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Summary 

 

This document contains three subdocuments. The first compares the charge controller 

models of the PVToolbox to commercially-available charge controllers; the second 

compares the PVToolbox hybrid system controller model to commercially available 

system controllers.  The objective of these comparisons is to identify shortcomings in the 

models. The third subdocument outlines test sequences for the CETC hybrid system test 

bench that will help validate PVToolbox. At the end of the document, an Appendix 

contains manufacturer’s literature for a large number of charge controllers and hybrid 

system controllers examined in the first two subdocuments. 

 

Three general significant aspects of charge controller behaviour not modelled by the 

PVToolbox are the load disconnect, the use of parallel on/off controllers with different 

setpoints, and the voltage drop across the controller. There are numerous minor 

differences between individual charge controllers and the PVToolbox models, but most 

of these will not greatly impede simulations at the level of energy flows within a hybrid 

system. 

 

The PVToolbox is capable of genset control far more sophisticated and flexible than is 

found in off-the-shelf PV hybrid system controllers. The particular aspects of the 

commercial components that can not be modelled exactly by the PVToolbox are of minor 

importance. If necessary, they can be modelled in a specialized Matlab script. 

 

The PV hybrid system test bench will be used to validate the accuracy of the PVToolbox. 

In particular, the battery and on/off controller models need to be investigated. Six tests 

are recommended. Many of these tests could be run on the battery test bench, which 

would liberate the hybrid system test bench for other tests. 
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I. PVToolbox Charge Controller Compared to Commercial Devices 
 

 

1. General Aspects of Controller Behaviour not Modelled by PVToolbox 

 

During the course of examining the specifications for a wide range of commercially 

available charge controllers, it was observed that the PVToolbox models differ from their 

real-world counterparts in a number of aspects. Here those aspects that are common to a 

number of controllers are discussed; in the following section differences between the 

charge algorithms of the models and individual controllers are examined. 

 

1) PVToolbox lacks load disconnect capabilities 

 

Presently there is no component in the PVToolbox that will disconnect the load in 

order to prevent battery overdischarge. This is a feature commonly implemented in many 

charge controllers, and available as a separate component as well. In hybrid system 

modelling this capability is of minor importance, because it is assumed that the genset 

will start in order to prevent overdischarge of the batteries. If the PVToolbox is to be 

used for comparisons of hybrid systems with PV-only or PV-Wind hybrid systems, 

however, a low voltage disconnect will be necessary. 

Perusing the specifications for the charge controllers, the following load disconnect 

capabilities appear: 

• Load disconnect based on low battery voltage threshold; reconnect when battery rises 

above a load reconnect threshold. These thresholds can be compensated for current, 

as seen in the Atersa, Morningstar ProStar, and Siemens controllers.  

• Load disconnect based on low battery SOC; reconnect when battery rises above a 

specified load reconnect SOC, as seen in the Steca and Fortum Genio controllers. 

• Load disconnect based on high and low temperature limits. 

• Prioritisation of loads, with low priority loads disconnected at a higher battery 

voltage/SOC than high priority loads. 

• Compensating the low voltage disconnect for temperature may be a good idea, but is 

rarely done, if ever. 

 

2) PVToolbox on/off controller model does not accurately reflect reality 

 

The on/off controller model in the PVToolbox does not accurately reflect the 

operation of real world controllers of this type. A real on/off controller will disconnect 

the array when the battery voltage reaches an upper setpoint and reconnect the array 

when the voltage reaches a lower setpoint. In the initial stages of regulation, when the 

battery state-of-charge is well below full, the battery voltage will fall rapidly upon array 

disconnection, and the array will be connected frequently for relatively long periods of 

time. As the battery approaches a full state-of-charge, the duration of the array 

connection periods decreases and the interval between periods when the array is 

connected increases. The former effect reflects the decreased volume of the plate that 

remains in the uncharged state, and therefore the higher current density and 

overpotentials associated with the corresponding intensification of the production of 
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highly acidic electrolyte which must be transported away from the plate. The latter effect 

reflects the time necessary for diffusion processes in the battery to transport high specific 

gravity acid from the plate pores to the bulk electrolyte. 

In the PVToolbox, diffusion processes within the battery are not modelled. Therefore 

an accurate implementation of an on/off charge controller would simply result in the 

controller oscillating at high (infinite?) frequency between on and off, high and low 

voltage setpoint. Since the controller would never leave the array connected for a non-

zero duration of time, the battery state-of-charge would remain constant. To overcome 

this inaccuracy, and produce a behaviour that is at least qualitatively similar to that of a 

real controller, the PVToolbox implements the following algorithm: 

i) When the battery voltage reaches the upper (disconnect) setpoint, the array 

current is limited to a specified trickle current (which can be zero). 

ii) When the battery voltage reaches the lower (reconnect) setpoint, a timer is 

started. 

iii) The current remains thus limited for duration of 6 minutes following the 

initiation of timing. Then the current ramps upwards linearly at a rate such 

that after an additional 12 minutes the full array charge current would be 

provided to the battery, were that not precluded by the battery voltage 

reaching the disconnect setpoint. 

This results in the battery voltage oscillating within the desired window, but with a period 

no shorter than 6 minutes. Furthermore, while the current is ramping up, charge flows 

into the battery and the SOC rises. 

 The limitations in the PVToolbox on/off controller are, therefore, a consequence 

of limitations in the battery model; until a battery model that accounts for diffusion is 

available, it will not be possible to implement an accurate on/off controller model. On the 

other hand, there may exist algorithms that reflect reality better than the one described 

above. 

 

3) PVToolbox does not permit paralleled charge controllers 

 

Many charge controller models permit two or more units to be used in parallel. When 

these paralleled controllers all use the same setpoints, this can be modelled in the 

PVToolbox by a single, larger charge controller. The situation of paralleled controllers 

using different setpoints can not be modelled by the PVToolbox, however. This is not a 

significant limitation for Bulk/Absorb/Float controllers, since the use of paralleled 

Bulk/Absorb/Float controllers with different setpoints makes very little sense. For On/off 

controllers, on the other hand, this is a more important limitation. The use of multiple 

on/off controllers, each switching in or out a sub-array at a different set of voltage 

regulation setpoints, is a reasonable strategy for tapering the current that a moderate or 

large array supplies to the battery. For example, it appears that this is the strategy 

employed by NewTel for their hybrid systems at telecommunication sites. 

 

4) PVToolbox does not model current consumption of controller or voltage drop across 

controller 
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All charge controllers consume at least a small current (e.g., in the tens of 

milliamperes) to operate their internal circuitry; this consumption generally varies 

depending on whether they are regulating, whether their displays are active, and whether 

they have disconnected the load. Furthermore, many charge controllers cause a slight 

drop in voltage (e.g., 0.17 to 0.3 V) between the array and the battery. Neither of these is 

modelled presently. Adding these to the existing models would not be complicated, but 

would require that the user specify additional parameters; the Simulink dialogue box in 

which parameters are specified for the charge controller already takes up the full screen.  

 

5) PVToolbox does not limit the load current 

 

Real charge controllers typically limit the current that can flow to the load. Presently, 

the models do not do this, although this would be relatively easy to implement. 

 

6) PVToolbox does not permit surge currents in excess of nominal device current 

 

Many charge controllers permit the charge current to temporarily exceed, by a 

significant margin, the rated current of the device. In the PVToolbox, the current will 

always be limited to the rated level. Since the PVToolbox is intended for modelling flows 

of energy within hybrid systems, and not transient effects, this should not present a major 

problem. 

 

7) PVToolbox does not disconnect the battery when voltages rise too high 

 

It is difficult to see how this could negatively affect simulation. 

 

8) PVToolbox does not limit array current when the controller temperature is too high 

 

For the modelling of energy flows within hybrid systems, this does not seem to be an 

especially serious concern. 

 

9) PVToolbox does not presently facilitate the use of diversion loads 

 

The user can work around this by subtracting the current at the output of the 

controller from the current at the input to the controller: this is the current available for a 

diversion load. 

 

10) PVToolbox compensates all setpoints for temperature  

 

Charge controllers vary in terms of the setpoints which are temperature compensated. 

Most compensate the voltage regulation setpoint (i.e., the setpoint at which array 

current is limited). Many do not compensate the reconnect setpoint. In our model, 

both are compensated equally, as is the equalisation setpoint. 
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2. Comparison of Commercial Controller and PVToolbox Specifications 

 

Atersa Leo 1 

Type: On/Off controller*, 15 A 

* Not clear from specifications 

Differences: 

• The regulation setpoint is adjusted on the basis of the current; at higher currents, the 

voltage will be permitted to rise higher.  

Comments: 

 The specification is not explicit in its description of the controller’s operation. It 

appears that this is an on/off controller that uses two regulation (i.e., array disconnect) 

setpoints. Initially, the battery charges up until it reaches the upper regulation setpoint. 

This upper setpoint is adjusted on the basis of the array current. Following this, the array 

is disconnected and connected so as to keep the battery voltage in the window established 

by the reconnect voltage setpoint and the lower regulation setpoint (i.e., what the 

specification terms the “floating charge voltage”). This can be achieved by our controller 

by assuming that equalisation is applied to every charge cycle. 

 

BP Solar BPR2/3/6 

Type: On/off controller, 40/75/150 A array current 

Differences from PVToolbox: 

• The controller appears to regulate the voltage by disconnecting sub-arrays. The array 

can be divided into 2, 3, or 6 sub-arrays, depending on the controller.  

• It performs equalisation charging for a specified period of time (30 minutes); in 

comparison, the PVToolbox model lowers the regulation voltage from the 

equalisation setpoint to the regular setpoint the instant the battery voltage attains the 

equalisation setpoint for the first time.  

• The setpoint for array reconnect is different during equalisation and regular charging; 

in the PVToolbox the array reconnect does not change. 

• The BP Solar controller appears to perform the “equalisation” charging on every 

charge cycle. In the PVToolbox, “equalisation” is taken to mean a charge using 

setpoints elevated above the normal. (I believe that this can be simulated by the 

PVToolbox by setting the interval between equalise charges to an artificially low 

time, say 0.1 hour).  

Comments: 

Ultimately, this controller is similar to a bulk/float controller, but with only 

limited control over the current.  

 

Connect Energy PC 60 & Pulse Energy Systems PM 60 

Type: Bulk/Absorb/Float Controller, 60 A array current* 

* Specifications indicate 60 A continuous maximum operating current, but a 48 A 

maximum array Isc. It is unclear what this means. 

Comments: 

 It appears that we should have no problems modelling this controller.  
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EcoEnergy 

Type: On/off  controller, 12 A 

Comments: 

 Specification is very incomplete. From the information given, it appears that our 

models would have not problems modelling this controller. 

 

Fortum NCC1 

Type: On/off Controller, 10 A array current 

Differences from PVToolbox: 

• Equalisation can only be triggered manually. 

 

Fortum Genio 

Type: Uncertain, probably bulk/absorb/float, 20 A 

Comments: 

The specifications are very incomplete. The controller includes a DC-DC 

converter with maximum power point tracking and is capable of performing float 

charging (i.e., holding the voltage constant by adjusting the current). It seems likely, 

therefore, that the controller has a level of sophistication normally associated with 

bulk/absorb/float controllers.  

They indicate that “Genio automatically adjusts its operation for the time of the 

year, battery temperature and load current” and “Genio optimises its setpoints according 

to the operating conditions”.  The controller models as the currently exist in PVToolbox 

do not include seasonal adjustment or load current adjustment of setpoints, so these 

aspects of its operation could not be easily modelled, even if we had a more complete 

specification of the Genio.  

 

Kyocera Lyncom N Series 

Type: Bulk/Float Controller, 25 & 30 Amps 

Kyocera Solar Commander Series IV 

Type: Bulk/Float Controller, 24 Amps 

Comments: 

Other than the possibility of parallel controllers, there are no problems modelling 

this controller. 

 

Morningstar SunGuard 

Type: Bulk/Float controller, 4.5 A 

Morningstar Sunsaver 

Type: Bulk/Float controller, 6.5, 10, or 20 A array current 

Comments: 

 No problems modelling this controller. 

 

Morningstar Prostar 

Type: Bulk/Absorb/Float controller, 15 A or 30 A 

Differences: 
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• It appears that equalisation occurs following absorb charging with this controller; that 

is, following an absorption stage at the regular setpoints, the voltage is permitted to 

rise to the equalisation voltage. In contrast, with our model, bulk charging occurs up 

to the equalisation regulation setpoint, then equalisation occurs, followed by absorb 

and/or float charging.  

• For flooded batteries, the equalisation regulation setpoint and the time spent in 

equalisation differ depending on whether equalisation is triggered by there having 

elapsed 25 days since the last equalisation or the voltage having fallen below 11.7 V. 

In contrast, our model would perform the same equalisation regardless of whether it 

was triggered by the first or the second of the above two conditions. 

• Equalisation occurs for a set period of time (one or two hours, depending on the 

equalisation trigger condition). But the equalisation timer begins not at the moment 

that the voltage reaches the equalisation regulation setpoint (14.9 or 15.1V, depending 

on the trigger) but at the moment it rises above 14.6 V (these setpoints for flooded 

batteries; the sealed battery setpoints are slightly different). In contrast, our model 

begins timing the equalisation period only once the battery voltage reaches the 

regulation setpoint. 

Comments: 

 The specification states that “after [the] battery is fully recharged, ProStar reduces 

to a float or trickle charge. The transition depends on battery history.” It is not clear what 

exactly is meant by this. Are there two different types of charging, float and trickle, and 

the controller selects which one to use based on battery history? Or is trickle meant to be 

synonymous with float, and the time at which the regulation setpoint is lowered to the 

float setpoint is dependent on the battery history? I prefer the latter interpretation, since 

the table of battery voltage setpoints included in the specification specifies a float 

regulation voltage of 13.7 V but gives no indication of a trickle charge current. 

 The conditions that govern the transition from absorb to float charging are not 

specified. I suspect that they vary, depending on the battery history (see above). In this 

case, the ProStar behaves differently from our controller model, in which the conditions 

governing the transition from absorb to float are invariant. 

 

PSI Sun-pro 1000 

Type: On/off controller, 10 A array current 

Comments: 

Other than the possibility of parallel controllers, there are no problems modelling 

this controller. 

 

Siemens SR  

Type: Bulk/float controller, 4 to 25 A array current 

Comments: 

 No problems modelling this controller. 

 

Solar Converters Inc. 

Type: Bulk/Absorb/Float Controller, 30 A 

Comments: 

 No problems modelling this controller. 
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Solarex Solarstate SRX-6, 12  

Type: On/off controller, 5.5 A & 12 A array current 

Comments: 

 No problems modelling this controller. 

 

Specialty Concepts Inc ASC 

Type: On/off controller, 16 A array current 

Comments: 

 Other than the possibility of parallel controllers, there are no problems modelling 

this controller. 

 

Specialty Concepts Inc Mark 15 

Type: On/off controller, 15 A array current 

Comments: 

 No problems modelling this controller. 

 

Specialty Concepts Inc SC1 

Type: Bulk/Float controller, 30 A array current 

Specialty Concepts Inc PPC/50 

Type: Bulk/Float controller, 50 A array current 

Differences: 

• The float current is limited to 3 Amps (for the 12 V model). Our model does not limit 

the float current. 

• If the float current is unable to maintain the voltage above 12.8 V (well below the 

float voltage of 14.1 V), the controller returns to bulk charging and the voltage must 

rise to the bulk charge setpoint before float charging resumes. With our existing 

model float charging terminates when the available array current is insufficient to 

maintain the battery at the float voltage. 

 

Steca Tarom  

Type: Bulk/Float controller with two levels of equalisation, 35 A & 45 A array current 

Steca Delta 

Type: Bulk/Float controller with two levels of equalisation, 8 A, 12 A, 20 A, & 30 A 

array current 

Differences: 

• The Steca controllers have two levels of equalisation. The lower level of equalisation 

is triggered when the battery state-of-charge drops below 70%; the upper level of 

equalisation is triggered when the battery state-of-charge drops below 40%. For 

equalisation, the controller holds the battery voltage at the equalisation setpoint for a 

period of time (specified by the user for the Tamron). In addition, equalisation is 

triggered “every month”, although it is not clear how the controller determines 

whether the lower or upper level of equalisation is necessary. It appears that this may 

be based on whether the battery is vented or sealed. 

Comments: 
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 The Steca controllers include fuzzy logic for determining the battery state-of-

charge to within 10% accuracy. The controller calculates the effective SOC, that is the 

fraction of the useable (not nominal) capacity that is remaining. This SOC measure is not 

used for charge regulation, except in order to decide the level of equalisation necessary, 

as described above. The SOC is used principally to determine low battery load disconnect 

conditions.  

 The Steca Tarom  has the ability to communicate with remote devices via control 

signals superimposed on the DC power cables. This permits it to control on/off switches 

interposed between auxiliary arrays and the battery. When the battery charges up with all 

arrays connected, the Steca regulates the current from the principal array to maintain the 

battery voltage at the regulation setpoint. When the current from the principal array 

approaches zero, an auxiliary array is disconnected from the battery and the Steca permits 

the current from the principal array to supply the current previously provided by the 

auxiliary array. This can be repeated for multiple auxiliary arrays. This can be simulated 

with our controller model by simply using a single, large array and single, large charge 

controller. 

 

SunLogic Micro P 

Type: On/Off Controller, 10 A array current 

Comments: 

 The Micro P uses a type of low frequency pulse charging. Once the regulation 

setpoint is reached, current is interrupted. The current is held off for four seconds, then 

the array is reconnected to the battery. This repeats, with variation only in the duration of 

the period during which the array is connected. This is different from most on/off 

controllers and our on/off controller model, which disconnect and reconnect the array on 

the basis of high and low voltage setpoints. 

The specification indicates that if a load is connected, the controller “will 

automatically send full charge current to both the load and the battery”. It is not clear 

whether the battery voltage is regulated should the array current exceed the load, or how 

this might occur. Presumably the controller detects the load based on a decline in the 

battery voltage below a certain setpoint. 

 

Xantrex/Trace C Series 

Type: Bulk/Absorb/Float controller, 35, 40 or 60 A array current 

Differences: 

• The Xantrex considers the end of float charging to occur when the battery voltage 

drops below the float voltage regulation setpoint for a cumulative period of one hour. 

Our model ends float charging whenever the full PV current is being fed to the 

battery and the voltage drops below the voltage setpoint. 

Comments:  

 The method of equalisation charging is unclear from the specification. It appears 

that automatic equalisation occurs every 30 days. It is not clear whether the controller 

raises the bulk voltage regulation setpoint for the entire hour of absorb charging, or 

whether the setpoint is lowered to the regular absorb setpoint the instant the battery 

voltage attains the elevated equalisation voltage. In either case, the Xantrex can be 

modelled by our controller. 
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Xantrex/Trace C12 

Type: Bulk/Absorb/Float controller, 12 A array current 

Differences: 

• The Xantrex considers the end of float charging to occur when the battery voltage 

drops below the float voltage regulation setpoint for a cumulative period of one hour. 

Our model ends float charging whenever the full PV current is being fed to the 

battery and the voltage drops below the voltage setpoint. 

Comments: 

 The method of equalisation charging is unclear from the specification. Automatic 

equalisation occurs every 30 days or when the voltage descends below the LVD setting. 

When describing automatic equalisation, the manual indicates that this entails “holding 

the voltage 1 volt above bulk for 2 hours”. When describing manual equalisation, 

however, the manual indicates that equalisation is finished when “the batteries have been 

held above the bulk setting for two hours of accumulated time. The battery voltage will 

be limited to 1 volt above the bulk setting during this period.” The former method is 

achievable with our model, while the latter can not be modelled exactly, since 1) our 

model requires that equalisation occur for a specified continuous period of time, not an 

accumulated period of time, and 2) our model requires that the voltage stay at the 

equalisation setpoint, not simply be within the window bounded by the bulk setpoint and 

the equalisation setpoint. 

 

3. Conclusions 

 

In terms of general aspects of controller behaviour not modelled by the PVToolbox, there 

are only three issues meriting attention: a load disconnect is required, the on/off 

controller should permit paralleled controllers with different setpoints, and there may be 

an argument for modelling the voltage drop across the controller. 

 

In terms of a comparison between individual commercial controllers and the PVToolbox, 

there are many discrepancies between commercial specifications and the controller 

models. In terms of energy flows within a hybrid system, however, these will have very 

minor significance: most are slight variations on the basic mode of operation covered by 

the models. It is unlikely that it would be worthwhile to model all the various variations 

possible, unless the object of the exercise was to investigate charge controller behaviour. 

In that case, the PVToolbox would be limited by the battery model, however.  
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II. PVToolbox Hybrid System Controller compared to Commercial Devices 

 

1. General Comparison of Hybrid System Controllers and PVToolbox  

 

There are relatively few commercially-available control systems for co-ordinating the 

operations of a PV array, a battery, a genset, and a rectifier/inverter. The systems that are 

available appear to have very rudimentary algorithms for determining when to start and 

stop the genset, and at what power level to operate it. There are no major deviations from 

the basic strategy of 1) start the genset when the battery when the battery voltage is low 

(or, for some more advanced models, when the load current is high), 2) operate the genset 

at the maximum current at which the rectifier is able to charge the battery, and 3) shut the 

genset off when the battery is fully or nearly fully charged. 

 

In contrast, the PVToolbox control centre has a relatively flexible and sophisticated 

algorithm for genset control. It is easily capable of implementing the above strategy, and 

some interesting variations on it. For example, it is able to modify starting conditions 

based on time of day (e.g., to minimize the probability of genset operation in the early 

morning hours of a sunny day), and the genset off condition need not be a full battery 

condition, but rather any desired battery state-of-charge (or change in state-of-charge 

since genset start). Furthermore, the PVToolbox control centre is not limited to full 

power charging—it can also perform load-following (operation at a specified fraction of 

the instantaneous load), operation at a specified fraction of the genset capacity, or 

operation at a specified battery charge power.  

 

While much of the control center’s capabilities may be wasted on small PV-hybrid 

systems for small remote loads or remote residences, they may be useful in larger 

applications, such as village power systems. Indeed, these algorithms are modelled in 

Hybrid-2 and analysed in the studies of C. Dennis Barley and C. Byron Winn  [Barley 

and Winn, 1997]. And though available off-the-shelf control systems do not appear 

capable of performing these strategies, custom systems using programmable logic 

controllers certainly are.  

 

Thus, the PVToolbox is in general able to do much more than existing PV hybrid system 

controllers. The validation of its capabilities is therefore a question of identifying the 

minor deviations from the above-mentioned strategy that are peculiar to particular 

controllers and outside of the current capabilities of PVToolbox.  

 

This task is complicated by the meagre information available for the system controllers 

currently on the market. Often specifications are very incomplete. Nevertheless, the 

PVToolbox has been compared with six system controllers and the results described 

below. 

 

A number of these controllers contain features that are clearly outside the scope of the 

PVToolbox. For example, they may be designed to profitably transfer power between the 

hybrid system and a central utility grid, or they may be designed to operate with multiple 

gensets. These shortcomings have not been addressed below. 
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It should be noted that where capabilities of a particular controller are not implemented in 

the PVToolbox, two approaches are possible. First, the genset controller can be modified 

to implement these capabilities if they are judged essential. Second, a Matlab control 

script, which interfaces with the Simulink code and replaces the genset controller 

component, can be programmed.  

 

2. Comparison of Commercial Controller and PVToolbox Specifications 

 

Northern Power Systems TelePower  

The NPS controller starts the genset at a specified low battery state of charge (it is 

unclear whether this is determined through voltage readings). They appear to use a 40% 

SOC. The genset operates at full power until the battery reaches a “near top off position”, 

which according to one figure appears to be a battery state-of-charge of approximately 

95%. The controller is capable of starting the genset in order to satisfy regular 

“exercising” and minimum temperature requirements. The above capabilities are all 

possible with PVToolbox. 

 

The NPS controller does appear to have some capabilities not implemented in the 

PVToolbox:  

• In the NWTel system (which uses a NPS controller), it appears to stop the genset 

when the genset current falls below a certain threshold, that is, when the batteries can 

accept only 50 A of current. 

• In the NWTel system, the PV array connect and disconnect setpoints are lowered by 1 

V (for a 24 V system) when the genset is operating. NPS indicates that this is done to 

“avoid having the PV setpoints set so high that they push up the system voltage to the 

point where they kick the diesel Genset into less then [sic] their maximum output”.  

 

The first of these limitations can be addressed in part by setting the end-of-absorption 

current in the charge controller to the desired genset stop current threshold (e.g., 50 amps 

in this case), and setting the genset stop controller to turn off the genset when float is 

reached. This combination of settings will cause the controller to enter float charging, and 

the genset to turn off, when the absorption current is the desired threshold. The problem 

with this approach is that this end-of-absorption current will also apply to charging from 

the PV array alone. An alternate approach that may work in many cases is to set the 

minimum genset loading to the power level corresponding to the desired current and to 

use this as a turn off criteria. 

 

It is not clear whether the second limitation can be easily addressed. The PVToolbox uses 

the same charge controller for genset and PV current. Thus, the same control setpoints 

apply to both. On the other hand, it may be possible to use two charge controllers, one 

on-off for the PV current and one for the genset. This would probably require some 

modifications to the existing Simulink models. 
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Sun Power Solartechnik PV UP  

The information available on this controller is very cursory. However, it indicates that the 

“load [is] supplied from inverter” when the “battery [is in a] charged state” and that 

“battery charging from diesel genset” occurs when there is a “battery low voltage” 

condition. This strongly suggests the basic control strategy presented in the introduction. 

Thus it appears that PVToolbox is able to simulate the mode of operation of this system 

controller. 

 

Connect Energy Model PC 500 

Once again, cursory specifications prevent a good comparison with the PVToolbox. An 

automatic generator start/stop relay is sold as an option. This option includes a high/low 

battery voltage alarm. This suggests a very simple control based on battery voltage.  

 

Abacus TRIMODE Power Processor 

And again, stymied by cursory specifications. A request to ABACUS for further 

information was not answered. However, the system appears to function at very high 

power (5 kW to 200 kW) on high voltage grids. It is therefore more suited to remote grids 

(or even uninterruptible power systems on central grids) than the small PV-hybrid 

systems typically found in Canada. 

 

Digital Solar/Kyocera  MPR 9400/MPR 9800 

This controller follows the basic strategy described in the introduction, above. It is not 

clear whether the genset can be used to perform equalisation.  

 

The only aspect of the genset control that is not modelled by PVToolbox is the genset 

turn off-condition. In addition to a voltage setpoint (obviously covered), there is a second 

condition whereby the genset is turned off when the net charge into the battery at a 

voltage above a specified threshold exceeds a setpoint. This is similar to the PVToolbox’s 

criteria to turn off the genset following a specified increase in the SOC, except that the 

PVToolbox does not apply a voltage criteria.  

 

Trace SW Series Inverters 

The Trace inverters are not technically hybrid system controllers: they have no input for 

DC power from a photovoltaic array, and function in complete ignorance of whether a 

PV array is connected to the system and what it is doing. On the other hand, they can be 

combined with a Trace charge controller, as in the Trace “Power Panel” product. In this 

case, the genset control features of the SW inverter function as the controller for a hybrid 

system. Of course, this precludes any sort of co-ordination between the array and the 

genset, such as letting the array finish an equalisation charge if it can provide sufficient 

energy. 

 

In general, the SW’s control functions follow the basic strategy outlined in the 

introduction. The genset is turned on when the battery voltage is below a certain level or 

the load exceeds a certain level. The genset then runs at the power level corresponding to 
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the sum of the load and the maximum current at which the rectifier is able to charge the 

battery. The genset is turned off when float charging starts.  

 

The SW differs from the PVToolbox in several ways, however: 

• Because the charge controller and the inverter/charger/genset controller are 

independent devices, they can use different setpoints for PV charging and charging 

from the genset. 

• A generator support mode, in which the inverter and the genset synchronize and 

simultaneously provide AC power to an AC load in excess of the genset maximum 

power output. 

• A quiet time, during which the genset will not start except if the low battery voltage 

cut-out setpoint is reached. 

• A maximum run time criterion that shuts down the genset if it has operated for a 

continuous period of time in excess of a specified maximum. 

• The genset can be started due to a high AC load; the PVToolbox has a similar start 

criterion, except that the total DC plus AC load is considered. 

• The high AC load genset start condition requires that the load remain above the 

specified maximum level for a certain period of time. This prevents transients from 

starting the genset.  

• The low battery voltage genset start condition is implemented in terms of 4 

thresholds. The genset is turned on when the battery voltage is below the first 

threshold for a period of 24 hours, the second threshold for a period of 2 hours, the 

third threshold for a period of 15 minutes, and the fourth threshold for a period of 30 

seconds. In contrast, the PVToolbox turns the genset on the instant the battery voltage 

drops below the specified threshold. The SW approach avoids the problem of 

transients turning on the genset, and also provides some protection against low charge 

currents that draw down the SOC without depressing the battery voltage. In the 

PVToolbox, this may be approximated by using the SOC rather than the voltage 

genset start condition. 

 

3. Conclusions 

 

The PVToolbox is capable of genset control far more sophisticated and flexible than is 

found in off-the-shelf PV hybrid system controllers. These commercially available 

components do, however, have particular capabilities or characteristics not fully modelled 

in PVToolbox. None of these appear especially important in terms of modelling the 

energy flows in a hybrid system. If it proves necessary to include these capabilities in 

PVToolbox, the existing controller can be modified or a specialized Matlab genset 

control script can be attached to the Simulink model. 
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III. Recommended Test Procedures for the Hybrid System Test Bench  

 

1. Requirements 

 

The hybrid system test bench will begin operation in June, 2002. The first test sequences 

to be run on the test bench will serve to 1) characterize the operation of the components 

in the test bench and 2) to establish the validity of using PVToolbox to predict hybrid 

system operation. In this document the second of these goals will be addressed; the first is 

left to the designers of the hybrid system test bench.  

 

The PVToolbox is likely to deviate from reality primarily in the operation of the battery. 

One reason for the difficulty in modelling the battery is that it exhibits memory, and 

therefore errors tend to accumulate; in contrast, most other system components are time-

invariant in their behaviour. Furthermore, the battery exhibits memory on three different 

levels, and only one of these is accounted for in the PVToolbox battery model. The three 

levels are 1) the fraction of the active material that is in the form of Pb and PbO2 (as 

opposed to PbSO4) 2) the spatial variation in the specific gravity of the electrolyte, 

compared to a perfectly mixed composition, and 3) various forms of active material that 

no longer contribute to battery capacity due to ageing effects. The PVToolbox accounts 

only for the first of these levels, and even this accounting is imperfect because the model 

is calibrated with experimental curves that will reflect the state of the electrolyte and 

ageing processes during a particular period in time. 

 

An important objective of the initial test bench sequences will be to establish the extent to 

which ignoring the second form of memory will affect simulations. The effect will 

depend on the cycling regime of the battery. Ideally, the tests would investigate the third 

form of memory as well, but since this involves long term testing of a representative 

sample of batteries under a variety of conditions, it is a prohibitively difficult and time-

consuming venture. 

 

A second component model which behaves significantly differently from its real-world 

counterpart is the on/off charge controller model. Because the battery model does not 

account for transport phenomena in the electrolyte, it is impossible to implement a 

completely realistic on/off controller. While a pseudo on/off controller model has been 

developed, its validity must be investigated with tests on a real system. 

 

While the battery and the on-off controller are potentially the most problematic 

components, the other components, as well as their functioning as a system, should be 

checked against reality. Therefore at least one “system test” should be run. 

 

Ideally tests would be conducted at low temperatures as well; temperature has significant 

bearing on the operation of the battery, and the experimental low-temperature calibration 

data for the battery model was far from complete. Unfortunately, such tests, if they are 

carried out on the hybrid system test bench, will have to wait for winter. 
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There is a case to be made for using the battery test bench to do some of the above tests. 

The battery test bench can simulate many aspects of a hybrid system, and essentially uses 

the battery as a model for itself—nothing could be more accurate. Using the battery test 

bench where possible would free up the hybrid test bench for other work. It would permit 

more in-depth investigations of phenomena related to the function of the battery in the 

hybrid system. It would avoid operating the genset to perform float charging for long 

periods, a wasteful practice that also requires a load to avoid operating the genset at low 

load fractions. It would also permit more control over the temperature of the battery, e.g., 

for cold temperature tests. On the other hand, it opens up another front on the battle of 

human resources versus the maintenance and operation of equipment.  

 

2. Recommended Tests 

 

1. Battery capacity characterisation 

 

This test is used to characterise the capacity of the battery, which is essential information 

for the following tests. It involves repeatedly fully charging and discharging the battery 

such that the battery capacity can be estimated reliably. If run continuously, it will take 

approximately 6 days. Note that this test could be conducted on the battery test bench. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Discharge the battery at a C/10 rate until it reaches 1.95 Vpc. Note that we will incur 

some error using such a high cut-off voltage, since it will be on the plateau of voltage 

versus time, but we avoid discharging the battery below 20% SOC.  

• Hold the battery at open circuit for 1 hour.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• Return to the discharge cycle 4 times; if the capacity to 1.95 Vpc is relatively stable 

for the 2
nd

, 3
rd

, and 4
th

 cycles the test is complete. Otherwise, evaluate whether further 

cycling should be done. 

 

2. Typical hybrid cycling with battery achieving full charge 

 

This test is used to investigate the limitations of the battery model under conditions of the 

battery being regularly fully charged. This corresponds to hybrid system operation during 

the summer, when there is often enough solar energy to fully charge the battery, or winter 

operation when the genset is not stopped prior to full charge being achieved. Since every 

full charge essentially “resets” the battery memory, this should not be a particularly 

difficult test for the model. If run continuously, it will take approximately 12 days. Note 

that this test could be conducted on the battery test bench. 

 

a) Standard approach: The battery is repeatedly cycled, which charging to completion 

but no float charging. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  
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• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• Discharge battery at a rate of approximately C/50 to a voltage of 2.03 Vpc. 

• Recharge battery using bulk/absorb and recommended voltage setpoints for Absolyte 

battery. End charge upon completion of absorb charging. 

• Repeat the above discharge/charge cycling 5 to 7 times.  

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Examine how the capacity to 1.95 Vpc has changed; examine how the discharge 

capacity to 2.03 Vpc changed with each cycle; compare with PVToolbox model. 

 

b) Alternate approach: The battery is cycled by connecting a small load and a large array, 

such that the SOC falls during the night and rises during the day. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• In the late afternoon or evening, connect the battery bank to a load equal to 0.02 times 

the capacity of the battery in Watthours; simultaneously connect the battery to a 

photovoltaic array 1.3 to 1.5 times the load (in watts) times 24 hours divided by the 

average efficiency of the array divided by the average daily insolation in the plane of 

the array for that month. 

• Connect the array and the battery with a bulk/absorb/float charge controller.  

• Implement a low voltage disconnect with a cut-out of 2.0 Vpc and a reconnect 

voltage of  2.15 Vpc.  

• Let the system operate for 10 days. 

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Simulate the same period using measured insolation data (and, for comparison 

purposes, measured array output) and examine the differences between the test bench 

run and the simulation. 

 

3. Typical hybrid cycling with battery not achieving full charge 

 

This test is used to investigate the limitations of the battery model under conditions of the 

battery being regularly cycled but rarely achieving a full state of charge. This corresponds 

to hybrid system operation during the spring, fall, and winter, especially if the genset is 

stopped prior to the completion of absorption charging. If run continuously, it will take 

approximately 12 days. Note that this test could be conducted on the battery test bench. 

 

a) Standard approach: This involves repeatedly cycling the battery, but avoiding full 

recharge by terminating the charge at the onset of absorption charging. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  
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• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• Discharge battery at a rate of approximately C/50 to a voltage of 2.03 Vpc. 

• Recharge battery using bulk/absorb and recommended voltage setpoints for Absolyte 

battery. Ensure that a constant recharge current of C/20 or higher is used. End charge 

upon initiation of absorb charging. 

• Repeat the above discharge/charge cycling 5 to 7 times.  

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Examine how the capacity to 1.95 Vpc has changed; examine how the discharge 

capacity to 2.03 Vpc changed with each cycle; compare with PVToolbox model. 

 

b) Alternate approach: The battery is cycled by connecting a small load and a moderately 

sized array, such that the SOC falls during the night and rises during the day, but not 

always to a state of full charge. Furthermore, the array is disconnected from the battery at 

a relatively low voltage. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• In the late afternoon or evening, connect the battery bank to a load equal to 0.02 times 

the capacity of the battery in Watthours; simultaneously connect the battery to a 

photovoltaic array 1 to 1.1 times the load (in watts) times 24 hours divided by the 

average efficiency of the array divided by the average daily insolation in the plane of 

the array for that month. 

• Connect the array and the battery with a relay that disconnects the array at 2.3 Vpc 

and then waits one hour before reconnecting the array. 

• Implement a low voltage disconnect with a cut-out of 2.0 Vpc and a reconnect 

voltage of  2.15 Vpc.  

• Let the system operate for 10 days. 

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Simulate the same period using measured insolation data (and, for comparison 

purposes, measured array output) and examine the differences between the test bench 

run and the simulation. 

 

4. Typical winter cycling for stand-alone PV system 

 

This test is used to investigate the limitations of the battery model under conditions of the 

battery experiencing minor charge and discharge cycles every day, but remaining well 

below a full state of charge. This corresponds to a PV-only system during the winter. If 

run continuously, it will take approximately 30 days. Note that this test could be 

conducted on the battery test bench. 

 



 

 

PVToolbox Controller Comparison GPCo Inc 18 

a) Standard approach: The battery is repeatedly cycled between partial states of charge 

at a low rate, with the amount of charge being drawn from the battery equal to the 

amount of charge being returned to the battery.  

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• Discharge the battery at a rate of C/10 until it has an SOC of approximately 80%. 

• Using a rate of C/400, discharge from the battery the equivalent of 5% of its nominal 

capacity. 

• Using a rate of C/40, recharge to the battery the equivalent of 5% of its nominal 

capacity. 

• Repeat the above discharge/recharge cycle (i.e., the above 2 steps) for 28 days.  

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Examine how the capacity to 1.95 Vpc has changed; examine how the voltage to end 

of charge and discharge changed with each cycle; compare with PVToolbox model. 

 

b) Alternate approach: Daily shallow cycles between partial states-of-charge are achieved 

by connecting the battery to a small load and an undersized PV array.  

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• In the late afternoon or evening, connect the battery bank to a load equal to 0.005 

times the capacity of the battery in Watthours; simultaneously connect the battery to a 

photovoltaic array 0.95 to 1.05 times the load (in watts) times 24 hours divided by the 

average efficiency of the array divided by the average daily insolation in the plane of 

the array for that month. 

• Connect the array and the battery with a relay that disconnects the array at 2.3 Vpc 

and then waits one hour before reconnecting the array. 

• Implement a low voltage disconnect with a cut-out of 2.0 Vpc and a reconnect 

voltage of  2.15 Vpc.  

• Let the system operate for 28 days. 

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Simulate the same period using measured insolation data (and, for comparison 

purposes, measured array output) and examine the differences between the test bench 

run and the simulation. 

 

5. Hybrid system test 

 

This test is used to verify that all the component models, functioning together in a hybrid 

system, behave in a realistic manner. It does this by connecting the battery to a load and 
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an undersized array; when the battery runs down, the genset must be run to charge it up 

again. If run continuously, it will take approximately 15 days.  

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• In the late afternoon or evening, connect the battery bank to a load of power equal to 

0.02 times the capacity of the battery in Watthours; simultaneously connect the 

battery to a photovoltaic array 0.7 to 0.8 times the load (in watts) times 24 hours 

divided by the average efficiency of the array divided by the average daily insolation 

in the plane of the array for that month. 

• Connect the array and the battery with a bulk/absorb/float charge controller. Use the 

voltage setpoints recommended by Absolyte.  

• Connect the genset via a hybrid system controller. The genset should start when a 

voltage of 2.0 Vpc is reached. Limit the rectifier at its full 30 Amp output. Charging 

should stop when 2.38 Vpc is reached.    

• Implement a low voltage disconnect with a cut-out of 1.9 Vpc.  

• Let the system operate for 14 days. 

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Simulate the same period using measured insolation data (and, for comparison 

purposes, measured array output) and examine the differences between the test bench 

run and the simulation. 

 

6. On/off controller test 

 

This test examines the extent to which ignoring transport phenomena in the battery 

affects the accuracy of the combination of the on/off charge controller model and the 

battery model. This test takes approximately 30 days, although it can be run as two 

procedures taking approximately 15 days each. 

 

Part 1: By attaching a “properly” sized PV array and a moderate sized load, the battery 

cycles daily and achieves frequent full charge, or at least as full a charge as the on/off 

controller is able to provide. The load is connected at all times, so when the controller 

disconnects the array from the battery, the battery immediately begins to discharge. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• Implement a low voltage disconnect with a cut-out of 2.0 Vpc and a reconnect 

voltage of  2.15 Vpc. 

• Connect a load with a power equal to 0.2 times the battery energy capacity divided by 

24 hours. 
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• Connect a PV array via an on/off charge controller. The nominal array power should 

be 1.1 to 1.2 times the load times 24 hours divided by the average number of peak sun 

hours per day for the month of the test.  

• Let this run for 14 days, then disconnect load and array. 

• Discharge battery to 1.95 Vpc at a rate of C/10. 

 

Part 2: By attaching a “properly” sized PV array and a moderate sized load, the battery 

cycles daily and achieves frequent full charge, or at least as full a charge as the on/off 

controller is able to provide. The load is connected only at night, so that when the 

controller disconnects the array from the battery, the battery is open-circuited. 

 

• Hold battery at 25ºC +/- 3ºC, if possible.  

• Charge battery with a bulk, absorb, and float algorithm. Use the voltage setpoints 

recommended by Absolyte. Hold the battery in float for 24 hours. 

• Hold the battery at open circuit for 1 hour. 

• Implement a low voltage disconnect with a cut-out of 2.0 Vpc and a reconnect 

voltage of  2.15 Vpc. 

• Connect a load with a power equal to 0.4 times the battery energy capacity divided by 

24 hours. The load should be on from 7 PM until 5 AM; no load should be on during 

the day. 

• Connect a PV array via an on/off charge controller. The nominal array power should 

be 1.1 to 1.2 times the load times 12 hours divided by the average number of peak sun 

hours per day for the month of the test.  

• Let this run for 14 days, then disconnect load and array. 

• Discharge battery to 1.95 Vpc at a rate of C/10. 

• Examine how the capacity to 1.95 Vpc has changed; examine how the voltage to end 

of charge and discharge changed with each cycle; compare with PVToolbox model. 

 

3. Conclusions 

 

The PVToolbox component model most likely to deviate from reality is the battery 

model. This is due to the memory the battery exhibits due to transport phenomena and 

ageing; neither of these are accounted for in the model. The PV hybrid test bench should 

be used to investigate the accuracy of the PVToolbox under various cycling conditions. A 

number of tests are recommended. 

 

The PVToolbox model for the on/off controller may be unrealistic; this is a consequence 

of not modelling transport phenomena in the battery. A test for investigating the accuracy 

of the on/off controller model is recommended. 

 

Many of the tests required to validate the PVToolbox could be easily run on the battery 

test bench. This would liberate the hybrid test bench for tests that investigate hybrid 

system issues, and would avoid problems associated with operating the genset at partial 

loads. On the other hand, it would require additional investment in time for the operation 

and maintenance of the battery test bench. 
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Appendix A.  Commercial Device Specification Sheets 


