second test). This did not cause a substantial deterioration in the coulombic or round-trip 

(energy) battery efficiency nor did the wasted solar energy increase much, in absolute terms.  

The changes made to the criteria for starting the genset had two notable consequences. First, 

genset starts were no longer strongly correlated with spikes in the load. Second, due to the 4 AM 

preferred start time, there was more uncertainty in the state-of-charge when the genset was 

started, at least when compared with the constant load part of the second sensitivity test. 

The decline in the duration of the genset runs seen in the second sensitivity test, while appearing 

more drastic than the decline seen in this third sensitivity test, is probably caused by partial state-

of-charge cycling, and not due to a loose cell connection. In fact, in light of the analysis of [Ross, 

2005c], the second sensitivity test is quite unremarkable.  

Figure 9 shows the cumulative charge into the battery, starting at an arbitrary level of 407 Ah, 

with the rectifier current, PV current, and battery voltage plotted to facilitate interpretation. 

According to the hypothesis of [Ross, 2005c], the value of cumulative charge at the termination 

of each genset run should be higher than its value at the end of the previous run whenever the PV 

current-driven peak in the cumulative charge curve over the previous day or two was higher than 

the peak in the days prior to the preceding genset run.  

Only genset runs #6 and #13 do not satisfy this hypothesis. For run #6 the value of the 

cumulative charge curve fell when it should have risen. This may have occurred, by some as-yet 

unexplained mechanism, due to the unusually deep discharge that occurred immediately prior to 

it, or it may be due to the battery temperature, which was about 3ºC cooler at the end of this run 

than at the end of preceding runs. For run #13, the value of the cumulative charge curve rose 

very slightly when it should have fallen slightly. The error is very small, and could be due to 

coulombic inefficiencies in the battery during charging, which will raise the level of the 

cumulative charge curve associated with a given state-of-charge.  

The value of the cumulative charge curve at the termination of the genset run declined quite 

drastically from run #8 to run #9. The severity of the decline is probably due to the PV charging 

that is concurrent with genset charging in run #9 (and subsequent runs) but not in previous genset 

runs. The current entering the battery at the end of genset runs # 1 through 8 varies between 62 
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and 84 A. At the end of genset run #8 it is 76 A. In contrast, at the end of genset run #9 it is 

99 A. With 30% more current entering it, the battery is driven to the 28.0 V threshold, stopping 

the genset, at a lower state-of-charge. 
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Figure 9: Second Sensitivity Test: Genset Runs and Cumulative Charge into Battery 

Genset runs #9 through 12 are a nice, though purely serendipitous, demonstration of multi-day 

recharging, as described in [Ross, 2005c]. Spikes in the load caused the genset to start each 

morning at precisely the same time. Each genset run brought the battery to a higher state-of-

charge than the previous run, even though the battery voltage and current at the end of the test 

were similar in all runs. The effect is observed as long as the PV current drove the cumulative 

charge current to a higher peak every day. This was not the case for genset run #13. Battery 

voltage and charge current during the previous day were comparable to those on the days 

preceding runs #10 through #12. That the value of the cumulative charge curve at the end of 

genset run #13 did not increase, as it had on previous days, is evidence that the apparent increase 

in the battery state-of-charge is in large measure real, and not merely an artifact of coulombic 

inefficiencies. 
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CONCLUSIONS 

Solar fractions approaching 80% over a period of two months do not necessarily result in 

elevated levels of rejected solar energy nor low battery efficiency. The existing test met 77.5% of 

the load using solar energy, had only a miniscule fraction of its output wasted during charge 

regulation, and achieved coulombic and round-trip (energy) efficiencies of 96% and 88%, 

respectively. These efficiencies are very similar to those achieved in previous tests, including the 

second sensitivity test, when the solar fraction was only 63%.  

The photovoltaic array can drive the hybrid test bench battery into absorb and float charging 

while it is still quite far from 100% state-of-charge. In this test, the battery was a little under 90% 

recharged following three consecutive days on which the PV array raised the battery to the 

absorb voltage. Probably an extended period of float charging is necessary for full recharging to 

occur. 

The high resistance of the connection between the array and the test bench results in the array 

having a more rounded IV curve, at least as seen from the battery. The nominal maximum power 

point voltage of the array is quite low, so as the battery state-of-charge and voltage rise, the array 

tends to operate at voltages above its maximum power point, especially when array temperatures 

are relatively high (e.g., 50 ºC in this test). Normally this would result in a significant decline in 

the array power reaching the load and the battery. In our system, wiring losses compensate in 

part for this decline: as array current declines, so do the wiring losses. This demonstrates how 

wiring losses may decrease the potential benefits of maximum power point tracking. 

The decline in the charge and energy returned to the battery in each genset run of the second 

sensitivity test can be explained in terms of partial state-of-charge cycling, and it is unlikely that 

a loose cell connection was related to this decline. Similar behaviour is evidenced in the existing 

test. 
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RECOMMENDATION 

The controller will likely reject more solar energy when the battery to array ratio is smaller. The 

existing array achieves charge currents of, at most, around 35 A. This is just a bit higher than a 

20 hour rate of charge. It would be interesting to see how waste would be affected by higher 

charge rates. Although the test bench array can not easily be made larger, higher charge rates 

could be achieved by running a test with only one of the two parallel battery strings connected. 

This would also permit investigation of whether smaller batteries facilitate multi-day full 

charging. Of course, the load would have to be adjusted to maintain solar fractions roughly 

comparable to those found in this test. Such a test should be conducted.  
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