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DISCLAIMER 

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

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

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

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

they assume any liability arising from this report. 
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SUMMARY 

 

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

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

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

energy surpluses and deficits being accommodated by a battery.  

The PV hybrid system functioned exceptionally well over the course of this test. Losses were 

generally very low. The dispatch strategy kept the battery at a high state-of-charge while 

minimizing rejected solar energy. The data acquisition systems for both the meteorological 

station and the hybrid test bench collected a relatively unbroken record of the test. 

System losses were caused by (in order, with most significant losses first): non-ideal 

photovoltaic array characteristics and operation conditions, including lack of maximum power 

point tracking; losses in the battery; rejected energy during charge regulation; resistance of the 

long cables connecting array and test bench; conversion of the AC genset output to DC; and 

array blocking diodes.  

A simple dispatch strategy was formulated on the basis of several observations from this test:  

• The voltage thresholds typically used by commercial dispatch controllers to terminate 

genset operation return a highly variable amount of charge to the battery, which can be 

avoided by instead using the charge returned to the battery. 

• While a genset dispatch strategy should, in general, endeavour to avoid charging the 

battery just prior to a sunny period, it should also, at times, do precisely the opposite: in 

order to equalize the battery, the dispatch strategy should bulk charge the battery to a 

point where sunlight can effectively fully charge the battery over the course of a sunny 

day, minimizing wasteful and damaging part load operation of the genset. This is 

especially attractive given the low losses seen during charge regulation in this test. 

• If a voltage threshold is used to start the genset, and then a certain amount of charge is 

returned to the battery, the voltage at the end of genset run is an indication of the state of 

the battery. If it is low, the battery probably does not need equalisation. If it is high, 

equalisation is necessary. 

Because this was the first test run on the hybrid test bench with a PV array and charge controller, 

much time was spent scrutinizing all monitored data to ensure that instruments and systems were 

functioning acceptably. While most equipment performed admirably, serious problems with the 

photovoltaic array and meteorological station were identified. 
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1 INTRODUCTION 

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

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

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

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

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

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

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

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

required. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The hybrid test bench has been operating since 2002, but it is only in the last 8 months that all of 

the minor problems associated with the operation of a brand-new test bench have been resolved. 

To this point in time, most of the tests that have been run on the hybrid test bench have cycled 

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

well as validation of PV Toolbox [Ross, 2004a],[Ross, 2003]. 

In the hybrid test bench test sequence described in this document, the PV array was connected 

via a charge controller to the battery, making this the first test where the system is actually 

functioning as a PV-genset hybrid. A very simple dispatch strategy was implemented. The 
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system operated for about 5 weeks, during which its behaviour was closely monitored. In 

addition, the meteorological station of the CETC-Varennes laboratory monitored the 

environmental conditions, including various measures of solar irradiance, over this period. 

The data collected in this test provides a snapshot of the behaviour of a small hybrid system. 

Despite the relatively short duration of the test, several interesting phenomena with important 

consequences for hybrid system dispatch strategy are revealed. In addition, the test provides an 

excellent time-series documenting system operation under relatively controlled and known 

conditions. The various loss mechanisms in the system can thus be examined and compared with 

the goal of identifying ways to improve system efficiency. This time-series will also be useful in 

future investigations of the accuracy and limitations of the PVToolbox simulation tool. 

Because this is the first test run on the hybrid test bench with a PV array and charge controller, 

much time was spent scrutinizing all monitored data to ensure that instruments and systems were 

functioning acceptably. While most equipment performed admirably, serious problems with the 

photovoltaic array and meteorological station were identified. In addition, care has been taken in 

this report to document the state of the hybrid test bench, as a reference both for the 

interpretation of results and a guide for configuring the test bench in the future.  
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2 Equipment and Test Description 

This document reports on the test run on the hybrid system test bench from 5:00 PM
1
 on 

September 13, 2004, to 8:30 AM on October 25, 2004. During this period, the hybrid power 

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

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

For the descriptions that follow, midnight (0:00) on the night spanning September 12
th

  and 13
th

 

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

to as day 0. 

2.1 Hybrid System 

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

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

stored in a battery bank. The PV array and the battery were connected via a charge controller. A 

bi-directional power converter transformed the AC output of the genset into DC, and controlled 

genset charging of the battery bank. A custom control system dispatched the genset according to 

predefined criteria. 

2.1.1 Photovoltaic Array 

For the first day of the test, the photovoltaic array comprised 13 parallel strings of two 

Astropower Canada APC-5103 modules connected in series, of which, it was discovered on the 

second day of the test, only 11 strings provided power
2
. On the second day of the test, the two 

strings that did not provide power were removed, and four other strings of the same brand and 

model were added (see Table 1). Thus, for all but the first day of the test a nominally 24 V, 

1440 WDC array was utilized. 

Table 1 : Astropower APC-5103 Module Characteristics 

Nominal Power 48 Wp 

Impp at STC 3.1 A 

Vmpp at STC 15.4 V 

Isc at STC 3.6 A 

Voc at STC 20.3 V 

Technology Monocrystalline silicon 

 

                                                 
1
 All times given in this document are EST (not EDT) except where noted. 

2
 It was not ascertained whether the two strings that did not provide power were not functional or, as is more likely, 

merely victims of a faulty connection upstream of the junction box. 
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From just after noon on day 1 to a little before noon on day 2, the PV array was disconnected. 

The array was originally taken offline so that modules could be added. When attempting to bring 

it back online, it was discovered that a DC contactor had failed. This was not bypassed with a 

manual switch until day 2. Thus there are 22 hours and 52 minutes during which the array should 

have been connected, according to the test plan, but was not. Over half this period occurred 

during the night. 

The modules of the array are located in the southwest corner of the lower array on the roof of 

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

tilted at an angle of 45º to the horizontal. The array is unshaded at all times and there are no 

obstructions to airflow around the array, although the wind regime is strongly affected by the 

presence of the building and other structures on the roof.  

The strings of modules are connected at a junction box at the base of the array. Each string is 

connected to a terminal block through a MR750 silicon rectifier blocking diode. This device 

typically exhibits an instantaneous forward voltage drop of 0.65 to 0.80 V over the range of 

currents output by the modules (i.e., approximately 0 to 4 A). No bypass diodes are included in 

the modules. Four stranded copper cables of 2 AWG, two on the positive connection and two on 

the negative connection, connect the array junction box and the hybrid test bench. They occupy 

an exposed steel conduit, holding no other conductors, that runs over the roof of the building. At 

25ºC these cables have a nominal specific resistance of 5.2 · 10
-4

 ohms/m. Each of these cables is 

100±20 m long, and therefore has a resistance at 25ºC of approximately 5.2 · 10
-2

 ohms. At 

standard test conditions with the array operating at its maximum power point, the total voltage 

drop between the array and the junction box in the hybrid test bench is approximately 3.2 V. 

Were the array connected by a maximum power point tracker, this would result in a loss of about 

150 W, or 10% of the array power. In fact, no maximum power point tracker is used—see 

Section 2.1.2—so the actual reduction in useful power is much less. Note, as well, that even with 

a maximum power point tracker, average losses would be significantly lower than losses at STC.  

The modules were new in 1992, when they were installed in the CTEC-Varennes array. The 

modules of the hybrid system sub-array are not necessarily well matched, given the variability of 

the manufacturing processes of a small module producer in 1992. Some modules in the array, 

though not necessarily those in the hybrid system sub-array, shown signs of infiltration of water. 

The modules were guaranteed for 10 years, but the manufacturer has gone bankrupt. All these 

factors suggest that the overall electrical characteristics of the sub-array may deviate 

significantly from that suggested by the nominal parameters listed above. 

It was the intention of the author to characterize the hybrid sub-array using a Spire array tester, 

thus avoiding speculation about the extent to which actual parameters deviate from nominal 

values. Unfortunately, the laboratory’s array tester is in Waterloo, Ontario, and is therefore not 

available for use.  
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2.1.2 Controller 

The output of the array is routed to the battery via a Pulse Energy Systems
3
 PM 60 PV charge 

controller. This is a three-stage PWM controller, rated at 48 A but capable of handling 60 A on a 

continuous basis.   

The absorb charge voltage threshold, selected by the choice of jumpers on the charge controller, 

was adjusted twice during the test. The manufacturer of the battery used in the hybrid system 

recommends that for equalize charging the battery be held for 12 hours at 2.35 V per cell, or 28.2 

V for a 24 V system, at a temperature of 25ºC. For float charging at this temperature, they 

recommend 2.23 to 2.27 Vpc, or 26.8 to 27.2 V. Initially, the charge controller was set to charge 

the battery with all available array current until a voltage of 28.0 V was reached, then hold the 

battery at this voltage for approximately 3 hours, before reducing the voltage to a float level of 

27.6 V. The charge controller bases its operation on the voltage at its terminals, however, and the 

actual battery voltage was somewhat lower due to the voltage drop in the cables connecting the 

controller and the battery. On September 20
th

, the 8
th

 day of the test, the absorb setpoint was 

raised, and on September 24
th

, the 12
th

 day, the setpoint was raised again. Following this second 

change, the voltages observed at the battery under typical charge currents were close to those 

recommended by the battery manufacturer, as summarized in Table 2. The charge controller 

setpoints are not adjusted for temperature, but battery temperature was within 4ºC of 25ºC for the 

entire test, and most of the time varied between 23 and 27ºC.  

Table 2 : Charge Setpoints throughout the Test 

 Absorb Voltage 

Setpoint 

Observed Battery 

Absorb Voltage 

Float Voltage 

Setpoint 

Observed Battery 

Float Voltage 

Manufacturer’s 

recommendation 

28.2 V  26.8 to 27.2 V  

Up to day 7 28.0 V ~27.4 V 27.6 V ~27.1 V 

Day 7 to 11 28.4 V ~27.8 V 27.6 V ~27.1 V 

Day 11 and after 28.8 V ~28.3 V 27.6 V ~27.1 V 

The charge controller does not implement maximum power point tracking. Rather, the battery 

voltage, adjusted for losses in the blocking diodes and the wiring, fixes the array voltage.  

                                                 
3
 Since the device was purchased, the company name has changed to Connect Energy Systems. 
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2.1.3 Battery Bank 

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

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

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

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

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

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

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

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

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

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

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

2.1.4 Genset  

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

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

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

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

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

test bench opens whenever the genset is in operation.  

2.1.5 Bi-directional Converter 

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

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

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

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

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

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

the level necessary to maintain a float voltage.  

2.1.6 Electronic Load 

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

connected to the battery for the duration of the test. The load was set manually. The device is 

capable of sinking 0 to 150 A of current at 3 to 50 V, with a maximum power dissipation of 

3000 W. 
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For the first 16½ days of the test, the DC load was set to 6 A. For the remainder of the test, up 

until a final capacity test was executed, the load was 8 A.  

2.1.7 Controls  

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

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

the louvers on the genset radiator exhaust air stream. Normally, the control system also regulates 

the position of contactors that determine whether the inverter, the array, the DC load, and the AC 

load are connected. At the outset of this test, however, it was discovered that most of these 

contactors had failed due to being operated at too high a voltage. As a result, the contactors were 

bypassed by manual breakers. This did not affect the test in any way. 

The control and monitoring system runs a version of DOS and is programmed in C/C++. The 

code is responsible for both monitoring and control. 

2.1.8 Temperature Control Systems 

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

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

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

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

temperature and above 25 ºC. 

2.2 Monitoring Systems 

 

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

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

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

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

temperature measurements. 

2.2.1 Meteorological Station 

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

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

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

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

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

the lower array, but this difference should have minimal effect. 
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The measurements taken by the met station and used in this analysis are: 

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

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

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

tracker. 

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

Eppley PSP with an operating ventilator base. 

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

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

41002 Multi-plate Radiation Shield. 

 

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

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

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

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

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

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

The pyranometers and pyrheliometers are recalibrated by the Eppley Laboratory or by 

Environment Canada every two to three years. During this test, instruments were inspected and 

the shadow band and NIP tracker were adjusted nearly daily. At the outset of the test, the 

desiccant in two of the pyranometers was replaced.   

2.2.2 Hybrid Test Bench Monitoring System 

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

mentioned in Section 2.1.7. For the purposes of this test, the following variables were measured 

and recorded every 2 minutes: 

• Mean, maximum, and minimum battery voltage. 

• Direct current from the Statpower bi-directional converter, measured by a calibrated 

shunt. 

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

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

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

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

measured by a T-type thermocouple. 

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

RTD. 

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

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

thermocouple. 
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2.3 Test Sequence 

Prior to the test, the battery was charged by the genset to a voltage of 28.2 to 28.25 V, where it 

was held (by tapering the current) for 5.3 hours. Then a power supply held the battery at a float 

charge voltage of 26.85 to 27.13 V for 24 hours. Based on past experience, this sequence is 

sufficient to fully charge the battery. Between the end of float charging and the beginning of this 

test, an interval of 10.4 days, the battery had no external circuit attached.   

For all but the very end of the test, the DC electronic load was connected to the battery (see 

Section 2.1.6). The PV array was also always connected, via the charge controller. The genset 

was turned on when the voltage of the battery descended below 2.03 V per cell, or 24.36 V. It 

was turned off after 3.5 hours of operation, or when the voltage attained 2.33 V per cell (28.0 V), 

whichever came first. 

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

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

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

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

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

increment of approximately 25% of the 20 hour discharge capacity. Thus, in the absence of 

photovoltaic power and non-ideal behaviour on the part of the battery, the genset would cycle the 

battery between 40% and 65% state-of-charge. For a discharge rate of 8 A, the corresponding 

range would be 45% and 70% state-of-charge.  

By terminating genset charging at a voltage of 28.0 V, the algorithm ensures that the bi-

directional converter never enters absorb charging. In many hybrid systems, the genset would be 

sized to provide the desired charge current during bulk charging, and then operate at a lower and 

lower loading factor as the charge current tapered during absorb charging. In avoiding absorb 

charging, the algorithm implemented here avoids the decreased efficiency and higher wear of 

partial load operation.  

When the system had been operating in the above-described way for 38 days, a final discharge, 

followed by a complete recharge, was executed: 

1) The battery was open circuited for 26 hours. 

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

voltage of 23.4 V (i.e., 1.95 Vpc).  

3) The battery was open circuited for one hour. 

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

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

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

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

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

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

(2.36 Vpc). 
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6) The genset was stopped. 

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

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

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

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

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

3.1 Data Quality and Accuracy of Control 

Both data acquisition systems performed very well in terms of collecting a relatively unbroken 

record of the test. Out of a possible 30,000 recordings of the variables on a two-minute basis, the 

meteorological station is missing only 4 minutes of data, and the hybrid test bench is missing just 

under 500 minutes of data, nearly all of it either before the load and the array were connected or 

after they had been disconnected. However, not all of the data is valid, and some of the 

phenomena observed in the meteorological station data call into question the accuracy of that 

data. Fortunately, nearly daily maintenance and adjustment ensured that all instruments were 

functional and properly aligned throughout the test, and this can be eliminated as a potential 

source of invalid data. 

3.1.1 Invalid and Questionable Data from Meteorological Station 

Invalid and questionable data from the meteorological station can be attributed to a number of 

causes. It is important to examine these causes, not just to avoid using invalid data, but also to 

identify sources of error and uncertainty that will determine how closely we can expect array 

output and simulation results to track measured data. 

Maintenance: On October 15th, a series of tests were run on the four Eppley instruments. These 

tests were intended to investigate problems observed during rainy periods (see “Questionable 

Data during Rainy Periods”, below). Due to these tests, 244 minutes of data from the four 

Eppley instruments has been deemed invalid. 

Cable to NIP Detached: For the first day of the test, and until 10:20 AM on day 2, the cable to 

the pyrheliometer was detached; the rotation of the device has a tendency to unscrew the 

connector. Although 1030 two-minute measurements were lost, this included very little of 

interest: the test proper did not start until shortly before sunset on day 0.  

Blocked Li-Cor Pyranometer: A comparison of the two pyranometers measuring solar irradiance 

in the plane of the array revealed that while the Eppley PSP and the Li-Cor concord relatively 

well in general, late in every afternoon during which there were moderate to high irradiance 

levels there would be a sudden and significant decline in the output of the Li-Cor. This is 

illustrated in Figure 1 for the second day of the test. This discrepancy was observed on all 

relatively clear days of the test. 
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Figure 1 : Comparison of Eppley and Li-Cor Measurements in Plane-of-Array 

 

This discrepancy is easily explained. The two instruments are mounted side-by-side, with the 

Eppley directly to the west of the Li-Cor. The Eppley is mounted on a ventilator base, and thus 

presents a significant profile to the Li-Cor. When the sun nears the horizon due west of the 

instruments, the Eppley blocks the direct radiation and the circumsolar diffuse radiation; diffuse 

radiation from other parts of the sky is all that remains. 

Since the Eppley is our principal measure of the plane-of-array irradiance, this discrepancy does 

not constitute a tragedy. The Li-Cor is useful for verifying the correct operation of the Eppley, 

however, and this systematic discrepancy confounds simple algorithms meant to flag suspect 

Eppley data. Furthermore, it is difficult to know whether the Eppley is functioning correctly 

when the Li-Cor is thus shaded.  

Nighttime offset in 45º Eppley: During the night, the plane-of-array Eppley PSP pyranometer 

indicates a strong negative irradiance. This is shown in Figure 2. In “all-black” instruments such 

as the PSP it is normal that radiation losses cool the part of the thermopile that “sees” the sky 

below the temperature of the cold junction, which will be roughly at the ambient air temperature. 

But the large magnitude of the offset observed here is somewhat unusual. For comparison, the 

diffuse Eppley PSP offset is on the order of –5 W/m
2
, as seen in Figure 2. 

The average offset of the 45º Eppley between 7 PM and 5 AM during this test was –19.3 W/m
2
. 

Recent studies of nighttime thermal offset suggest that an average offset of this magnitude is 

highly improbable, as shown in Figure 3. This instrument is unusual, however, in two respects: 

first, it is inclined at 45º, and second, it is ventilated. 

Being inclined at 45º, the instrument “sees” more of the ground and less of the sky. In theory, 

this should reduce the nighttime offset, since the equivalent temperature of the sky will generally 
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be much lower than that of the ground [Duffie and Beckman, 1991, p. 158]. It is possible that the 

nighttime behaviour of the PSP changes when it is tilted, but this seems unlikely. Researchers 

from NREL confirm that in their experience, tilted pyranometers show lower nighttime offsets 

than horizontal pyranometers [Myers, 2004b]. 
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Figure 2 : Nighttime Irradiance Measurements for 45º and Diffuse Eppley PSP Pyranometers 

 

 

Figure 3 : Distribution of Annual Average Nighttime Thermal Zero-offsets for All-black Sensors in a 

Continental (NREL) and a Desert (12 Station Network in Saudi Arabia) Climate. Black-and-white Offset 

Distribution shown for Comparison (from [Myers, 2004a]) 

 

The ventilator may exacerbate the offset. It can be speculated that the ventilated pyranometer’s 

cold junction is held very nearly at air temperature, whereas the unventilated pyranometer’s cold 

junction is influenced by losses to the sky, through conduction through the device or some other 

form of heat transfer. This would result in a greater offset in the ventilated device. NREL 
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confirms that in their experience, ventilated pyranometers have nighttime offsets of significantly 

higher magnitude than unventilated pyranometers [Myers, 2004b]. On the other hand, a study by 

Environment Canada found the mean nighttime offset of a PSP installed in Toronto to be –2.7 

W/m
2
 for an unventilated device and –3.1 W/m

2
 for a ventilated device. While the change in 

mean was, therefore, insignificant, they found a significant reduction in the variability of the 

offset. As a result, they recommend ventilation [Wardle et al., 1996, p. vi]. The role of 

ventilation in our case could be investigated by turning off or removing the ventilator for a week 

or more. 

The nighttime offset itself is of little importance, since the array is not furnishing current during 

the night. It does raise two troubling questions, however: 

1) Is there an undetected problem in the device or the data acquisition system that is 

introducing error into the Eppley measurements of the irradiance in the plane of the 

array? 

2) If the offset is truly attributable to the difference in temperature of the junctions of the 

thermopile, will this offset also affect daytime measurements, such that the Eppley reads, 

on average, roughly 20 W/m
2
 too low?  

The latter hypothesis has some merit, given that the difference between the Eppley and the Li-

Cor readings tends to converge smoothly with the nighttime offset of the Eppley at the beginning 

and end of each day. An example is shown in Figure 4. This smooth convergence suggests that 

the offset does not immediately disappear at sunrise and reappear at sunset. On the other hand, 

NREL indicates that “it is possible that ventilation during the day actually reduces the offset, at 

least under clear skies” [Myers, 2004b]. And, while Wardle et al. suggest that nighttime offsets 

can be used as a first approximation for daytime offsets, accurate to within 30% on average 

[Wardle et al., 1996, pp. 161-162], Myers warns that “whatever the nighttime readings indicate, 

they probably are not representative of daytime offsets” [Myers, 2004b].  
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Figure 4 : Difference between Eppley and Li-Cor 45º Measurements on Day 10 

It is interesting to note that, as seen in Figure 4, the Li-Cor generally indicates lower irradiances 

than the Eppley during the middle of the day. This may be due to the characteristics of the 

instrument. Another hypothesis is that solar gains warm the lower roof of the lab. The infrared 

radiation emitted by this roof, seen by both instruments, would only affect the thermopile device. 

It seems unlikely, however, that it could account for all of the mid-day difference, since the roof 

occupies only a fraction of the solid angle seen by the pyranometers, and its temperature does not 

rise that much above ambient. 

Nighttime Offset in Global Eppley: For much of the test, the nighttime offset for the global 

Eppley pyranometer follows closely that of the diffuse Eppley pyranometer, that is, it is a 

reasonable –5 W/m
2
 or so. Unfortunately, as seen in Figure 5, this is not always the case. During 

a number of nights, the offset is positive, as though there was some irradiance coming from the 

sky. The reading cannot be attributed to a light source, because it does not appear in the data 

from the diffuse instrument, which “sees” the same sky.  
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Figure 5 : Nighttime Offset for Global Eppley Pyranometer, Days 20 to 30 

In theory, nighttime offsets should be negative. Figure 3 shows that positive offsets do arise, 

though very infrequently, and possibly due to errors in the data acquisition system. The troubling 

aspects of the global offsets seen here are: 

1) They break an otherwise very strong correlation with the diffuse Eppley; this eliminates 

the possibility that condensation or frost caused the problem: on the mornings these were 

observed, they occurred on both instruments equally. 

2) They are strongly positive, around +5 W/m
2
. Dutton et al. indicate that solid black 

pyranometers such as the PSP exhibit nighttime offsets of “about +2 to –12 W/m
2
” 

[Dutton et al., 2001] 

3) The offset is rarely an intermediate value between 0 and +5 W/m
2
; rather, the offset 

appears to move rapidly between negative values and a strongly positive level. 

4) Near sunrise and sunset on several days when there is a positive offset during night, there 

is an inexplicable downward spike, dropping below –30 W/m
2
 on one occasion.   

While the nighttime offset in the 45º Eppley could conceivably reflect a real temperature 

difference between the thermopile junctions, that seems unlikely in the case of the global 

instrument. Rather, it appears that the instrument or the data acquisition system is malfunctioning 

in some way. Since the nature of this malfunction is unknown, it is not clear whether it is also 

introducing error into the daytime measurements of the global radiation, and if so, the magnitude 

of this error. 

Negative Excursions in Global: In addition to the brief downward spikes in the global 

measurement that occurred at sunset and sunrise on some days when there was a positive 
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nighttime offset, on three mornings of the test—viz., day 10, 16, and 18— there were protracted 

negative excursions in the global. These reached as low as –280 W/m
2
 and lasted as long as an 

hour-and-a-half. The most blatant of these excursions is shown in Figure 6. These excursions 

started precisely at sunrise, and were not correlated with human activity at the laboratory. The 

two excursions not shown in Figure 6 ended very abruptly, with values returning to apparently 

normal levels nearly instantly. 
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Figure 6 : Negative Morning Excursion in Global Measurement, Day 10 

It is tempting to attribute these negative excursions to frost formation on the hemisphere of the 

pyranometer. While melting off, this could conceivably maintain the hot junction at a level 

below the air temperature. On day 10 and 16, heavy condensation was indeed wiped off the 

instruments in the morning; on day 18 the operator was absent from the laboratory. However, 

this explanation is unlikely. On day 17, when no negative excursions were observed, heavy 

condensation was also wiped off the pyranometer
4
. Furthermore, air temperature was 5 to 8ºC 

during the nights preceding the negative excursions, and array temperature—a reasonable proxy 

for the pyranometer glass hemisphere temperature—stayed well above freezing. In contrast, on 

the night of day 17, air temperature was below 5ºC and array temperature just reached the 

freezing level. Thus night 17 would have been a more likely candidate for frost, but no negative 

excursion was seen.   

These excursions resulted in 476 minutes of invalid global data. While this is not particularly 

significant in itself, the inexplicable nature of these excursions is very troubling. Does the cause 

of this excursion affect the apparently “normal” daytime readings of the global pyranometer? At 

present, this is unknown. 

 

                                                 
4
 As well as a number of other mornings. 
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Diffuse Exceeding Global: On a large number of occasions during the test when the global 

measurements were suggestive of a cloudy day, the diffuse measurement exceeded global. This 

is a minor concern, possibly suggesting incorrect calibration of the instruments. Nevertheless, the 

offset was often in the range of 30 W/m
2
. On day 28, shown in Figure 7, this represents an error 

of about 10%, which is higher than would be expected for a calibration error
5
. On darker days 

the error was 15% or more.  
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Figure 7 : Diffuse Radiation Exceeding Global on Day 28 

The diffuse and global pyranometers are physically close; perhaps the shadow band blocks some 

radiation to the global pyranometer. This seems insufficient to explain such a large discrepancy, 

however.  

The disconcerting aspect of this discrepancy is that it may imply a systematic bias in either the 

global or the diffuse measurement that would apply to sunny as well as cloudy days.  

 

Rain Affects Eppley Measurements: On at least five days of the test, all four Eppley 

measurements exhibited extremely strange behaviour: though the sky was relatively dark to the 

eye and the Li-Cor indicated low irradiance levels, the Eppley instruments suggested irradiances 

of up to 400 W/m
2
. This aberrant behaviour was perfectly correlated with rain, and did not 

appear to affect instruments other than the Eppleys. 

Figure 8 shows the situation for day 19. Until around 13:30, when rain began falling, the Li-Cor 

measurements coincided very strongly with the Eppley 45º, diffuse, and global measurements 

(suggesting a relatively isotropic sky). Direct measurements were generally near 0. When the 

                                                 
5
 It should be noted, given the discussion in the subsection of Section 3.1.1 entitled “Rain Affects Eppley 

Measurements”, that according to Environment Canada records, day 28 was cloudy but without precipitation. 
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rain began, the Eppley measurements abruptly diverged from those of the Li-Cor, and the direct 

measurement shot up to around 200 W/m
2
. The Li-Cor measurements are believable; the Eppley 

measurements are clearly not.  
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Figure 8 : Eppley Measurements versus Li-Cor on Day 19—Rain starts around 13:30 

This same phenomenon was seen on day 32, when it was investigated in depth. Boxes were 

placed over the instruments to block light and yet irradiance measured on the order of 100 W/m
2
. 

It was found that the output of the instruments themselves, when disconnected from the rest of 

the data acquisition system and measured with a voltmeter, was reasonable. On the other hand, 

the Eppley instrumentation amplifiers used with these four instruments produced aberrant 

outputs when a reference voltage was presented at their inputs when they were operated in their 

normal location, i.e., the junction box on the roof. When tested in the laboratory, however, they 

performed according to specification. Disconnecting power to the NIP tracker and 45º ventilator 

had no impact, nor did throwing water on the instruments (once they had dried out following the 

cessation of rain).  

An examination of past data records from the meteorological station strongly suggests that this 

aberrant behaviour occurs during daytime only. For example, placing a box over the instrument 

during a rainy period could be expected to lead to readings of 100 to 200 W/m
2
 during the 

daytime, but these would decline to 0 precisely as night fell! It is difficult to posit an explanation 

for this correlation with daylight, even when the instruments are shaded, that does involve the 

rooftop photovoltaic array in some way. Dave Turcotte proposed the hypothesis that the many 

modules showing evidence of water infiltration were leaking current onto the bound and ground 

of the array, and that this was in some way creating a DC bias in the amplifiers or data 

acquisition system. Measurements of the current on the three inverter ground paths, using a 

clamp-on meter having a precision of 10 mA, did not turn up any difference between rainy and 

dry weather.  
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Although it was decided that further investigation of the cause of this aberrant behaviour was not 

permissible in the context of the hybrid program, on the rainy afternoon of November 24, 2004, 

Dave Turcotte noted the following: 

1) With all rooftop arrays connected to their respective inverters, Eppley radiation levels 

were around 200 W/m
2
—an impossibly high level given the dark day.  With rooftop 

array “C” short-circuited, Eppley radiation levels were 0 to 10 W/m
2
. This proves that the 

photovoltaic array—in particular, section “C”—plays a role in our problem. 

2) Disconnecting the Datataker that measures the meteorological station instruments from 

the building electrical system (and thus operating it on battery power) did not correct the 

erroneous readings. Thus the exact mechanism by which the array influences the 

meteorological station remains unknown. 

3) The insulation of the red wires connected to array “C” are faded and cracked to an extent 

not seen in the other arrays. A voltmeter measured a DC potential difference of 

approximately 100 V between the metal support for array “C” and the exterior of a wet 

bundle of wires leading into the array junction box. Depending on the current that the 

conduction path can support, this represents a potentially lethal hazard of electrocution 

for people touching these wires on a rainy day.  

Because the meteorological station does not report on precipitation, the periods during which 

aberrant behaviour arises due to rain are not easily identified. Comparison with the Li-Cor is 

helpful during those periods when the latter is not shaded by the adjacent Eppley, as discussed 

above. During this test, 1213 minutes of readings from each of the four Eppley instruments were 

invalidated by rain. 

The real concern—apart from the obvious electrocution hazards and code non-compliance—is 

not lost data nor irradiance levels during rainy periods, however. Rather, the concern is that this 

phenomenon may be causing other, undetected errors in the data. Without a good idea of what 

this problem entails, it is impossible to put limits on the uncertainty in the output of the Eppley 

instruments, even during sunny periods. 

 

Morning Spikes in Eppley/Li-Cor Discrepancy: During six mornings of this test, there was a 

significant and inexplicable spike in the difference between the Eppley 45º and the Li-Cor 

pyranometer. An example, from day 18, is shown in Figure 9; the other days when this occurred 

were 16, 17, 20, 32, and 33. On some other days, minor spikes were observed.  
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Figure 9 : Morning Spike in Eppley vs. Li-Cor Discrepancy—Day 18 

The mornings on which this discrepancy was observed appear to be weakly correlated with 

mornings when heavy condensation was observed. Given the above discussion on the role of rain 

in generating aberrant behaviour in the Eppley instruments, this would not be surprising. Note 

that in Figure 9 the diffuse measurement, generally quite dependable in this test, shows elevated 

readings in the morning compared with the afternoon; in fact on all mornings where the Eppley 

vs Li-Cor discrepancy spiked, all Eppley measurements appear to the eye to be high.  

Another explanation for the elevated discrepancy could be morning haze, cloud, or fog causing a 

shift in the spectrum. The Li-Cor would be affected such a shift; the thermopile device would 

not. Despite this possibility, the measurements from all Eppley instruments during these morning 

spikes were considered invalid. 

Once again, the concern here is not just the validity of the morning data when these spikes were 

observed, but the possibility that at other times bias is being introduced undetected. 

3.1.2 Estimated Accuracy of Meteorological Station Data 

 

Since future studies will compare simulation results with monitored data and, in particular, 

examine the accuracy of the conversion of horizontal to tilted irradiance data, an estimate of the 

accuracy of the various irradiance measurements is needed: the accuracy of the simulation tool 

can only be determined up to this limit.  

Using high-quality instruments that are well maintained and do not exhibit all the aberrant and 

largely inexplicable behaviour noted in Section 3.1.1, thermopile pyranometer measurements 

may be considered accurate to within 25 to 35 W/m
2
 when irradiance levels are 1000 W/m

2
, 

according to some studies [Wardle et al., 1996, pp. 207-210].  
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Other researchers are decidedly more pessimistic: one suggests that when using a single 

calibration “constant”, as has been done here, “errors between +25 and -100 W/m
2
 are possible 

in pyranometer data” when irradiance levels are 1000 W/m
2
; “under near isotropic conditions, or 

partly cloudy conditions, the errors will be less” [Myers, 2004a]. This estimate takes into account 

the marked change in pyranometer responsitivity as the incidence angle changes through the day, 

as shown in Figure 10. If a single calibration constant from readings around an incidence angle 

of 45º is used, most readings will be within about ±3.5%, as suggested by Wardle et al., but 

global radiation measurements at the beginning and end of the day will be out by as much as 

-10%.  

 

Figure 10 : Pyranometer Cosine Response Curve as a Function of Incidence Angle and Time of Day (from 

[Myers, 2004a]) 

Given the uncertainties identified in our instruments, we cannot assume this level of accuracy. 

For the 45º Eppley reading, the nighttime offset may imply a daytime bias averaging -15 W/m
2
 

but varying between approximately -35 and 0 W/m
2
. The global measurement is sometimes 

affected by a +5W/m
2
 offset which may bias the daytime readings. The diffuse and global 

measurements conflict by 10 to 15% under cloudy skies. And, most important, all Eppley 

measurements are suspect when there is liquid water present, either through rain, dew, frost, or 

melted snow—conditions we are ill equipped to identify. Indeed, this problem with humidity 

may have a less noticeable effect during dry periods as well, further eroding certainty limits. 

Since the exact nature of many of the uncertainties is unknown, it is impossible to do a proper 

analysis. For the purposes of this report, the following accuracy has been assumed for positive 

readings; all negative readings have been assumed invalid. 

Table 3 : Assumed Uncertainties for Irradiance Measurements 

 Liquid Water Present or 

Suspected 

Dry 

Eppley 45º invalid 9:00 to 15:00—greater of ±7% or ±35 W/m
2
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other times—greater of ±12% or ±35 W/m
2
 

Global invalid 9:00 to 15:00—greater of ±5% or ±30 W/m
2
 

other times—greater of ±10% or ±30 W/m
2
 

Diffuse invalid 9:00 to 15:00—greater of ±5% or ±20 W/m
2
 

other times—greater of ±10% or ±20 W/m
2
 

Li-Cor ±10% until 16:00 then invalid ±10% until 16:00 then invalid 

Pyrheliometer invalid ±5% 

 

Of the approximately 73,000 two-minute daytime readings for the five irradiance measuring 

instruments, 10.3% were invalid. This is a relatively poor data collection “efficiency”, given that 

this station closely attended to by an on-site operator. This is not a condemnation of the 

meteorological station per se, but it is indicative of a need for close technical scrutiny to ensure 

that the output of the station is reasonable and to eliminate or reduce sources of uncertainty. It 

must be noted that the data acquisition system and associated database have proven particularly 

flexible and have facilitated the rapid extraction of the data pertinent to this analysis. 

3.1.3 Adjustments and Omissions in Hybrid Test Bench Data  

 

The data record from the hybrid test bench is excellent. Only a small portion of the hybrid test 

bench data is invalid. There were, however, a few minor glitches: the control algorithm was not 

executed perfectly due to operator error, and adjustment of the clock of the data acquisition 

system resulted in some lost data.  

Following the connection of the array and the load in the evening of day 1, a nearly uninterrupted 

record of valid hybrid test bench data exists until the final discharge of the test: one 2-minute set 

of measurements is missing. On day 38, in preparation for the final discharge and recharge, the 

load and array were disconnected, and then the battery was disconnected so that the test bench 

could be rewired. The battery was disconnected, and therefore the electrical (though not 

temperature) data invalid, for 24 hours and 50 minutes.  

Data was missing or invalid, therefore, for a total of 925 minutes during the test. For all but 24 

minutes of this missing or invalid data, however, the battery was in open circuit, and the 

information in the data was essentially unimportant. 
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At about 8:20 AM on September 16, the clocks for the meteorological station and the hybrid test 

bench monitoring system were adjusted. When the test bench logger was set back in time, 

approximately 22 minutes of data were lost from the hybrid system test bench record.  

For the first 13.5 hours of the test, the RTD measurement of the battery case temperature was 

invalid. This was prior to the load and the PV array being connected, however, and in any case 

the battery cell temperature measurement is available for this period. 

At the outset of the test, I failed to set the switch for genset control to the setting that permits the 

ADAM control system to start the genset. As a consequence, the battery discharged slightly 

below its 24.36 V end-of-discharge setpoint in the early morning of day 20 and day 22. On day 

20, approximately 32 Ah (roughly 5% of the battery bank’s 20 hour capacity) was discharged 

after the battery had reached the setpoint. On day 22, the battery was overdischarged about 98 

Ah (roughly 15% of its capacity) and reached a voltage as low as 23.97 V, or approximately 2.00 

V per cell. This does not represent an especially deep discharge, and should have minimal effect 

on the test. The problem was identified and rectified on day 22.  

3.2 Environmental Parameters 

3.2.1 Irradiance in the Plane of the Array 

The output of both instruments measuring the irradiance of the plane of the array was riddled 

with invalid data. To address this problem, the two time-series were combined to generate a 

single, complete data stream. First, the offset of the 45º Eppley was compensated for: over each 

day, the average of the reading at midnight the previous night and midnight the current night was 

subtracted from the data. Then gaps in this time-series were filled with data from the Li-Cor 

pyranometer.  

The average daily irradiance measurements are compared to Environment Canada 1967-1976 

solar radiation analyses for St. Hubert Airport in Table 4 [McKay and Morris, 1985]. While the 

measured data are slightly higher than those measured by Environment Canada, they fall well 

within the range of variation indicated in the solar radiation analyses. 

Table 4 : Daily Average Insolation in the Plane of the Array 

 Measured 

September 

(Wh·m
-2

·day
-1

) 

EC September 

(Wh·m
-2

·day
-1

) 

Measured 

October 

(Wh·m
-2

·day
-1

) 

EC October 

(Wh·m
-2

·day
-1

) 

Mean – 1 SD NA 2507 NA 1611 

Mean 5366 4627 3837 3843 
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Mean + 1 SD NA 6747 NA 6074 

On seven days of the test, two-minute measurements of the plane-of-array irradiance exceeded 

1100 W/m
2
; on two days irradiances in excess of 1200 W/m

2
 were recorded. The maximum 

irradiance measurement among the 15 second data is 1298 W/m
2
 for the Eppley 45º instrument 

(which rises to 1328 W/m
2
 when corrected for the observed nighttime offset) and 1306 W/m

2
 for 

the Li-Cor. These are extraordinarily high measurements, and they readily exceed the sum of the 

diffuse measurement and the direct measurement. It is tempting to dismiss them, but there are a 

number of reasons to believe that they are real: 

1) The Li-cor and the Eppley both give these very high readings. 

2) During one period of elevated irradiance measurements, the operator watched the 

irradiance measurement rise as a cloud approached the sun; the cloud became 

increasingly illuminated and, just before the sun was blocked behind the cloud, the 

irradiance measurement peaked. Cloud-edge peaks in solar irradiance are well 

documented. 

In fact, all days during which high irradiance levels were recorded appear to have been 

characterized by broken cloud. The irradiance during these days fluctuates rapidly between 

readings as low as 200 W/m
2
 and peaks over 1100 W/m

2
, as illustrated for day 5 in Figure 11. 
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Figure 11 : Fifteen-second 45º Irradiance Measurements from Day 5 

3.2.2 Irradiance on the Horizontal 

The valid data for the instruments measuring global and diffuse on the horizontal were used to 

generate estimates of the daily average insolation. These are compared with Environment 

Canada solar radiation analyses for St. Hubert Airport from the period of 1967 to 1976 [McKay 
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and Morris, 1985] in Table 5. Diffuse insolation and the global radiation for October are 

somewhat lower than in the solar radiation analyses.  

Table 5 : Daily Average Insolation on the Horizontal: Global and Diffuse 

 Measured 

September 

(Wh·m
-2

·day
-1

) 

EC September 

(Wh·m
-2

·day
-1

) 

Measured 

October 

(Wh·m
-2

·day
-1

) 

EC October 

(Wh·m
-2

·day
-1

) 

Global on 

Horizontal 

3718 3850 2196 2581 

Diffuse on 

Horizontal 

1217 1530 917 1124 

3.2.3 Exterior Air Temperature 

The exterior air temperature was measured in two places: one the upper roof of the laboratory 

with the rest of the meteorological instruments, and on the north exterior wall of the hybrid test 

bench. The time-series of exterior air temperature measurements is shown in Figure 12.  
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Figure 12 : Exterior Air Temperature as Measured by Meteorological Station and Hybrid Test Bench 

Figure 12 suggests that the correlation between the two measurements is very good. Figure 13 

explores this correlation further. A line fit to the data implies that the hybrid test bench is likely 

to indicate a lower temperature than the meteorological station during cold hours. In addition, the 

slope of the line is somewhat lower than unity. 
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Tmet station = 0.9494·Ttest bench + 1.5883

R2 = 0.9875
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Figure 13 : Correlation of Hybrid Test Bench and Meteorological Station Exterior Air Temperature 

Measurements (vertical white lines are an artifact of display software) 

The scatter and imperfect correlation of Figure 13 are in large measure explained by a closer 

examination of the time-series. Figure 14 shows the situation for days 15 through 20. At night, 

the hybrid test bench temperature measurement tends to cool to a level several degrees below 

that of the meteorological station. During the temperature peaks of the day, the meteorological 

station warms to a higher temperature than the hybrid test bench. The rest of the time, the test 

bench reading is about one degree below the meteorological station reading, but this offset varies 

and sometimes approaches 0.  
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Figure 14 : Exterior Air Temperature Measurements for Days 15 through 20 

The discrepancies noted in Figure 14 probably reflect real differences in the temperature in the 

vicinity of the probes. Both temperature probes are protected from solar radiation by Gill shields. 

The shield is not fully effective, however. Since the hybrid test bench measurement is taken on a 

north-facing wall, direct solar radiation does not impinge on it during this test, except perhaps for 
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a few minutes at the beginning and end of the day. Thus the meteorological station is likely to be 

warmer during the day, as observed here. The depressed test bench temperatures during the night 

may be due to cooling of the asphalt parking lot around the test bench by radiation losses to the 

sky; being higher and more exposed to the air stream, the meteorological station probe is more 

influenced by the air temperature. Furthermore, being above the roof, the instrument will be 

affected by building heat losses through the roof.  

Following the test, the test bench ambient air temperature thermocouple was immersed in an 

electronic temperature bath and tested against a precision RTD. The ADAM data acquisition 

system measured approximately 1.0 to 1.2ºC lower than the RTD. This explains the majority of 

the offset in the correlation between the meteorological station and the test bench temperature 

reading. 

3.3 Test Bench Operation 

3.3.1 Overview: Current and Voltage  

The analysis of system operation focused on the period spanning hour 60 to 920. This period 

contained a nearly perfect data record and avoided the disconnection of the array at the 

beginning and end of the test (see Sections 2.1.1 and 3.1.3).  

The relevant currents as well as the battery voltage are shown in Figure 15 for the first half of the 

test and Figure 16 for the second half of the test. For context, the beginning and end of the test 

are shown in Figure 17 and Figure 18, respectively. 
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Figure 15 : Overview of First Half of Test: Voltage and Current 

In the first half of the test, the genset did not run at all, since battery voltage stayed quite high. 

The characteristic drop from a high voltage to a “shelf” at 27.1V identifies the days during which 

the charge controller entered regulation. It can be seen that the absorb voltage setpoint was raised 

twice over the first half of the test (see Section 2.1.2). The adjustment to the load is obvious. 
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Figure 16 : Overview of Second Half of Test: Voltage and Current 

During the second half of the test, prior to the final discharge/recharge, the genset ran eight 

times, for a total of 27 hours and 16 minutes. During the first three nights of the second half, the 

battery voltage fell below 24.36 V on two separate occasions, which should have caused the 

genset to start, but did not (see Section 3.1.3). On a number of days in the last quarter of the test, 

the charge controller limited the array current. 
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Figure 17 : Beginning of Test: Voltage and Current 

The first 60 hours of the test were characterized by the load and array being connected, 

disconnected, and reconnected as the test equipment was set up. This is clear from Figure 17. 

The end of the test, shown in Figure 18, consisted of a final discharge and full recharge (see 

Section 2.3). The genset ran for a total of 5 hours and 7 minutes; a power supply furnished the 

current for the float charge that followed the end of genset charging. 
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Figure 18 : End of Test: Voltage and Current 

3.3.2 PV Array and Charge Controller 

As in Section 3.3.1, the study of the PV array operation was limited to the period spanning hours 

60 to 920.  

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

controller is limiting the current during regulation, as seen in Figure 19. The curved lines of data 

points visible under the linear tendency trace the operation of the array during regulation on 
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cloud-free days. The charge controller starts regulation near noon on bright days, hence the 

curved lines deviate from the linear tendency at irradiances around 1000 W/m
2
. The controller 

limits the current, so it drops vertically in the graphic. As the afternoon proceeds, the irradiance 

declines, so the curve moves sweeps to the left. After several hours on absorb charging at about 

28.3 V, the controller reduces the current, as necessary to limit the voltage to the float setpoint of 

27.1 V. This generates the discontinuity visible in the lines at around 800 W/m
2
. Eventually the 

irradiance is insufficient for the array to generate the current necessary to hold the battery at 27.1 

V; this appears to occur around 400 W/m
2
.  
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Figure 19 : Array Current as a Function of Irradiance in the Plane of the Array 

The scatter about the linear tendency reflects a number of secondary variables. The battery 

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

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

affect the current slightly. In addition, because the two-minute samples of array current and 

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

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

the right of the curved lines reflects momentary peaks in irradiance during charge regulation. 

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

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

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

the array shifts downwards. The downward curving section of the curve at the right end of the 

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

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

and the array produces no current. Figure 19 implies that at around 60 W/m
2
, the open circuit 

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

indicate that the array fill factor is poor at low light levels.  
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The power output of the array shows the same linear relationship to irradiance as the array 

current, as seen in Figure 20. The array power is the product of the array current and the 

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

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

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

the periods of regulation have been removed, leaving only the linear tendency. In addition to the 

sources of scatter for current discussed above, the variation in battery voltage (which determines 

array voltage) also causes deviations from a perfect line.  

Parray  = 1.1193·Irradiance - 51.436

R2 = 0.9911
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Figure 20 : Array Power as a Function of Irradiance in the Plane of the 

Array, Periods of Regulation Excluded 

The straight-line approximation of the array power as a function irradiance that minimizes the 

sum of squared errors is included in Figure 20. The coefficient of determination of 0.9911 

reflects the strength of the correlation. The coefficient of 1.12 on irradiance relates that this 

nominally 1440 W array generates, on average, an extra 1.12 W of power for every 1 W/m
2
 

increase in irradiance. That a nominally 1440 W array should yield only 1070 W at conditions 

close to STC is not overly surprising: the array is not operated at its maximum power point, the 

modules are probably mismatched, and some modules in the array may be weak. Since the array 

is not operated at its maximum power point, it does not make sense to calculate its efficiency. 

The maximum 2-minute average output of the array during the test was estimated at 1326 W. 

It is instructive to examine the various losses affecting the array, as summarized in Table 6. 

Between hour 60 and 920, the insolation in the plane of the array was 161.9 kWh. An ideal 

photovoltaic array with a nominal 1440 W capacity, operated at its maximum power point and 

standard test conditions, would produce 233.2 kWh with insolation of 161.9 kWh. The hybrid 

test bench array is not ideal, is not operated at STC, and is not operated at its maximum power 

point. This reduces the output of the array by 30%, compared with the ideal array. During charge 

regulation, energy equivalent to 4% of the output of the ideal array is rejected. The wiring 

between the array and the hybrid test bench DC junction box contributes losses equivalent to 3%, 
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and the blocking diode causes losses of 2%.  The losses within the charge controller are 

essentially insignificant.  

Table 6 : Losses Affecting the Photovoltaic Array 

Magnitude relative to… 

 
Energy

6
 

 (kWh) 
Ideal Array at STC Actual Output 

Ideal Array Output at STC 233.2 100% 167% 

Losses due to… 

Non-ideal and V ≠ Vmpp -70.5 30% 50% 

Blocking Diode -4.33 2% 3% 

Outside Wiring -6.99 3% 5% 

Interior Wiring -1.65 <1% 1% 

Voltage Drop in Charge Controller -1.06 <0.5% <1% 

Charge Regulation -8.97 4% 6% 

Actual Array Output at Test Bench 139.7 60% 100% 

The charge controller limits the current, indicating a nearly full battery, on 11 days of the test. 

Table 7 compares the energy from the photovoltaic array that was actually used to the energy 

that would have been available had the battery never been full.  

Table 7 : Actual and Available PV Array Output, as would be Measured at Test Bench DC Junction Box 

Energy from the Photovoltaic Array 

 

Actual (kWh) Available (kWh) 

When not regulating 109.5 109.5 

During regulation 30.2 38.9 

Total PV array energy 139.7 148.4 

                                                 
6
 Note that only final line of this column represents measured data; losses were estimated from the correlation of 

Figure 20, other similar correlations, and additional measurements.  
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The time-series of array temperature and ambient air temperature are shown in Figure 21. During 

daytime, solar energy raises the temperature of the array up to 30ºC above that of the ambient air. 

At night, the array falls up to 7ºC below the ambient air temperature, presumably due to radiation 

losses to the night sky. This hypothesis is supported by the minimal depression of the array 

temperatures on cloudy days: during night, clouds reduce radiation losses to the sky. 
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Figure 21 : Array Temperature, with Ambient Air Temperature shown for Comparison 

The correlation of the array temperature and the irradiance is explored in Figure 22. The 

difference between the array temperature and the air temperature are plotted as a function of the 

irradiance. A strong linear tendency is evident. Scatter from this linear tendency can be attributed 

to variation in convective cooling of the array by wind, the changes in the array temperature 

lagging changes in the irradiance, variation in the amount of electrical energy being removed 

from the modules, and variation in radiation losses to the sky. The scattered points at high 

irradiances below the fit line show that when cloud edge effects cause a momentary peak in 

irradiance, the array temperature reacts too slowly to approach the steady-state temperature 

associated with that irradiance level. Similarly, the points at moderate and low irradiances that 

are scattered above the fit line probably reflect that the array does not have time to fall to a level 

near steady-state when a cloud momentarily passes in front of the sun. 
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∆T = 0.0281·Irradiance - 2.4992

R2 = 0.9277
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Figure 22 : Difference between Array Temperature and Air Temperature as a 

Function of Irradiance 

The –2.5ºC offset in the array temperature with respect to the air temperature implied by the 

straight line equation of Figure 22 suggests that radiation losses to the sky are about this level. 

Radiation losses to the sky occur not just during night, when they are easy to identify, but during 

the day as well, as evidenced by the lack of a discontinuity in the linear tendency at irradiances 

near zero.  

3.3.3 Battery 

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

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

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

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

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

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

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

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

this on the basis of assumed inefficiencies. 

A positive current entering a lead-acid battery may either charge the battery—i.e., transform lead 

sulphate into lead, lead oxide, and sulphate ions—or it may participate in a host of parasitic 

secondary reactions. The dominant secondary reaction is “gassing”, the electrolysis of water into 

hydrogen and oxygen. 

In this study, the magnitude of the secondary reactions, hereafter simply referred to as the 

gassing current, was estimated by an exponential function of the battery voltage; this is 
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equivalent to asserting that gassing obeys the Tafel equation, which is supported by experimental 

study [Meszorer et al., 1992], and has previously been used in estimation of state-of-charge 

[Bader, 1975]. The current that is consumed in secondary reactions, Igas, is assumed to be related 

to the battery voltage, Vbat, by: 








 −

⋅=
6038.0

67.26

5.0
batV

gas eI  

This relation is shown in graphical form in Figure 23. The shaded vertical bands indicate the 

range of battery voltage associated with float and absorb charging in this test. 
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Figure 23 : Assumed Gassing Current as a Function of Battery Voltage 

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

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

of the battery, as seen in Figure 24 for the first half of the test and Figure 25 for the second half 

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

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

charge (apart from the first one, which was preceded by a particularly short and broken absorb 

charge), the ideal battery estimate of available capacity was set to that of the “inefficient” battery 

so that the two values did not diverge without limit.  
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Figure 24 : Estimated Available Battery Capacity—First Half of Test 

During the first half of the test, the available capacity of the battery was high, above 70% most of 

the time. The battery entered regulation quite frequently. In contrast, in the second half of the test 

the available capacity of the battery was frequently in the range of 50 to 75%, and only 

approached full charge during two periods in the last quarter of the test. The genset ran 

frequently, as indicated by the asterisks in Figure 25, and the battery was discharged by accident 

to an available capacity of nearly 25%.  
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Figure 25 : Estimated Available Battery Capacity—Second Half of Test 

 

The three constants in the gassing equation were chosen on the basis of how well they described 

the observed behaviour of the battery in this test. Three loose criteria were used. First, values had 

to make sense. For example, the constant of 26.67 V, corresponding to 2.22 volts per cell, is not 

unreasonable given that 2.25 to 2.30 volts per cell is a commonly accepted range of voltages 

associated with the onset of gassing. Second, the available capacity had to be near 100% at the 

end of each period of float charging, apart from the first. Third, at the end of the final recharge, 

the available capacity had to be 100%.  

The validity of this approach to the estimation of the available capacity can be examined in four 

ways. First, the maximum available capacity should attain 100% when the battery is fully 

charged, but not exceed 100%. In this test, it goes above 100% for only two short periods. In the 

first period, the available capacity attains a maximum of 100.8% and in the second it reaches 

101.3%. This is very encouraging. 

Second, at the end of each period of float charging (once again, excepting the first), the estimate 

of the available capacity can be compared with expected state of the battery based on the charge 

returned to the battery since the previous float charge. The battery manufacturer indicates that in 

cycle operation, the “cells require approximately 105 to 110% of the ampere-hours removed to 

be returned” in order for the battery to attain 100% available capacity. This implies that when 

this level of overcharge has been achieved by the end of the float period, the available capacity 

of the battery should be 100%.   
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Table 8 : Estimated Available Battery Capacity  at Termination of Float Charging 

Day Estimated Available Capacity Overcharge Agreement? 

6 98.2% 103.1% yes 

10 100.8% 110.0% yes 

11 101.3% 131.6% yes 

13 99.4% 108.2% inconclusive 

14 99.3% 136.3% NO 

16 96.0% 104.5% yes 

29 96.6% 103.1% yes 

30 96.7% 121.3% NO 

36 95.2% 103.6% yes 

37 94.0% 112.3% NO 

Final Recharge 100.0% 130.0% yes 

Table 8 shows that most of the time, high levels of overcharge do indeed correspond to an 

available capacity of 100% or higher. The comparison is inconclusive for day 13, and on days 

14, 30, and 37, the available capacity fails to reach 100% despite high levels of overcharge. This 

is not surprising, however, given that there was a period of float charging on the day preceding 

every one of these three days. As a result, the discharge cycle was very shallow; when the 

available capacity and the battery voltage are high, gassing will be stronger, and a higher level of 

overcharge will be required to fully charge the battery. In short, it is likely that the 105 to 110% 

level of overcharge is too low to achieve full charge when cycles are shallow.  

Third, the coulombic efficiency of the battery can be estimated by integrating the gassing current 

over the test to find the coulombic losses of the battery. This estimate is compared with the 

measured coulombic efficiency in Table 9. The two agree to within 1%, which is excellent.  The 

comparison is conducted over the whole test, which starts and finishes with the available 

capacity at 100%, and over the period of hours 22 to 904, which starts and finishes with the 

available capacity at 94%. 

Table 9 : Comparison of Measured Coulombic Efficiency and Coulombic 

Efficiency Derived from Assumed Gassing Current 

 Measured Based on Gassing Current 

Hours 22 to 904 93.5% 93.1% 

Whole Test 92.7% 92.1% 
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Fourth, the available capacity at the end of the final discharge can be compared with what would 

be expected based on past experiences. In [Ross, 2004a], 387 Ah are discharged from the battery, 

at the same current and temperature as in this test, before the end condition of 1.95 volts per cell 

is reached. Here, the available capacity of the test implies that the equivalent of 353 Ah have 

been discharged from the battery at the end of discharge—a difference of about 5.6% of the 

available capacity of the fully charged battery. Previous tests have also shown, however, that the 

available capacity of the battery declines from one partial cycle to the next [Ross, 2004a], which 

would explain this difference. 

It appears, therefore, that the estimate of the available capacity for this test is quite accurate. This 

is an interesting method for estimating the coulombic efficiency, and may be applicable to 

algorithms that estimate the available capacity for the purposes of genset dispatch or charge 

control. Given that it has been proposed for use in state-of-charge indicators for electric vehicles 

[Bader, 1975], it would not be surprising if it has been used already. 

Figure 26 is a histogram of the available capacity. The histogram is based on the period of hour 

14, when the load was connected, to hour 920. The mode is the bin of 85 to 90% available 

capacity, reflecting that the battery is generally kept nearly fully charged. In general, keeping the 

battery nearly fully charged, without operating it at high voltages, will avoid premature battery 

failure. 
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Figure 26: Histogram of Available Battery Capacity 

The battery efficiency, calculated from measured data, is found in Table 10. The energy, or 

“round-trip” efficiency was around 87%. By dividing the energy efficiency by the coulombic 

efficiency, the current-weighted average ratio of battery voltage on discharge to battery voltage 

on charge is determined to be around 0.93. The coulombic and energy efficiencies are quite high, 

and demonstrate that it is possible, under propitious conditions, to operate a hybrid system with 

minimal battery losses. Losses here are considerably lower than in prior simulation studies, for 
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example [Ross, 2004b]. Low losses can be attributed in part to the relatively low genset charge 

currents, the relatively low discharge currents, and a dispatch strategy that worked well for this 

test. 

Table 10 : Measured Battery Efficiency 

 Hours 22 to 904 Whole Test 

Energy out of Battery 103.3 kWh 111.9 kWh 

Energy into Battery 118.3 kWh 129.6 kWh 

Energy Efficiency 87.3% 86.3% 

 

Charge out of Battery 4135 Ah 4487 Ah 

Charge into Battery 4421 Ah 4839 Ah 

Coulombic Efficiency 93.5% 92.7% 

 

Vdischarge/Vcharge 0.934 0.931 

 

3.3.4 Genset and Bidirectional Converter 

During the second half of the test, prior to the final discharge/recharge, the genset ran eight 

times, for a total of 27 hours and 16 minutes. In the final recharge, the genset ran an additional 

10 hours and 14 minutes—including 5 hours of absorb charging. Various aspects of genset and 

converter operation are summarized in Table 11. 

Table 11 : Summary of Genset and Bi-directional Converter Operation 

 Run time 

(minutes) 

Max power 

(WAC) 

Ave power 

(WAC) 

AC energy 

(kWh) 

DC energy 

(kWh) 

Inverter 

efficiency 

Run 1 212 1555 1498 5.295 4.457 84.2% 

Run 2 210 1571 1522 5.326 4.476 84.0% 

Run 3 210 1595 1531 5.357 4.513 84.2% 

Run 4 212 1603 1520 5.372 4.514 84.0% 

Run 5 212 1552 1498 5.294 4.456 84.2% 

Run 6 212 1578 1507 5.324 4.481 84.2% 

Run 7 212 1589 1508 5.329 4.485 84.2% 

Run 8 158 1594 1523 4.010 3.375 84.2% 
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Final Recharge 614 1607 1157 11.841 9.836 83.1% 

 

The operation of the genset is remarkably consistent during the first seven runs. Each time, it ran 

for 3.5 hours and delivered approximately 5.3 kWh of AC electricity to the load and the battery. 

This was converted into around 4.5 kWh of DC electricity by the Statpower bi-directional 

converter, which ran at an average efficiency of 84.1%. The current at the output of the converter 

fed approximately 170 Ah of charge onto the DC bus. 

In contrast, the eighth time the genset started, it turned off after approximately 2.5 hours of 

operation. This suggests that the secondary charge termination condition—that the battery 

voltage reach 28.0 V—was attained. This is confirmed in Figure 27. The maximum battery 

voltage measured in 15-second samples rises sharply at the end of the run, attaining 28.0 V even 

though the 2-minute mean battery voltage is only 27.7 V. The PV array appears to be the culprit: 

during the previous seven genset runs its output never strays above 100W, but here it is at 500 W 

at the end of the test. The output of the array causes the battery state-of-charge to rise more 

rapidly than in previous genset runs; the concomitant rise in the battery voltage is augmented by 

the overpotential resulting from forcing a relatively high current into the battery.  
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Figure 27 : Genset Run 8 

The dispatch strategy was selected with the intention of starting the genset at an available 

capacity of 45% and stopping the genset at an available capacity of 70%. Table 12 shows that the 

available capacity of the battery was generally in the range of 46.5% to 51.2%. The first run 

started when the available capacity was only 39.8%, but as mentioned in Section 3.1.3, this was 

preceeded by a deep discharge, due to operator error.  During each of the first seven genset runs, 

the available capacity increased by an amount equivalent to 25.7 to 27.0% of the available 

capacity of a full battery. Some of the variation in the increase reflects variation from run to run 

in the solar energy available. The 8th time the genset ran, the available capacity increased by just 

under 22% of the available capacity of a full battery, as discussed above. The elevated voltages 
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reached by the battery despite its 71.1% available capacity reflect the high charging current 

resulting from simultaneous photovoltaic and genset charging. 

Table 12 : Available Capacity when Genset was Started and Stopped 

Available Capacity…  

When genset starts When genset stops 

Run 1 39.8% 66.1% 

Run 2 48.8% 74.8% 

Run 3 50.7% 76.4% 

Run 4 51.2% 77.0% 

Run 5 46.4% 72.6% 

Run 6 47.4% 74.4% 

Run 7 48.1% 74.5% 

Run 8 49.2% 71.1% 

 

The absorb charging stage of the final recharge permits the determination of the charging 

efficiency of the Statpower bi-directional converter over a range of loadings, as seen in Figure 

28. Even when it is operated at only 15% of its capacity, the device exceeds 70% efficiency. The 

84% charging efficiency seen at 50% load is not particularly high, though it may be typical of 

many commercial bi-directional converters.  
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Figure 28 : Bi-directional Converter Charging Efficiency as a Function of Loading 

3.3.5 Electrical Energy Flows 

The electrical energy flows in the system are summarized in Table 13, and, in relative terms, 

Table 14. Losses are dominated by the non-ideal behaviour and non-ideal operating conditions 
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for the array. Secondary losses included non-ideal battery operation, energy rejected during 

charge regulation, power dissipated in exterior wiring, and AC to DC conversion inefficiency.  

About 38% of the PV array output that reaches the DC bus of the test bench is fed directly to the 

load; approximately 15% of the rectified output of the genset is routed directly to the load. Two-

thirds of the energy reaching the load passes through the battery. 

 

Table 13 : Energy Flows and Losses for Hours 60 to 920 

Array Side  Genset Side 

 Supply 

(kWh) 

Losses 

(kWh) 

 Supply 

(kWh) 

Losses 

(kWh) 

Ideal Array Output 233.2  

Non-ideal conditions and   

V ≠ Vmpp 
 -70.5 

   

Blocking Diode  -4.33 Genset AC Output 41.3  

Outside Wiring  -6.99 AC to DC conversion  -6.5 

Interior Wiring  -1.65 

Losses in Charge Controller  -1.06 

Charge Regulation  -8.97 

   

Array to DC bus 139.7  Genset to DC Bus 34.8  

Array direct to load 52.7  Genset direct to load 5.38  

Array to battery 87.0  Genset to battery 29.4  

 

Total energy into battery 116.4  

Battery Losses  -14.7 

 

Energy from battery to load 101.6  

Energy direct to load 58.1  

 

Total load 159.6  
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Table 14 : Energy Flows and Losses for Hours 60 to 920, Relative to Load 

Array Side  Genset Side 

 Supply 

(kWh) 

Losses 

(kWh) 

 Supply 

(kWh) 

Losses 

(kWh) 

Ideal Array Output 1.46  

Non-ideal conditions and   

V ≠ Vmpp 

 -0.44 

  

 

 

 

Blocking Diode 
 -0.03 Genset AC Output 0.26  

Outside Wiring 
 -0.04 AC to DC conversion  -0.04 

Interior Wiring 
 -0.01 

Losses in Charge Controller 
 -0.01 

Charge Regulation 
 -0.06 

  

 

 

 

Array to DC bus 0.88  Genset to DC Bus 0.22  

Array direct to load 0.33  
Genset direct to load 0.03  

Array to battery 0.55  
Genset to battery 0.18  

 

Total energy into battery 0.73  

Battery Losses  -0.09 

 

Energy from battery to load 0.64  

Energy direct to load 0.36  

 

Total load 1.00  

 

For hours 60 to 920 of this test (which started and ended with an available capacity of 0.71), the 

solar fraction was 0.806 and the performance ratio was 0.552. During the first half of the test, 

when the genset did not run, the solar fraction was unity and the performance ratio was 0.517.  

3.3.6 Battery and Interior Air Temperatures 

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

(measured on north exterior wall of the test bench) are shown in Figure 29 and Figure 30 for the 

first and second half of the test, respectively. In general, the battery temperature varied between 
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23 and 26ºC and the interior air temperature varied between 21 and 25ºC. Spikes above these 

ranges occurred during genset operation, and dips below these ranges occurred on cold nights. 

The battery casing temperature is consistently several degrees C above the temperature measured 

between the battery cells. For this test, the between cell temperature has been considered 

accurate, since it is near ambient temperature during periods of low battery currents. It is hard to 

see how the casing could be warmer than the between cell temperature, so this measurement has 

been disregarded. Its calibration will be investigated following the test. 

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

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

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

exterior temperatures are low, when the genset is running, or both, reflects cycling of the heater 

thermostat and the exhaust damper. The battery temperature rises when the genset operates, due 

to the sustained high charge currents. This is especially evident in the final recharge. 
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Figure 29 : Battery and Air Temperature During First Half of Test 
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Figure 30 : Battery and Air Temperature During Second Half of Test 

The interior air temperature declines somewhat over the duration of the test, as though the heater 

were unable to overcome test bench losses to the increasingly cold outside air. This explanation 

is unlikely, however. It is more likely that the thermostat is malfunctioning: it appears that the 

current it is passing warms the thermostat so that it senses a temperature warmer than the actual 

air temperature.  The thermostat probably needs replacement. 

3.4 Discussion 

3.4.1.1.1.1 Operating Regime 

Despite being conducted over a relatively short period of time, this test covers a broad range of 

the operating regimes undergone by PV hybrid systems. During the first half of the test, there 

was more solar energy than expected, and the system functions like a hybrid system with 

constant load would operate during summertime: there is excess solar energy and the genset 

never runs. In the second half of the test, days of strong solar radiation are interspersed among 

extended cloudy periods. This is probably representative of spring and autumn operation for a 

constant load system. Winter operation, with minimal solar input, was not really encountered, 

except for short-term cloudy periods of several days. It would be interesting to repeat this test 

with a smaller array-to-load ratio, to get a better picture of system operation during winter or 

cloudy periods. 
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The short period over which this test was conducted affects the interpretation of certain results. 

The solar fraction was relatively high in this test; if the test had run over a whole year, it would 

most certainly have been lower. During winter, there would have been less solar energy 

available, and the greater availability of solar energy during summer would have mainly resulted 

in charge regulation losses. The performance ratio would probably have declined, as well.  

3.4.2 Dominant Losses 

The data collected during the course of this test paint a picture of a PV hybrid system that is 

functioning very well. The losses that can be controlled are small, sometimes significantly 

smaller than what would in general be expected. The dispatch strategy appears to have 

successfully kept the battery in a good range of operating conditions while keeping rejected solar 

energy to a minimum. Nevertheless, there are areas where performance can be improved. 

Losses were dominated by the difference between the actual output of the array and the output of 

an ideal array operated under ideal conditions. The options for reducing these losses are limited: 

the characteristics of the PV modules can be improved, module mismatch can be minimized, or a 

more suitable operating voltage can be used. The first two options are not specific to hybrid 

systems, and will not be discussed here. 

Because the CETC Spire Array tester was not available, it was impossible to characterize the 

array’s operating characteristics; this would have facilitated the determination of the causes of 

shortfall in output. Specifically, it would have permitted an estimate of the losses due to 

clamping the array to the battery voltage—i.e., not having maximum power point tracking. 

About 30% of the output of an ideal array is not realized due to non-ideal array characteristics 

and operating conditions. In theory, a maximum power point tracker might recover 50 to 80% of 

this “loss”. The tracker would need to incorporate a DC-to-DC converter, however, which would 

have average losses of 2 to 5%. Furthermore, the algorithm may not track the maximum power 

point perfectly. Though losses due to imperfect tracking tend to be less than 1% [Häberlin et al., 

1997], they can be as high as 2 to 3% in some inverters [Baltus et al., 1997], [Wilk, 1998] or at 

low power [Häberlin et al., 1997]. 

Maximum power point algorithms can be confused by local maximums in the array power-

voltage characteristics and by rapid changes in the irradiance causing rapid changes in the power 

voltage characteristics. In this test, the prevalence of days exhibiting rapid changes in irradiance 

(e.g., Figure 11) was somewhat surprising; since most irradiance data is presented as 10 minute, 

one hour, one day, one month, or one year averages, the existence of drastic, relatively high 

frequency excursions from the average irradiance is easily overlooked. This raises the question 

of whether a significant portion of the potential gains from maximum power point tracking 

would have been lost due to the inability of a tracker to follow these excursions. Were the 
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irradiance characteristics of this test different from those encountered normally, such that the 1 to 

3% losses due to inexact tracking would be exceeded? 

To investigate these questions, Figure 31 was constructed on the basis of 15-second 

measurements of the irradiance in the plane of the array, taken by the Li-Cor pyranometer. This 

curve indicates the fraction of the solar energy that is associated with a rate of change in the 

irradiance in excess of the value on the horizontal axis. For example, all those 15 second 

measurement intervals during which the irradiance level changed—up or down—by more 30 

W/m
2
 accounted for 10% of the solar energy in the plane of the array.  The figure is analogous to 

a load duration curve, which shows the fraction of the time that a load exceeds the value on the 

horizontal axis. 
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Figure 31 : Solar Energy versus Rate of Change in Irradiance 

Figure 31 demonstrates that despite those days during which, as shown in Figure 11, broken 

cloud caused rapid fluctuations in irradiance, little solar energy was measured when there was a 

high rate of change in irradiance. The vast majority of solar energy is associated with an average 

rate of change in irradiance of 2 W·m
-2

·s
-1

 or lower. Admittedly, this is based on 15 second 

measurements, but since it is not the rate of change per se that will cause a maximum power 

point tracker to deviate wildly from the optimal voltage, but rather the magnitude of the change 

in the irradiance (and therefore I-V characteristic), this graphic is still relevant. 

This test does not permit any hard conclusions about whether a maximum power point tracker 

would offer sufficient advantages to pay for its additional costs. It may be worth examining 

further, however, possibly through simulation. 

The second most important loss occurs in the battery. This does not reflect poor battery 

operation—in fact, the efficiency of the battery is considerably higher than one would normally 

expect. This is somewhat surprising, given that the battery was kept at a high state-of-charge 
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over most of the test, as demonstrated by Figure 26. Battery operation at a high state-of-charge is 

normally associated with decreased efficiency.  

Improving the efficiency of the battery would have little effect on overall losses: at best, one 

could reduce the losses in the battery from a level equivalent to 9.2% of the energy used by the 

load to around 8.0%—and in practice, this would be impossible. On the other hand, increasing 

the genset charge current or the load current would lead to higher overvoltages and consequently 

lower efficiency. Similarly, regularly charging the battery to a high state-of-charge with the 

genset would exacerbate losses in gassing. Both of these could significantly increase the losses in 

the battery. 

The losses in the battery could be reduced if a greater portion of the output of the genset and 

photovoltaic array went directly to the load. In practice, this means that either the loads are 

managed to match solar availability, or that the genset is run during times of high load, and never 

run when there is solar energy available. Since the load was essentially constant in this test, and 

the genset was rarely run during the day, the potential for decreasing battery losses through these 

measures was minimal.  

The third most significant source of losses in this test was output of the photovoltaic array that 

was rejected when the battery was nearly full; this wasted energy equivalent to 6% of the load. 

Given that the solar fraction was unity for the first half of this test, over 80% for the test as a 

whole, and that the battery state-of-charge was maintained at a high level for much of the test, 

the minimal energy wasted due to charge regulation is surprising.  

Figure 32 and Figure 33 reveal why losses due to charge regulation were so low. These figures 

show the output of the array and the battery voltage over a five-day window in the first half of 

the test. The first two days are sunny, the last two days are sunny, and only the middle day is 

cloudy.  On each of the sunny days, the battery is charged to its absorption voltage, held there for 

about 3 hours, and then held at its float voltage until there is insufficient sunshine to permit this. 

The dashed horizontal line draws attention to the increase in the absorption voltage setpoint on 

the second day of the window. 

In Figure 32, the actual output of the array is compared with an estimate of the output that the 

array could provide were the charge controller not limiting its output; the estimate is based on a 

correlation similar to that of Figure 20, but relating the power from the array that actually 

reaches the DC bus to the irradiance. One has a tendency to think that during regulation, a large 

fraction of the available energy is wasted. In this test at least, this is not the case: the actual and 

available power deviate, but not by that much. On the fourth day, following the cloudy day when 

there was a bit deeper discharge, the actual and available power curves are especially close—

only a small amount of power is being rejected. But even on the fifth day, which has seen only 

the discharge of the previous night, the difference is not extreme. 
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Figure 32 : Array Power, Available and Actually Used, over a Sunny 5 Day Period 
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Figure 33 : Cumaltive Array Output and Cumulative Wasted Array Output over a Sunny 5 Day Period 

The rejected energy is quantified in Figure 33, which compares the cumulative wasted output of 

the array over the five-day window with the cumulative actual output of the array. The wasted 
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output is only a little more than one-fifth of the actual output, despite this being a very sunny 

period; it would be only slightly more than one-sixth of the available array output, and ignoring 

the cloudy day it would still be less than one-quarter of the actual output.  

This suggests that, in this test at least, using the array to fully charge the battery is not a major 

cause of waste that must therefore be avoided. On the other hand, regularly fully charging the 

battery may avoid premature battery failure and improve system operating characteristics, as will 

be discussed in Section 3.4.3. The question, then, is whether charge regulation causes minimal 

losses in general, or whether that is a result specific to this particular test. 

Unfortunately, the latter appears to be the case: while losses are minimal in this test, in general 

this will not be true. With a higher array-to-load ratio, longer days, or a smaller battery, losses 

would have been higher. 

Ignoring the possibility of the genset charging the battery during the night, which is a question of 

dispatch strategy, losses will be worst when there are two or more sunny days in a row. This is 

supported by Figure 33, where the cumulative wasted array output rises noticeably more on the 

second and fifth days than on the first or fourth.  

When there are two or more consecutive sunny days, the key determinant of charge regulation 

losses is the difference between the energy available from the photovoltaic array and that 

withdrawn from the battery over the course of a day. In our test, these were reasonably well 

matched: for the fifth day of Figure 33, for example, array output of around 6.5 kWh was 

available at the DC bus and the six amp load used 3.9 kWh (an eight amp load would have used 

around 5.2 kWh). When battery losses (around 20% given the high state-of-charge) are factored 

in, the available energy exceeds the energy requirement by only 1.6 kWh for the six amp load—

and there is nothing to spare for the eight amp load.  

The length of the day may also play a secondary role in determining the losses during charge 

regulation. In this test, the battery reached the absorption voltage roughly around noon, and then 

the available solar energy tapered off in tandem with the power passed by the charge controller. 

Had the day been much longer, the battery might have reached the absorption setpoint well 

before noon, and accept only a small float current through the early afternoon, when significant 

solar energy was available. It is not clear that this leads to higher losses than would be estimated 

based on the difference between the energy available from the array and that withdrawn from the 

battery, as discussed above. 

The size of the battery is clearly a factor in the charge regulation losses. Obviously, smaller 

batteries limit the solar-generated energy that can be transferred from sunny periods to cloudy 

periods, but as long as the battery stores more energy than is withdrawn overnight, this is not a 

factor when considering the charge regulation losses on consecutive sunny days. Yet smaller 

batteries may lead to higher losses for another reason: a given array charge current will drive a 
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smaller battery to a higher voltage than it would a large battery. Not only will efficiency decline 

due to higher overpotentials and coulombic losses in gassing, but the charge controller will also 

enter regulation sooner. This may increase regulation losses, although the battery may finish the 

day marginally closer to being fully charged.  

Thus if this test had been run during the summer, much higher regulation losses would be 

observed, all other things being equal. This is a natural outcome of seasonal variation in the solar 

resource, however: if the photovoltaic array is sized to provide solar fractions approaching unity 

in September and October, then there will be excess solar energy available during May, June and 

July. A good dispatch strategy will avoid adding to these losses, but it can do little to decrease 

them. In any case, it is unlikely that the genset would be consuming much fuel during these 

summer months, so reducing these losses results in no operational gains. 

In fact, even in this test, the rudimentary dispatch strategy added little to the charge regulation 

losses. There were only four days during which regulation losses would have been reduced if the 

genset had been dispatched differently. The array output wasted due to non-ideal dispatch is 

tabulated in Table 15. The total for the whole test is 628 Wh—or about one-fifth of the energy 

consumed by the load in a single day! This result is not necessarily representative of hybrid 

systems in general—it reflects a dispatch strategy that did not raise the battery state-of-charge 

much past 75%, and considerable luck. 

Table 15 : Array Output Wasted due to Inappropriate Genset Dispatch 

Day Wasted Array Output (Wh) 

29 70 

30 396 

36 18 

37 144 

Total 628 

The fourth most significant source of losses was the power dissipated as heat in the wiring 

between the array and the test bench. In large measure, this reflects the long distance between the 

two. Nevertheless, it is interesting that energy equivalent to 4% of the load was wasted in this 

way. It suggests that the choice of system voltage and, to a lesser extent, cable resistance, may 

merit more attention than they generally receive. 

The conversion of alternating current from the genset into direct current was responsible for 

losses equal to around 4% of the load, making this the fifth largest source of losses. It must be 

noted, however, that with the solar fraction being 80% for this test, the genset was used less than 

it would be in a typical hybrid system considered over a whole year. Losses equivalent to 6 to 

12% of the load would thus be more representative.  
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The use of a more efficient converter could reduce these losses, but not by much. Conversion 

losses in the range of, say, 6.0 to 12.0% would be reduced to 5.0 to 10.1% by an ideal rectifier; in 

practice, it would be hard to do better than 5.7 to 11.4% losses. So the impact of improving 

conversion efficiency on overall system losses is somewhat limited.  

At first glance, the use of a DC genset would appear to eliminate these losses. In fact, they would 

only be hidden inside the genset: the generator produces AC that is subsequently converted to 

DC within the genset package. Nevertheless, the DC genset may have a higher conversion 

efficiency than an AC genset combined with AC-to-DC converter: the DC genset could control 

its field current to generate output at the desired final voltage, whereas the AC-to-DC converter 

would require an additional stage to shift the voltage of the waveform up or down. 

Somewhat surprisingly, the blocking diodes are the next most significant source of losses. 

Responsible for waste equivalent to around 3% of the energy used by the load, the blocking 

diode is not far off the external wiring and the AC-to-DC conversion in terms of the losses it 

causes. In contrast to wiring and conversion losses, however, this loss can be eliminated rather 

easily: blocking diodes are not necessary when the charge controller automatically disconnects 

the array at night
7
. Not all charge controllers do this, but it appears to be far more important, for 

example, than the efficiency of the charge regulation circuit itself. The ability of the controller to 

disconnect the array at night should be a criterion in the selection of the charge controller for all 

but the smallest photovoltaic arrays.  

In this study, the AC output of the genset has been taken as a given, with no consideration for the 

losses occurring in the conversion of diesel fuel to electricity. Of course, in practice these losses 

are significant and should be of concern to a system designer. There are two choices facing this 

designer, beyond dispatch strategy: one, whether a conventional AC genset or a more 

sophisticated DC genset is used, and two, the size of the genset. The first, and, to a certain extent, 

the second of these questions, is examined in a previous study  [Ross, 2004b].  

In this test, the genset operated at a more-or-less fixed output of 1.5 kWAC for the entire test 

except the final recharge, where it performed absorb charging. This reflects a dispatch strategy 

designed to minimize operation of the genset at low loading levels.  

There are relatively few gensets appropriate to our application with a nameplate capacity as low 

as 1.5 kW. The battery manufacturer recommends that the charge rate not exceed the 5 hour rate, 

which would permit a doubling of the charge current; our battery is relatively large, however, 

and a good portion of Canadian hybrid systems have batteries that would not permit this high a 

charging power. Even so, 3 kW is a very small genset. It is likely that in most applications, as in 

                                                 
7
 The charge controller currently installed in the hybrid test bench does disconnect the array at night, but blocking 

diodes were installed anyways because the configuration of the test bench could change in the future.  
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the hybrid test bench, a 5 to 10 kW genset would be used, but run at a fraction of its nominal 

capacity. 

If a genset is used at a fraction of its capacity, there are two consequences: first, the fuel 

efficiency declines, and second, the genset requires more maintenance per unit of energy 

produced. The first consequence is illustrated for a selection of gensets in the range of 2 kW to 

30 kW in Figure 34. For fixed speed gensets, loading can be decreased from 100% to about 50% 

with a roughly 15 to 30% decline in fuel economy, but below this loading the decline is more 

pronounced.  
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Figure 34 : Relative Fuel Efficiency of Various Small AC Gensets as a Function of Loading 

Part load operation is less of a problem with variable speed gensets. An ideal variable speed 

genset would exhibit no decline in its fuel efficiency with decreased load. Figure 34 shows that 

for one commercially available variable speed genset at least, this is not the case. Since this 

particular model does not permit the rotational speed to decline below 1800 RPM, only its 

performance over the range of 50 to 100% loading should be considered. At 75% loading, its 

performance is not far off ideal, but by 50% loading its relative fuel efficiency has declined to 

89%; this is somewhat better than the 70 to 85% relative efficiency of the fixed speed gensets. 

Furthermore, the wear in variable speed gensets should be more closely related to the cumulative 

energy produced by the genset than in fixed speed gensets, where the hours of operation will 

dictate the wear. 

In the test discussed here, there are several implications. Were the genset sized to match the 

typical battery charging power (e.g., 1.5 kW in the present case), the choice of fixed speed or 

variable speed genset would have minimal impact on fuel consumption and genset wear. If, on 

the other hand, the genset was typically being operated at half its nameplate capacity, fuel 

consumption could be reduced by 5 to 25% by switching to a variable speed genset. This would 
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correspond to an electrical loss in Table 14 of 1% to 9% of the total load
8
. Genset wear would 

also be reduced; it is hard to estimate the reduction, but it could be as high as 50%.  

It is important to note that the problem of increased fuel consumption and wear due to operating 

the genset at partial load is rooted in the limit on the battery charge current. Most manufacturers 

state that currents up to the four or five hour rate can be used to recharge their batteries; others 

permit higher currents. The use of a higher current may significantly reduce costs associated with 

the genset. It would be worthwhile investigating why manufacturers advise against higher charge 

currents; if excessive heating and gassing at higher voltages are the concern, the limit might not 

apply to a dispatch strategy such as the one implemented in this test.   

3.4.3 Impact of Dispatch Strategy on Battery Operation 

One of the most interesting aspects of this test is the pattern in the battery voltage and state-of-

charge during genset operation. This pattern reveals some of the difficulties of partial state-of-

charge cycling, and suggests two possible improvements to charging algorithms. 

The genset runs can be broken down into three groups: a little over half way through the test 

there is a single genset run; four days pass and then there is a series of three runs, each separated 

by a single day; and finally, four days later, a further series of four runs starts. This is shown in 

Figure 35. 
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Figure 35 : The Eight Genset Runs of the Test 

                                                 
8
 The 1% estimate is based on relative fuel efficiencies of 85% in the fixed speed case and 89% in the variable speed 

case; the 9% estimate is based on 70% and 95%, respectively. 
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Figure 36 : System Operation Leading up to and During the Second Series of Genset Runs 
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Figure 37 : Genset Operation Leading up to and During the Final Series of Genset Runs 

The genset is turned on whenever the battery voltage reaches 24.36 V; it then runs for 3.5 hours 

or until the battery voltage reaches 28.0 V. Figure 36 shows that the starting voltage threshold is 
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reached at a different available battery capacity on each of the first four runs. In the second series 

of runs, the battery reaches the 24.36 V threshold at higher and higher values of available 

capacity. Furthermore, during each run the battery voltage rises more rapidly than on the 

preceding run, such that the voltage at which the genset turns off shifts upwards. 

This tendency is also exhibited in the final series of runs, as seen in Figure 37. However, 

between the second series and the final series, the battery seems to have been “reset”: the 

available capacity at the 24.36 V threshold falls 5 percentage points, to a level in close agreement 

with expectations (see Section 2.3).  

The battery is clearly exhibiting non-ideal behaviour. In a flooded battery, one would guess that 

stratification of the electrolyte was causing this behaviour. With this absorbent glass mat battery, 

this is not impossible [Newnham and Baldsing, 1995], but less likely. This behaviour has been 

observed in previous tests where the battery was cycled between partial states-of-charge by the 

genset [Ross, 2004a]; in those tests, it was speculated that the battery was suffering from the 

accumulation of lead sulphate on the negative plates, an explanation for this very behaviour 

proposed by [Newnham and Baldsing, 2004]. Another quite plausible explanation would be that 

one or more weak cells are deviating from the rest of the string.  

Interestingly, a day or two of absorb and float charging by the photovoltaic array appears to be 

sufficient to reverse the cause of this behaviour, as seen in Figure 37. Perhaps the lead sulphate 

accumulation is dissolved, or the cells are equalized.  

One strange aspect of this test is the low available capacity at the start of the first genset run and 

the minimal rise in voltage during this run. The available battery capacity was only 39.8% when 

the 24.36 V genset start threshold was reached. In contrast, the next lowest available battery 

capacity at the start of genset operation was 46.4%. At the end of the genset run, the voltage was 

26.9 V; in other runs it ranged from 27.0 to 28.0 V.  

It is likely that this anomaly is related to the deep discharge of the battery—to nearly 25% of the 

available capacity—that occurred prior to the first genset run, shown in Figure 38. During 

discharge, electrode material is converted to lead sulphate. As the discharge proceeds, the 

boundary between charged and discharged active material moves deeper within the electrode. A 

deep discharge causes this boundary to penetrate deeply within the electrode. When charging 

starts, on the other hand, the conversion of lead sulphate back to lead and lead dioxide does not 

start at this boundary, but rather at the outer surface of the electrode. As recharge proceeds, this 

second boundary moves inwards through the lead sulphate layer, until it reaches the inner limits 

of this layer. 
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Figure 38 : System Operation Leading up to the First Genset Run 

On the day of the first genset run, array output tapered off before the battery could be fully 

recharged, leaving the electrodes with an outer layer of recharged material and an inner zone of 

discharged material. When discharge recommenced, the outer layer was able to provide charge. 

Furthermore, being on the outside of the electrode, overpotentials were relatively low, and the 

battery voltage stayed fairly high. Nevertheless, the zone of discharged material inside the 

electrode meant that the available capacity was actually quite low. When the genset turned on, 

the charge current found plenty of discharged active material within the electrode; with no 

shortage of reaction sites, overpotentials again stayed low. Furthermore, due to all the discharged 

material, the concentration of sulphate ions in the electrolyte was low, leading to a low cell open 

circuit voltage. Subsequent genset runs did not exhibit this behaviour since they were not 

preceeded by a deep discharge-partial recharge leaving a zone of lead-sulfate within the centre of 

the electrode. 

In this test, a battery voltage threshold triggered the start of genset operation, but the end of 

charging was based on the elapsed time of genset operation. In contrast, most simple commercial 

controllers base the end of genset operation on a second voltage threshold. This test demonstrates 

the dangers of this conventional approach. Under such a strategy, the genset run time would 

decrease from one run to the next over both the first and second series. Because less energy 

would be returned to the battery, the genset would start sooner (assuming insufficient solar 

energy to fully charge the battery). The genset would cycle with increasing frequency. This 

problem would be further exacerbated if a spike of solar energy occurs during the genset run: this 

will temporarily push the battery voltage higher. In fact, this behaviour has been observed in 

some hybrid and cycle charge systems [Sugden, 2002], although it is not known whether it 

stemmed from the effect seen here. 

Table 16 investigates how stopping the genset based on a voltage threshold instead of the elapsed 

time might have affected this test. For each run, the time that the battery could have operated the 
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load on the energy returned to it by the genset is estimated. For the first seven runs, the strategy 

actually used returned energy equivalent to 22.5 hours of load to the battery; the eighth run was 

stopped by the 28.0 V threshold and led to charging equivalent to only 16.9 hours of load.  If a 

27.0 V threshold had been the termination criteria, the energy returned to the battery would have 

varied between 13.3 hours of load and more than 22.5 hours of load. This latter situation has 

been indicated as a “waste risk”, because it increases the probability that the battery will be too 

full to store excess photovoltaic generation. Over the final series of genset runs, the genset would 

restart after 21.9 hours, 18.2 hours, 17.7 hours and finally 13.3 hours, ignoring the energy 

available from the array. With voltage thresholds of 27.3 and 27.6 V, the situation is no better: 

sometimes the genset returns far too much energy to the battery, and sometimes it returns far too 

little.  

Table 16 : Effect of Using a Voltage Threshold To Stop Genset 

 Estimated time before genset restarts (assuming no solar energy), in hours 

 Actual strategy Vthreshold=27.0 Vthreshold=27.3 Vthreshold=27.6 

Run 1 22.5 Waste risk Waste risk Waste risk 

Run 2 22.5 18.8 22.5 Waste risk 

Run 3 22.5 15 18 20.4 

Run 4 22.5 15 18 20.4 

Run 5 22.5 21.9 Waste risk Waste risk 

Run 6 22.5 18.2 20.8 Waste risk 

Run 7 22.5 17.7 20.6 Waste risk 

Run 8 16.9 13.3 14.6 16.3 

This test suggests that the termination of genset operation should be based not on a voltage limit, 

but rather on the charge returned to the battery. With a constant load and the genset running at 

night, an elapsed time threshold may suffice, as was done here, but in general the controller 

should measure the charge into the battery. This will avoid premature termination of genset 

charging. A secondary criterion could be a voltage limit, to avoid dangerous overcharging of the 

battery. 

A similar argument can be made for using charge withdrawn from the battery to determine when 

to start the genset. Such an argument is not as compelling, however. If the battery voltage is low, 
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it means that either certain cells are at risk of being overdischarged or in general the cells are in a 

state needing recharge. Probably it is safest to continue using voltage limits to determine when to 

start the genset—although compensating these for the battery temperature and the discharge 

current would not be a bad idea. 

It is commonly held that a genset dispatch strategy should endeavour to avoid charging the 

battery just prior to a sunny period, since this will limit the ability of the battery to store excess 

photovoltaic generation. While this may be true in general, the non-ideal behaviour seen in this 

test suggests that genset dispatch strategy should, at times, do precisely the opposite: in order to 

undo the causes of non-ideal behaviour such as that seen here, the dispatch strategy should bulk 

charge the battery to a point where sunlight can effectively fully charge the battery over the 

course of a sunny day. This would minimize the wasteful and damaging part load operation of 

the genset for equalization and absorb charging, and maintain the battery in good condition. 

Furthermore, this test has shown that charge regulation losses need not be dramatic, despite 

regular full charging of the battery by the array. A dispatch strategy which used the array to fully 

charge the battery would not need to generate much waste. In any case, if equalisation is needed, 

it is better that array output is wasted than the genset run at part load. 

The rising voltages seen at the end of genset charging in this test may also point to a way to 

estimate when equalisation is needed. Equalisation charging should be minimized since it leads 

to accelerated corrosion and heightened gassing. It is necessary, from time to time. If a voltage 

threshold is used to start the genset, and then a certain amount of charge is returned to the 

battery, the voltage at the end of genset run is an indication of the state of the battery. If it is low, 

the battery probably does not need equalisation. If it is high, equalisation is necessary. One 

complication is the need to compensate the threshold based for variations in current and 

temperature.  

Thus, based on this test, the following dispatch strategy is proposed. It assumes that the battery is 

able to furnish the load for at least one day, and that the peak output of the array is well in excess 

of the average daytime load. The description is only a rough outline; it does not specify how to 

deal with high loads or quiet time. 

• The voltage at the end of genset charging would be used to determine whether or not the 

battery needed equalisation. This voltage criterion would be temperature and current 

compensated. 

• Start strategy, equalisation not necessary: The genset would be started based on a 

combination of voltage threshold and time of day. The voltage threshold would be 

selected based on the cycling characteristics of the battery. For batteries that deep-cycle 

relatively well, the voltage would start the genset when 40 to 70% of the charge had been 

removed from the battery. The voltage threshold would be compensated for battery 
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temperature and current. Furthermore, the voltage threshold would be adjusted based on 

the time of day, in order to avoid genset operation in the morning, when it might prevent 

the battery from storing excess photovoltaic generation: the threshold would be lower 

from, say, 2 AM to 1 PM.   

• Stop strategy, equalisation not necessary: Once started, the genset and charger would run 

at the lesser of their nominal capacity and the maximum acceptable battery charging 

power, until all charging sources had together returned a certain amount of charge to the 

battery. This amount would be adjusted based on the time of day: during the morning 

period, less charge would be returned to the battery before the genset was shut down. In 

general, the charge returned to the battery would be calculated to avoid increasing the 

state-of-charge beyond 60 to 70%. As security against overcharging, a voltage limit 

would also terminate charging.  

• Start strategy, equalisation necessary: The genset would be started each morning until 

either a day had passed when there was sufficient solar energy to charge the battery 

through to the float stage, or the genset had performed equalisation. The time of genset 

turn-on would be calculated such that the expected time of genset turn-off would coincide 

with the time of day when, with sunny skies, the output of the array would be sufficient 

to meet the expected load.  

• Stop strategy, equalisation necessary: The voltage limit would be the primary criterion 

for the end of genset charging. As a secondary criterion, the number of days that the 

battery had been in need of equalisation would be examined: if it was above, say, 10 

days, the genset would run long enough to complete absorb charging. 

3.4.4 Suggestions for Further Tests 

 

This test provides much useful information, much of which points to the need for further tests. 

These tests need to not only investigate whether the observations from this test can lead to better 

dispatch strategy and system operation, but also better document how typical hybrid systems 

function. In particular: 

• The dispatch strategy proposed in Section 3.4.3 should be tested. 

• A more typical dispatch strategy—i.e., one where voltage thresholds alone dictate both 

starting and stopping of the genset, and the battery is charged to a higher state-of-

charge—should be run. This will serve as a better benchmark of how most small hybrid 

systems function in Canada, and give an indication of how they are affected by non-ideal 

battery behaviour. 
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• Higher battery charging currents should be tested. 

• System configurations having both a higher and a much lower solar fraction should be 

investigated. 

• A system configuration and dispatch strategy that lead to a longer time between genset 

runs in cloudy weather should be investigated. In the test studied in this report, the genset 

would run about once a day during cloudy periods. Furthermore, this run tended to occur 

in the morning. A test that ran the genset less frequently, and that did not favour morning 

operation would be interesting. 

• The role of photovoltaic charging in erasing the causes of non-ideal battery behaviour 

should be further investigated. The investigation should examine how much photovoltaic 

charging is necessary to undo these causes. 
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CONCLUSIONS 

The PV hybrid system functioned exceptionally well over the course of this test. Most losses 

were smaller than was expected. The dispatch strategy kept the battery at a high state-of-charge 

while minimizing rejected solar energy. The data acquisition systems for both the meteorological 

station and the hybrid test bench collected a relatively unbroken record of the test. Nevertheless, 

there are areas where performance can be improved. 

Losses were dominated by the 30% difference between the actual output of the array and the 

output of an ideal array operated under ideal conditions. In theory, a maximum power point 

tracker might recover 50 to 80% of this “loss”, but this would require a DC-to-DC converter, 

which would add to costs and have average losses of 2 to 5%. 

Although battery energy efficiency was, at 87%, very high, the battery was the second most 

important cause of losses. Improving the efficiency of the battery would be difficult and have 

little effect on overall losses. On the other hand, increasing the genset charge current or the load 

current would lead to higher overvoltages and consequently lower efficiency. Similarly, 

regularly charging the battery to a high state-of-charge with the genset would exacerbate losses. 

The third most significant source of losses was array output that was rejected when the battery 

was nearly full; this wasted energy equivalent to 6% of the load. This is modest, considering the 

solar fraction—over 80%—and the high average battery state-of-charge. This demonstrates that 

during charge regulation, rejected power is not necessarily a large fraction of available power. 

Thus, designing the system with the intent that the array regularly fully charge the battery need 

not necessarily lead to high losses but may avoid premature battery failure and improve system 

operation. This test used a rudimentary dispatch strategy, but because it did not raise the battery 

state-of-charge above 75%, it caused “additional” losses of only 628 Wh—or about one-fifth of 

the energy consumed by the load in a single day!  

The conversion of alternating current from the genset into direct current was responsible for 

losses equal to around 4% of the load. With the solar fraction being 80% for this test, however, 

the genset was used less than it would have been in a typical hybrid system considered over a 

whole year. Losses equivalent to 6 to 12% of the load would thus be more representative. 

Blocking diodes cause nearly as much waste as the AC-to-DC conversion in this test. This loss 

can be eliminated rather easily: blocking diodes are not necessary when the charge controller 

automatically disconnects the array at night. This should be a criterion in the selection of the 

charge controller for all but the smallest photovoltaic arrays.  

During this test, the genset ran at 20% of its nominal output, increasing fuel consumption and 

wear. In many hybrid systems, the battery manufacturer’s recommended maximum charge rate 
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leads to similarly low genset part load factors. It would be worthwhile investigating why 

manufacturers advise against higher charge currents; if excessive heating and gassing at higher 

voltages are the concern, the limit might not apply to a dispatch strategy such as the one 

implemented in this test. 

Commercial dispatch controllers often terminate genset operation based on a voltage threshold. 

Given that in this test the battery voltage at the end of genset charging tended to rise from one 

cycle to the next until an equalisation charge was performed, voltage thresholds would cause 

genset run time to decrease from one run to the next, and the genset would cycle on and off with 

increasing frequency. This problem would be further exacerbated if a spike of solar energy 

occurs during the genset run: this would temporarily push the battery voltage higher 

The termination of genset operation should be based not on a voltage limit, but rather on the 

charge returned to the battery. This will avoid premature termination of genset charging. A 

secondary criterion could be a voltage limit, to avoid dangerous overcharging of the battery. 

While a genset dispatch strategy should, in general, endeavour to avoid charging the battery just 

prior to a sunny period, this test suggests that it should also, at times, do precisely the opposite: 

in order to equalize the battery, the dispatch strategy should bulk charge the battery to a point 

where sunlight can effectively fully charge the battery over the course of a sunny day, 

minimizing wasteful and damaging part load operation of the genset. This is especially attractive 

given the low losses seen during charge regulation in this test. 

The rising voltages seen at the end of genset charging in this test may also point to a way to 

estimate when equalisation is needed. If a voltage threshold is used to start the genset, and then a 

certain amount of charge is returned to the battery, the voltage at the end of genset run is an 

indication of the state of the battery. If it is low, the battery probably does not need equalisation. 

If it is high, equalisation is necessary. 

When periods of charge regulation are eliminated from consideration, both array current and 

power are linearly related to irradiance. A straight line fit to the array power had a coefficient of 

determination (i.e., R
2
 value) of 0.9911.  

Very high plane-of-array irradiances—up to 1300 W/m
2
—occurred on seven days of the test. 

The irradiance during these days, characterized by broken cloud conditions, fluctuated rapidly 

between readings as low as 200 W/m
2
 and peaks over 1100 W/m

2
. While such rapid fluctuations 

could confuse a maximum power point tracking algorithm, only a small fraction of the total 

output of the array occurs when the irradiance is changing quickly (e.g., 90% of the solar energy 

in this test was associated with an average rate of change in irradiance of 2 W·m
-2

·s
-1

 or lower). 

The meteorological station suffers from a number of serious problems, uncovered in this test: 1) 

The Li-Cor pyranometer is blocked by the 45º Eppley pyranometer, making its late afternoon 
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readings invalid. 2) There is an alarmingly strong nighttime offset (averaging around –20 W/m2) 

in the readings of the 45º Eppley pyranometer which may also be affecting daytime readings; the 

ventilation system probably plays a role in creating this offset. 3) The nighttime offset of the 

global Eppley pyranometer behaves erratically, abruptly shifting from reasonable negative values 

to doubtful positive ones, deviating from the diffuse Eppley offset, occasionally spiking at 

sunrise and sunset, and sometimes dropping to values as low as –280 W/m
2
. 4) The diffuse 

measurement often exceeds the global measurement on cloudy days, with the discrepancy 

suggesting an error of 10 to 15%. 5) Rain and dew invalidate all Eppley instrument readings; this 

problem is not caused by the instruments or their amplifiers themselves, but rather seems to be 

related to the operation of rooftop photovoltaic array “C”. 

As a result of the problems in the meteorological station, it is impossible to place limits on the 

uncertainty in its output. For this report, rather broad ranges of accuracy have been assumed for 

the pyranometers. 

Investigation of the meteorological station problems revealed that insulation on the positive 

wires for array “C” are very faded and cracked. Voltage measurements show that when wet, 

these wires pose a potentially lethal hazard of electrocution. 

Of the approximately 73,000 two-minute daytime readings for the five irradiance measuring 

instruments, 10.3% were invalid. This indicates a need for closer technical scrutiny to ensure that 

the output of the station is reasonable and to eliminate or reduce sources of uncertainty. 
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RECOMMENDATIONS 

 

A number of further tests should be conducted. These should include investigations of a dispatch 

strategy proposed in this document, a benchmark dispatch strategy based on voltage thresholds, 

and tests with higher battery charging currents, different solar fractions, and longer times 

between genset runs.  

The monitored data from this test should be compared with simulations from the PVToolbox. 

This will help determine the accuracy of the PVToolbox for hybrid system simulation, and also 

assist in understanding what portion of array losses are due to clamping the array to the battery, 

and how charge regulation losses would be affected if this test had been run over the course of an 

entire year. 

The use of charge currents in excess of those recommended by the battery manufacturer should 

be investigated. The reasons for the limits established by the manufacturers should be 

determined, and then how these reasons apply to various dispatch strategies should be assessed.  

The causes of a number of problems in the meteorological station should be investigated. Until 

this is done, limits can not be placed on the accuracy of the irradiance measurements, and much 

data will be invalid. The potential electrocution hazard found in rooftop array “C” should be 

examined and rectified. In the meantime, array “C” should be shorted, both to eliminate the 

electrocution hazard and to ensure valid measurements from the meteorological station, which it 

seems to affect through some as yet unidentified mechanism. 

The role of the ventilation unit on the 45º Eppley pyranometer in the extreme nighttime offset of 

that device should be investigated. Periods with the ventilation turned off should be compared 

with periods with it turned on. 

The thermostat inside the test bench should be replaced. 
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