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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. 



 

Document type – CETC 2004-XXX (XX) ii June 22, 2005 

SUMMARY 

 

This document examines the simulated operation of a specific PV hybrid system, that being the 

hybrid system test bench of the Photovoltaic and Hybrid Systems Group at the CANMET Energy 

Technology Centre—Varennes. During a five-week test run on this system in September and 

October, 2004, a photovoltaic array and a genset provided power to a DC load, with energy 

surpluses and deficits being accommodated by a battery. Monitored data from this test were 

compared with simulations, run on the PV Toolbox tool developed by the CANMET Energy 

Technology Centre—Varennes. Following this validation, several interesting aspects of system 

operation, noticed in analysis of the monitored data from the test, were investigated using 

PVToolbox. This permitted the system operation over the whole year to be examined, and 

demonstrated the complementary nature of simulation and the hybrid test bench. 

The accuracy of the PV Toolbox system simulations far exceeded expectations. The design team 

had aimed to estimate total energy flows within 10% accuracy; in this test, when using plane-of-

array irradiance input data, energy flows were often within 1or 2%, and there was a very close 

correspondence between the time of genset operation in simulation and reality. The mean bias 

error in the battery voltage was around 10 mV per cell, and the root mean squared error was only 

40 mV per cell. Coulombic efficiency and round-trip battery efficiency were accurate to within 1 

to 4 percentage points. Admittedly, these simulations assumed a 1152 Wpeak array (instead of the 

1200 Wpeak measured with an IV curve tracer after the study had been completed) and an array 

wiring resistance too low by a factor of 60%, but this is nonetheless impressive given the 

presence of a charge controller and the non-linearity of genset dispatch. Accuracy deteriorated 

only slightly (and improved for certain key variables) when horizontal irradiance data were used 

in place of plane-of-array data. It is argued that the exemplary accuracy of the simulation was 

due in part to the constant (as opposed to varying) load, the use of a time criterion (as opposed to 

a voltage or current threshold) for the termination of genset operation, and the high solar 

fraction, which avoided extended periods of cycling between partial states-of-charge. This 

suggests that further comparisons should be conducted with test bench runs using varying loads, 

voltage or current thresholds, and lower solar fractions. 

The PV Toolbox was used to estimate the plane-of-array irradiance based on the measured global 

irradiance on the horizontal, and this was compared with the measured plane-of-array irradiance. 

The agreement was excellent: the error in PV Toolbox’s estimate (about 6%) was comparable to 

the uncertainty in the measurement. This excellent result masked inaccuracy in the algorithm for 

splitting global irradiation into beam and diffuse components, however. In other locations and 

situations, such as at high latitudes, this underlying problem might seriously affect the accuracy 

of the plane-of-array irradiance estimate. 
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Simulation studies suggest that 1) maximum power point tracking offers few advantages over 

clamped operation for hybrid power systems, 2) charge control losses are small when solar 

fractions are considerably below unity, and therefore dispatch should not focus on minimizing 

them, and 3) battery charge currents higher than recommended by most manufacturers could 

significantly reduce genset fuel consumption in many hybrid systems. These conclusions are not 

firm, however, and require further investigation. 
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1 INTRODUCTION 

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

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

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

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

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

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

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

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

required. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

It would be impossible to test all hypotheses, all hybrid system configurations, and all climates 

with the hybrid test bench: even were it physically possible, time would not permit it. Rather, PV 

Toolbox is being used to investigate situations beyond the reach of the hybrid test bench, and to 

quickly examine a large number of hypotheses relating to system optimization.  

In order to appreciate the applicability and limitations of PV Toolbox, this report compares the 

monitored data from a five-week run of the hybrid test bench and the output from a series of PV 

Toolbox simulations of this run. This run, conducted from September 13 to October 25, 2004, 

has been studied elsewhere (i.e., [Ross, 2004b]). This comparison is useful, nevertheless, for 
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identifying ways in which PV Toolbox must be improved, and indicating the level of confidence 

that may be placed in its results. Specifically, the component of the PVToolbox used to convert 

horizontal array data to a tilted plane is evaluated on the basis of the meteorological data 

collected during this test run; the array model is compared with the observed array behaviour; 

and, most importantly, simulated and monitored system behaviour, with battery, array, charge 

controller, and genset all present, are compared. 

Furthermore, this report shows how simulation can be used to investigate aspects of system 

operation that are hinted at but not fully revealed by monitored data from the test bench. 

Analysis of the short test runs of the hybrid test bench often points in the direction of a certain 

conclusion, but the data are too limited to permit that conclusion. The PV Toolbox can operate in 

a complementary role in these situations, generalizing the specific results of the test. In its 

penultimate chapter, this report uses simulation to investigate the impact that maximum power 

point tracking would have had; to determine whether the low charge regulation losses seen in 

during this test would have been higher during the summertime; and to examine how the genset 

fuel consumption is affected by the maximum battery charge current output by the rectifier. 
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2 COMPARISON OF MONITORED DATA AND PVTOOLBOX 

2.1 Irradiance  

The analysis of the data from the meteorological station in [Ross, 2004b] revealed numerous 

periods during which the output of the met station instruments was suspect. Comparison of the 

met station data with PVToolbox soon turned up a further, previously undetected problem: on 

various days, and for no apparent reason, the Eppley global radiation pyranometer measurement 

on the horizontal was seriously in error. This can be seen in Figure 1, where a five-day period is 

examined. The output of the global Eppley pyranometer is compared to an estimate of the global 

radiation on the horizontal derived from the sum of the horizontal diffuse measurement and the 

normal incidence pyrheliometer (NIP) measurement (scaled according to the cosine of the solar 

zenith angle). As can be seen in the Figure, on certain days, such as day 269, these two estimates 

coincide nearly perfectly. But on many other days, the global pyranometer reading is very low. 

The strange negative excursion in the output of the global pyranometer on the morning of day 

266 was noted in [Ross, 2004b].  
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Figure 1 : Comparison of Horizontal Global Irradiance Measurements—Global Pyranometer versus 

Transformed Beam plus Diffuse 

This cannot be attributed to poor adjustment of the NIP, since this would only reduce the 

magnitude of the derived measurement. Furthermore, when the pyranometer measurement was 

used by the PVToolbox to estimate the 45º measurement, on days such as 269 when there was no 

discrepancy between the global pyranometer and the derived measurement, the predicted and 

measured 45º irradiance were very close. But on days when the derived measurement of the 
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global did not agree with the output of the pyranometer, the predicted 45º irradiance was also 

greatly in error. This confirms that there is an intermittent problem in the global pyranometer 

measurement. 

In order to continue with the simulations, a data series was assembled from the derived estimate 

of the horizontal irradiance and from the global pyranometer measurement. The derived estimate 

was used whenever the NIP data and the diffuse data were available; for those periods when the 

NIP was disconnected or being maintained, the global measurement was used. Nevertheless, 

there remained six periods when no reliable estimate of the global radiation on the horizontal 

was available. These totalled 36.5 daylight hours, or roughly 10% of the daylight test hours. 

This composite data series for global radiation on the horizontal was used as input to the 

OneStopWeather component of the PVToolbox; in Figure 2 the tool’s prediction for the plane of 

array irradiance (due south, 45º tilt angle) is compared with the irradiance measured in the plane 

of the array by an Eppley pyranometer, over the same five day period as presented in Figure 1. In 

general, the agreement is excellent.  
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Figure 2 : Plane of Array Irradiance—Measured versus Simulated, 2 Minute Data 

The difference in the two estimates is shown in Figure 3. On clear days, the error is around 20 to 

30 W/m
2
, or 2 to 3% at noon. When there is a mix of sun and cloud, higher error occurs. The 

most extreme spikes occur during rapid transitions in the solar irradiance, but these errors are not 

persistent.  The mean bias error and the root mean squared error over all daytime periods of the 

test for which there were reliable data are reported in Table 1. It should be kept in mind that, 
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given all the problems with the meteorological station, these errors are roughly comparable to the 

uncertainty in the instrument measurements.  

 

-300

-200

-100

0

100

200

300

400

500

265 266 267 268 269 270

Day of the Year

E
rr

o
r 

in
 S

im
u

la
te

d
 T

il
te

d
 I

rr
a
d

ia
n

c
e
 

(W
/m

2
)

 

Figure 3 : Error in the Simulated Plane of Array Irradiance, 2 Minute Data 

Table 1: Error in the Simulated Plane-of-Array Irradiance for All Reliable, Daytime 2-Minute Data 

 Absolute (W/m
2
) Relative 

MBE -25.1 -5.9 % 

RMSE 58.9 13.8 % 

The discrepancies between the measured and simulated plane-of-array irradiance are explored 

more thoroughly in Figure 4, which shows the two data series for Day 268 only. In general, they 

agree relatively well, although in the morning the simulated irradiance is too low and in the early 

afternoon it is too high. Given the unresolved problems with the meteorological station, it is not 

impossible that some of this discrepancy is due to error in the output of the instruments 

themselves. For instance, a shower occurring in the early afternoon, perhaps at the time of the 

pronounced dip in the irradiance, would have introduced significant error in the Eppley 

instrument output for several hours following the shower. Other explanations seem more likely, 

however.  

 



 

Document type – CETC 2004-XXX (XX) 6 June 22, 2005 

 

0

100

200

300

400

500

600

700

800

900

1000

268.2 268.3 268.4 268.5 268.6 268.7 268.8

Day of the Year

P
la

n
e
 o

f 
A

rr
a
y
 I

rr
a
d

ia
n

c
e
 (

W
/m

2
)

Monitored

Simulated

 

Figure 4 : Plane of Array Irradiance—Day 268 

One possible cause of the error in the simulated plane-of-array irradiance is that the 

PVToolbox’s algorithm for splitting the global radiance into beam and diffuse components is 

rather crude. A function is used to estimate the diffuse fraction based solely on the clearness 

index; this is a common approach described in [Duffie and Beckman, 1991]. But as can be seen 

in Figure 5 and Figure 6, this algorithm can be quite inaccurate, even on those days, such as 266 

and 269, when the resulting estimate of the plane-of-array irradiance is very accurate. 

Fortunately, overestimating the diffuse fraction necessarily implies a lower estimate of the beam 

irradiance, and vice-versa, which tends to compensate for the error. 
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Figure 5 : Normal Beam Irradiance—Measured versus Simulated 
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Figure 6 : Diffuse Irradiance on the Horizontal—Measured versus Simulated 

The failings of the algorithm for determining the diffuse fraction are explained by Figure 7, 

which shows the diffuse fraction as a function of the clearness index. The black points, coming 

from the simulation, describe a well-defined line (the faint, secondary line at high diffuse 

fractions can be ignored). This reflects the assumption that the diffuse fraction is a unique 
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function of the clearness index. The grey points indicate the measured diffuse fraction as a 

function of the measured clearness index.  While they follow the tendency assumed in the 

PVToolbox, these points are widely scattered, belying the notion that the diffuse fraction is a 

unique function of the clearness index. In fact, numerous publications have explored the 

variables that affect the diffuse fraction (e.g., [Iqbal, 1983], [Garrison, 1985], and  [Skartveit and 

Olseth, 1987]). These show that the diffuse fraction is in reality a function of the global solar 

irradiance, the solar elevation, the surface albedo, and the extent to which the atmosphere blocks 

or scatters solar radiation.  
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Figure 7 : Diffuse Fraction versus Clearness Index 

In this test, the only pertinent information available is the actual irradiance, the extraterrestrial 

irradiance, a rough estimate of the albedo, and the solar elevation. The ratio of the actual 

irradiance to the extraterrestrial irradiance yields the clearness index, and the albedo probably 

remains fairly constant over this short test. Therefore the solar elevation is the only relevant 

variable that can be examined for this test.  

The error in the simulated diffuse fraction is plotted as a function of the solar zenith angle in 

Figure 8. Iqbal, Garrison, Skartveit and Olseth all find that at lower solar elevations (i.e., sun 

nearer the horizon, and therefore larger zenith angles), the assumed relation for diffuse fraction 

as a function of clearness index, illustrated by the black points in Figure 7, breaks down. Figure 8 

supports this finding: the scatter about the error = 0 line is more pronounced at higher zenith 

angles.  
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Figure 8 : Error in Simulated Diffuse Fraction as a Function of Solar Zenith Angle 

When the data is separated into groups according to the zenith angle, the influence of the solar 

elevation in the scatter plot of diffuse fraction as a function of clearness index can be perceived. 

In Figure 9, the lighter points indicate data from higher zenith angles; too little reliable data with 

a zenith angle above 80º was available, and zenith angles below 50º have been ignored. Fourth 

order equations have been fit to each of the three zenith groups. These suggest that with the 

clearness index less than approximately 0.6, higher zenith angles are associated with lower 

diffuse fractions, but at higher values of the clearness index, this tendency is reversed. It is 

interesting that despite the crude methods used here, these findings echo those of previous 

researchers. For example, Figure 10 shows the relation recommended by [Skartveit and Olseth, 

1987]: the same tendencies are present. 

While the error in the PVToolbox’s estimates of the plane-of-array irradiance is quite acceptable 

in this test, the range of conditions experienced was quite limited. Under different conditions, the 

error could be considerably higher; for example, higher errors would likely result during winter 

or at higher latitudes. It is possible that these errors could be reduced in two ways: 

1) Relations such as those of Figure 10, which explicitly account for the influence of 

variables such as the albedo, the zenith angle, and the turbidity, could be incorporated 

into PVToolbox. 

2) The validity of an assumed diffuse fraction could be tested, at least in certain cases, for 

“self-consistency”. For example, if the clearness index can be treated as a measure of the 

atmosphere’s ability to pass sunlight, then the division of the global irradiance into beam 
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and diffuse components should not result, for example, in a beam component on the 

horizontal that demands an atmosphere much clearer than the one indicated by the 

clearness index. Likewise, limits on the diffuse component could be established based on 

the albedo, which influences the ground-reflection of light that is further down-scattered 

by the sky.  

The application of such approaches would demand a considerable investment of time, but might 

result in a more accurate tool, applicable to a wider range of conditions.  
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Figure 9 : Diffuse Fraction as a Function of Clearness Index, Data Grouped by Zenith Angle 
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Figure 10 : Diffuse Fraction as a Function of Clearness Index and 

Solar Elevation, According to [Skartveit and Olseth, 1987] 

In most applications, the PVToolbox works with hourly horizontal data, not two minute data as 

discussed thus far. To investigate the performance of the PVToolbox with hourly data, the two-

minute data were averaged to generate hourly data, both on the horizontal and in the plane of the 

array. A comparison of the averaged monitored data from the plane-of-array and the simulated 

hourly plane-of-array output, generated using hourly input, is shown in Figure 11. The agreement 

is, once again, quite good.  
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Figure 11 : Average Plane of Array Irradiance—Measured versus Simulated, Hourly Data 
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The error in the simulation, when hourly data are used, is summarized in Table 2. The mean bias 

error is higher than with the two-minute data, suggesting a slight decline in accuracy. The root-

mean squared error is marginally lower, however, most likely due to the transitions from one 

hour to the next being less abrupt, when there is a mixture of sun and cloud, to those from one 

minute to the next. 

Table 2: Error in the Simulated Plane-of-Array Irradiance for All Reliable, Daytime Hourly Data 

 Absolute (W/m
2
) Relative 

MBE -31.1 -7.8 % 

RMSE 52.2 13.1 % 

 

The diffuse fraction as a function of the clearness index is plotted in Figure 12, this time with the 

hourly data included. The relation used in the PVToolbox is based on hourly data, so it could be 

hypothesized that part of the reason for the aforementioned inaccuracy in the division of global 

radiation into its beam and diffuse components might stem from the inapplicability of this 

relation to two minute data. Figure 12 suggests that this is not the case: the dark points from the 

simulation do not appear to fit the scatter of the hourly data any better than they do that of the 

two-minute data. This is not surprising, given that the hourly results are no more accurate than 

the two-minute results. 
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Figure 12 : Diffuse Fraction versus Clearness Index, Hourly and 2-Minute Data 
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When two-minute data are used for the simulations, the simulation erroneously predicts a spike 

in irradiance at sunrise, sunset, or both on many days, as seen in Figure 13. The spike arises due 

to the elevated effective clearness index that often occurs at these times. The PVToolbox 

assumes complete darkness before sunrise and after sunset; in reality, there is some light at these 

times. At the time of sunrise or sunset, this diffuse light can be significant in comparison to what 

would fall on an extraterrestrial “horizontal” surface. This leads to a high clearness index, which 

in turn generates, by the relation explored earlier, a high beam fraction. When this beam 

radiation is mapped to the tilted surface, it is multiplied by a high beam ratio, due to the cosine of 

the zenith angle being nearly zero. This leads to a momentary spike. Similar problems can arise 

with hourly data, though they are less pronounced. 
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Figure 13 : Simulated and Measured Plane-of-Array Irradiance, Day 284, Showing Sunset Spike 

The sunrise and sunset spikes minimally affect the error statistics in Table 1, but are blatant 

inaccuracies in the operation of the simulation. Some sort of simple approach to weeding them 

out should be developed. At the same time, adapting the current models such that they permitted 

measured levels of light before sunrise or after sunset would add to the simulation’s realism.  

2.2 PV Array Generation 

Measured two-minute irradiance data in the plane-of-array were used as input to the PVToolbox 

PV module/array component. The nominal characteristics of the array were used as parameters: 

15 parallel groups of two modules in series, with each module having a rated current of 3.1 A, a 

short-circuit current of 3.6 A, a rated voltage of 15.4 V and an open circuit voltage of 20.3 V. 

The array was operated at the measured battery voltage, raised by a diode drop (0.75 V) and the 
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voltage drop due to the resistance of the external wiring, internal wiring, and charge controller. 

These were assumed to be 0.052 ohms, 0.012 ohms, and 0.008 ohms, respectively, as discussed 

in [Ross, 2004b].  

As seen in Figure 14, the simulated array current exceeded the measured output by around 20%. 

Certainly some of this error is due to the PVToolbox. But in other studies, the PVToolbox array 

current has been found to be accurate to within roughly 3% [Thevenard, 2005]. It is likely that 

the majority of this discrepancy is due to differences between the nominal array parameters and 

the actual behaviour of the array. As mentioned in [Ross, 2004b], the array has aged badly since 

its installation, over a dozen years ago, with water visibly infiltrating a number of modules 

(though not necessarily in the sub-array used for this test). Furthermore, the inter-module 

variability of the new modules was quite high, as revealed by the test records for the individual 

modules, from the National Solar Test Facility in 1992. These records also suggest that the 

output of the average module, when new, was below the nominal 48 W.  
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Figure 14 : Measured and Simulated Array Output Current, Based 

on Measured Battery Voltage and Plane-of-Array Irradiance 

Some of the discrepancy between the two may be due to inaccurate estimation of the resistance 

between the battery voltage measurement and the array. A larger wiring resistance would imply a 

higher array operating voltage, thus decreasing the array current. In Figure 15 and Figure 16, this 

possibility is compared with the possibility that the actual array behaves more like 12 parallel 

groups of 2 modules in series than 15 such parallel groups, as assumed previously.  
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If the total wiring resistance is multiplied by a factor of 2.1, the simulated array current matches 

the measured array current quite well at noon on a sunny day, as illustrated in Figure 15. The 12 

group array also matches the measured current at noon. In the morning and the afternoon, both 

the array with higher wiring resistance and the 12 group array are skewed with respect to the 

monitored data, although in slightly different ways. This is further discussed below. 
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Figure 15 : Measured and Simulated Array Output Current, Day 

280, With Higher Wiring Resistance and Smaller Array 

On a cloudy day, however, when the current is lower, the effect of the higher resistance is 

decreased. Figure 16 shows the simulated and measured array current on day 282, when 

irradiance levels were relatively low. While the 12 group array continues to match the measured 

data quite well, the array with higher wiring resistance always overestimates the array current. 

Thus it appears that a 12 group array is a better approximation of the real array, although a more 

accurate characterization of the wiring resistance might lead to more accurate simulation 

performance. In this test, a 12 group array underestimates the measured array current by 1.8%. 

To accurately determine the error in the simulation, the real IV characteristics of the array need 

to be determined, ideally under a variety of lighting levels, and the actual resistance of the 

connection between the modules and the hybrid test bench battery need to be measured. 

Unfortunately, while CETC-Varennes has the equipment required for the IV measurement, it is 

not presently available for use. When it becomes available, the IV curve and the resistance 

should be measured and the simulation rerun with the actual characteristics. 
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Figure 16 : Measured and Simulated Array Output Current, Day 

280, With Higher Wiring Resistance and Smaller Array 

A closer examination of the simulated and monitored array output reveals that there is a further 

discrepancy: compared to the monitored array, the simulated data appears to be skewed towards 

the morning, as seen in Figure 17. Here the simulated output is based on the plane-of-array 

irradiance measurements and a 15 group array. The skew does not result from an offset in the 

time in the two data series, as demonstrated by the perfect alignment of the mid-morning dip in 

the output and the time of sunrise and sunset. 
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Figure 17 : Measured and Simulated Array Output Current, Day 280 

A reasonable explanation for the skew in the data is a slight misalignment in the surface azimuth 

of the array and the tilted irradiance pyranometers. This hypothesis is investigated in Figure 18. 

Using global irradiance data for the horizontal, the array output has been simulated, with the 

simulated array facing both due south and 5º west of south. The latter simulation largely 

eliminates the skew. For reasons that are not clear, however, the use of horizontal data leads to 

the simulated array output prematurely falling to zero at the end of the day—a problem that was 

not observed with the plane of the array data. Since in this respect the azimuth makes no 

apparent difference, the problem lies either in the global irradiance measurement or in the 

OneStopWeather routine. Perhaps the latter’s estimate of the extraterrestrial irradiance is slightly 

off in time. 
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Figure 18 : Measured and Simulated Array Output Current, Day 

280, Showing Slight Offset in Azimuth 

2.3 Battery and Overall System Behaviour 

In the following tests, the battery model was added to the simulations and various tests made of 

component and system performance. A 24 V, 600 Ah Absolyte AGM battery was assumed; the 

self-discharge was set at 2% per month at a temperature of 25ºC. Initially the battery model 

performance was examined with measured array and rectifier currents and no charge controller. 

Then the array, charge controller, genset dispatch controller, rectifier and genset were added, 

component-by-component, to the system. Except where noted, the simulated array has consisted 

of 12 module groups, not the nominal 15 (see Section 2.2); the 20% error associated with using 

the nominal array would mask the errors caused by the other components.  

2.3.1 Test #1: Battery with Measured Array and Rectifier Currents 

 

In this test, the measured array, load, and DC rectifier currents were used as input to the battery 

model. Obviously, the current entering and leaving the battery has no model error associated 

with it, just measurement error. This should reduce the tendency of the state of the system to 

deviate from reality over time; the simulated state-of-charge is plotted in Figure 19. On the other 

hand, since no charge controller was used to limit the charge current when the simulated battery 

reached its upper voltage thresholds, the battery voltage may deviate greatly from reality during 

times of charge regulation, as seen in Figure 20 and Figure 21. A perfect battery model would 

reproduce the monitored battery voltage, because the real charge controller tapers the output of 
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the array. Although the PVToolbox battery model is far from perfect, the error in the battery 

voltage over the whole test was quite minimal, as seen in Table 3. 
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Figure 19 : Simulated Battery State-of-Charge, Test #1 
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Figure 20 : Simulated and Measured Battery Voltage, First Half of Test #1 
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Figure 21 : Simulated and Measured Battery Voltage, Second Half of Test #1 

Table 3: Error in the Simulated Battery Voltage, Test #1 

 For Battery (V) Per Cell (Vpc) 

MBE 0.346 0.029 

RMSE 0.486 0.040 

 

2.3.2 Test #2: Battery with Simulated Array and Charge Controller but Measured 
Rectifier Current 

In this simulation (simmodel8) the array model and charge controller are included, but the 

measured genset current—without regulation by the charge controller—is still used. Since the 

number of modules in the array changed over the first couple of days of the test (see [Ross, 

2004b]), monitored array currents were used up to day 258.5. After this, the array current was 

generated by a simulated array using measured plane-of-array data and with the operating point 

determined by the simulated battery voltage. As in the real test, the PV charge controller 

setpoints were raised twice during the test. Initially the absorb voltage was 27.4 V; at 0:00:00 on 

day 263 it was raised to 27.8 V, and at 0:00:00 on day 267 it was raised to 28.3 V. The float 

setpoint was 27.1 V and the absorb time 3 hours throughout the test. Incidentally, the ability to 
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modify the absorb setpoint “on the fly” demonstrates the flexibility of a simulation tool like the 

PVToolbox: these changes would have been difficult with most other tools.  

With a simulated array current and a charge controller, there is the potential for the state of the 

system to diverge significantly from reality. Fortunately, as seen in Figure 22, the battery state-

of-charge for Test #2 is comparable to that of Test #1; in general, the former suggests a slightly 

lower state-of-charge. This may be due to the array’s 1.8% underestimation of the array current, 

noted in Section 2.2, or it may be due to the battery voltage rising too quickly on charge, thus 

forcing the charge controller to limit the charge current prematurely. 
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Figure 22 : Simulated Battery State-of-Charge, Test #2 versus Test #1 

With the charge controller, the battery voltage on charge is kept close to reality, as seen for the 

five-day period of Figure 23. The simulated charge controller falls from absorb to float less 

readily than the real controller, although, as seen on day 270, this does occasionally occur. The 

simulated controller demands that the available charge current always be sufficient to maintain 

the battery at the absorb voltage throughout the absorb period, whereas the real controller 

permits dips in the current to momentarily depress the battery voltage below the absorb setpoint. 

Figure 23 suggests, however, that there is some variation in the duration of absorb for the real 

charge controller, as can be seen by comparing the monitored data from days 269 and 270. 

The monitored rectifier current is used in this simulation, and it is not regulated by the charge 

controller. This permits the voltage during the final recharge to deviate significantly from reality, 

as seen in Figure 24. What is encouraging, however, is that the measured and simulated battery 
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voltage are extremely close during the final discharge: this supports the conclusion that at the 

end of the test, the simulated state of the system is close to reality. 
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Figure 23 : Simulated and Measured Battery Voltage, Day 266 to 270 of Test #2 

23

24

25

26

27

28

29

30

295.5 296 296.5 297 297.5 298

Day of the Year

B
a

tt
e

ry
 V

o
lt

a
g

e
 (

V
)

Monitored

Simulated

 

Figure 24 : Simulated and Measured Battery Voltage, End of Test #2 
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The inclusion of the charge controller leads to a marked reduction in the error in the battery 

voltage, as seen in Table 4. The mean bias error is now only 120 mV per cell. Table 5 shows that 

most of this error occurs during periods of charging; the mean bias error is only 3 mV per cell on 

discharge. Both these tables include periods of genset operation, such as the final recharge of the 

battery, when the battery voltage was not limited by a charge controller. 

Table 4: Error in the Simulated Battery Voltage, Test #1 versus Test #2 

 MBE (Battery/Cell) RMSE (Battery/Cell) 

Test #1 0.346 V / 0.029 Vpc 0.486 V / 0.040 Vpc 

Test #2 0.138 V / 0.012 Vpc 0.330 V / 0.028 Vpc 

 

Table 5: Error in the Simulated Battery Charge and Discharge Voltage, Test #2 

MBE (Volts per cell) RMSE (Volts per cell)  

Charge Discharge Charge Discharge 

Test #2 0.032 0.003 0.045 0.013 

The simulation does a remarkable job of predicting the array current at the output of the charge 

controller, considering that errors in array model, the charge controller model, and the battery 

model all affect the regulated array current. The good correspondence between measured and 

simulated array current is seen in Figure 25, for the same five days of the test as Figure 23, and 

in Table 6, for the whole test up to the disconnection of the array (at Day 294.35). In generating 

averages in Table 6, only daytime data were considered. The root mean squared error is nearly 

13%, but it must be remembered that two-minute data is being used, and the clock of the 

meteorological station data logger and the hybrid system data logger were not perfectly 

synchronized. 

Table 6: Error in the Simulated Array Current at Output of Controller, Test #2 up to Day 294.35 

MBE  RMSE   

Absolute  Relative Absolute  Relative 

Test #2 -0.29 A -2.0% 1.86 A 12.8% 
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Figure 25 : Simulated and Measured Array Current at Output of Charge Controller, Test #2 

Table 7 compares the simulated and measured energy output of the array, at the output of the 

charge controller, for the whole period that the array is connected
1
. The error is less than 1%. 

This is an astounding result, given that the PVToolbox was meant to be accurate to within only 

10% for energy calculations. 

Table 7: Simulated and Measured Energy Generated by Array, at Output of Controller, Test #2 

Array Energy at Output of Controller  

Measured  Simulated 

 

Error 

Test #2 142.7 kWh 141.4 kWh -0.9% 

 

 

Table 8 examines the simulated and measured efficiency of the battery over the whole test. The 

simulation is very accurate at predicting the energy and charge flowing out of the battery, but 

under predicts the energy into the battery by 1.8% and the charge by nearly 5%. For this reason, 

its estimates of the battery efficiency are somewhat high, although still very respectable. 

                                                 
1
 This is slightly different from the period used in [Ross, 2004b], explaining the difference in the simulated energy 

figures. 
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Table 8: Coulombic and Energy Efficiency of Battery, Test #2 

 Out In Efficiency 

Monitored Energy 111.9 kWh 129.6 kWh 86.3% 

Simulated Energy 111.6 kWh 127.3 kWh 87.7% 

Error -0.3% -1.8%  

 

Monitored Charge 4487 Ah 4839 Ah 92.7% 

Simulated Charge 4468 Ah 4708 Ah 94.9% 

Error -0.4% -4.8%  

 

2.3.3 Test #3: Simulated Array, Charge Controller, and Genset, with Nominal 
Dispatch Setpoints 

In this set of simulations (simmodel12 & simmodel13), no measured currents were used: the 

array, charge controller, genset, genset dispatch, and rectifier were all simulated. The charge 

control and genset dispatch were identical to the setpoints used in the actual system, after 

adjustment for voltage drop. Plane-of-array irradiance data were used, however, and the array 

assumed 12 module groups. As in the real system, the genset dispatch was turned off until day 

278.65. The simulated genset started immediately once genset dispatch was turned on; the real 

battery did not reach the turn-on threshold until the evening. 

The simulation was run in two parts. The first, simmodel12, covered the cycling that makes up 

the majority of the test. The second, simmodel13, addressed the final discharge and recharge. 

Simmodel13 included a number of tricks to get the simulation to emulate the desired behaviour: 

1. The ending state-of-charge of simmodel12 was entered into the battery model of 

simmodel13 as the initial state-of-charge. 

2. To end the final discharge at the appropriate voltage setpoint, the simulation was run 

twice. The elapsed time at which the battery voltage in the first simulation reached the 

desired threshold was programmed into the second simulation: the discharge current was 

switched off after this amount of time. 
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3. To get the genset to start at the same time that it started in reality, regardless of the length 

of the simulated discharge, the equalisation timer in the genset dispatch controller was 

used. Knowing that at the start of the simulation, the controller always assumes 

equalisation is necessary, the maximum time the controller will wait once the 

equalisation flag has been raised before starting the genset was set to coincide with the 

desired genset start time. 

4. The equalisation voltage was set to 28.2 V, the desired absorb voltage, and the 

equalisation duration set to 5 hours, the duration of absorb charging in the real system. 

5. Following equalisation, the simulated genset controller falls into float. The genset stop 

criteria are set to turn off the genset when this occurs (after a delay of about 43 seconds, 

to maintain stability). 

6. The simulation is run again, and the time at which the genset turns off is observed. The 

IPV input of the genset controller is fed a signal, generated from a file, that makes a 4 A 

current available, starting at the observed time at which the genset is shut down, and 

ending after 24 hours have elapsed. The charge controller modulates this current to 

maintain the float voltage.  

The simulated and measured rectifier (or power supply, for the final recharge) currents are 

shown in Figure 26. Until day 290, the timing of the genset runs is nearly identical. This level of 

accuracy is astonishing: the PVToolbox design team expected that while total simulated energy 

flows might match reality within 10%, the timing of individual events would surely diverge.  
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Figure 26 : Simulated and Measured Rectifier or Power Supply Current, Test #3 

Following day 290, a minor deviation in the predicted battery voltage causes the simulated 

genset start to fall behind that of the real system, as seen in Figure 27. On day 292, when the 

genset turns on for the final time prior to the final discharge/recharge, the real battery voltage is 

24.36 V but the simulated battery voltage is only 24.50 V—an error of only 12 mV per cell. Just 

following the start of the genset, however, dawn arrives, and photovoltaic current raises the 

battery voltage before the simulated battery voltage reaches the genset start threshold. Had dawn 

arrived a couple of hours later, the simulated system would have run eight times prior to the final 

discharge and recharge, just like the real system. As it was, the genset ran only seven times, and 

after day 292 the voltage of the battery is badly off. That such a small error in the battery voltage 

can cause such divergence in system operation underlines the astonishing fidelity of the 

simulation up until day 292.  
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Figure 27 : Simulated and Measured Battery Voltage, Days 283 to 294, Test #3 

The effects of the missed genset run on day 292 carry through to the final discharge, as seen in 

Figure 28. The simulated battery voltage is depressed during the open circuit period prior to the 

final discharge, and the final discharge ends prematurely because the battery is in a low state-of-

charge. During the final recharge, however, the simulation performs reasonably well again, 

although it does taper the charge current too severely during absorb and float, shown in Figure 

29. This problem has been noted in earlier studies, viz. [Ross, 2004a]; it confirms that an absorb 

or float charge is a good test of any battery model. The decline in the simulated bulk charge 
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current is due to the simulated rectifier capacity being specified as a power, not a current: as the 

battery voltage rises, the power limit is reached at a smaller current. Reprogramming the rectifier 

model would eliminate this difference, but that was deemed unnecessary for this test. 
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Figure 28 : Simulated and Measured Battery Voltage, Final Discharge and Recharge, Test #3 
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Figure 29 : Simulated and Measured Rectifier and Power Supply Current, Final Recharge, Test #3 

 

Given the error in the simulated battery voltage following day 292, it is surprising that the mean 

bias error in the battery voltage for this test is lower than that of the previous two (Table 9). The 

root mean squared error tells the real story, however: it is nearly as high as in Test #1, for which 

there was no charge controller to constrain the voltage on charge. In fact, the low MBE is likely 

due to serendipity: following day 292, the simulated state-of-charge is low, due to the missed 

genset run, leading to a depressed estimate of the battery voltage, as suggested by Table 10. This 

compensates for the normal bias of the model to overestimate the battery voltage. 

Table 9: Error in the Simulated Battery Voltage, Test #3 versus Previous Tests 

 MBE (Battery/Cell) RMSE (Battery/Cell) 

Test #1 0.346 V / 0.029 Vpc 0.486 V / 0.040 Vpc 

Test #2 0.138 V / 0.012 Vpc 0.330 V / 0.028 Vpc 

Test #3 0.081 V / 0.007 Vpc 0.472 V / 0.039 Vpc 

Table 10: Error in the Simulated Battery Charge and Discharge Voltage, Test #3 

MBE (Volts per cell) RMSE (Volts per cell)  

Charge Discharge Charge Discharge 

Test #2 0.032 0.003 0.045 0.013 

Test #3 0.032 -0.003 0.057 0.031 

The mean bias error for the simulated array current at the output of the charge controller is lower 

than for Test #2, but the RMSE is higher, just as with the battery voltage (see Table 11).  The 

electrical energy generated by the array, at the output of the charge controller, is essentially the 

same in Test #2 and Test #3 (Table 12). In other words, the accuracy of the simulation did not 

deteriorate much despite the use of simulated rather than measured rectifier currents. 

Table 11: Error in the Simulated Array Current at Output of Controller, Test #3 up to Day 294.35 

MBE  RMSE   

Absolute  Relative Absolute  Relative 

Test #2 -0.29 A -2.0% 1.86 A 12.8% 
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Test #3 -0.25 A -1.7% 2.66 A 18.4% 

Table 12: Simulated and Measured Energy Generated by Array, at Output of Controller, Test #3 

Array Energy at Output of Controller  

Measured  Simulated 

 

Error 

Test #2 142.7 kWh 141.4 kWh -0.9% 

Test #3 142.7 kWh 141.4 kWh -0.9% 

The coulombic and energy efficiency of the simulated and monitored batteries are compared in 

Table 13. Once again, the simulation slightly overestimates the battery efficiency, and somewhat 

underestimates the energy and charge withdrawn from the battery and the energy and charge 

entering the battery. The errors are still very reasonable, however. 

Table 13: Coulombic and Energy Efficiency of Battery, Test #3 

 Out In Efficiency 

Monitored Energy 111.9 kWh 129.6 kWh 86.3% 

Simulated Energy  109.0 kWh 123.4 kWh 88.4% 

Error -2.6% -4.8%  

 

Monitored Charge 4487 Ah 4839 Ah 92.7% 

Simulated Charge 4366 Ah 4575 Ah 95.4% 

Error -2.7% -5.5%  

 

Finally, in Table 14 the simulated and measured rectifier output are compared. This is perhaps 

the most significant comparison thus far, since the rectifier output is very closely tied to the 

genset fuel consumption, a variable of particular interest in hybrid system optimisation. The 

energy at the DC bus is expressed as the sum of the output during the cycling part of the test and 

the output during the final recharge. During cycling, the simulation underestimates the real 

rectifier output by 9%, due to the missed genset run; during the final recharge, it falls short by 

8%. Nevertheless, over the entire test, the estimate is accurate to within 9 %, which is within the 
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targeted accuracy for the tool. Furthermore, had the test run longer, the effect of the missed 

genset run would likely have decreased. 

Table 14: Simulated and Measured Rectifier Output, Test #3 

Rectifier/Power Supply Energy At DC Bus  

Measured  Simulated 

 

Error 

Test #3 34.8 + 11.3 = 46.1 kWh 31.7 + 10.4 = 42.1 kWh -8.7% 

 

2.3.4 Test #4: Simulated Array, Charge Controller, and Genset, with Adjusted 
Dispatch Setpoints 

This test (simmodel10 and simmodel11) is essentially identical to Test #3, except that the genset 

dispatch voltage thresholds have been raised by 0.138 V, the mean bias of the battery model 

found in Test #2. Now the genset starts when the battery voltage descends to 24.5 V, and turns 

off, regardless of the time elapsed, if the battery voltage reaches 28.14 V.  

Figure 30 shows that with this slight adjustment to genset dispatch setpoints, the correspondence 

between the periods of genset operation for the simulation and the real system is uncannily good. 

Furthermore, the simulated genset now runs eight times, as in the real system.  
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Figure 30 : Simulated and Measured Rectifier or Power Supply Current, Test #4 
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The genset start times for Test #3 and Test #4 are compared with the measured start times in 

Table 15. In general, the error is minimal—two and a half to three hours on average. In average 

terms, Test #3 is slightly more accurate, but this is simply because it was premature at times and 

late at others, whereas Test #4 was always slightly early. Both tests show the genset start time 

shifting to later and later times (i.e., the error with respect to the monitored data moving towards 

larger positive numbers) from one run to the next; this tendency is more severe in Test #3. This 

may reflect inaccuracy in the voltage versus state-of-charge characteristics of the battery model, 

or it may suggest that the simulation perceives there being more useful energy input to the 

system than there is in reality. 

Table 15: Simulated and Measured Rectifier Output, Tests #3 and #4 

 Monitored Start 

Times 

Test #3 Error in Start Time 

(days) 

Test #4 Error in Start Time 

(days) 

Run 1 278.82917 -0.11389 -0.14236 

Run 2 282.66111 -0.01805 -0.19444 

Run 3 283.95417 0.02083 -0.16528 

Run 4 285.02631 0.05702 -0.13742 

Run 5 289.09167 0.09027 -0.09861 

Run 6 290.25417 0.22222 -0.08334 

Run 7 291.20694 0.40556 -0.06111 

Run 8 292.23611 Does not start -0.01250 

Average na 0.09485143 -0.11188 

Despite the improvement in the correspondence of simulated and monitored genset operation, the 

error in the battery voltage is higher in Test #4 than in Test #3, both in terms of MBE and RMSE 

(see Table 16). This surprising result is explained by Figure 31, which shows that starting the 

genset too early generates a far larger error in the battery voltage estimate than starting it too late. 

Since Test #4 always starts the genset too early, but Test #3 is generally late, the voltage error for 

Test #4 is worse. This is confirmed by Table 17, which shows that on discharge Test #4 is 

actually more accurate than Test #3, both in MBE and RMSE terms. 

Table 16: Error in the Simulated Battery Voltage, Test #4 versus Previous Tests 

 MBE (Battery/Cell) RMSE (Battery/Cell) 

Test #1 0.346 V / 0.029 Vpc 0.486 V / 0.040 Vpc 

Test #2 0.138 V / 0.012 Vpc 0.330 V / 0.028 Vpc 

Test #3 0.081 V / 0.007 Vpc 0.472 V / 0.039 Vpc 

Test #4 0.143 V / 0.012 Vpc 0.512 V / 0.043 Vpc 
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Figure 31 : Genset Start Time Affecting Error in Battery Voltage 

Table 17: Error in the Simulated Battery Charge and Discharge Voltage, Test #4 

MBE (Volts per cell) RMSE (Volts per cell)  

Charge Discharge Charge Discharge 

Test #2 0.032 0.003 0.045 0.013 

Test #3 0.032 -0.003 0.057 0.031 

Test #4 0.045 -0.001 0.068 0.029 

The average error in the simulated array current at the output of the controller is more significant 

for Test #4 than Test #3, but the RMSE is considerably smaller (Table 18). In fact, the RMSE is 

not appreciably larger for Test #4 than for Test #2, when the measured rectifier current was used. 

Probably the difference in the MBE is due to the current rejected in the two sunny days that 

followed the last genset run prior to the final discharge. In Test #3, the genset does not run, so no 

array current is rejected, correcting for the bias of the simulation evidenced in Test #2. This may 

also explain why the useful energy output of the array is slightly lower in Test #4—although the 

error is a still very respectable –1.3% (see Table 19).  

Table 18: Error in the Simulated Array Current at Output of Controller, Test #4 up to Day 294.35 
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MBE  RMSE   

Absolute  Relative Absolute  Relative 

Test #2 -0.29 A -2.0% 1.86 A 12.8% 

Test #3 -0.25 A -1.7% 2.66 A 18.4% 

Test #4 -0.35 A -2.43% 1.92 A 13.2% 

 

Table 19: Simulated and Measured Energy Generated by Array, at Output of Controller, Test #4 

Array Energy at Output of Controller  

Measured  Simulated 

 

Error 

Test #2 142.7 kWh 141.4 kWh -0.9% 

Test #3 142.7 kWh 141.4 kWh -0.9% 

Test #4 142.7 kWh 140.9 kWh -1.3% 

Test #4 shows a definite improvement in the estimates of the energy and charge leaving and 

entering the battery (Table 20). The energy and charge leaving the battery are accurate to within 

0.4%, which is in the neighbourhood of the accuracy of the measuring system; the charge and 

energy entering the battery are somewhat underestimated. The simulation predicts battery 

efficiency within 1.5 to 2.5 percentage points of measurements. 

Table 20: Coulombic and Energy Efficiency of Battery, Test #4 

 Out In Efficiency 

Monitored Energy 111.9 kWh 129.6 kWh 86.3% 

Simulated Energy  111.7 kWh 127.0 kWh 87.9% 

Error -0.2% -2.0%  

 

Monitored Charge 4487 Ah 4839 Ah 92.7% 
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Simulated Charge 4467 Ah 4692 Ah 95.2% 

Error -0.4% -3.0%  

 

Now that the simulation runs the genset eight times, the error in the simulated rectifier/power 

supply energy output is only 1.1% (Table 21). As in Test #3, the output during the final recharge 

is underestimated by 8%, but now the output during the first eight genset runs is overestimated 

by 4%. This results from differences in the simulated and measured genset run #8. In reality, it 

lasted only 2h36 minutes: it was terminated before the 3h30 minute time criterion was reached, 

due to the voltage reaching 28.0 V. On the other hand, the simulation reaches the two criteria 

roughly simultaneously, and the genset runs for the full 3h30 minutes. This accounts for the 4% 

overestimation of the rectifier output during the cycling part of the test. If only the first seven 

runs of the genset are considered, the simulation overestimates the rectifier output by only 0.9%. 

Table 21: Simulated and Measured Rectifier Output, Test #4 

Rectifier/Power Supply Energy At DC Bus  

Measured  Simulated 

 

Error 

Test #3 34.8 + 11.3 = 46.1 kWh 31.7 + 10.4 = 42.1 kWh -8.7% 

Test #4 34.8 + 11.3 = 46.1 kWh 36.2 + 10.4 = 46.6 kWh 1.1% 

 

The simulation agrees with reality nearly perfectly for the final discharge (Figure 32). This 

confirms that the simulation reaches the end of the cycling period in a state closely 

corresponding to the one reached by the real system. 
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Figure 32 : Simulated and Measured Battery Voltage, Final Discharge and Recharge, Test #4 

2.3.5 Test #5: Simulated Array, Charge Controller, and Genset, with Adjusted 
Dispatch Setpoints and Lowered Initial SOC 

 

The errors in the battery efficiencies of Test #4 were largely due to the simulation 

underestimating the charge and energy entering the battery. Some of this discrepancy clearly 

results from the first few days of the test, when the simulation and monitored data are quite 

different (Figure 33 and Figure 34). The data appear as though the real system battery started the 

test in a partially discharged state: the battery voltage is depressed, and it accepts all the charge 

available on day 257. In contrast, the simulated battery starts the simulation fully charged, and 

has not discharged enough to accept all the current available on day 257. 
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Figure 33 : Simulated and Monitored Battery Voltage, Beginning of Test 
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Figure 34 : Simulated and Monitored Array Current at Output of Controller, Day 257 

The impact of these differences on the efficiency estimates can be determined by rerunning Test 

#4 with the battery state-of-charge initially at 87% (simmodel23 and simmodel24). This results 
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in all the array current available on day 257 being used by the system; no portion of it is rejected 

as in previous simulations. The battery voltage concords quite well with the measured data under 

this starting condition. And, as seen in Table 22, this reduces the already small errors in the 

estimates of the energy and charge into the battery during the test, such that the simulated 

coulombic and energy efficiencies are very close to those measured. Thus, we can conclude that 

most of the error in the simulated battery efficiency is due to the array current rejected on day 

257. 

Table 22: Coulombic and Energy Efficiency of Battery, Test #5 

 Out In Efficiency 

Monitored Energy 111.9 kWh 129.6 kWh 86.3% 

Simulated Energy  111.5 kWh 128.8 kWh 86.6% 

Error -0.4% -0.6%  

 

Monitored Charge 4487 Ah 4839 Ah 92.7% 

Simulated Charge 4467 Ah 4763 Ah 93.8% 

Error -0.4% -1.6%  

This raises a question: was the initial battery state-of-charge 100%, as previously assumed, or 

had the battery been discharged? The data record shows no significant discharge current. 

However, the inverter was connected during this time, and the measured data shows it drawing a 

search current of 170 mA. Over the 11 days between the full charge of the battery and the start of 

this test, this may have reduced the battery to a 93% state-of-charge. Unfortunately, the 

calibration of the measuring shunt has not been done so accurately as to draw a hard conclusion; 

the state-of-charge may have been higher or lower than this by quite a margin. 

An initial state-of-charge of 93% still results in the simulation rejecting significant array current 

on day 257. In order that the initial state-of-charge be reduced to 87%, a much larger discharge 

current would have to be present. While this is not impossible, it may be that the measured 

battery behaviour is, in fact, consistent with an initial state-of-charge of 93%. 

To see this, consider that the inverter search mode current draw was very small. It would, 

therefore, result in negligible concentration polarization and ohmic polarization in the battery. 

This could have permitted the plates to be discharged relatively homogeneously, throughout the 
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thickness of the plate, rather than only near the grids and near the surface of the plate, where 

polarization is lowest.  

It can be hypothesized that this would have affected the voltage-current-SOC characteristics 

upon recharge, that is, on day 257. With reaction sites spread throughout the plates, rather than 

concentrated near the grids or near the surface, diffusion would have been facilitated. The 

absence of a nonporous layer of lead-sulphate near the surface would permit easier passage of 

lead-sulphate ions out of the plate. As a result, diffusion overpotentials would be lower, and the 

charge regulation voltage would only be reached at higher states-of-charge. In short, it is possible 

that extraordinary discharge conditions prior to day 257 resulted in unusual behaviour that was 

poorly modeled by PVToolbox; as a result, PVToolbox underestimates the initial SOC of the 

battery. 

It is interesting that if the initial battery state-of-charge was actually below 100%, as suggested 

here, then the battery efficiencies over were actually slightly higher than measured in the test. 

The difference is minimal, however (it would be about 1 ppt higher: approximately 7% of 600 

Ah, or 40 to 45 Ah in a total of 4500 to 5000 Ah). 

Although the inverter search mode current is very small, perhaps its effects should not be 

neglected, as was done in this test. Long waits between full charging of the battery and the start 

of a test should be avoided.  

2.3.6 Test #6: Simulated Array, Charge Controller, and Genset, with Nominal 
Dispatch Setpoints and Using Horizontal Irradiance Data  

 

Test #3 was rerun, but with measured horizontal irradiance data used in place of measured plane-

of-array irradiance data (simmodel15 & simmodel16). The horizontal irradiance data were 

transformed to the plane-of-array using the OneStopWeather component of the PVToolbox. 

Unfortunately, as mentioned earlier, during six periods of the test reliable horizontal irradiance 

data were unavailable. For these periods, totalling 35.5 hours (10% of the daylight test hours) 

measured plane-of-array data were used. 

The process of transforming the horizontal data to the plane-of-array results in additional model 

error. This is reflected in the state-of-charge, which diverges from that calculated in Test #1, as 

seen in Figure 35. The divergence causes the genset to start at times different from the measured 

times, as seen in Figure 36, which in turn causes further divergence in the SOC. 
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Figure 35 : State-of-Charge During Test #6 versus Test #1 
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Figure 36 : Simulated and Measured Rectifier or Power Supply Current, Test #6 

 



 

Document type – CETC 2004-XXX (XX) 41 June 22, 2005 

Despite this divergence in the SOC, the simulation is reasonably accurate in terms of battery 

voltage (at the output of the charge controller). In fact, the mean bias error in the simulated 

battery voltage is nearly negligible in this test (Table 23). This is largely by chance, however: the 

error on discharge is much larger in magnitude in this test than in previous tests, and it balances 

the error on charge, which is of the opposite sign (Table 24).The root-mean-squared errors are 

more revealing: they are generally higher than those of previous tests, as expected. 

Table 23: Error in the Simulated Battery Voltage, Test #6 versus Previous Tests 

 MBE (Battery/Cell) RMSE (Battery/Cell) 

Test #1 0.346 V / 0.029 Vpc 0.486 V / 0.040 Vpc 

Test #2 0.138 V / 0.012 Vpc 0.330 V / 0.028 Vpc 

Test #3 0.081 V / 0.007 Vpc 0.472 V / 0.039 Vpc 

Test #4 0.143 V / 0.012 Vpc 0.512 V / 0.043 Vpc 

Test #6 -0.013 V/-0.001 Vpc 0.585 V / 0.049 Vpc 

 

Table 24: Error in the Simulated Battery Charge and Discharge Voltage, Test #6 

MBE (Volts per cell) RMSE (Volts per cell)  

Charge Discharge Charge Discharge 

Test #2 0.032 0.003 0.045 0.013 

Test #3 0.032 -0.003 0.057 0.031 

Test #4 0.045 -0.001 0.068 0.029 

Test #6 0.023 -0.012 0.065 0.041 

 

Table 1 in Section 2.1 showed that the horizontal irradiance converted to the plane-of-array 

underestimated the measured irradiance by around 6%. It is not, surprising, therefore, that the 

state-of-charge is generally underestimated in this test. One would also expect, however, that the 

useful array current would be more seriously underestimated in this test than in previous tests. 

Table 25 shows that this not the case: the mean bias error in the useful array current is in the 

same range as in previous tests.  

Table 25: Error in the Simulated Array Current at Output of Controller, Test #6 up to Day 294.35 
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MBE  RMSE   

Absolute  Relative Absolute  Relative 

Test #2 -0.29 A -2.0% 1.86 A 12.8% 

Test #3 -0.25 A -1.7% 2.66 A 18.4% 

Test #4 -0.35 A -2.4% 1.92 A 13.2% 

Test #6 -0.29 A -2.0% 2.19 A 15.1% 

This counterintuitive result can be explained by the current rejected by the controller. Because 

less array current is available, the state-of-charge is generally lower. This means, however, that 

when there is a sunny day, more current can be accepted before the charge controller begins to 

limit the current. This explanation is supported by Table 26, which shows that the simulation 

does indeed under predict the useful energy output of the array more than in previous test runs. 

Since the mean bias error in the array current is roughly the same, this implies that current is 

being supplied to the system at lower voltages in this test—that is, when the battery state-of-

charge is lower.  

Table 26: Simulated and Measured Energy Generated by Array, at Output of Controller, Test #6 

Array Energy at Output of Controller  

Measured  Simulated 

 

Error 

Test #2 142.7 kWh 141.4 kWh -0.9% 

Test #3 142.7 kWh 141.4 kWh -0.9% 

Test #4 142.7 kWh 140.9 kWh -1.3% 

Test #6 142.7 kWh 136.2 kWh -4.7% 

The charge and energy into and out of the battery is detailed in Table 27.  All quantities are 

underestimated in this simulation, with charge and energy into the battery being more seriously 

underestimated than charge and energy out. The efficiencies, and especially the coulombic 

efficiency, are overestimated. 

Table 27: Coulombic and Energy Efficiency of Battery, Test #6 

 Out In Efficiency 
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Monitored Energy 111.9 kWh 129.6 kWh 86.3% 

Simulated Energy  109.7 kWh 123.2 kWh 89.1% 

Error -2.0% -4.9%  

 

Monitored Charge 4487 Ah 4839 Ah 92.7% 

Simulated Charge 4406 Ah 4588 Ah 96.0% 

Error -1.8% -5.2%  

 

It is important to note that while some errors are higher for this simulation than for the previous 

test runs, the agreement is still, in general, very good. This is underlined by the simulation’s 

assessment of the energy provided to the DC bus by the rectifier and power supply: the error, at 

0.7%, is the lowest of all the tests. Admittedly the good agreement is partly luck, but it also 

suggests that for this critical performance parameter, the simulation tool is not overly sensitive to 

inaccuracies in the inputs. 

Table 28: Simulated and Measured Rectifier Output, Test #6 

Rectifier/Power Supply Energy At DC Bus  

Measured  Simulated 

 

Error 

Test #3 34.8 + 11.3 = 46.1 kWh 31.7 + 10.4 = 42.1 kWh -8.7% 

Test #4 34.8 + 11.3 = 46.1 kWh 36.2 + 10.4 = 46.6 kWh 1.1% 

Test #6 34.8 + 11.3 = 46.1 kWh 36.2 + 10.2 = 46.4 kWh 0.7% 

2.3.7 Test #7 & Test #8: One Hour Time Step Tests 

For the above simulations, a variable time step solver with a minimum time step of two 

minutes—the frequency of measurement employed by the monitoring system—was used. This 

permitted the output to be saved every two minutes, facilitating a direct comparison between 

simulation and monitored data. On the other hand, it was very slow: it took around 2 minutes and 

50 seconds for the simulation to run. Most simulation tools use a fixed time step of one hour; it is 

conceivable that this would reduce the accuracy of the simulation, but would certainly reduce 

execution time. 
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To investigate the tradeoffs between execution time and accuracy associated with high resolution 

variable time step solvers, the simulation was run with a fixed time step of one hour (Test #7) 

and a variable time step solver with a minimum time step of one hour (Test #8) and inherited 

saving times (i.e., at every time step, the result was saved). As in Test #3, all currents were 

simulated, nominal setpoints were used for the dispatch strategy, and measured plane-of-array 

insolation data was used (simmod17 and simmod18).  

The fixed time step simulation performed reasonably well up to the final recharge. 

Unfortunately, the PVToolbox genset control model has been written assuming a variable time 

step solver, and during the final recharge the controller was unable to make the transition from 

equalize to float charging, and as a result, the simulation never finished. Prior to this, the 

simulated genset ran a total of six times, as opposed to the eight runs that occurred in reality. 

Each run was 4 hours long, leading the simulation to overestimate the energy provided by the 

genset, excluding the final recharge, by around 7%, as shown in Table 31. The simulated times 

when the genset ran did not correspond closely to those that occurred in reality. Probably 

because the genset charged the battery to a higher state-of-charge, photovoltaic output used by 

the system was underestimated by 5.0%—a fivefold higher error than recorded for the other 

simulations using plane-of-array data (Table 29). In its favour, the simulation ran extremely 

fast—had it been able to complete the final recharge, total execution time would have been 

around five to six seconds! 

Table 29: Simulated and Measured Energy Generated by Array, at Output of Controller, Tests #7 & #8 

Array Energy at Output of Controller  

Measured  Simulated 

 

Error 

Test #2 142.7 kWh 141.4 kWh -0.9% 

Test #3 142.7 kWh 141.4 kWh -0.9% 

Test #4 142.7 kWh 140.9 kWh -1.3% 

Test #6 142.7 kWh 136.2 kWh -4.7% 

Test #7 142.7 kWh 135.9 kWh -5.0% 

Test #8 142.7 kWh 141.6 kWh -0.8% 

The variable time step solver with one-hour minimum time step performed essentially the same 

as Test #3, which it echoed in configuration. The genset ran seven times, as in Test #3, and these 

runs occurred at nearly the same times as in the former simulation.  The error in the energy 

generated by the array, at the output of the controller, is marginally the lowest of all the tests 
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(Table 29). The charge and energy into and out of the battery (Table 30) is very comparable to 

that of Test #3 (Table 13); the efficiencies are slightly less accurate in Test #8 only because the 

energy and charge out of the battery are more accurate whereas the energy and charge into the 

battery are largely unchanged. Table 31 shows that in terms of energy supplied by the rectifier, 

Tests #8 and #3 are nearly identical. In short, there is no significant difference in the output of 

Test #3, with a minimum time step of two minutes, and Test #8, with a minimum time step of 

one hour. Execution time, in contrast, was markedly reduced: Test #8 took around 37 seconds, or 

only 22% of the time required by Test #3. 

Table 30: Coulombic and Energy Efficiency of Battery, Test #8 

 Out In Efficiency 

Monitored Energy 111.9 kWh 129.6 kWh 86.3% 

Simulated Energy  110.6 kWh 123.5 kWh 89.6% 

Error -1.2% -4.7%  

 

Monitored Charge 4487 Ah 4839 Ah 92.7% 

Simulated Charge 4431 Ah 4579 Ah 96.8% 

Error -1.3% -5.4%  

 

Table 31: Simulated and Measured Rectifier Output, Tests #7 & #8 

Rectifier/Power Supply Energy At DC Bus  

Measured  Simulated 

 

Error 

Test #3 34.8 + 11.3 = 46.1 kWh 31.7 + 10.4 = 42.1 kWh -8.7% 

Test #4 34.8 + 11.3 = 46.1 kWh 36.2 + 10.4 = 46.6 kWh 1.1% 

Test #6 34.8 + 11.3 = 46.1 kWh 36.2 + 10.2 = 46.4 kWh 0.7% 

Test #7 34.8 + 11.3 = 46.1 kWh 37.4 + 0 = 37.4 kWh na 

Test #8 34.8 + 11.3 = 46.1 kWh 31.7 + 10.2 = 41.9 kWh -9.1% 
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For this test case at least, reducing the time step to two minutes does little to improve simulation 

accuracy. Using a variable time step with a minimum step of one hour appears to be a reasonable 

approach when the most accurate results are required. Perhaps comparable accuracy could be 

achieved by a fixed time step of, say 10 minutes, but this would probably increase execution time 

to roughly the same level as the variable time step solver. 

Because of the nonlinear nature of the simulation (e.g., a certain set of conditions will trigger full 

output of the genset, but a slightly different set of conditions will not trigger anything), a 

minimum time step of one hour will not always be as accurate as a minimum time step of two 

minutes. For example, Test #4, in which the eighth genset run does occur, was rerun with a 

minimum time step of one hour. The eighth genset run was missed: the battery voltage that 

triggers the run occurs only briefly, and the solver jumped over this short period.  

For some studies, however, high accuracy is not required, and the fast execution of the fixed time 

step approach would be very helpful. It would be, therefore, worthwhile for the controller model 

to be revisited to permit fixed time step operation. At some point, it may be worthwhile rewriting 

the model in C.  

2.3.8 Discussion: Applicability of Results to Other Situations 

The extraordinary accuracy achieved in these simulations would almost certainly be 

unachievable by PVToolbox were the termination of genset operation determined not by an 

elapsed time criterion but rather by a voltage threshold or, were charging permitted to run to the 

absorb stage, a current threshold. Voltage and current thresholds demand a highly accurate 

battery model if the genset is to start and stop at the right times; the elapsed time criterion 

ensures that as long as the genset is turned on at roughly the right point in time, the right amount 

of energy will be supplied by the genset.  

Furthermore, accuracy would likely deteriorate were the solar fraction not so high. In this test, 

the battery was regularly brought to a high state of charge, including extended periods of absorb 

charging. This tends to return the battery, which may be deviating from its idealized behaviour 

over time, to a “healthy” state. Long periods of cycling at partial states-of-charge would probably 

be modelled poorly by PVToolbox, and consequently criteria based on battery voltage or current 

would likely lead to inaccuracies in the simulation. 

The additional difficulties of using voltage thresholds are hinted at by the discrepancy between 

simulation Test #4 and the actual system during the eighth genset run, shown in Figure 37. In 

reality, the genset ran only 2.5 hours before a battery voltage of 28.0 V caused it to stop. The 

simulated genset ran the full 3.5 hours, at which point it had just attained the 28.0 V threshold. 
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Figure 37 : Comparison of Monitored and Simulated Eighth Genset Run 

Part of the problem is fluctuation in the real battery voltage, presumably due to very short term 

spikes in the rectifier and array current. For instance, the 2-minute average battery voltage at the 

point during which the genset was shut down was around 27.70 V, but the maximum voltage was 

28.05 V. Changing the hybrid test bench control code so that it uses voltage thresholds based on, 

say, one minute average voltages, could have prolonged the real genset run beyond 2.5 hours. 

But in reality the battery voltage was rising so quickly at the end of the run that it is unlikely that 

the prolongation would have been more than around 15 minutes.  

Why did a voltage threshold terminate the eighth genset run but not the preceding seven runs? 

The current provided by the PV array in run 8 but not previous runs (which tended to occur 

during night time or cloudy weather) is certainly part of the reason. Looking at the last four 

genset runs, shown in Figure 38, suggests that there is another factor at play, however. During 

the fifth run the simulated battery voltage is much higher than the monitored voltage, and rises 

more quickly. In the sixth run they are comparable. At the end of the seventh run the monitored 

voltage is significantly higher than the simulated voltage, and rising faster. This trend is further 

exaggerated in the eighth run.  

This behaviour suggests that over this period of cycling between partial states-of-charge, the 

state of the battery is undergoing changes not fully captured by the state-of-charge. Perhaps if the 

battery had been driven to absorb charging by the array, it would have been “reset” to a more 

ideal state. This illustrates how partial state-of-charge cycling creates challenges for both 
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accurate simulation and system control when voltage thresholds are involved. These situations 

demand real world tests on the test bench, and can not be investigated with PVToolbox. 
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Figure 38 : Comparison of Monitored and Simulated Battery Voltage During Last Four Genset Runs 

Finally, it is important to note that simulation results would be unlikely to concord with reality so 

well if a varying load was used in place of the constant load of this test. Varying loads make it 

difficult for a simple battery model to accurately predict the battery voltage on discharge; since 

this is used to determine when the genset should be started, this would reduce simulation 

accuracy. 
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3 INVESTIGATION OF SYSTEM OPERATION 

3.1 Maximum Power Point Tracking 

The nominally 1440 W array used for this study would ideally have furnished 233 kWh during 

the test. In reality, losses reduced the energy actually delivered to the DC bus to 140 kWh. Using 

both monitored data and simulation, it is possible to estimate the causes of these losses, as shown 

in Table 32. Most of these losses were explored in a previous report (i.e., [Ross, 2004b]). That 

report could not, however, determine the impact of tying the array voltage directly to the battery 

voltage, i.e., not using a maximum power point tracking. Here simulation indicates the lack of a 

maximum power point tracker contributed very moderately to the losses—they were comparable 

to those caused by the outside wiring. Rather, much of the “lost energy” can be attributed to the 

discrepancy between the nominal and real characteristics of the array. 

Table 32 : Estimated Magnitude of Losses 

 Available Energy 

(kWh) 

Losses             

(kWh) 

Ideal production 233  

Non-ideal conditions (temperature)  30 

No MPP tracking  8 

Array imperfections  32 

Blocking Diode  4 

Outside Wiring  7 

Interior Wiring  2 

Voltage Drop in Charge Controller  1 

Charge Regulation  9 

Actual Array Output at Test Bench 140  

 

This is somewhat surprising. Maximum power point tracking is generally assumed to 

significantly augment useful array output. For example, in the RETScreen PV model, clamping 

the battery to the array reduces the annual array energy production by 25% compared to using a 
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maximum power point tracker. This assumption was presumably based on an examination of 

Watsun simulations. 

 Table 33 shows the results from a series of simulations conducted over the test period. Fifteen 

groups of two Astropower Canada modules in series were simulated with various assumptions 

about their operating voltage, and their energy output compared to that when maximum power 

point tracking was used. The first test confirms the findings of Table 32: with the array operated 

at the battery voltage (raised by the resistance in the long interconnection), output of the array is 

reduced by around 4%. No power output is assumed to be lost in charge regulation, although the 

monitored battery voltage is at times limited by the charge controller. The array is also operated 

at three fixed voltages: the upper and lower limits on the range of operating voltages for which 

losses are less than 5%, and 27.1 V, the fixed voltage achieving the highest production
2
.  

Table 33 : Simulated Array Energy Production, Days 258.5 to 294.375 

Energy Production  

Absolute (kWh) Relative, MPP = 100% 

With V=VMPP 202.8 100% 

With V=Vbatt monitored 194.9 96.1% 

With V=27.1V 198.0 97.6% 

With V=24.4V 192.7 95.0% 

With V=29.2V 192.7 95.0% 

 

Clearly maximum power point tracking offers little during this period. Further simulations, not 

discussed in detail here, suggest that over the period of a year, the situation would be little 

different. However, the situation of this system is somewhat peculiar, and in general losses 

attributed to clamping the array to the battery voltage would be somewhat higher: 

• The voltage drop between the array and the battery in this system is much larger than 

would be the case in most hybrid systems. In clamped operation, this raises the operating 

point of the array to voltages much higher than would normally be seen; these voltages 

tend to be closer to the maximum power point voltage, for most types of modules. 

• The Astropower Canada module has a maximum power point voltage of 15.4 V under 

Standard Test Conditions; this is quite low compared to most other modules. The MPPT 

voltage of most modules is around 16.5 to 17. 0 V, and it can range as high as 18.0 V. 

These higher voltages are further from the normal range of battery operating voltages. 

                                                 
2
 Here, too, the operating voltage of the array is raised by the resistance of the array wiring and the blocking diode 

voltage drop. 
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• During this test, ambient air temperatures were relatively high, it being early autumn. 

During cold winter months, the maximum power point voltage of the array will tend be 

higher, and thus further from the operating voltage of the battery. 

• This system is operating at a high state of charge most of the time, and therefore battery 

voltages are generally high. Systems that, due to dispatch, for example, operated at lower 

states-of-charge and consequently lower battery voltages, would tend to have the array at 

voltage further from its maximum power point voltage.  

• The high battery state-of-charge, high voltage drop in the wiring, and low maximum 

power point voltage of the array together result in the array being operated at voltages 

above its maximum power point much of the time. This reduces the current output of the 

array, and therefore the power losses in the wiring, below that observed with maximum 

power point tracking. 

Nevertheless, simulations suggested that even when these considerations are taken into account, 

the deterioration in array output associated with clamped operation is only in the neighbourhood 

of 5 to 10% on an annual basis. With power conversion losses of between 3 and 6%, this leaves a 

meagre incentive for maximum power point tracking. In stand-alone systems, the higher currents 

provided during critical winter months may justify maximum power point tracking, but this is 

not important when a genset can prevent loss-of-load.  

Maximum power point tracking probably makes sense when a power conversion stage will 

connect the array to the system, such as in a grid tied system. In hybrid systems, this situation 

may arise when the system voltage must be low (due to loads) and high wiring losses at this 

system voltage justify a power conversion stage. With the power conversion already a necessity, 

adding maximum power point tracking should be financially attractive. But it is the avoided 

wiring losses far more than the additional array output that make this proposition attractive. 

3.2 Annual Energy Wasted in Charge Regulation 

As mentioned previously, the fraction of the photovoltaic system’s output lost in charge control 

was quite small—it was estimated at around 6% of the PV energy delivered to the DC bus. It 

was, however, speculated that this fraction would have been much higher had the test been run in 

summer, rather than September and October. System simulation over the period of the whole 

year can be used to investigate this assertion.  

A first step is the determination of whether the simulation can accurately predict the energy 

wasted in charge regulation over the monitored period. This is examined in Table 34.  A 

correlation between the irradiance and the array power is used to estimate the wasted PV output 

during periods of charge regulation. This is compared with the wasted output according to 
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simulation of a system with an array comprising 12 groups of two modules in series 

(simmodel20).  

Table 34 : Energy Wasted in Charge Regulation, Days 258.5 to 294.375 

 Epv Waste (Wh) Epv useful (Wh) 

Monitored Data 8970 (estimated) 139629 

12.0 groups of two modules 4477 139120 

12.6 groups of two modules 8774 140983 

 

In relative terms, the estimates of wasted PV output based on monitored data and simulation 

differ greatly. In absolute terms, they are reasonably close: the relative error looks large simply 

because the amount of waste occurring is so small compared with the output of the array that any 

error looks large in relative terms. To demonstrate this, the simulation was run a second time 

with the array just 5% larger (12.6 groups of 2 modules were used); the wasted array output 

matches the monitored estimate with this larger array
3
. For both array sizes, the simulated 

estimates of the useful output of the array coincide very closely with the monitored value. In 

short, it appears from this (admittedly meagre) evidence that the simulation does a reasonable job 

of predicting the wasted output of the array. 

Next the simulation was run for a yearlong period using synthesized data for Montreal 

(simmodel21) and a load of 8.03 Amps (or around 150 kWh per month); the results are shown in 

Figure 39. The results are unexpected: the wasted array output does not rise during the summer. 

In fact, waste is higher in September and October than during July, the month with the most PV 

energy available. Waste is highest in March, only the fifth sunniest month of the year. In 

November, the least sunny month of the year, there is still some waste, even though the energy 

demanded is two and a half times greater than the available PV energy for the month. Figure 40 

confirms the poor correlation between available solar energy and wasted PV output.  

                                                 
3
 It should be noted that IV curve measurements of the actual array taken following this analysis suggest that the 

STC power of the array is 1199 Watts, essentially identical to the 1203 Watts implied by an array of 12.6 groups of 

two modules in series. 
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Figure 39 : Simulated PV Array Ouput (Available, Used, and Wasted) and Genset Output with 8 Amp Load 
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Figure 40 : Monthly PV Energy Wasted versus PV Energy Available with 8 Amp Load 

One reason for this poor correlation can be identified by comparing Figure 39 and Figure 41; in 

the latter the load has been reduce to 6.15 Amps, or around 34 kWh per month. While all months 

(except December, when there is no waste) show an increase in the PV energy wasted, this is far 

less significant than the decrease in the energy demanded from the genset. On average, the 

additional PV waste is around 10 kWh per month, but the decrease in genset output is around 27 

kWh per month. This illustrates that unless the PV array is supplying 100% of the energy during 
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a given month, a given increase in PV output or decrease in load will result in only a lesser 

magnitude increase in the wasted PV output: at moderate solar fractions, the genset output will 

be more sensitive to such changes in PV output or load. As the solar fraction increases, the 

correlation between waste and output should improve. This is seen in Figure 42, where a positive 

correlation between the two is discernible with the 6 A load. 

This simulation shows that when solar fractions are below unity, charge regulation need not be a 

significant source of losses in hybrid systems. Even though the solar array is supplying around 

80% of the energy during the summer months, charge regulation losses are nearly nonexistent 

with the 8 A load simulation. It should be noted, however, that this simulation is based on 

synthesized weather data; since the mix of sunny and cloudy days is critical to the result, it may 

be worthwhile rerunning this with monitored weather data.  

This result makes sense. With the battery autonomy in the order of days or less, charge 

regulation losses appear when a cluster of sunny days results in solar energy in excess of that 

which the system can use or store, even though for the month as a whole the solar energy may be 

insufficient to meet the load. Conversely, though the total solar energy for a given month may be 

sufficient to meet the total load, a series of cloudy days may require the genset to run, reducing 

the solar fraction below unity. So charge regulation losses are only weakly tied to the overall 

match between monthly solar insolation and monthly total load, at least when the solar fraction is 

less than one.  
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Figure 41 : Simulated PV Array Ouput (Available, Used, and Wasted) and Genset Output with 6 Amp Load 
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Figure 42 : Monthly PV Energy Wasted versus PV Energy Available with 6 Amp Load 

The finding that in this system charge regulation losses are very small except during those 

periods when the solar fraction approaches unity, and therefore the energy supplied by the genset 

approaches zero, would be of great importance to the question of optimal dispatch strategy if it is 

found to be true for systems in general: genset dispatch aims to minimize these losses, but if they 

are already low the potential gains are small. Thus a key next step is determining the magnitude 

of these losses while varying a range of parameters: 

• Battery size: smaller batteries should tend to have higher charge regulation losses. 

• Array size: For a given battery size, what are typical loss levels as a function of monthly 

solar fraction? 

• Dispatch strategy: Intuitively, charge regulation losses should be higher with dispatch 

strategies that use the genset to charge the batteries to a high state-of-charge. 

• Other factors such as load variation, correlation of sunshine and load, and climate. 

If it turns out that charge regulation losses are, in general, very low, does this mean that there is 

no room for dispatch strategy to improve system operation? Not necessarily: rather, efforts 

should be focused on reducing the time spent by the genset in part load operation, minimizing 

losses in the batteries, identifying designs that are robust with aging batteries, and achieving 

regular full charging of the battery to prevent stratification, variation in cell voltage, and other 

non-ideal conditions. These will result in real savings in terms of fuel consumption, component 

lifetime, and proper system operation.  
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3.3 Effect of Maximum Battery Charge Current on Fuel 
Consumption 

Typically battery manufacturers recommend that the maximum charge current in amps should 

not exceed 25% of the battery’s capacity in amp hours. Unless the battery bank is large and the 

genset capacity is small, this will tend to force the genset to operate at part load, resulting in 

increased fuel consumption and prolonged run time. It is questionable whether the battery charge 

current must really be so severely curtailed; Vinal reports an old rule of thumb that the charge 

current in amps should not exceed the capacity that has been discharged, in amp hours [Vinal, 

1955, p. 244]. Higher charge currents would reduce the fuel consumption. But most hybrid 

systems will use a charger that will perform bulk constant current charging up to a certain 

voltage threshold, and then taper the current to maintain that voltage; if the charge current is so 

high that the battery reaches the voltage threshold, the current will be tapered in any case. It must 

be wondered, therefore, to what extent higher charge currents can reduce fuel consumption.  

The data required for investigating this question were not collected during this test. Nevertheless, 

the issue can be investigated through simulation. To do this, the size of the rectifier was varied 

between 1325 W and 6625 W and the simulated fuel consumption of the 7.5 kW genset over a 

year long period was tabulated. Each genset run was timed to return 25% of the C/20 capacity to 

the genset, assuming that the rectifier operates at full power; with rectifiers above around 4 kW 

absorb charging was reached before the end of the genset run.  

Table 35 : Annual Fuel Consumption with Various Rectifier Capacities 

Rectifier Power 

(WDC) 

Fuel Consumption 

(l) 

Comments 

1325 773 Bulk charging only 

2650 532 Bulk charging only 

3975 458 Just reaches absorb 

5300 420 Absorb tapers current from 180 Amps to 130 Amps 

6625 403 Absorb tapers current from 225 Amps to 140 Amps 

 

The results are recorded in Table 35 and Figure 43. The fuel consumption with the largest 

rectifier is almost 50% less than that of the smallest rectifier. Interestingly, the tapering of the 

current associated with the larger rectifiers does not eliminate the reduced fuel consumption 

associated with higher charge currents: even going from a 5300 W rectifier to a 6625 W rectifier 

is associated with a 4% reduction in fuel consumption. On the basis of this evidence, the 

possibility of using higher charge currents with the batteries found in typical Canadian hybrid 

installations should definitely be investigated. 
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Figure 43 : Annual Fuel Consumption as a Function of Rectifier Capacity 



 

Document type – CETC 2004-XXX (XX) 58 June 22, 2005 

4 ACTUAL ARRAY IV CURVE AND WIRING RESISTANCE 

Following the studies reported above, the current-voltage characteristics of the PV array used for 

this test were measured with a Spire PV array tracer; unfortunately, the array tracer was not 

available earlier in the studies. The array wiring resistance was also measured; this should be 

useful in future studies.  

The two sub-arrays were measured separately, on a cloudless day in mid April, early in the 

afternoon. The meteorological station indicated that the irradiance in the plane of the array was 

960 W/m
2
 when the 8-module sub-array was measured and 955 W/m

2 
when the 7-module sub-

array was measured. The three measurements of the array temperatures varied between roughly 

32 and 45ºC; 40ºC was taken to be representative.   

The measured IV curves for the two sub-arrays are shown in Figure 44. In addition, the figure 

shows the simulated IV curves for the same conditions of temperature and irradiance, using 

nominal module characteristics, but with the number of module groups reduced to 6.7 for the 8-

module group array and 5.8 for the 7 module group array. These reductions in the number of 

module groups were calculated to make the short-circuit currents of the simulated and measured 

curves coincide. Simulation recreates the curve of the array relatively well, although it does tend 

to overestimate the current by around 0.5 to 0.7 A for each sub-array, or 2.5%, in the plateau 

below the maximum power point voltage.  

Simulation underestimates the open-circuit voltage of the sub-arrays, especially the 8-module 

group one. The levelling off of the curve as it approaches the I=0 axis can be attributed to the 

changing voltage drop in the blocking diodes at currents near 0. This reminds us, however, that 

the sub-array voltages are actually around 0.8 V higher than measured by the IV tracer, due to 

the voltage drop in the diode. Thus the simulation underestimates the voltage, at least at low 

currents, by around 0.7 to 1.5 V. Some of this may be due to inaccurate measurements of the cell 

temperature. Fortunately, because the array is never operated at these high voltages, it should not 

affect the results of system simulations.  
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Figure 44 : Measured and Simulated Sub-Array IV Curves at 955-960 W/m
2
 and Cell Temperature of 40ºC 

The two sub-array measurements are combined, and the result shifted to STC, in Figure 45. In 

addition, the PV curve is shown. The nominal 1440 W array actually behaves more like a 1200W 

array. 
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Figure 45 : Estimated Array IV and PV Curves at STC 

In most of the system simulations in this study, a 12.0 module-group array has been used. Here 

we conclude on the basis of the short-circuit current and the maximum power point 

measurements that a 12.5 module-group array would have better represented reality. Part of the 

reason that a 12.0 module-group array seemed to work better may be due to inaccuracy in the 
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estimate of the array wiring resistance. In any case, the 4% difference should little affect the 

results.  

On June 20th, 2005, the wiring resistance was measured. The resistances are too small to permit 

measurement with an ohm-meter, so the voltage drop and current were measured instead. The 

results are summarized in Table 36; the measured voltage drop in the diodes when operating at 

moderate currents was 0.73 to 0.74 Volts. For comparison, in the simulations discussed in this 

report, the total resistance of the connection was assumed to be 0.072 ohms, and the voltage drop 

0.75 V. As investigated earlier in this report, the wiring resistance affects the performance of the 

array, by shifting its operating point. In Section 2.2, the resistance was multiplied by a factor of 

2.1; in reality, they should have been multiplied by a factor of 1.6, and the diode voltage drop 

lowered by 0.015 V. 

Table 36 : Array Wiring Resistance 

Connection Resistance 

(ohms) 

Comments 

Battery to Array Fusebox 0.033 Measured 

Array Fusebox to Rooftop Junction Box 0.075 Measured 

Module group to Rooftop Junction Box 0.007 Estimated 

Total 0.114  
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CONCLUSIONS 

 

In this test, the PV Toolbox exceeded the developers’ accuracy targets. While it was anticipated 

that the tool might model energy flows with an error of around 10%, the error was up to an order 

of magnitude smaller than this, depending on the test configuration and the variable of interest.  

The extraordinary accuracy achieved in these simulations would almost certainly be 

unachievable by PVToolbox were the termination of genset operation determined not by an 

elapsed time criterion but rather by a voltage threshold or, were charging permitted to run to the 

absorb stage, a current threshold. Voltage and current thresholds demand a highly accurate 

battery model if the genset is to start and stop at the right times; the elapsed time criterion 

ensures that as long as the genset is turned on at roughly the right point in time, the right amount 

of energy will be supplied by the genset.  

Furthermore, accuracy would likely deteriorate were the solar fraction not so high. In this test, 

the battery was regularly brought to a high state of charge, including extended periods of absorb 

charging. This tends to return the battery, which may be deviating from its idealized behaviour 

over time, to a “healthy” state. Long periods of cycling at partial states-of-charge would probably 

be modelled poorly by PVToolbox, and consequently criteria based on battery voltage or current 

would likely lead to inaccuracies in the simulation. 

It is also important to note that simulation results would be unlikely to concord with reality so 

well if a varying load was used in place of the constant load of this test. Varying loads make it 

difficult for a simple battery model to accurately predict the battery voltage on discharge; since 

this is used to determine when the genset should be started, this would reduce simulation 

accuracy. 

The simulations conducted here confirm that the PV Toolbox is easily configured to meet 

unexpected requirements. For example, during the test simulated here, the real-world charge 

controller voltage setpoints were changed twice, modules were added to the array, and automated 

genset control was turned on only half-way through: all these could be accommodated by 

PVToolbox. Furthermore, it was possible to mix measured data and simulated signals within the 

simulation, sometimes changing between the two on the fly. The desired output could be 

calculated, and data on a two minute interval could be used as easily as that based on a hour-long 

interval.  

Simulation indicates that over the course of this test, clamping the array to the battery voltage 

reduced the array energy output by around 4% compared to using a perfect maximum power 

point tracker. This is surprising, given that the gains associated with maximum power point 

trackers are generally assumed to be much larger—e.g., 25% in the RETScreen PV model. 
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Simulations further suggest that over the whole year, the situation would be similar. The high 

resistance of the array-battery connection, the low maximum power point voltage of the array, 

the relatively warm temperatures, and the high average state-of-charge of the battery together 

result in a good match between the array operating voltage and the maximum power point 

voltage. Nevertheless, further simulations suggest that were these factors not at play, the gains 

associated with maximum power point tracking would be relatively marginal—perhaps in the 

order of 10% annually, from which power conversion losses of three to six percentage points 

must be subtracted. This supports the argument that in hybrid systems, where maximizing the 

charge current into a deeply discharged battery is not paramount, maximum power point tracking 

is not especially attractive. When a power conversion stage is already necessary—such as an 

inverter or a DC-DC converter permitting a higher voltage array—it should probably incorporate 

a maximum power point tracker, however. 

The correlation between losses in charge control and the monthly solar insolation is relatively 

weak when solar fractions are below unity, at least for the system studied here, due to the 

availability of dispatchable power from the genset. For example, simulation with one set of 

meteorological data indicated that losses could be lower in July, the sunniest month, than 

October! If this conclusion is true for a wide range of hybrid systems, then dispatch strategy 

should not focus on minimizing the already small charge control losses. Rather, it should focus 

on reducing genset part load operation, encouraging regular full charge of the battery, achieving 

robustness when battery characteristics change, and maximizing battery efficiency. 

Higher battery charging currents would permit significant reductions in the genset fuel 

consumption, even when they are high enough to force the charge controller from bulk into 

constant voltage “absorb” charging (in which the current is tapered). For the hybrid test bench, 

and many other PV hybrid systems, the battery charging currents should be considerably higher 

than the manufacturer’s recommended maximum charge rate, however. 

The PV array used with hybrid test bench operates more like a 1200 Wpeak array than the 1440 

Wpeak array suggested by its nominal characteristics. This difference can be attributed to 

deterioration in the modules since their installation a dozen years ago, mismatch error due to 

high inter-module variability, and performance slightly below spec even when new. 

Simulation execution time could reduced by 75%, with little reduction in accuracy, by using a 

variable time step solver with a one-hour minimum time step in place of the two-minute 

minimum time step. A one-hour fixed time step solver achieved another 85% reduction in 

execution time, but accuracy suffered somewhat.  
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RECOMMENDATIONS 

Further Investigations 

PV Toolbox simulations should be compared with monitored data from hybrid test bench runs 

employing varying loads, voltage thresholds for genset start and stop, and lower solar fractions 

resulting in longer periods of cycling between partial states-of-charge. This will be a more 

difficult test for PV Toolbox, and give an indication of the accuracy of the tool in simulating 

typical dispatch strategies presently in use. 

At the time that the simulations discussed in this report were executed, the real current-voltage 

characteristics of the array were unknown. At the end of this study, the equipment necessary for 

measuring these characteristics became available, and real IV curve was determined. At the same 

time, the resistance in the wiring connecting the array to the battery was measured. Now that 

these two measurements have been taken, the simulation of the array output (based on measured 

battery voltage and plane-of-array radiation) should be redone, so that the accuracy of the PV 

Toolbox array model can be determined more exactly. 

This study calls into question the benefits of maximum power point tracking for hybrid systems. 

Further simulations, covering a range of systems and locations, should be run in order to draw 

firm conclusions on this point. 

The finding that in this system charge regulation losses are very small except during those 

periods when the solar fraction approaches unity, and therefore the energy supplied by the genset 

approaches zero, would be of great importance to the question of optimal dispatch strategy if it is 

found to be true for systems in general: genset dispatch aims to minimize these losses, but if they 

are already low the potential gains are small. Thus a key next step is determining the magnitude 

of these losses while varying a range of parameters, including battery size, array size, dispatch 

strategy, load variation, solar-load correlation, and climate. 

For the hybrid test bench, and many other PV hybrid systems, the battery charging currents 

should be considerably higher than the manufacturer’s recommended maximum charge rate. The 

possibility of using higher charge rates should be discussed with manufacturers and possibly 

tested on the hybrid test bench. 

Improvements to PV Toolbox 

The way in which the PV Toolbox splits the global irradiance into its beam and diffuse 

components should be improved. Presently it is assumed that this is a function of the clearness 

index only, which is patently not the case. While errors in the estimate of the diffuse fraction did 
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not much affect the accuracy of the plane-of-array estimates in this test, in other situations and 

locations simulation accuracy could suffer. 

PV Toolbox generates a spike in the plane-of-array irradiance at the beginning and end of the 

day when two-minute data are used. Although the spike is short and little affects average system 

performance, it is blatantly unrealistic and could alter simulated system behaviour due to the 

non-linearity of genset dispatch operations. Attempts should be made to eliminate this spike.  

To determine whether to end absorb or equalisation charging, the PV Toolbox charge controller 

model measures the time that the battery voltage has remained at the setpoint without 

interruption. Some real-world charge controllers look at the total time during the day, rather than 

the uninterrupted time. The charge controller model should be updated to use the total time of the 

day, which is probably a better indicator of the battery state. Furthermore, the charge controller 

can not presently accommodate fixed time step solvers: the timer holds the battery in a 

equalisation or absorb charging as long as current is available. This should be rectified. At the 

same time, it may be worthwhile to rewrite the charge controller and genset controller modules 

as C language S-functions, in order to reduce execution times and permit more flexible dispatch 

strategies. 

Test Bench and Meteorological Station Operation 

Although the inverter search mode current is very small, perhaps its effects should not be 

neglected, as was done at the beginning of this test. An extended period with a very low 

discharge current appears to markedly alter the battery characteristics in subsequent cycling. 

Long waits between full charging of the battery and the start of a test should therefore be 

avoided.  

The causes of an intermittent inaccuracy in the global Eppley pyranometer measurement should 

be identified and eliminated. In the meantime, the global irradiation on the horizontal should be 

estimated, wherever possible, based on the direct (beam) measurement and the diffuse 

measurement. Furthermore, the alignment of the plane-of-array pyranometer azimuth and the 

array azimuth should be verified: it appears that the pyranometer is in a plane oriented 5º east of 

south.  
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