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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 
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SUMMARY 

The CETC-Varennes hybrid system test bench was used to evaluate a relatively novel genset 

dispatch strategy for PV hybrid systems. The dispatch strategy involved starting the genset on 

the basis of an estimate of the state-of-charge; running the genset for a variable amount of time, 

such that less charge was returned to the battery in the early morning, in the expectation that 

battery capacity will be necessary for storing solar energy during the day; and achieving regular 

full charging of the battery over a mult-day period using a combination of photovoltaics and 

genset charging, thus avoiding long genset-powered absorb charges. 

Unlike in previous tests, where peak loads depressed the battery voltage and caused genset starts 

at relatively high states-of-charge, in this test the genset start times were more closely correlated 

with the state of the battery than the load. Of particular interest, the voltage-SOC relation was 

adjusted based not on the instantaneous load current, but rather on the basis of the recent peak 

load current. It was found that when only the instantaneous peak current was considered, the 

genset tended to be dispatched immediately following a peak in the load current. This occurred 

due to the slow recovery of the battery voltage following a step decline in the load current.  

Adjusting the genset run time based on the time of day, in order to keep battery capacity 

available for photovoltaic output on the upcoming day, is not a particularly rich vein of potential 

performance improvements. During high solar fraction periods, the genset will rarely run in any 

case; during low solar fraction periods, the battery will have tendency to discharge, and keeping 

battery capacity available for surplus solar energy will rarely be a problem. Periods of 

intermediate solar fraction will tend to be transitory.  

A simple alternative to adjusting the genset run time based on the time of day is the adjustment 

of the genset start criterion on the basis of the solar fraction. A low SOC threshold should be 

used during periods of high solar fraction, such as summertime, and a high SOC threshold should 

be used during periods of low solar fraction. This will raise the average state-of-charge when the 

solar fraction is low but will not lead to significant waste of solar energy. 

The use of PV and genset to achieve full charging over a period of multiple days yielded 

particularly interesting results. Past tests have shown that partial state-of-charge cycling causes a 

cycle-on-cycle deterioration in the apparent capacity of the battery. In this test, this same effect 

appears, but in reverse: over a multi-day period, the apparent capacity of the battery is increased 

by repeated cycles of running the genset in the morning, letting the PV charge during the day, 

and then operating the load through the night. In short, we observe a particular form of partial 

state-of-charge cycling inducing an improvement in the battery state, to the point that full 

charging is achieved. This presents an attractive avenue for reducing the time spent by the genset 

in absorb charging, which is inefficient and causes wear. 
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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 and a fresh air damper.  

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

variable load, via a battery when necessary. The test implemented a somewhat novel genset 

dispatch strategy, including 1) the use of an estimate of the battery state-of-charge (SOC), rather 

than a straight measurement of the battery voltage, to determine when the genset should be 

started, 2) the adjustment of the genset runtime (when the genset was started due to the low state-

of-charge criterion) based on the time of day, such that less charge was returned to the battery the 

nearer the approach of dawn, and 3) the use of solar energy to complete the full charging of the 
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battery, by starting the genset in the morning and running it until the absorb current had tapered 

to a moderate level, when the array has been unable to fully charge the battery for a week or 

more. These are examined in 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 variable DC load. Both the load and the charge strategy were varied over the course 

of the test. The test ran between June 16
th

, 2005, and August 18
th

, 2005, with only one 

interruption.  

The interruption in the test was due to failure of the genset fuel pump, which caused unreliable 

operation of the genset from 7:30 PM on July 26
th

 to 3:30 PM on July 28
th

. The problem was 

diagnosed at this point and the test stopped (i.e., the load and array disconnected and the genset 

prevented from starting). The test was restarted at 2:30 PM on July 29
th

, following replacement 

of the fuel pump.  

Three to four days prior to the test, the battery was fully charged by float charging at a voltage of 

26.85 to 27.13 V for 24 hours. 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 a long 

period of float charging. 

Throughout the test, the daily load profile varied, but in all patterns of variation, there was a 

period of low, constant load from 11 PM through 6 AM; high loads from 6 AM to 9 AM, with 

short load peaks of up to 50 amps; moderate loads through the day, with the occasional peak; 

another burst of higher loads with 50 amp peaks from 4 PM to 5:30 PM; followed by moderate 

but variable load until 11 PM. This is illustrated by the daily load profile at the outset of the test, 

shown in Figure 1. This load profile, which averages 12.9 amps, was used until July 14
th

 

(approximately 11 AM on day 27 of the test). At that time, a second load profile, also having 

spikes to 50 amperes but averaging 9.9 amperes, was adopted. A third load profile, with similar 

spikes and averaging 7.1 amperes, took its place just before 4 PM on August 8
th

. 
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Figure 1: Daily Load Profile at Outset of Test 

 

While a number of adjustments were made a various points in the test, system control in general 

adhered to the following protocol: 

• Generally remain in the state GenOFF, with load and PV array connected and genset 

turned off, monitoring the elapsed time since the battery was last fully charged. Full 

charging is considered to have occurred when, in the course of a day, the battery is held 

in absorb (or, later in the test, float) charge by the photovoltaic array for one hour or 

more. Until July 11, absorb charging was detected by considering the battery voltage: 

values above 28.0 V were considered to indicate absorb charging. Following this date, 

array voltage measurements over two volts higher than the battery voltage were also 

considered to indicate absorb charging; this second criterion was necessary because on 

those days that the genset ran in the morning, the photovoltaic charge controller 

sometimes interpreted the high battery voltages caused by the genset current as being 

caused by PV array charging, with the consequence that the controller switched to float 

prematurely.  GenOFF is exited when: 

o No full charge has occurred with the past fourteen days, or no full charge has 

occurred within the past twelve days and the time is currently between 7:24 AM 

and 7:36 AM—in these circumstances, enter the state GenONFEq (Genset ON, 

Force Equalisation). 
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o It has been determined that a full charge is needed, on the basis of more than 

seven days having elapsed since the last full charge, and the time is between 6:24 

AM and 6:32 AM—under these circumstances, enter the state GenONNudge 

(Genset ON, Nudge Equalisation).  

o Regardless of whether or not full charging has occurred within the previous seven 

days, if the state-of-charge is below 40% or the battery voltage is under 22.8 V 

enter the state GenON. The state-of-charge is estimated on the basis of an 

empirical relation drawn from the voltage versus time profile for constant current 

discharge tests executed on an Absolyte battery. First, the average discharge 

current over the previous twenty seconds is determined. Then the “effective 

discharge current” is calculated: this is defined to be the “recent peak current”, 

scaled down towards zero according to the time elapsed since the peak occurred, 

with the peak having no effect after 1000 seconds. For example, after 500 

seconds, a 50 A peak current would result in a 25 A effective discharge current. 

The effective discharge current is compare to the value for the twenty second 

average battery current; if the average current is higher, then the “recent peak 

discharge current” is set equal to the average current. Finally, the state-of-charge 

estimate is calculated according to: 

( ) 669.90557.0002.04129.0 −−+⋅= effectiveeffectivebatt IIVSOC  

where Vbatt is the average battery voltage over the previous 20 seconds and Ieffective 

is the effective discharge current. This relation is only approximate, and is 

intended to yield its best results when the state-of-charge is in the neighbourhood 

of 40%.   

• When entering GenON, turn on the genset. Turn off the load for the first four minutes of 

operation, so that the battery voltage under controlled charging conditions is revealed. 

Then run the genset, with the bi-directional converter accepting a maximum of 30 

amperes AC, until a predetermined amount of charge has been returned to the battery. 

This quantity of charge varies depending on the time of day, the idea being that it is 

desirable to avoid charging the battery to a high state of charge prior to possible sunny 

weather. The amount of charge to be returned is predetermined based on the expected 

average load. For example, if the genset is started in the evening, it will be charged to a 

relatively high state-of-charge in anticipation of the battery being discharged overnight. 

The state-of-charge used to start and stop the genset with the load averaging 9.9 amperes 

is shown in Figure 2. Similarly shaped profiles were used with the 12.9 and 7.1 ampere 

loads. When the prescribed quantity of charge has been returned to the battery, turn off 

the loads for four minutes, then turn off the genset and reconnect the loads. At the 

conclusion of GenON, execution returned to the GenOFF state. 
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Figure 2: Genset Start and Stop Criteria in the GenON State 

• In GenONNudge the genset and loads are on; the bi-directional converter is programmed 

to draw 30 A from the genset. The genset is shut off when the battery voltage exceeds a 

certain threshold and the charge current falls below a second threshold. These thresholds 

were adjusted at various points during the test. The voltage threshold varied between 27.7 

and 28.0 V. The absorb current threshold initially stipulated that the genset should shut 

down when the output of the bi-directional converter, acting as a charger, fell below 50 

Amps. This was altered on June 16
th

: the criterion was the sum of converter and PV 

charging current minus the load falling below 30 A. On July 11, the PV current was 

removed from consideration. Over the course of the test, the current threshold was raised, 

first to 35 A, then 45 A, and finally, on August 12
th

, to 85 A.  

• Algorithm execution did not, in fact, enter the GenONFEq state. Had it done so, the 

genset would have operated, with the loads on, until either 1) the battery voltage 

exceeded 28 V and the sum of the charging currents from the PV array and the bi-

directional converter, minus the load current, fell below 15 A or 2) the charging current 

from the bi-directional converter fell below 10 A.  
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3 ANALYSIS OF DATA 

3.1 Test Overview: Current, Voltage, and Temperature Data 

The evolution of the test is revealed by Figure 3 (for the first half of the test) and Figure 4 

(second half), which show 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. 

Until day 27 of the test, the daily load averaged 12.9 A, roughly 65% higher than the average 

current from the photovoltaic array. As a consequence, the battery had a tendency to be drawn 

down, and the genset ran frequently. For example, in the first seven days of the test, the genset 

was started four times, due to the state-of-charge falling to 40%. Since the battery was not fully 

charged during these seven days, starting on day eight the algorithm attempted to fully charge the 

battery by running the genset at the beginning of the day (i.e., it enters the GenONNEq state).  

The algorithm did not find full charging to have occurred until day 12, thus the genset ran every 

morning for five consecutive days.  

In reality, full charging occurred on day 11, or perhaps even on an earlier day, but was not 

detected: the PV charge controller, sensing high battery voltages at the beginning of the day, 

assumed that the array was responsible and therefore started counting its three hour absorb 

period well before the array could raise the battery voltage to 28 V; in fact, on day eight the 

controller started limiting the current to maintain the float voltage of 27.1 V when the array had 

driven the battery voltage no higher than 27.3 V. In contrast, on day 12, intermittent clouds in the 

morning “tricked” the PV charge controller into behaving properly, and it permitted the battery 

to be driven to 28 V. An hour of above 28 V battery voltages was achieved in part due to 

operator intervention: the load was shut off for three hours. Nevertheless, the ability of a 12 A 

current to hold the battery at 28.3 V suggests that the battery was not far off 100% state-of-

charge.  

Despite adjustments to the charging parameters of the bi-directional converter, intended to 

remedy the problem of the PV charge controller prematurely entering float charging on days 

when the genset ran in the morning, a properly functioning method for detection of full charging 

was not achieved until July 11 (day 24). Unfortunately, the fix entailed merely detecting float as 

well as absorb charging, and did not address the root problem of the charge controller’s 

premature passage to float charging. 

Following the complete charge of day 12, the algorithm returned to a regular mode of operation, 

with the genset being started whenever the battery reaches a 40% state-of-charge. This continued 

until day 21, when, once again, the algorithm started operating the genset every morning in an 

effort to achieve full charging. It is unknown why the algorithm did not enter this mode on day 
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20, as would be expected from the program; perhaps some operator intervention caused the 

delay. Full charging occurred on both days 23 and 24, but it was not until the changes to the 

algorithm on day 24 (previously mentioned), that this was recognized.  

The load dropped to an average of 9.9 A on day 27, and as a consequence the tendency of the 

battery to be drawn down became less pronounced; the frequency of genset starts declined. 

When the algorithm returned to the GenONNudge state on day 35, full charging was achieved 

after three days, on day 37.    
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Figure 3: Battery Voltage, Array and Rectifier Current During First Half of Test 

Evidence of the failure of the genset fuel pump appeared around day 39. The test was interrupted 

for repair on day 41 and restarted on day 42 when the repair was completed.  

On day 44 the algorithm began once again to attempt full charging of the battery. The genset was 

started every morning through day 49, with the daytime battery voltage suggesting that the 

battery was becoming more and more fully charged over the course of this period, until the 

requisite hour of absorb and float charging transpired on day 49. On days 50 through 54, very 

sunny weather permitted the array to achieve full charging every day, no doubt aided by the 

reduction in the load, to an average of 7.1 A, in the afternoon of day 49.  
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On day 60 the algorithm returned to the GenONNudge mode. The feeble load through the night 

barely reduced the battery state-of-charge, such that the genset ran only briefly on day 61; 

following this, the array had no difficulty achieving full charging.  

The test concluded with a long float charge, immediately following the array’s “full charge”. 

0

20

40

60

80

100

120

140

30 35 40 45 50 55 60

Day of Test

C
u

rr
e

n
t 

(A
m

p
s

)

20

21

22

23

24

25

26

27

28

B
a

tt
e

ry
 V

o
lt

a
g

e
 (

V
)

Battery Voltage

Rectifier Current

PV Current

9.9 A load    7.1 A load

 

Figure 4: Battery Voltage, Array and Rectifier Current During Second Half of Test 

A more detailed picture of the test is derived from Figure 5, which shows the battery voltage, 

array current, load current, and rectifier current over a two-day period early in the test. It is easy 

to discern how the battery voltage is influenced by variations in the load. On the night of day 

seven, the battery state-of-charge falls to such a level that the genset is started. The rectifier 

output declines not due to absorb charging—note that the battery voltage is still rising—but 

rather because as the battery voltage rises, the fixed amount of power the rectifier draws from the 

genset translates into lower current. On the following morning, it is started again in order to 

nudge the battery towards full charging. This time, a period of absorb charging occurs. After the 

genset has been turned off, the array continues to charge the battery. The charge controller limits 

the array current prematurely, as mentioned earlier, due to its interpretation of the high battery 

voltage during genset operation as being the result of photovoltaic current. During peak loads, 

the array is unable to furnish sufficient current to hold the battery at the float voltage, leading to 

a serrated voltage profile.   
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Figure 5: Currents and Voltages over a Typical Two-Day Period 

The indoor and outdoor air temperature as well as the battery temperature are documented in 

Figure 6 and Figure 7, for the first and second halves of the test, respectively. Summertime 

outside air temperatures coupled with frequent genset operation lead to elevated indoor air and 

battery temperatures: around day eight, the battery temperature attained 39ºC, well above the 

desired level of 25ºC. Clearly the passive temperature control techniques, involved opening and 

closing the warm air and fresh air louvers, were ineffective during hot weather.  

On July 14
th

 (day 27 of the test), the installation of a fan, additional vent, and control relays in 

the test bench building was completed. With this arrangement, the control algorithm could 

attempt to cool the indoor air to as low as 22ºC at night, in anticipation of daytime heat gains. 

This approach, combined with generally lower nighttime temperatures, resulted in the battery 

temperature oscillating around the desired 25ºC level for the second half of the test; most of the 

time it was within 3ºC of the desired temperature following this modification. 
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Figure 6: Indoor, Outside, and Battery Temperature over First Half of Test 
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Figure 7: Indoor, Outside, and Battery Temperature over Second Half of Test 
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3.2 Battery Efficiency 

Over the whole test, including the final float charge, the coulombic efficiency of the battery was 

95.2% and the round-trip efficiency of the battery was 87.5%. This is similar to previous tests 

run on the test bench; that is to say, it is much higher than appears common in the field. This is 

interesting, since the genset charge rates in this test were relatively high—100 A, or a five to six 

hour charge rate—and a non-negligible proportion of the power discharged from the battery was 

drawn at high discharge currents. The overpotentials caused by these high currents were not 

sufficient to seriously depress the round-trip efficiency, however.  A number of factors may have 

contributed to the high battery efficiency: frequent full charging of the battery prevented the 

partial state-of-charge cycling from having a pronounced effect on the battery behaviour, and 

periods of high state-of-charge operation were relatively limited.   

3.3 Solar Fraction and Battery Autonomy 

The solar fraction—that is, the part of the total energy or charge supplied to the system by the 

array or genset that comes from solar energy—is presented in Table 1. The solar fraction is 

calculated for three periods of the test: the initial part, when the average load was 12.9 A, the 

second, when the average load was 9.9 A, and the final part, when the average load was 7.1 A. 

The changes in the load also affect the battery autonomy, since the genset start state-of-charge is 

not also adjusted. As shown in Table 1, the autonomy rises from approximately one day to two 

days with the reduction in the load from 12.9 A to 7.1 A. 

Solar Fraction   

Average Load By Energy By Charge 

Approximate Battery 

Autonomy 

12.9 A 58% 59% 1 day 

9.9 A 72% 73% 1.5 days 

7.1 A 96% 96% 2 days 

Table 1 Solar Fraction and Battery Autonomy During Test, Broken down by Average Load 

Unsurprisingly, the solar fraction rises with decreasing average load. This test loosely suggests 

that when, over a period of several months or shorter (i.e., with minimal seasonal variation) there 

is a solar fraction of 60% or lower, there will be a pronounced tendency for the battery to be 

drawn down towards the genset start voltage threshold or state-of-charge, at least when the 

average load varies little from day to day. A larger battery would not have reversed this 

tendency. With a 70% solar fraction, there will be periods when the solar resource is strong 

enough to drive up the battery state-of-charge, especially when the battery autonomy is relatively 

low, as it was here. 
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This test serves as a reminder that the solar fraction is not a comprehensive index into the 

relationship between the load and the available solar energy: a late-autumn test at the same site 

and with the same solar fraction (requiring a much smaller load) would be characterized by the 

majority of days providing little solar energy, with irregular sunny days interspersed among 

them—the exact opposite of what is observed here. The frequency of genset starts and wasted 

solar energy due to the battery being full would likely be quite different. 
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4 EFFICACY OF THE DISPATCH STRATEGY 

The novel features of the dispatch strategy used for this test were 1) the use of an estimate of the 

battery state-of-charge (SOC), rather than a straight measurement of the battery voltage, to 

determine when the genset should be started, 2) the adjustment of the genset runtime (when the 

genset was started due to the low state-of-charge criterion) based on the time of day, such that 

less charge was returned to the battery the nearer the approach of dawn, and 3) the use of solar 

energy to complete the full charging of the battery, by starting the genset in the morning and 

running it until the absorb current had tapered to a moderate level, when the array has been 

unable to fully charge the battery for a week or more. The efficacy of these three aspects of the 

strategy will be examined in turn. 

4.1 Starting the Genset Based on State-of-Charge 

In past tests, the genset has been started on the basis of battery voltage thresholds. This echoes 

common practice among commercially available genset dispatch controllers. The problem with 

this approach, as observed in a previous test with varying loads, is that peak loads depress the 

battery voltage and cause the genset to start. When there is much variation in the load current, 

there will be much variation in the state-of-charge at which the genset is started, and even when 

the battery is relatively fully charged, a high current will trigger a genset run. 

To overcome this problem, the algorithm estimated the battery state-of-charge based on the 

battery voltage as well as the net current drawn from the battery, as described in Section 2 of this 

report. On the whole, this algorithm appears to have successfully reduced the influence of peaks 

in load current on the times at which the genset starts. This can be seen in Figure 8: the start 

times are not strongly correlated with peak load currents. This figure does suggest, however, that 

the implemented algorithm did not completely eliminate the influence of the load current; note 

that there was only one genset run between 21:00 and 2:30, that is, following the most significant 

cluster of peak loads during the day. This hints that when the state-of-charge was low in the 

evening, the peaks in the load caused the genset to start; as a consequence, the genset did not 

start in the subsequent hours.  

In any case, the imperfections in the algorithm are of minor consequence, since this algorithm 

was never meant to be generally applicable: it was intended to function with this particular 

battery, and be accurate in the neighbourhood of 40% state-of-charge only.  

One aspect of the algorithm is worthy of attention, however. This is the mechanism by which it 

adjusts the voltage-SOC relation based not on the instantaneous load current, but rather on the 

basis of the recent peak load current. This was implemented because it was found that when only 

the instantaneous peak current was considered, there existed a tendency to prematurely dispatch 

the genset immediately following a peak in the load current. The voltage rose only slowly 
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following the return of the load current to moderate or low levels, and therefore an algorithm 

estimating the SOC on the basis of the voltage and the instantaneous current would 

underestimate the true state-of-charge. 
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Figure 8: Genset Start Times and Charge Returned to Battery during Genset Run 

During the test, it was the operator’s perception that the genset was being started a 

disproportionate fraction of the time in the morning, at or a little before sunrise (not including 

those times when the dispatch strategy purposely started the genset in the morning in order to 

encourage complete charging). This was considered undesirable, since 1) it caused the genset to 

heat the testbench, including the battery, at the start of the day, with little hope of cooling before 

nightfall, and 2) if the genset had been started earlier in the night, the battery would have spent 

the night at a higher average state-of-charge, and perhaps suffered less wear as a result.  

Figure 8 belies this perception that the genset was being started overwhelmingly in the morning 

hours. There were a larger number of genset starts in the evening and the very early morning 

hours. The genset never started during the day, due in large part to the regularity of sunny 

daytime weather during this summer test.  

4.2 Adjustment of Genset Runtime Based on Time of Day 

4.2.1 Analysis of Data 

As described in Section 2, once the genset had been started due to a low state-of-charge 

condition, the amount of time it ran was decided on the basis of the time of day. For example, 
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less net charge would be returned to the battery when the genset ran in the early morning than 

when it ran in the evening, in the anticipation of a need for available capacity for storing 

photovoltaic energy during the day. In this way, it was expected that less solar energy would be 

wasted, and therefore less energy would be required from the genset. 

In this test, no solar energy was wasted due to the genset returning current to the battery prior to 

a sunny period in which the battery was fully charged, excepting those periods when the 

algorithm was attempting to achieve full charging. All wasted solar energy occurred during or 

following a period of attempted full charging. This does not necessarily mean that the algorithm 

worked correctly: an examination of the data suggests that even had significantly more charge 

been returned to the batteries by the genset on those occasions when it ran in the morning (not 

including periods of attempted full charging), little or no additional solar waste would have 

resulted.   

This is the case for several reasons. At the beginning of the test, when the average load (i.e., 

approximately 12.9 A) is high in relation to the available solar energy, the battery state-of-charge 

had a marked downward tendency. Examining the difference between the energy demanded by 

the load and the energy available from the photovoltaic array, the worst time for a genset run to 

end was around 8:30 AM (solar time). That is, a genset run ending at 8:30 was most likely to 

cause the charge controller to reject photovoltaic current in the subsequent day. The maximum 

net charge returned to the battery by the array over the course of a clear, sunny, day occurred at 

around 4:00 PM; the net charge furnished to the battery was, on such a day, approximately 125 

Ah. Thus, a perfectly efficient 600 Ah battery capable of accepting high charge currents 

whenever not fully charged could have been charged to a state-of-charge of 80% by the genset 

and no solar energy would have been wasted. Real batteries would be limited in the charge 

acceptance, but also suffer coulombic inefficiencies at high states-of-charge; perhaps 75% state-

of-charge would be a more realistic figure. Nevertheless, 75 to 80% state-of-charge being 

roughly the region where the genset started absorb charging, it would be unlikely that one would 

want to charge to a higher state-of-charge than this. 

Furthermore, the net difference between the load and the photovoltaic current during the night 

following this sunny day, between 4:00 PM and 8:30 AM, was approximately 180 Ah. So at the 

beginning of the next day, the battery would be at a lower state-of-charge than at the end of the 

genset run. Thus, it would be impossible that charging the battery to 80% in a genset run ending 

at 8:30 AM would pose no problem on the day of the run but then cause the rejection of solar 

current on subsequent days. 

In short, with the 12.9 A load, it was essentially impossible that any genset dispatch strategy that 

stopped the genset at or before the onset of absorb charging would cause unnecessary waste of 

solar energy. 
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The situation is little different with the 9.9 A average load. The maximum net charge returned to 

the battery during a sunny day is around 150 Ah, implying an upper limit on the state-of-charge 

at the end of the genset run of around 70 to 75%—if the genset is stopped at precisely the worst 

moment. During the subsequent night, a net total of around 130 Ah is withdrawn from the 

battery. While the net charge returned during the day is larger than the net charge withdrawn at 

night, the difference is roughly comparable to the expected losses due to gassing and other 

parasitic reactions at high states-of-charge (note that 20 Ah is roughly 3% of a 600 Ah battery), 

so the situation of genset charging one morning causing solar waste only the day after is highly 

improbable.  

Thus, with the 9.9 A load, a genset dispatch strategy that terminated operation only at the onset 

of absorb charging could cause a small amount of available photovoltaic current to be rejected, 

but such a situation would arise exceedingly infrequently. 

The 7.1 A average load is relatively low in relation to the available average photovoltaic current. 

As a result, it is possible for a morning genset run to fill the battery to the point where significant 

amounts of photovoltaic charge will be rejected during day or the day following. In this test, net 

charge in the neighbourhood of 170 Ah is available during a clear day for battery charging. This 

suggests an upper limit on the state-of-charge at the termination of the genset run of 65 to 70%.  

The net nighttime energy demand is but 90 Ah, however, so the battery will have a tendency, 

during clear periods, to charge up from one day to the next. Any genset run, regardless of the 

state-of-charge at the end of the run, may result in wasted solar energy. Using a lower state-of-

charge criterion will diminish the expected level of waste. 

But while a high state-of-charge criterion for the end of genset operation can cause waste when 

the solar fraction is high, the expected levels of waste will, in fact, be minimal. This is due to two 

factors: 1) the rarity of genset starts when the solar fraction is high, and 2) the persistence 

observed in day-to-day weather. The wasted solar energy caused by inappropriately dispatched 

genset operation is necessarily limited to the energy supplied by the genset. By definition, when 

the solar fraction is high, the energy supplied by the genset is low. Furthermore, there is a 

tendency for clear weather one day to be followed by clear weather the next; the analogous 

situation holds for cloudy weather. Thus, times of high solar fraction with stable average load 

will be characterized by stretches of high state-of-charge operation, when the genset will not 

start, interrupted by the occasional period of cloudy weather when the state-of-charge trends 

downwards. During the latter periods, the genset will run, but subsequently the battery will tend 

to be drawn down, rather than fill up. 

To summarize, both in periods of low and high solar fraction, the opportunities are limited for 

reducing genset operation by adjusting the genset run termination criteria on the basis of the 

expected requirement for capacity for storing photovoltaic current. At intermediate solar 

fractions, there may be more opportunity for such savings. But unless the load tends to follow the 



 

Document type – CETC 2005-XXX (XX) 18 December 22, 2005 

solar availability, seasonal changes in the solar resource mean that such intermediate periods will 

be of limited duration. There may be some savings to be had, but the adjustment of the genset 

run-time does not appear to be a particularly rich vein. 

4.2.2 Discussion of Alternative Approaches 

One of the disadvantages of the dispatch strategy utilized in this test is that when the solar 

fraction is low, the battery state-of-charge generally resides in the lower end of its permissible 

range. This may have negative effects on battery lifetime; deeper cycling is generally considered 

more harmful than shallow cycling. 

An alternative to the dispatch strategy employed in this test would be to start the genset in the 

evening on those days when the anticipated load would cause the battery state-of-charge to fall 

below, say, 40% in the course of the night. This “preemptive” charge would terminate at the 

state-of-charge that would result, following the night’s anticipated discharge, in the maximum 

state-of-charge that would not cause rejection of solar energy. This would have a tendency to 

shift the average battery state-of-charge upwards. 

Consider a system which does not permit the battery voltage to fall below 40% state-of-charge. 

The capacity available for photovoltaic current is maximized when the battery state-of-charge 

just reaches 40% when the photovoltaic current rises to the same level as the load. Assume that 

the nighttime loads are expected to discharge the battery by an increment of state-of-charge of 

20%.  Then if the battery is below 60% state-of-charge at the beginning of the night, the genset 

should be started and run until the battery is at 60% state-of-charge—or a bit higher, to avoid 

spurious genset starts. A battery that started the night at 50% state-of-charge would be 

immediately charged to 60%, rather than having the genset start half way through the night, 

when the state-of-charge reached 40%. For the first half of the night, the battery would be in the 

range of 60 to 50% state-of-charge, rather than 50 to 40% state-of-charge. 

There are several complications with such a strategy. First, it relies on accurate estimation of the 

state-of-charge not just around one point (e.g., the 40% start threshold), but a whole range of 

values. Second, especially with high genset charge currents, there is limited capacity for 

accepting genset charging at the beginning of the night, and as a consequence, the genset may 

run more frequently if the nighttime loads are high. For example, if the minimum acceptable 

state-of-charge threshold is 40%, the loads discharge the battery by 40% during the night, and 

the genset can charge the battery to only 75% before the absorb begins, then were the genset 

started at the beginning of the night, it could not charge the battery to the 80% state-of-charge 

(without falling into absorb, that is) that would prevent a second genset start during the night. 

A third, simpler approach, could be to adjust the threshold at which the genset is started based on 

the solar fraction. During those times when the solar fraction is high, the threshold could be set 
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very low, in the expectation that the battery will rarely be operated at low state-of-charge and the 

need to maximize available battery capacity for photovoltaic current is the greatest. During 

periods of low solar fraction, the threshold should be raised, knowing that the battery will have a 

tendency to operate at states-of-charge just above the threshold, and the likelihood of 

photovoltaic charge exceeding available battery capacity is low. For example, in a system with 

constant load, the winter start threshold might be 60%, but in summer it might be 30%. The 

lower threshold would be applied only when the fall in the state-of-charge occurred over a period 

of days: a sustained, abnormally high discharge current that would inevitably drain the battery 

should result in the genset starting at a higher state-of-charge. This approach of adjusting the 

start threshold could be combined with either of the two approaches discussed above. 

The problem with all the preceding approaches is that they require prediction of the load, which 

may be difficult or even impossible, such as in systems found at off-grid residences where 

occupant usage changes more-or-less randomly. The pre-emptive charging strategy is probably 

the most demanding, because it assumes that the loads will discharge the battery before solar 

energy will become available, whereas the fixed threshold waits until the battery actually has 

been discharged. The longer this wait, the less uncertainty. Even adjustment of the threshold on 

the basis of the solar fraction is tricky, since calculation of the future solar fraction involves 

estimation of the future load. 

4.3 Achieving Full Charging using the Photovoltaic Array  

The third novel element of the dispatch strategy was the use of solar energy to complete the full 

charging of the battery, by starting the genset in the morning and running it until the absorb 

current had tapered to a moderate level. If the battery is not fully charged during the day, then the 

genset is run again on the following morning, and the next, as necessary. This tactic was applied 

when the array had been unable to fully charge the battery for a week or more, the exact period 

fluctuating somewhat due to operator interactions with the control algorithm. 

4.3.1 Analysis of Data 

This aspect of the dispatch strategy yielded some very interesting results. To put these in context, 

recall that in many previous tests, partial state-of-charge cycling has been observed to cause a 

cycle-on-cycle deterioration in the apparent capacity of the battery [Ross et al., 2005]. For 

example, when cycling between two voltage thresholds, with no PV current and only the genset 

to recharge the battery, a marked reduction in the duration of the cycle has been observed from 

one cycle to the next.  

In this test, we observe this same effect, but in reverse: over a multi-day period, the apparent 

capacity of the battery is increased by repeated cycles of running the genset in the morning, 

letting the PV charge during the day, and then operating the load through the night. In short, we 
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observe a particular form of partial state-of-charge cycling inducing an improvement in the 

battery state, to the point that full charging is achieved.  

This can best be observed over the period of day 44 through day 49 of the test, shown in Figure 

9. On day 44, with the average load at 9.5 Amps, the algorithm entered the GenONNudge mode: 

every morning the genset was started in an effort to achieve full charging. The genset was started 

at 6:27 AM (solar time), and ran until the current being accepted by the battery had tapered to 

approximately 55 A. During the day, PV current in excess of the load entered the battery. During 

the night, the battery was discharged. This continued until full charging was achieved on day 49; 

following this the average load was decreased.  
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Figure 9: Full Charging Achieved over a Period of Six Days 

 

The trace across the top of Figure 9 shows the evolution of the battery voltage. The spike at the 

beginning of each day arises from the high genset current. The subsequent increase in battery 

voltage during the day becomes more and more pronounced as the test proceeds. On days 47, 48 

and 49, the battery reaches the PV charge controller absorb voltage threshold of around 28.1 V. 

On day 49, the battery is maintained in absorb long enough for the charge controller to enter float 

charging at roughly 27.2 V. The battery voltage just prior to the genset run provides further 

evidence of the day-on-day improvement in the battery state-of-charge. During the night the 

battery is discharged for nearly seven hours by a current of 5.1 A. The battery voltage at the end 
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of this discharge is indicated in vertically-aligned text just to the left of the voltage spike 

associated with the genset run: it rises from 24.42 to roughly 24.7 to 24.9 V.  

The grey trace forming vertical rectangles indicates the net charge fed into the battery by the 

genset each day. The first day that the genset ran, the battery accepted around 100 Ah. By the 

end of the test this had fallen to around 50 to 60 Ah. The net absorb current being accepted by 

the battery at the end of the genset run is indicated within each rectangle. With the exception of 

day 45, this current is in the range of 53 to 59 A.  

The jagged vertical cones indicate the net charge fed into the battery by PV array minus the load 

on each day. At the start and end of the day, this is negative—the integrated load for the day 

exceeds the PV output—but negative values are not shown. Each day, at the end of the genset 

run, the total is reset to zero. 

The thick black trace along the bottom of Figure 9 shows the cumulative net charge into the 

battery, divided by ten. This is set to zero at the beginning of the first genset run. On day 49, it 

rises to a maximum of 308 Ah.  

The key consideration in the interpretation of this data is that the genset is always stopped at very 

nearly the same voltage and absorb current. Conventionally, this would suggest that at the end of 

each genset run, the battery was in the same state. But the state-of-charge of the battery is 

manifestly improving from one cycle to the next. Thus, full charging does not occur on the day 

when the cumulative PV output is the largest (day 47), but on a subsequent day, when the PV 

output is not especially high, but the state-of-charge of the battery at the end of the genset run is 

higher. Running the genset at the start of a single sunny day would not permit a full charge.  

Viewed another way, with a fixed absorb current threshold terminating genset operation, the rise 

in state-of-charge from one cycle to the next might lead one to expect less charge being returned 

to the battery during each genset run. Indeed, the final genset run returns 40 Ah less charge to the 

battery than the first genset run. But the trace of cumulative charge into the battery shows that at 

the end of the final genset run, 112 Ah more charge has been returned to the genset than at the 

end of the first genset run. Even allowing for 20% coulombic inefficiencies in the genset 

charges—which almost certainly overestimates the losses with these low voltages and no-

antimony grid battery technology—nearly 60 Ah more charge has been returned to the battery at 

the end of the final genset run. The final genset run probably started with the battery at a state-

of-charge comparable to or even higher than the state-of-charge when the first genset run ended.  

Indeed, if one assumes that the state-of-charge is identical at the end of each genset run, then the 

coulombic efficiency can be calculated for the day-long period between the termination of each 

genset run. This is tabulated in Table 2, which shows that the assumption is suspect: it does not 

make sense that the coulombic efficiency would be 78%—significantly below three of the four 

subsequent days—for the cycle of days 44 to 45: this was the day with the lowest daytime 
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battery voltage, which is a good indicator of the strength of the gassing current. Furthermore, the 

efficiency fluctuates quite greatly from one cycle to the next. It is clear that the state-of-charge 

cannot be the same at the end of each genset run.    

Cycle Ah into Battery Ah out of Battery Efficiency 

Day 44-45 175 137 78% 

Day 45-46 148 146 99% 

Day 46-47 162 151 93% 

Day 47-48 177 136 77% 

Day 48-49 160 136 85% 

Table 2 Coloumbic Battery Efficiency Between the End of each Genset Run 

Another interesting aspect of Table 2 is the coulombic efficiency on Day 45-46, which is nearly 

unity. Can it be concluded that the state-of-charge increases during this cycle, as is argued for the 

period of day 44 through 49 as a whole? Certainly not: if the state-of-charge had increased, then 

for a just accounting of the efficiency, the charge into the battery would have to be less than 

counted here. But this would lead to efficiency greater than 100%, which is not possible. So on 

this cycle at least, the state-of-charge did not increase, and may well have decreased.  

What accounts for this? It is probably tied to the weak insolation during day 45, which was the 

weakest of this six-day period. But note that it is not a simply a question of this being the only 

day on which the PV current was unable to satisfy the load between genset runs: on no day in the 

period was the PV current able to do this. Rather, the key is probably the cumulative charge into 

the battery, shown in Figure 9 as the thick black trace along the bottom. On most days, the 

photovoltaic current drives this to a peak value considerably higher than the peak on the previous 

day. On day 45, however, the peak is only slightly higher, even before inefficiencies are 

accounted for.  

Intuitively, it makes sense that the state-of-charge measured at the end of the genset run would 

improve only on those days when the cumulative charge into the battery reached a peak value in 

excess of previous peak values. When the new peak exceeds previous peaks, charge in excess of 

that seen in previous cycles must be stored in the battery, and the charge may be stored in 

reaction sites that were not previously utilised. The utilisation of these sites might have little 

effect on the capacity available for storing rectifier output on subsequent genset runs if, for 

example, 1) sulfation crystals were eliminated, or 2) charge were stored in “deep” layers of the 

plate that could not be accessed at the genset’s high charge rates, due to high concentration 

polarization. This latter hypothesis would also require that during the discharge between the peak 
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in the cumulative charge curve and the following genset run, charge preferentially be taken from 

more easily accessed “surface” layers of the plate—which would not be at variance with 

previous investigations [Bode, 1977, p. 156]. 

On the basis of this, a hypothesis can be formulated: in partial state-of-charge cycling, with 

genset operation terminated by a voltage or absorb current criterion, state-of-charge will improve 

cycle-on-cycle when, during a cycle, the peak value for the cumulative charge into the battery 

exceeds the peak on the previous cycle, and the discharge between the peak and the subsequent 

genset run does not draw the state-of-charge below the state-of-charge at the beginning of the 

previous genset start. The cumulative charge should take into account coulombic inefficiencies, 

and the net charge current should be lower, in general, during PV charging than genset charging. 

Obviously, the state-of-charge at the end of the genset run cannot improve indefinitely, and will 

eventually plateau.   

The variation in the absorb current being accepted by the battery at the end of each genset run is 

better understood by examination of Figure 10, Figure 11, and Figure 12. Figure 10 shows the 

battery voltage during each genset run; the traces are labelled by day. The sag in voltage starting 

around 35 minutes into the genset run results from a particularly high load. The battery voltage is 

around 28.0 V at the end of each genset run. Note that the battery voltage generally rises more 

sharply towards the regulation threshold 1) on later days in the test (as the state-of-charge at the 

beginning of the run increases) and 2) in proportion to the cumulative photovoltaic output on the 

previous day. 
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Figure 10: Battery Voltage during each Genset Run, Day 44 through 49 
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Figure 11 and Figure 12 jointly demonstrate why the absorb current at the termination of genset 

operation was significantly lower on day 45 than on other days. The test bench algorithm ended 

genset operation not on the basis of the net current entering the battery, shown in Figure 11, but 

rather on the difference between the rectifier current and the load reaching around 45 A. Most 

mornings were clear, and the photovoltaic current was roughly comparable at a given elapsed 

time into the genset test, as seen in and Figure 12. Thus, during most genset runs, the PV current 

forced a reduction in the rectifier current in order to maintain the absorb voltage. On day 45, 

however, clouds moved in after 45 minutes of genset operation, and the PV current was curtailed 

much below its level at comparable times on other days. Thus, the rectifier current remained for 

a longer period of time above the threshold at which the genset run was terminated. Variation in 

the PV current on other days explains some variation in the net absorb current at the end of 

genset operation during those days. 
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Figure 11: Net Current Entering Battery (Rectifier+PV-Load) during each Genset Run 
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Figure 12: Photovoltaic Array Current during each Genset Run 

 

It is interesting to compare days 47 and 49, shown in Figure 13. On day 47, the PV current was 

responsible for a net charge of 111 Ah entering the battery, whereas on day 49, the net PV charge 

was 81 Ah. Yet full charging was achieved on day 49, not day 47. Differences in the genset 

charge were not the culprit: 1.5 Ah more charge was supplied on day 47. One must conclude that 

the battery was more fully charged at the beginning of day 49 than day 47. This is reinforced by 

Figure 13, in which the battery voltages for these two days are superimposed, one on the other. 

On day 49, the battery voltage was noticeably higher during the discharge period at the 

beginning and of the day, a good indication that the state-of-charge truly was higher (note that 

the difference in the voltage at the end of the day largely results from changes in the load, which 

was reduced following full charging on day 49). Around midday on day 49, a period of strong 

photovoltaic current forced the battery voltage to the 28.2 V regulation threshold. All told, the 

battery was above 28.0 V for over 70 minutes on day 49. On day 47, the battery voltage reached 

the regulation threshold only in the mid afternoon, when there was a lull in the load. It was kept 

above 28.0 V for only 58 minutes, too short for the algorithm to consider full charging as having 

occurred. The battery never reached float on day 47, but did so on day 49, when less solar energy 

was available. 
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Figure 13: Battery Voltage on Days 47 and 49 of Test 

Peak currents were somewhat higher on day 49 than day 47. On day 49, a 25 A surge of current 

initiated the sustained rise in battery voltage leading to the regulation threshold; this surge 

subsided to an hour long period of current in the 24 to 22 A range. In contrast, on day 47 the 

midday current was quite steady in the 18 to 20 A range. This certainly contributed to the 

differing behaviour on the two days, but does not fully account for the inability of the system to 

reach absorb on day 47. On day 49, the battery reached the regulation threshold at noon; at this 

time on day 47, the charge current was around 20 A. As demonstrated in the afternoon of day 47, 

a charge current of even 17 A is able to drive a nearly fully charged battery to the voltage 

regulation threshold. 

Comparing days 48 and 49, the situation is more complicated. The available photovoltaic 

charging current during these two days was essentially the same (188 Ah on day 48 versus 187 

Ah on day 49). Figure 13 shows that at the end of the long night discharge, the battery voltage 

was also essentially the same in the two tests. And Figure 11 indicates that the genset stopped at 

virtually identical net charge current levels. Yet there are some important differences, as 

evidenced by the battery voltage, shown in Figure 14.  
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Figure 14: Battery Voltage on Days 48 and 49 of Test 

Figure 15 reveals that the net current entering the battery around noon was higher on day 49, and 

this may well have played a decisive role. Furthermore, on day 49, photovoltaic current was 

more strongly available early in the day, as opposed to the afternoon. As of 12:30 PM, the 

photovoltaic array had put out 77.7 Ah on day 49, but only 66.2 Ah on day 48. This suggests 

that, since the achievement of full charging is judged to have occurred by a period of high battery 

voltage, the battery will appear fully charged at a lower state-of-charge on those days when 

photovoltaic current is higher, at least for a part of the day.  

As seen in Figure 10 and Figure 11, the battery voltage rises more quickly and the net charge 

current falls more rapidly during the genset run of day 48 than day 49. As a consequence, the 

genset stops earlier, and less charge enters the battery during the genset run. Does this mean that 

the battery was more fully charged at the beginning of the genset run on day 48? Or does it mean 

that since the genset run ended earlier, the battery was less full at the end of the run? 

These questions can be answered by considering the previously stated hypothesis and the 

cumulative charge curve. On day 47, the strong solar resource pushes the cumulative charge 

curve to a peak value well in excess of peaks on previous days. Therefore, we would expect the 

state-of-charge at the end of the genset run on day 48 to be considerably higher than at the end of 

the genset run day 47. This is, in fact, the case. The day 48 peak is only slightly higher than the 
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day 47 peak, so the state-of-charge at the termination of genset operation should be roughly the 

same. The cumulative charge curve indicates that this is also the case, especially if one considers 

that coulombic inefficiency decreases the real value for the cumulative charge curve. In short, the 

previous peak in the cumulative charge curve fixes the ending point of the genset run. But the 

state-of-charge at which the genset begins is largely determined by the extent to which the load 

exceeds the photovoltaic charge over the course of the preceding day. On day 47, the cumulative 

load was only 20 Ah more, but on day 48, it was 50 Ah more. Thus, the genset started the charge 

from a lower state-of-charge on day 49, and therefore the voltage rose, and the absorb current 

fell, more slowly than on the previous day.  
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Figure 15: Net Current into Battery on Days 48 and 49 of Test 

While days 44 to 50 were the clearest illustration of the multi-day recharge phenomenon, it was 

observed to a greater or lesser extent every time the algorithm attempted to achieve full charging. 

Days 8 through 12 also furnished a good example of multi-day recharging, with the battery 

achieving full charge not on the day that the insolation was the highest, but rather two days later. 

Although variation in the end of net absorb current confounds interpretation of the data from 

days 21 through 25, the battery state-of-charge at the end of each genset run did seem to be well 

predicted by the level of the peak in the cumulative charge curve: if this was higher than on 

previous days, the genset charged the battery to a higher state-of-charge than on previous days. 

Multi-day full charging may be attractive if it achieves regular full charging of the battery but 

avoids the genset wear and additional fuel consumption that would be incurred were this 
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accomplished using a long genset run.  It must be investigated, however, whether the cumulative 

wear and consumption caused by repeatedly running the genset over, say, a half-dozen days does 

not exceed that of a single long run. 

4.3.2 Wasted Solar Energy 

The algorithm implemented in this test attempts to complete the charging of the battery using the 

photovoltaic array; this entails charging the battery in the morning with the genset. This morning 

genset run is repeated, day after day, until full charging is achieved. During these days, the array 

sometimes drives the battery to voltages that cause the charge controller to reject available 

photovoltaic current. In addition, towards the end of the test, when the average load was reduced 

to 7.1 A and the solar fraction rose to 96%, the solar array alone was able, on a number of days, 

to recharge the battery to the point that available array current was rejected.  

Some work on hybrid systems has focussed on minimizing the solar energy that is rejected by the 

charge controller; for example, methods to predict the solar radiation on upcoming days have 

been proposed, with the notion that this would reduce the use of the genset prior to sunny periods 

and thus minimize the solar energy rejected by the controller.  

In past tests run on the hybrid test bench, however, it has been found that potential gains are 

minimal: little solar energy was being rejected by the battery due to sub-optimal genset dispatch. 

An upper bound on the potential gains can be determined quite easily by simply tabulating the 

rejected array charge.  

This has been done for this test. A PVToolbox simulation was used to simulate the available 

array output during periods when the charge controller was rejecting current. The array voltage 

was assumed equal to the battery voltage, raised by the voltage drop in the wiring (due to an 

assumed 0.114 ohm resistance) and a diode (0.73 V) [Ross, 2005]. The array parameters were 

selected on the basis of two IV curves taken in mid-April and discussed in [Ross, 2005]. The 

parameters used in that report were not adopted here, however: due to high temperatures during 

this test, the operating voltage was much above the maximum power point, and thus in a zone 

where the parameters used in [Ross, 2005] were inaccurate, as noted in that report.  

The parameters employed in the present study are summarized in Table 3. These parameters, 

used in conjunction with measured values of irradiance (955 W/m
2
) and cell temperature (40ºC), 

generate the simulated curves of Figure 16. In this Figure, the simulated curves are those having 

the higher current plateau at voltages between the knee and the V=0 axis, and the measured 

curves are those below them—that is, the curves exhibiting finite series resistance. The 

correspondence between the two sets of curves is good at voltages above around 25 V, that is, in 

the range of voltages where the array will be operating, at least for these relatively strong 

irradiance values. 
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 Nominal, Module Subarray 1 Subarray 2 Array 

ISC (A) 3.1 3.1 x 6.7 3.1 x 5.8 3.1 x 12.5 

IMPP (A) 3.6 3.6 x 6.7 3.6 x 5.8 3.6 x 12.5 

VOC (V) 20.3 21.1 x 2 20.7 x 2 21.0 x 2 

VMPP (V) 15.4 16.0 x 2 15.9 x 2 15.9 x 2 

Table 3 PV Array Parameters used in Simulations 

For the simulation of the current test, the array temperature is estimated on the basis of the 

measured cell temperature for Section C of the CETC-Varennes rooftop array. This sub-array 

was, unfortunately, short-circuited during the test, and therefore probably functioned at a 

temperature higher than the hybrid system array. The hybrid array temperature was estimated by 

finding the difference in temperature between Section C and the ambient air, multiplying it by 

0.9, and adding this to the ambient air temperature; the factor of 0.9 originates in an estimated 

array efficiency of 10%.  

The results of a simulation for the entire test period are given in Table 4. Until the load was 

lowered to 7.1 A—and the solar fraction rose to 96%—the rejected array charge was only equal 

to 1.1 to 1.6% of the integral of the monitored array current. Even with the 96% solar fraction, 

the wasted solar charge was only 7.3% of the integrated array current. Note that an improved 

dispatch strategy could do little to reduce this: the waste large stems from a period of 

exceptionally sunny weather extending from day 50 through day 53. This supports previous 

studies conducted with the hybrid test bench showing that the reductions in rejected solar energy 

realisable through advanced genset dispatch strategies are quite modest [Ross, 2005].  
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Figure 16: Monitored and Simulated Sub-Array and Array IV Curves 

Average Load Solar Fraction By Energy Rejected Array Charge 

12.9 A 58% 1.6% 

9.9 A 72% 1.1% 

7.1 A 96% 7.3% 

Table 4 Rejected PV Array Charge (Percentage of Array Output), Broken down by Average Load 

Looking in more depth at a single multi-day period dedicated to fully charging the battery 

confirms the conclusion that the additional wasted solar energy due to repeated genset operation 

need not be high. During the period of days 44 through 49 examined earlier, only on day 49 was 

the wasted solar energy of such a magnitude that it could be detected by simulation. Even then, it 

was only 3.6% of the total available charge for the day—hardly a reason to avoid this dispatch 

strategy. 
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4.3.3 Genset Wear and Fuel Consumption during Absorb Charging 

With the 12.9 and 9.9 A loads especially, the charge available from the photovoltaic array would 

have been insufficient to fully charge the battery had the genset stopped its morning run at the 

onset of absorb charging. Even with a period of absorb charging, however, the available solar 

energy was not always sufficient. As a result, this test entailed repeatedly running the genset to 

perform absorb charging. The current drawn from the genset tapers during absorb charging, and 

this reduction in genset loading level causes increased genset wear and lowers fuel efficiency. 

To investigate whether the increases in wear and fuel consumption are sufficient to rule out the 

genset dispatch strategy used here, they were calculated on the basis of a set of simple 

assumptions relating loading level to wear and fuel efficiency. For the fuel consumption, the 

genset power output was estimated from the rectifier energy output and a rectifier efficiency of 

85%. The genset was assumed to consume 0.5 l of fuel per kWh of electric output when 

operating at full load, and to consume, in a given period of time of no load operation, 25% the 

fuel it would have consumed had it been operating at full load. For the wear, an hour of operation 

at a 50% loading level or higher resulted in an hour of wear; below the 50% loading level, the 

equivalent wear increased linearly, such that an hour of operation at no load was assumed to 

cause the equivalent of two hours of wear.  

The fuel consumed by the genset under various assumptions is shown in Table 5. An ideal 

genset—one that consumed 0.5 l per kWh of output regardless of the loading level—would 

consume 79.5 l of fuel. A realistic 7.5 kW genset would consume 48% more fuel. Most of this 

reduction in fuel efficiency is not due to absorb charging, however, but rather part load operation 

resulting from mismatch of the rectifier and the genset. The maximum power drawn by the 

rectifier is around 3.2 kW; had the 7.5 kW genset been used to produce energy equivalent to that 

delivered during this test, but with output level fixed at 3.2 kW, the genset would still consume 

33% more fuel than the ideal machine. A 3.2 kW genset would consume only 6% more fuel than 

the ideal machine, with this premium wholly attributable to the periods of absorb charging.  

 Fuel Consumed (l) Relative Penalty 

Ideal genset (no fuel consumed at no load) 79.5 NA 

7.5 kW genset 117.5 48% 

7.5 kW genset operated at 3.2 kW 106.1 33% 

3.2 kW genset 84.3 6% 

Table 5 Genset Fuel Consumption under Various Assumptions 
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Thus, of more importance than the periods of absorb charging is the mismatch in the size of the 

genset and the rectifier. This stems from the no load consumption, which can be considered an 

overhead “cost” incurred whenever the genset is operating. This “cost” is here assumed equal to 

25% of the fuel consumption of the genset when it is operating at rated power. Since smaller 

gensets consume less fuel at rated power, the overhead is smaller with a smaller genset. So if the 

runtime is fixed, as will be the case for all gensets larger than the rectifier, and the efficiency at 

full load is also fixed, larger gensets will waste more fuel for every hour of part load operation 

than small gensets. This is illustrated in Figure 17. In reality, gensets of greater capacity will tend 

to operate more efficiently at full load, which may compensate in part for their higher no load 

consumption. 
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Figure 17: Fuel Consumption for a 3.2 kW and a 7.5 kW Genset having Identical Efficiency 

The impact of the mismatch in the size of the genset and the rectifier is also evident in terms of 

genset wear. Table 6 indicates that the genset ran for 62 hours, so an ideal genset—that is, one 

which did not suffer additional wear at part load—would have registered 62 equivalent hours of 

wear. The 7.5 kW genset would have suffered 31% more wear, due to part load operation, but 

the 3.2 kW genset would be only 3% more worn.  

 Equivalent Hours of Wear (h) Relative Penalty 

Ideal Genset 62  NA 

7.5 kW genset 81 31% 
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3.2 kW genset 64 3% 

Table 6 Wear Sustained by Genset under Various Assumptions 

Of course, calculating the additional fuel consumption and wear as a fraction of the total genset 

output masks the situation during the multi-day recharging sessions. Let us return to day 44 

through 50. All told, over this period the genset was in absorb for 3.5 hours. So it is clear that if 

full recharging with the genset involves more than 3.5 hours of absorb charging, the multi-day 

approach would be preferable. But this understates the case, since absorb charging at a high 

current, such as was done here, is more fuel efficient and causes less wear than absorb charging 

at a low current.  

Simulation was used to compare the fuel consumption and genset wear caused by six 35 minute 

absorb runs versus one 3.5 hour absorb run; the results are only approximate since the 

PVToolbox battery model can not recreate the tapering of the absorb current very exactly. The 

3.5 hour absorb charge furnished only 122 Ah to the battery, whereas the six 35 minute runs 

furnished 277 Ah. Since the difference would need to be provided for by the genset, a 155 Ah 

bulk charge was added to the 3.5 hour absorb charge.  

 Fuel (l) Lives Used Ah Ah/l 

6 x 35 m absorb 6.9 1.0·10
-3

 277 40 

 

3.5 h absorb 4.8 1.2·10
-3

 122 25 

Bulk charge 3.3 3.5·10
-4

 155 47 

absorb + bulk 8.2 1.5·10
-3

 277 34 

Table 7 Fuel Consumption and Genset Wear: Six 35 min Absorb Charges vs Single Bulk plus 3.5 h Absorb 

Charge, 7.5 kW Genset 

The results are shown in Table 7, for a 7.5 kW genset, and Table 8, for a 3.2 kW genset.  Fuel 

consumption is 11 to 19% higher, depending on the size of the genset, for the 3.5 hour absorb 

with bulk charge. More significantly, 55 to 75% more genset wear occurs. In fact, the 35 minute 

absorb charge is only 11 to 15% less fuel efficient than bulk charging, and with the 3.2 kW 

genset causes about 35% more wear than bulk charging, on a per unit charge basis.  

 Fuel (l) Lives Used Ah Ah/l 

6 x 35 m absorb 4.9 7.4·10
-4

 277 55 
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3.5 h absorb 2.9 9.7·10
-4

 122 41 

Bulk charge 2.5 3.1·10
-4

 155 62 

absorb + bulk 5.4 1.3·10
-3

 277 51 

Table 8 Fuel Consumption and Genset Wear: Six 35 min Absorb Charges vs Single Bulk plus 3.5 h Absorb 

Charge, 3.2 kW Genset 

This is, of course, only a very rough approximation. To complete charging in a single genset run, 

absorb charging in excess of 3.5 hours may be required. Also, multi-day recharging of the battery 

will take less than six days in many cases. On the other hand, in some cases six days may be 

insufficient, and eventually a full absorb charge may be required in any case. This would make 

multi-day recharging quite wasteful. But in general it appears that multi-day recharging is a 

promising avenue.  

4.3.4 Application and Optimization of Multi-day Full Charging 

Multi-day full charging of the battery may be a useful technique for real systems, but its utility 

may depend in large measure on the solar fraction. At high solar fractions, such as during 

summer, it is unlikely to be necessary: PV current will generally achieve full charging on a 

regular basis, and when this fails, a single genset run will permit the array to finish the task. This 

was demonstrated during the last 12 days of this test. At very low solar fractions, on the other 

hand, the probability of a sequence of days with strong insolation may be quite low, especially 

when the solar fraction is low due to poor insolation rather than high load, making multi-day full 

charging difficult. The current test demonstrated that multi-day recharging is possible when solar 

fraction is as low as 60 to 70%, as long as the solar resource is strong. 

In practice, seasonal variation in the solar resource will be the principal determinant of the solar 

fraction in many Canadian hybrid systems. Low solar fraction will be attended by a weak solar 

resource, characterized by infrequent sunny days interspersed with long periods of cloudy 

weather. This is not propitious for multi-day recharging. In such systems, multi-day recharging 

could be applied during the late winter, spring, summer, and early fall, when the clearness index 

is relatively high. It is unlikely to be practicable for a three to four month period starting in the 

autumn. During the summer months, long absorb charges may be unnecessary in any case, since 

the solar resource alone may fully charge the battery on a regular basis. 

Several improvements in the multi-day recharging method appear promising. First, the method 

appears to work best when the day’s charge is weighted towards the morning, immediately 

following the genset run, rather than the afternoon, when the absorb charge may be tapering the 
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current in any case. Note that it is not simply a translation in the net charge current curve that is 

desired—this would require starting the genset earlier but have no other effect—but rather a 

deformation of the curve, such that values are higher in the morning than the afternoon, but the 

area under the curve is maintained. Ideally, the available net charge current profile would match 

the tapering current profile of the battery during absorb charging!  

This has implications for system design. Given that without multi-day recharging the financially 

optimal array size is typically found on a broad plateau, the application of multi-day recharging 

points makes larger arrays more attractive, in order to minimize the expected use of the genset 

for equalisation. Dividing the array into sections and setting part of the array to the southeast is 

largely ineffective: it decreases peak current levels and merely shifts the daily charge current 

profile to the morning. If the maximum battery charge rate is fixed (e.g., charging will be limited 

to the four hour rate), then smaller batteries will be preferred to big ones, all other things being 

equal, since less charge from the PV array will be required to fill the capacity remaining once the 

battery has been recharged with the genset. 

With fixed arrays of a given size, the morning PV charge current cannot be easily augmented, 

but in some systems loads may be deferred. Indeed, high daytime loads could prevent full 

charging with the multi-day approach. In cottages, remote residences, and some other 

applications, users may choose when they operate major loads like vacuum cleaners, pumps, and 

washing machines. Normally, users are encouraged to operate these loads during sunny daytime 

periods, to avoid battery inefficiencies and wear. Were the algorithm attempting full charging of 

the battery using solar energy, however, it would be preferable to run these loads, in order of 

decreasing preference, during a period of genset operation, during a sunny day following full 

charging, during the afternoon or during nighttime. Ideally, users would learn to expect the 

regular morning genset run during periods of multi-day charging and operate their loads during 

this period. Load deferral to the nighttime would make sense only if the benefit of full charging 

and avoiding a long genset-powered absorb charge exceed the cost associated with 15 to 20% 

losses in the battery.  

Under certain conditions, no absorb charging may be necessary: sufficient PV charge current 

may be available to fill the battery completely from the point where the bulk charge ends. But 

even when this is not the case, it may be unnecessary to run the absorb charge on the initial days 

when full charging is attempted. The same effect of the state-of-charge ratcheting upwards 

should be seen when the genset charge is terminated at the beginning of absorb. After several 

reasonably sunny days, the state-of-charge at the end of the genset run will plateau. If the daily 

array output is large compared with the daytime load and the capacity left uncharged at the end 

of the genset run, the array will be able to fully charge the battery. Otherwise, on subsequent 

days, progressively longer genset-powered absorb charges can be implemented, until full 

charging is attempted. 
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A decision about how far to run into absorb may be taken at the beginning of absorb, when the 

morning PV charge current can be observed. Due to persistence in weather, this may be a 

reasonable predictor of the insolation to be expected during the day. A strong current would 

suggest a sunny day, and there would be a reasonable chance that full charging would occur were 

absorb prolonged. Weak current would suggest a cloudy day, and a prolonged absorb would 

likely be wasted.  

Due to the persistent sunny weather during this test, it was not possible to assess what effect a 

cloudy day or days has on the multi-day recharging approach. Will a break in the sunny weather 

completely erase the gains achieved to that point? It seems unlikely: the diminishing capacity 

associated with partial state-of-charge cycling appears incrementally over a sequence of days, so 

a similar incremental deterioration can be expected. This should be tested, however. 

Another relevant question is whether full recharging is actually necessary. That is, is it necessary 

to bring the battery to 100% state-of-charge, or is it sufficient merely to recharge the “deep” 

zones of the battery that presumably become discharged in partial state-of-charge recycling? And 

can these deep zones be recharged completely without fully charging the battery? The latter 

possibility seems unlikely, but perhaps a compromise can be contemplated: complete recharging 

of the battery only infrequently, but regular bouts of multi-day recharging to recover battery 

capacity lost through partial state-of-charge cycling. 

A final question is whether some or all of the benefits of multi-day recharging can be achieved in 

other ways. Can frequent genset recharges starting at a high state-of-charge achieve a similar 

effect? Splitting the battery into two banks would permit one to charge the other. Alternatively, 

the utility of the photovoltaic array could be improved by using it to charge one bank while the 

other bank was supplying the load. These possibilities are not examined here, but merit further 

attention. 
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CONCLUSIONS 

Both in periods of low and high solar fraction, the opportunities are limited for reducing genset 

operation by adjusting the genset run termination criteria on the basis of the expected 

requirement for capacity for storing photovoltaic current. At intermediate solar fractions, there 

may be more opportunity for such savings. But unless the load tends to follow the solar 

availability, seasonal changes in the solar resource mean that such intermediate periods will be of 

limited duration.  

In multi-day recharging, the state-of-charge measured at the end of the genset run will improve 

only on those days when the cumulative charge into the battery reaches a peak value in excess of 

previous peak values. When the new peak exceeds previous peaks, charge in excess of that seen 

in previous cycles must be stored in the battery, and the charge may be stored in reaction sites 

that were not previously utilised. The utilisation of these sites need not reduce the capacity 

available for storing rectifier output on subsequent genset runs if, for example, 1) sulfation 

crystals are eliminated, or 2) charge is stored in “deep” layers of the plate that can not be 

accessed at the genset’s high charge rates, due to high concentration polarization. 

The negative impact of absorb charging, in terms of genset wear and fuel consumption, is less 

important than the mismatch in the size of the genset and the rectifier. This stems from the no 

load consumption, which can be considered an overhead “cost” incurred whenever the genset is 

operating. This “cost” is here assumed equal to 25% of the fuel consumption of the genset when 

it is operating at rated power. Since smaller gensets consume less fuel at rated power, the 

overhead is smaller with a smaller genset. So if the runtime is fixed, as will be the case for all 

gensets larger than the rectifier, and the efficiency at full load is also fixed, larger gensets will 

waste more fuel for every hour of part load operation than small gensets.  
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