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Summary 
 

 The PVToolbox was used to compare the operation of three bus configurations for 

photovoltaic-genset hybrid systems: a conventional AC/DC bus, an AC bus, and a DC 

bus. The simulations used one year of synthesized weather data for Freiburg, Germany. 

The AC/DC bus configuration, commonly used in North America, connects the 

photovoltaic array to the battery by a DC connection, whereas the AC bus configuration, 

recently introduced to Europe, connects the array to the battery through an AC 

connection with the module or string inverter at one end and the system’s principal bi-

directional converter at the other. The DC bus configuration employs a variable-speed 

genset with DC output to charge the battery directly 

This study investigates the findings of a 1998 paper, “Modelling of Stand-Alone 

PV-Hybrid Systems and Comparison of System Concepts”, by Gabler and Wiemkin of 

the Fraunhofer Institute [Gabler & Wiemken, 1998]. First, Gabler and Wiemken’s 

simulation results are recreated using the PVToolbox. Then performance of the AC bus 

and the AC/DC bus are compared over a range of conditions. The annual load is kept 

constant, but the pattern of variation over the course of a day as well as over the seasons 

is altered. The size of the array is also varied. Finally, the above two bus configurations 

are compared to the DC bus. The investigation includes DC loads, unlike Gabler and 

Wiemken, who restrict their study to AC loads.  

Gabler and Wiemken find that that the AC bus configuration is comparable in 

performance to a conventional AC/DC bus system. Here it is shown that if maximum 

power point tracking is included in both systems, the AC bus system requires about 10 to 

18% more electricity from the engine-driven generator. In contrast, the DC bus system 

requires at most 2 to 3% more electricity from the engine-driven generator. These 

conclusions were relatively insensitive to load patterns and array size.  

Because a variable speed genset can be used with the DC bus system, the fuel 

consumption of the DC bus system has the potential to be lower than that of the AC/DC 

bus system. This study found that the fuel consumption will be 7 to 10% lower, but for a 

variety of reasons, this probably overestimates the gains from the variable speed genset. 

The conventional AC/DC bus system offers some compelling advantages 

compared with either AC or DC bus systems. It can satisfy AC loads directly, unlike a 

DC bus system, and its fuel consumption suffers only during part load operation. If 

intelligent dispatch can minimize the time spent during part load operation, the fuel 

consumption may even be lower than that of the DC bus system. 
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1 Introduction 
 

In their 1998 paper “Modelling of Stand-Alone PV-Hybrid Systems and 

Comparison of System Concepts”, Gabler and Wiemken of the Fraunhofer laboratory in 

Germany use simulation to compare AC bus and conventional AC/DC bus configurations 

for hybrid systems [Gabler & Wiemken, 1998]. The AC/DC bus configuration, 

commonly used in North America, connects the photovoltaic array to the battery by a DC 

connection, whereas the AC bus configuration, recently introduced to Europe, connects 

the array to the battery through an AC connection with the module or string inverter at 

one end and the systems principal bi-directional converter at the other. 

 Gabler and Wiemken state that “in spite of the additional transforming processes, 

the AC-coupled system is not far away in performance, solar fraction, and auxiliary 

energy input from the DC system”. In general, their paper presents the AC bus 

configuration in a favourable light, showing that its solar fraction and performance ratio 

are quite close to those of the AC/DC bus configuration. This runs counter to intuition, 

which suggests that the additional DC to AC and subsequent AC to DC conversion of 

that portion of the array’s output destined for the battery would lead to significant 

additional losses.  

 This report further investigates the performance of different bus configurations for 

PV-hybrid systems. First, Gabler and Wiemken’s simulation results are recreated using 

the PVToolbox [Sheriff et al, 2003]. Then the performance of the AC bus and the AC/DC 

bus are compared over a range of conditions. The annual load is kept constant, but the 

pattern of variation over the course of a day as well as over the seasons is altered. The 

size of the array is also varied. 

 This report also includes a comparison of the aforementioned two bus 

configurations with a DC bus configuration, in which a variable-speed DC genset is used 

to charge the battery directly
1
. This discussion is not limited to AC loads, as with Gabler 

and Wiemken, but includes DC loads as well. 

 

2 Reproducing the Fraunhofer Results 
 

The first step in the investigation was the building of a PVToolbox simulation that 

regenerated the results given by Gabler and Wiemken. While Gabler and Wiemken 

describe their system in some detail, various inputs and parameters had to be adjusted to 

match their results. These included the input weather file, rectifier and inverter efficiency 

curves, charge control setpoints, and daily and seasonal variation in the loads. 

Fortunately, the selection of these inputs and parameters was guided by the detailed 

simulation performance data they provided, namely, the fraction of the delivered energy 

at each point in the system. The inputs and parameters were selected on the basis of the 

AC/DC bus simulation, and then the performance of the AC bus system with the same 

                                                 
1
 In their paper, Gabler and Wiemken call the AC/DC bus configuration a “DC-bus bar” system. To avoid 

confusion, this report will reserve the “DC bus” appellation for a system using a genset with DC output. 
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inputs and parameters used to verify the correspondence of the Fraunhofer and 

PVToolbox simulations. 

 

2.1 Component Configuration for AC/DC Bus System 

 

 The components for the AC/DC bus system were configured in a standard way, as 

seen in Figure 1: an array of photovoltaic module is connected to the battery via a DC 

bus. An AC bus connects the loads (which are AC) and the genset output. Between these 

two buses energy flows by way of an inverter and a rectifier. When the genset is not on, 

the load on the AC bus is powered by energy transferred from the DC bus across the 

inverter. When the genset is on, it powers the load fully and the rectifier transfers power 

to the DC bus as demanded by the charge controller. 

 

 
Figure 1 AC/DC Bus System Configuration 
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 The engine-driven generator and the battery were sized as specified in the paper 

by Gabler and Wiemken. The engine-driven generator has a nominal output of 9.6 kW 

and is assumed to be located at 330 m altitude. The battery bank has a nominal voltage of 

24 V, and a 20 hour discharge capacity of 1260 Ah at 25ºC (giving a 20 hour discharge 

energy capacity of 30.2 kWh). The characteristics of a GNB Absolyte IIP absorbed glass 

matt battery are used. A self-discharge rate of 2% per month at 25ºC  and an initial state-

of-charge of 60% (based on the 20 hour discharge rate capacity) is assumed.  

The output of the photovoltaic array is connected directly to the battery. That is, 

there is no maximum power point tracker implemented in the AC/DC bus system; this is 

in keeping with Gabler and Wiemken.  

The dispatch of the engine-driven generator, which is controlled by the control 

center, follows the regime specified by Gabler and Wiemken: the engine is started when 

the state-of-charge falls to 40%, runs at full output until an SOC of 70% is reached, and 

then turns off; once every 30 days the engine performs an additional equalisation charge; 

the battery is held at the equalisation setpoint for 8 hours. 

 

2.1.1 Weather Data 

 

Gabler and Wiemken use data for one year from the city of Freiburg, Germany 

(48ºN, 8ºE). A lengthy procedure was used to ensure that the input weather data used for 

the PVToolbox simulation were similar to those used by Gabler and Wiemken. 

 First, the total radiation in the plane of the array for the Fraunhofer simulation 

was calculated by multiplying the annual load (here assumed to be 10.2 kWh/day 

multiplied by 365 days, or 3723 kWh/year) by the normalized value of Enominal given by 

Gabler and Wiemken, i.e., 131.3%. Thus, the annual insolation in the plane of the array 

for the Fraunhofer analysis was the absolute value of Enominal, i.e, 3723 x 131.3/100, or 

4888 kWh, divided by the nameplate capacity of the array 4.13 kW. This suggested that 

the annual insolation in the plane of the array was 1184 kWh/m
2
 in the Fraunhofer 

simulation. 

 WATGEN was used to generate data for the global irradiance on the horizontal 

[WATSUN Simulation Laboratory, 1992]. Since monthly statistics were not available for 

Freiburg, longterm average temperature and clearness data for Stuttgart were used instead 

(from Appendix G of [Duffie and Beckman, 1991]). Stuttgart is roughly 130 km to the 

northeast of Freiburg and should experience similar weather patterns. Each of the 

monthly clearness index values was multiplied by 0.95. This was a rough adjustment to 

account for the lower-than-average insolation for the year used in the Fraunhofer paper; 

Gabler and Wiemken indicate that “The annual irradiation sum of  [the] data set [used in 

the simulation] is 6% below the irradiation sum of the Test Reference Year Freiburg of 

the DWD and 12% below the irradiation sum of the Freiburg site, published in the 

European Solar Radiation Atlas”. Thus the clearness index and mean temperature values 

used with WATGEN were as shown in Table 1. 
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 Monthly Clearness Index Mean Temperature (ºC) 

January 0.333 0  

February 0.371 3 

March 0.399 8 

April 0.437 9 

May 0.437 13 

June 0.447 17 

July 0.466 18 

August 0.447 19 

September 0.475 16 

October 0.428 11 

November 0.333 5 

December 0.304 3 

Table 1 Clearness Index and Mean Temperature Input Data 

 

 The latitude for Freiburg, 48.0ºN, was used in the WATGEN calculations. 

WATGEN generated 10 years of data. These were converted to the plane of the array 

using the PVToolbox; the array was assumed to be tilted at a slope of 50º to the 

horizontal with an azimuth of due south. Then the year with the total plane-of-array 

insolation closest to 1184 kWh/m
2
 was chosen for the PVToolbox simulations. This 

year’s total insolation in the plane of the array was 1198 kWh/m
2
, a figure only 1.2% too 

high. 

 

2.1.2 Photovoltaic Array Size 

 

 Gabler and Wiemken specify an array with a nameplate capacity of 4.13 kW 

under standard test conditions. Their simulation package accounts for a number of losses 

in the array: differences between the maximum power according to the nameplate rating 

and the IV curve, reflection losses, spectral mismatch, low-light deterioration in 

performance, temperature, blocking diodes and maximum power point tracking 

inefficiency. PVToolbox does not account for all these losses. To facilitate a comparison 

of the Fraunhofer study and the PVToolbox simulations, the nameplate capacity of the 

PV array used in the PVToolbox simulations was adjusted.  

The Fraunhofer study indicates that the output of the PV array available for use by 

the system, at the output of a maximum power point tracking system, is 1.104 times the 

annual energy consumed by the end load, or 4110 kWh. With the PVToolbox, this annual 

output is provided by an array with a nameplate capacity of 3937 Wp. This is 4.7% 

smaller than the array used in the Fraunhofer study. The IV characteristics of the array 

were based on those of a Shell Solar M55 module, with 55 W nameplate capacity, an 

open circuit voltage of 21.7 V, a rated voltage at maximum power point of 17.4 V, a 

short-circuit current of 3.40 Amps and a rated current of 3.16 Amps. A nominally 24 V 

array, based on parallel arrangements of 2 modules in series, was used.  
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2.1.3 Variation in Load 

 

 Gabler and Wiemken indicate that they assume “an average daily load of 

approximately 10 kWh. The load structure shows a daily and a seasonal pattern. 1/3
rd

 of 

the average load is used for basic consumption, the remaining 2/3
rds

 are distributed in 

load peaks appearing throughout the day.” Simulation runs indicated that the daily and 

seasonal variation in the load significantly influenced the performance of the system. A 

pattern of variation that generated results close to those of the Fraunhofer study was 

found through a process of trial-and-error.  

 The average total daily load was estimated as 10.2 kWh, all AC. A 150 W load 

represented 3.6 kWh per day, or 35% of the average total load. Superimposed on this are 

square load spikes that together account for the remaining 65% of the load. The 

maximum load is 1.65 kW. At no time is there no load. Loads are weighted towards the 

middle of the day, although load spikes do occur during the night as well. This profile is 

shown in Figure 2. 
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Figure 2 Daily Load Profile 

 

 It appeared that no pattern of daily variation in the load could alone fully account 

for the performance reported in the Fraunhofer paper. However, with seasonal variation 

included, the PVToolbox simulation could be made to perform quite similarly to the 

Fraunhofer system. The above daily load profile was multiplied by a sinusoidal seasonal 

load factor that reaches a minimum of 0.73 around the summer solstice, a maximum of 

1.27 around the winter solstice, and is unity at the times of the equinoxes. That is, the 

seasonal variation in the load is perfectly out-of-phase with the availability of sunlight 

(seasonal variation in cloudiness ignored).  
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2.1.4 Rectifier and Inverter Sizing and Efficiencies 

 

 PVToolbox simulation results could be made to match those of the Fraunhofer 

study only through careful selection of the efficiency curves for the inverter and rectifier. 

The inverter efficiency is graphed in Figure 3; the output power, in Watts, is shown on 

the horizontal axis. The peak output of the inverter is 1700 W. It can be seen that 

Fraunhofer assumes a very efficient inverter, having a peak efficiency of around 95.5%. 

This is further evidenced in their energy flow graph, which suggests an average 

efficiency of 94.6%.  

 In contrast, Fraunhofer assumes a very inefficient rectifier. The efficiency curve is 

shown in Figure 4. Peak efficiency is 78.5%. According to the figures published by 

Gabler and Wiemken, their rectifier delivers an average efficiency of 77.9%.  The peak 

input of the rectifier is 9600 WAC, permitting it to accept the full output of the engine-

driven generator. 

 

 
Figure 3 Inverter Efficiency as a Function of Output Power 
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Figure 4 Rectifier Efficiency as a Function of Input Power 

 

 The no load power consumption of the inverter is 10 W, but this is never observed 

since there is always at least 150 WAC of load. When there is no AC available, the 

rectifier draws no DC. 

 

2.1.5 Charge Control Setpoints 

 

 The choice of setpoints for battery charging was found to affect the performance 

of the system significantly. In order to match Fraunhofer’s results, the charge setpoints 

had to be fairly high. A bulk voltage of 30.2 V (i.e., 2.52 Vpc) was used. When the bulk 

voltage is attained, the battery is held at the bulk voltage of 30.2 V for 2.5 hours of 

absorption charging. Then the charge controller holds the battery at the float setpoint of 

28.0 V (i.e., 2.33 Vpc) until the current available is insufficient to sustain this voltage. 

These setpoints pertain to photovoltaic charging, since the engine-driven generator is shut 

down when the state-of-charge reaches 70%, except when equalisation occurs. 

Equalisation, which is triggered every 30 days, causes the genset to start, charge the 

battery up to 30.2 V, and then hold it there for 8 hours. Then the genset would shut down 

and the battery would either fall into float charging at 28 V or into discharge or charge at 

a lower voltage (if only a very small charge current is available). 

 

2.1.6 Component Configuration for AC Bus System 

 

 With the AC/DC bus system configured as indicated in the previous sections, 

performance very close to that simulated by Fraunhofer could be achieved. Given the 
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large number of inputs and parameters that were adjusted, there was concern, however, 

that our choices of inputs and parameters might not necessarily be right, but rather just 

happen to match the output provided by Fraunhofer.  

Although it is not a conclusive test, one way to investigate the choice of input 

parameters and setpoints is to see how well these components predict the performance of 

a different system, namely the AC bus system described by Fraunhofer. Thus the AC bus 

system was built out of the same components as used in the AC/DC bus system, without 

changes and the addition of only two components: a maximum power point tracker and 

an inverter to convert the output of the photovoltaic array to AC. The system model is 

shown in Figure 5. 

The maximum power point tracking is implemented in two components. In the 

PV array itself, an output, Vmpp, gives the maximum power point voltage. This is fed 

back into the voltage input of the array, to ensure that the array is operating at its 

maximum power point. Then an MPPLosses module is used to apply losses to the output 

of the array.  

The MPPLosses assumes that losses occur due to a voltage drop and a resistance. 

As a result the efficiency approaches 98% at no input power and is just under 95% at 

4000 W of input power. The efficiency varies linearly between these two points. At the 

end of our simulations, we found performance curves for an actual maximum power point 

tracker suggesting that we may have overestimated the resistive losses and we should 

have included fixed losses for energizing the maximum power point tracker circuitry. We 

did not rerun our simulations, however, because we judged that the differences in the 

maximum power point tracking losses would have minimal impact on the output of the 

simulation. In any case, the nature of the maximum power point tracking losses assumed 

in the Fraunhofer paper is unknown. 

 The AC bus system converts the DC output of the array into AC immediately. 

The paralleled module (or string) inverters that perform this conversion were modelled as 

a single module inverter; it was assumed to have the efficiency curve shown in Figure 6. 

Originally a more efficient inverter was assumed, but comparison with the Fraunhofer 

data showed that they had used a module inverter significantly less efficient than the 

principal inverter: their energy flow graph reveals an average efficiency of 89%.  

The maximum output of the PVToolbox module inverter is 2922 Watts; this 

corresponds to an input power of 3294 Watts. On the infrequent occasions that input 

power ranges above 3294 Watts, the output power is held at 2922 Watts. This accounts 

for the decrease in the efficiency at high input powers seen in Figure 6. It was intended 

that this threshold be higher, but this threshold crept in due to some faulty assumptions. 

Fortunately, it makes very little difference to the results: with the input power threshold 

raised to 3700 W, the maximum seen during the year, the integral of the output of the 

module inverter rises by less than 0.4%. The module inverter produces no power—nor 

does it consume AC power—at input power less than 22 W. 
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Figure 5 AC Bus System Configuration 
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Figure 6 Efficiency of the Module Inverter as a Function of Input Power 

 

2.2 Results 

 

For each of the AC/DC and AC bus configurations, Gabler and Wiemken provide 

total energy flows at over a dozen points in the system that permit a comparison of their 

simulation results with those from the PVToolbox. This comparison is summarized in 

Table 2 for the AC/DC bus configuration. All figures have been normalized in reference 

to the total energy consumed by the load: this is set equal to 100. It can be seen that at all 

points, the two systems are in very close agreement. 

 The comparison for the AC bus system is summarized in Table 3. Since the 

PVToolbox simulation for AC bus system uses components, load variation, and weather 

data that were “fine-tuned” for the AC/DC bus system, this second comparison serves as 

a useful validation of our choices of inputs and parameters. Encouragingly, the results are 

very close once again. 
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Energy 

Flow/Loss 

Fraunhofer PVToolbox Difference 

(%) 

Comment 

Enominal 131.3 126.3 -3.8 Energy output of PV array if annual 

insolation occurred at STC with no losses 

Empp,connected 110.3 110.0 na
*
 Energy output of PV array operating at 

MPP with temperature and other losses 

Earray,Vbat 101.7 104.8 3.0 Energy output of array operating at battery 

voltage 

Earray,limited 84.4 84.4 0.0 Energy output of array reduced by energy 

wasted by charge control when battery full 

Ebat+,PV 46.4 45.8 -1.3 Energy into battery from PV 

Eaux AC 50.3 51.2 1.8 Energy produced by genset 

Rect Losses 10.4 10.4 0.0 Losses in rectifying genset output to DC 

Ebat+,aux 36.6 36.9 0.8 Energy into battery from genset 

Ebat+ 83.0 82.7 -0.4 Energy into battery 

Batt Losses 18.8 19.4 3.2 Losses in battery: coulombic (gassing), 

voltage drop, self-discharge 

Ebat- 64.2 63.3 -1.4 Energy out of battery 

Inverter Losses 5.5 5.8 5.5 Losses in converting PV and battery output 

to AC 

EPV useful 70.9 69.5 -2.0 Energy supplied to load coming from PV 

Eaux useful 29.1 30.5 4.8 Energy supplied to load coming from 

genset 

Econsumer 100 100 na Energy supplied to load 

     

Solar Fraction 0.71 0.70 -1.4 Fraction of load supplied by PV 

Perform. Ratio 0.54 0.55 1.9 Fraction of Enominal actually used by load 

* Array size has been adjusted so as to match Empp,connected for PVToolbox to that from Fraunhofer 

Table 2 Comparison of Energy flows for AC/DC Bus System
2
 

 

 There are, however, a few energy flows and losses for which the two simulations 

differ significantly. The most noticeable is the loss in the principal inverter. In the 

AC/DC bus system, the difference relative to the Fraunhofer system is +5.5%. In the AC 

bus system, it is –15%, a decrement of roughly 20 percentage points. This difference can 

likely be attributed to the no load consumption of the inverter. In the AC/DC bus system, 

the principal inverter always sees a load of at least 150 Watts. In the AC bus system, on 

the other hand, there are times when the output of the module inverter can satisfy the load 

entirely. Because of this, the no load consumption of the inverter is an important 

parameter for the AC bus system but not for the AC/DC bus system. It is assumed to be 

10 W in both cases, which is likely lower than the figure assumed in the Fraunhofer 

study. In any case, it is important to note that in absolute terms, the difference between 

the inverter losses for the Fraunhofer study and the PVToolbox simulation is only 0.8% 

of the total energy consumed by the load. 

                                                 
2
 The solar fraction is the portion of the energy consumed by the end use that is ultimately provided by the 

photovoltaic array. The performance ratio is the fraction of the nominal output of the photovoltaic array 

(i.e., the annual insolation multiplied by the nameplate capacity of the array) that is actually consumed by 

the end use. 
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Energy 

Flow/Loss 

Fraunhofer PVToolbox Difference 

(%) 

Comment 

Enominal 131.3 127.5 -2.9 Energy output of PV array if annual 

insolation occurred at STC with no losses 

Empp 114.8 115.6 0.7 Energy output of PV array with perfect 

lossless maximum power point tracking 

Empp,connected 110.4 111.0 na
*
 Energy output of PV array operating at 

MPP with temperature and other losses 

Earray,limited 100.7 100.5 -0.2 Energy output of array reduced by energy 

wasted by charge control when battery full 

Ebat+,PV 54.1 51.8 -4.3 Energy  from PV array at input to rectifier 

Eaux AC 54.6 55.2 1.1 Energy produced by genset 

Rect Losses 23.0 23.3 1.3 Losses in rectifying array and genset output 

to DC 

Ebat+,aux 50.5 51.6 2.2 Energy from genset at input to rectifier 

Ebat+ 81.6 80.1 -1.8 Energy into battery 

Batt Losses 16.1 17.3 7.5 Losses in battery: coulombic (gassing), 

voltage drop, self-discharge 

Ebat- 65.5 62.8 -4.1 Energy out of battery 

Module 

Inverter Losses 

11.0 11.2 1.8 Losses in converting module output to AC 

Inverter Losses 5.2 4.4 -15 Losses in converting battery output to AC 

EPV useful 66.8 66.3 -0.7 Energy supplied to load coming from PV 

Eaux useful 33.2 33.7 1.5 Energy supplied to load coming from 

genset 

Econsumer 100 100 na Energy supplied to load 

     

Solar Fraction 0.67 0.66 -1.5 Fraction of load supplied by PV 

Perform. Ratio 0.51 0.52 2.0 Fraction of Enominal actually used by load 

* Array size has been adjusted so as to match Empp,connected for PVToolbox to that from Fraunhofer 

Table 3 Comparison of Energy Flows for the AC Bus System 

 

 The battery losses for the AC bus system are 7.5% higher in the PVToolbox 

simulation than in the Fraunhofer study. This is an increment of 4.3 percentage points 

over the relative difference in the case of the AC/DC bus system. The reason for this 

discrepancy is unknown; the battery is the most difficult component to model accurately 

and this may manifest itself in higher differences. In absolute terms, the difference is only 

1.2% of the total energy consumed by the load. 

 

2.3 Discussion 

 

 The ability of the PVToolbox to recreate the Fraunhofer simulation results so 

closely is encouraging, especially since the two are compared at a wide range of points 

within the system. To a certain extent, this can be considered a validation of the 

PVToolbox. It is important to recognize that without knowing the exact details of the 

Fraunhofer inputs and parameters, this validation is partial at best. Nevertheless, that the 

two should coincide so closely in their energy flows and losses suggests that the 

PVToolbox performs comparably to other simulation tools. 
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3 How Well Does the AC Bus System Perform? 
 

As mentioned earlier, Gabler and Wiemken comment that “in spite of the 

additional transforming processes, the AC-coupled system is not far away in 

performance, solar fraction, and auxiliary energy input from the DC system”. In general, 

their paper presents the AC bus configuration in a favourable light, showing that its solar 

fraction and performance ratio are quite close to those of the AC/DC bus configuration.  

But is the AC bus system really so comparable in performance to the AC/DC bus 

configuration? Intuitively, the additional DC to AC and subsequent AC to DC conversion 

of that portion of the array’s output destined for the battery should lead to significant 

additional losses. Why do these losses not appear more significant in the Fraunhofer 

study? 

 

3.1 Choice of Performance Metrics  

 

 The Fraunhofer study places emphasis on the performance ratio and solar fraction 

in their comparison of the two bus configurations. These performance metrics are useful 

to the engineer interested in determining how well the system is utilising available solar 

energy. But in reality, most hybrid power system owners and operators are more 

interested in satisfying their power requirement at minimum cost. If we consider the 

design and operation of the systems as a given, then the significant metric for comparison 

is not performance ratio nor solar fraction, but rather the energy that the engine-driven 

generator must provide: this will strongly influence the fuel consumption. 

 Table 4 uses Fraunhofer’s findings to compare the two bus configurations in 

terms of solar fraction, performance ratio, and energy supplied by the engine-driven 

generator. The performance of the AC bus system is 5 to 6% worse than that of the 

AC/DC bus system when measured by the solar fraction or the performance ratio, but 8 to 

9% worse when energy from the engine-driven generator is considered. While a 5 to 6 % 

difference is relatively innocuous, an 8 to 9% difference can be seen to confer an 

advantage on the AC/DC bus system. Thus, Gabler and Wiemken’s assertion that the 

performance of the AC bus system is “not far away” from that of the AC/DC bus system 

suggests that they weight the solar fraction and performance ratio more strongly than the 

energy provided by the engine-driven generator. But for owners and operators, this last 

metric is the one that counts, and Gabler and Wiemken’s analysis reveals a difference of 

8 to 9%. 

 

 AC/DC Bus AC Bus % Difference 

Solar Fraction 70.9 66.8 -5.8% 

Performance Ratio 0.54 0.51 -5.6% 

Energy from Engine 

-driven generator 

50.3 (100=total 

consumption) 

54.6 (100=total 

consumption) 

8.5% 

Table 4 Comparison of AC/DC Bus and AC Bus by Various Performance Metrics 
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3.2 Comparability of System Components 

 

 In Gabler and Wiemken’s comparison, the choice of two components is somewhat 

surprising. The first is the rectifier, which has a significantly lower efficiency than the 

principal inverter. The second is the maximum power point tracker, which is included in 

the AC bus system but not the AC/DC bus system. 

 As noted in the preceding sections, the average efficiency of the principal inverter 

exceeds that of the rectifier by more than 15 percentage points. That is, the Fraunhofer 

study uses an exceptionally efficient inverter and a very inefficient rectifier. There is no 

reason why the rectifier cannot be as efficient or even more efficient than DC to AC 

conversion; technically, it is simpler to build a rectifier. In fact, in their paper Gabler and 

Wiemken investigate how raising the average rectifier efficiency to 90% affects the 

system performance. Here, in this study, the rectifier efficiency curve is changed to one 

comparable to that of the principal inverter. This is shown in Figure 7, which includes the 

baseline rectifier efficiency for comparison. 

 

 
Figure 7 Rectifier Efficiency Curves: Upper Curve used in Subsequent Simulations 

 

 Gabler and Wiemken include maximum power point tracking in their AC bus 

system, but not their AC/DC bus system. This was probably done to reflect typical 

system configurations: most AC/DC bus systems have the array voltage fixed by the 

battery, whereas AC bus systems will have a maximum power point tracker built into the 

module inverter. But this is not a fair comparison: the performance improvement realised 

by the AC bus system due to maximum power point tracking did not come free—it had to 

be paid for in the form of the module inverter. For less cost, the AC/DC bus system could 

use a charge controller with maximum power point tracking. This represents a more 
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logical and fairer comparison, though it is still imperfect since the capital cost of the AC 

bus system, with its additional inverter circuitry, will still be higher. 

 To redress this imbalance, maximum power point tracking was added to the 

AC/DC bus comparison for subsequent comparisons. This maximum power point 

tracking has characteristics identical to the tracker of the AC bus system. Table 5 

provides a synopsis of this comparison for the solar fraction (fs), the performance ratio 

(P.R.), and the energy provided by the engine-driven generator (Eaux,AC). This last metric 

is normalized in relation to the total consumption of the load, assumed to be 100. 

 AC/DC Bus System AC Bus System 

 fs P. R. Eaux,AC 
(normalized) 

fs P. R. Eaux,AC 
(normalized) 

Baseline 0.695 0.550 51.2 0.663 

(-4.6%) 

0.520 

(-5.5%) 

55.2 

(7.8%) 

Improved Rectifier 0.697 0.552 43.5 0.685 

(-1.7%) 

0.541 

(-2.0%) 

44.6 

(2.5%) 

Improved Rectifier & 

MPPT for AC/DC 

0.726 0.574 39.6 0.685 

(-5.6%) 

0.541 

(-5.7%) 

44.6 

(12.6%) 

Table 5 Comparison of AC/DC and AC Bus Systems with Improved Rectifier and 

Maximum Power Point Tracking (Figures in parentheses indicate relative difference of 

AC bus system compared to AC/DC bus system) 

 

 These results show that improving the rectifier efficiency benefits the AC bus 

system much more than the AC/DC bus system. This makes sense since in the former 

system, all energy destined for the battery must pass through the rectifier, whereas in the 

latter case, only the output of the engine-driven generator that is destined for the battery 

passes through the rectifier. This finding accords with the corresponding investigation in 

the Fraunhofer study: Gabler and Wiemken found that improving the rectifier efficiency 

had a much greater impact on the AC than the AC/DC bus system, and that the impact 

was primarily seen in the energy provided by the engine-driven generator. In both 

studies, the solar fraction and the performance ratio improve slightly for the AC bus 

system and remain essentially unchanged for the AC/DC bus system. This is expected, 

since the output of the array does not pass through the rectifier in the AC/DC bus system. 

 With an improved rectifier, the performance of the AC bus system is very close to 

that of the AC/DC bus system—that is, until one considers the impact of adding 

maximum power point tracking to the AC/DC bus system. Table 5 indicates that when 

this is included, the energy that must be provided by the engine-driven generator is 13% 

higher and the solar fraction and performance ratio 6% lower with the AC bus system 

than the AC/DC bus system. Thus the performance of the AC bus system is considerably 

worse than that of the AC/DC bus system, at least for these conditions of load and array 

size. 
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4 Sensitivity to Variation in Load 
 

 What is the sensitivity of the performance of the two system configurations to 

changes in the daily and seasonal variation in the load? This was investigated by 

rerunning the simulation with various daily load profiles and values for the sinusoidal 

seasonal load factor discussed above. 

 

4.1 Seasonal Variation 

 

 The simulation was run with three values for the seasonal load parameter: 0.27, 

which led to the loads being multiplied by 1.27 on the summer solstice; 0, which made no 

seasonal adjustment to the daily load variation; and –0.27, which led to the loads being 

multiplied by 1.27 on the winter solstice. For these three simulation runs, the daily load 

profile, shown in Figure 8, consisted of a sum of a constant 150 W base load and loads 

repeating on a 4, 6, and 12 hour basis. This was intended to be a neutral load profile, 

emphasizing neither day nor night loads. 
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Figure 8 The Unweighted Load Profile 

 

 The results are summarized in Figures 9 and 10. Figure 9 shows the effect of the 

seasonal load parameter on the energy that must be supplied by the engine-driven 

generator. Both the AC and the AC/DC bus systems require less energy from the engine-

driven generator when loads are higher in the summer and lower in the winter, as would 

be expected. The absolute difference between the energy required by the AC bus system 

and the AC/DC bus system changes little, so the relative difference increases when loads 

are heavier in summer. In relative terms, the AC bus system required roughly 12 to 18% 

more energy from the engine-driven generator than the AC/DC bus system. 
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Figure 9 Sensitivity of Energy from Engine-Driven Generator to Seasonal Load 

Parameter 

 

 Figure 10 shows that the solar fraction and performance ratio show the same 

tendencies as the energy required of the engine-driven generator: when loads are heavier 

in the summer, the solar fraction and the performance ratio improve, although the 

absolute difference between the AC bus and the AC/DC bus configurations is little 

affected. 

0.5

0.6

0.7

0.8

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Seasonal Load Parameter (Positive in Phase)

Solar Fraction

Performance Ratio

AC/DC Bus

AC/DC Bus

AC Bus

AC Bus

 
Figure 10 Sensitivity of Solar Fraction and Performance Ratio to Seasonal Load 

Parameter 
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4.2 Daily Variation 

 

 With the seasonal load parameter held at 0 (no seasonal variation in loads) the 

simulation was run with five different load profiles. These profiles, referred to herein as 

“Night”, “Mainly Night”, “Unweighted”, “Mainly Day”, and “Day”, are shown in 

Figures 11 through 15. For all load profiles, the daily load is 10.2 kWh. 
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Figure 11 “Night” Load Profile 
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Figure 12 “Mainly Night” Load Profile 



 

Comparison of AC, DC, and AC/DC Bus Configurations  19

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 4 8 12 16 20 24

Hour

L
o

a
d

 (
k
W

)

 
Figure 13 “Unweighted” Load Profile 
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Figure 14 “Mainly Day” Load Profile 
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Figure 15 “Day” Load Profile 

 

 The results are shown in Figures 16 and 17. The former shows that the energy 

required from the engine-driven generator falls the more loads are concentrated during 

the daytime. The AC/DC bus system outperforms the AC bus system by 10 to 16%, 

although the difference tends to be less pronounced in relative and absolute terms the 

more loads are weighted towards the daytime. This probably stems from daytime loads 

being met directly by the module inverter, reducing losses in rectification for storage in 

the battery.  
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Figure 16 Sensitivity of Energy from Engine-Driven Generator to Daily Load Profile 

 

 Figure 17 shows the solar fraction and the performance ratio improving with loads 

being weighted towards daytime, as expected. The AC/DC bus system always 
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outperforms the AC bus system, with the difference being less pronounced for daytime 

loads, as with the energy required from the engine-driven generator. 
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Figure 17 Sensitivity of Solar Fraction and Performance Ratio to Daily Load Profile 

 

 These results demonstrated that the AC/DC bus system will outperform the AC 

bus system regardless of daily or seasonal variations in load. 

 

5 Sensitivity to the Size of the Array 
 

 To investigate the sensitivity of the performance the AC and AC/DC bus system 

configurations to the array to load ratio, the array size was varied over a wide range of 

sizes. The “Unweighted” daily load profile of Figure 13 and a seasonal load parameter of 

0 (no seasonal variation) were used for these tests. The module inverter and the 

maximum power point tracking losses were scaled in proportion to the array size. 

 Figure 18 shows the normalized energy required from the engine-driven generator 

for both the AC bus and the AC/DC bus system as the PV array size is varied from 0 (no 

array) to 13 200 Wp. The energy required from the engine-driven generator falls steeply 

as the array size is increased from 0 to around 3000 Wp; at this point, the curve levels off 

as some output of the array is wasted for lack of load and free storage capacity in the 

battery. This is illustrated in Figure 19, which shows that array output available for use 

by the system rises linearly with the array size, but the output actually used diverges from 

this curve when the array is larger than roughly 3000 Wp. The AC bus system uses more 

of the available output because higher losses in the additional conversion stage result in it 

using the available output less effectively. 
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Figure 18 Energy Required from Engine-Driven Generator: Sensitivity to PV Array Size 
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Figure 19 Array Output, Available and Actually Used, as a Function of PV Array Size 

 

For all array sizes, the AC bus system requires more energy from the engine-

driven generator than the AC/DC bus system. Figure 20 shows the relative difference 

between the two. As the array size increases from 0, the additional energy required by the 

AC bus system (relative to the AC/DC bus system) rises roughly linearly, up to around 

2500 Wp of array capacity. With array sizes larger than this, the data is scattered in the 

range of 11 to 19%. The scatter stems in part from inaccuracy in Simulink’s integration 

routines. Another source of error may be the nonlinear nature of dispatch: slightly 

different conditions (say a battery SOC of 0.39 vs 0.41) lead to quite different outcomes 

(the genset turning on or not) that affect the future state of the system (through memory 

in the form of the battery). This scatter might be reduced if the simulation was run over a 

period longer than one year. 
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Figure 20 Energy Required from Engine-Driven Generator: Comparison of AC Bus to 

AC/DC Bus System 

 

 The solar fraction, Figure 21, shows tendencies similar to the energy required 

from the engine-driven generator: as the array size increases from 0, the solar fraction 

rises steeply until, at an array size of around 3000 Wp, the curve levels off. The AC/DC 

bus outperforms the AC bus over all array sizes. 
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Figure 21 Solar Fraction: Sensitivity to PV Array Size 

  

 The performance ratio, Figure 22, declines as the array size increases. Over the 

range of 0 to 2500 Wp, it declines due to the increasing fraction of the array’s output that 

must be stored in the battery, thus suffering additional losses. At an array size of 

approximately 2500 Wp, the curve changes slope, as some array output is rejected due to 

lack of load and free storage capacity.  
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It is interesting that the difference between the AC bus system and the AC/DC bus 

system is most pronounced when the array is small. With no array output rejected, the 

higher efficiency of the AC/DC bus system is apparent. PV output that can be used 

directly by the load passes through the 95% efficient principal inverter in the AC/DC bus 

system but the 90% efficient module inverter in the AC bus system. The remainder of the 

output, destined for the battery, suffers from two power conversion stages in the AC bus 

system but only wiring losses in the AC/DC bus system. With large arrays, the lower 

power conversion losses of the AC/DC bus system are swamped by the losses associated 

with rejecting available array output; the performance ratios of the two systems converge. 
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Figure 22 Performance Ratio: Sensitivity to PV Array Size 

 

 When the array is very small, the performance ratio of the AC/DC bus system 

exceeds 0.8—that is, it is comparable to grid-tied systems. This is as expected. 

 

6 Comparison with a DC Bus System 
 

 To this point, an AC bus system has been compared to an AC/DC bus system. A 

third bus configuration is possible: in the DC bus system, the output of the engine-

powered generator is immediately rectified to DC. AC loads must be powered by the 

inverter at all times. Freed of restrictions on the frequency of its output, the engine-driven 

generator can permit its rotational speed to vary, allowing, in theory, more efficient 

operation for loads below the rated load. 

 In the PVToolbox, the DC bus system is modelled very similarly to the AC/DC 

bus system. Only two changes are necessary: first, the AC loads draw power from the 

inverter, and are not transferred to the genset when it turns on. Second, the variable speed 

operation of the genset permits a curve for fuel consumption versus output.  

 The fuel consumption curve for the variable speed (DC) engine-driven generator 

was based on the specifications for the Kohler COM 6, a 6 kW natural gas or liquid 
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propane gas genset built around a Kohler 0.624 litre 4-cycle engine. For the conventional 

AC engine-driven generator, the specifications for the 8.5 RMY were used. This is an 8.5 

kVA genset built around the same engine as the COM6. The fuel consumption curves for 

these two gensets (combusting liquid propane) are shown in Figure 23.  

 

0

0.5

1

1.5

2

0 2 4 6 8 10

Output (kW)

P
ro

p
a

n
e

 C
o

n
s

u
m

p
ti

o
n

 (
m

3
/h

r)

Kohler COM6

Kohler 8.5RMY

 
Figure 23 Propane Consumption of COM6 and 8.5RMY According To Specifications 

 

 The fuel consumption curves from the specification are not used in the simulation 

as is. Rather, they are adjusted such that their shape is retained but the values are scaled 

up according to satisfy two constraints. First, the genset used in the simulation has a full 

power output of 9.6 kW, so the COM6 output and fuel consumption must be scaled up by 

a factor of 9.6/6. Second, to ensure that the only difference being manifested in the results 

in that due to the variable speed operation of the genset, the output and fuel consumption 

of the 8.5RMY are shifted upwards such that its fuel consumption at full load is equal to 

the COM6’s fuel consumption at full load.  

The sharp rise in the fuel consumption of the 8.5 RMY when loads rise above 

75% of full power complicates the choice of fuel consumption curve for the simulations, 

however. If the full load rating of the 8.5RMY genset is assumed to be 8.5 kW, then the 

fuel consumption of the fixed speed genset at part load will be far below that of the 

variable speed genset. To avoid this nonsensical result, the full load power output of the 

8.5 RMY is assumed to be 6.4 kW, or 75% of the true 8.5 kW rating. In essence, the 

shape of the fuel consumption curve is based only on the lower three points shown in 

Figure 23, and the 8.5 kW point is ignored. The fuel consumption curves used in the 

simulation are shown in Figure 24. 

Note that we assume that electricity destined for the battery or DC loads 

(discussed later) suffers the same losses in rectification for both the variable speed and 

the fixed speed genset. This is based on the similarity of the transformation processes. In 

the variable speed genset, a regulation circuit controls the field current in an alternator to 

achieve the desired voltage at the output of a diode bridge. In the fixed speed genset, a 

similar regulation circuit controls the field current in a synchronous generator (in terms of 
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losses, this should resemble an alternator) to maintain a stable AC voltage. This is in turn 

chopped by SCRs that vary their duty cycle in response to changes in demand. During 

conduction, losses in an SCR are comparable to those of a diode. There are additional 

losses associated with switching the SCR on, but this occurs only once every half cycle. 

Thus, in both topologies, we have a field current regulation circuit, “AC generator”, and 

rectification circuitry. 

 

 
Figure 24 Fuel Consumption Curves used in Simulation (Top Curve is Fixed Speed, 

Bottom Curve is Variable Speed) (m
3
/hr consumed vs kW output) 

 

 The DC bus system is compared with both the AC/DC bus system and the AC bus 

system in Table 6. In this comparison, all systems use maximum power point tracking 

and the “improved” rectifier efficiency described in Section 3 of this study. In terms of 

the energy flows, the AC/DC bus system and the DC bus system are very comparable, 

while the AC bus system suffers from the additional electrical conversion stage. In fuel 

consumption, however, the DC bus system outperforms the AC/DC bus system by a 

small margin. The annual propane consumption is 357 m
3
 for the DC bus system running 

a variable speed genset, whereas the consumption is 390 m
3
 for the AC/DC bus system 

and 427 m
3
 for the AC bus system. Thus, compared to the DC bus system, the AC/DC 

bus system uses 9% more fuel and the AC bus system uses 20% more fuel.  
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Energy 

Flow/Loss 

AC/DC 

Bus 

AC Bus DC Bus Comment 

Enominal 126.4 126.6 126.4 Energy output of PV array if annual 

insolation occurred at STC with no losses 

Empp 114.8 114.8 114.8 Energy output of PV array with perfect 

lossless maximum power point tracking 

Earray,connected 110.1 110.2 110.2 Energy output of PV array operating at 

MPP with temperature and other losses 

Earray,limited 88.7 94.6 88.8 Energy output of array reduced by energy 

wasted by charge control when battery full 

Eaux AC 39.7 44.6 40.0 Energy produced by genset (engine-driven 

generator) 

Rect Losses 2.5 5.7 2.6 Losses in rectifying array (AC bus only) 

and genset output to DC 

Ebat+ 83.5 82.6 83.5 Energy into battery 

Batt Losses 20.5 18.7 20.5 Losses in battery: coulombic (gassing), 

voltage drop, self-discharge 

Ebat- 63.0 63.9 63.0 Energy out of battery 

Module 

Inverter Losses 

na 10.6 na Losses in converting module output to AC 

(AC bus only) 

Inverter Losses 5.9 4.4 6.0 Losses in converting battery, array, and 

genset output to AC (depending on bus) 

EPV useful 72.6 68.5 72.3 Energy supplied to load coming from PV 

Eaux useful 27.3 31.5 27.7 Energy supplied to load coming from 

genset 

Econsumer 100 100 100 Energy supplied to load 

     

Solar Fraction 72.6 68.5 72.3 Fraction of load supplied by PV 

Perform. Ratio 57.4 54.1 57.2 Fraction of Enominal actually used by load 

     

Fuel Consumed 

(fixed speed) 

390 m
3
  427 m

3
 392 m

3
 Volume of liquid propane used by 

conventional AC genset 

Fuel Consumed 

(variable spd) 

na na 357 m
3
 Volume of liquid propane used by variable 

speed DC genset 

Engine runtime 10.1 days 10.8 days 10.1 days Time that the genset is operating over the 

course of the year 

Table 6 Comparison of Energy Flows for the AC Bus System 

 

 In Table 7, 8, 9 and 10 the three different bus configurations are compared for 5 

different scenarios. The first “baseline” scenario is the one described above and reported 

on in Table 6. In the second scenario, no equalisation charging is done: the engine-driven 

generator is not run for an additional 8 hours every 30 days simply to equalise the battery. 

In the third scenario, the load profile is changed. Now the 10.2 kWh daily load occurs in 

two one-hour spikes of 5.1 kW, one starting at midnight and the other at noon. In the 

fourth, loads are split equally between AC and DC loads. For even hours, the load is DC 

and for odd hours it is AC. In the fifth scenario, the entire load is DC, having the same 

variation as the baseline load. 

 The three bus configurations are compared in terms of the energy required from 

the engine-driven generator (Table 7), annual propane consumption (Table 8), and annual 

total engine-driven generator run time (Table 9). In addition, the fuel consumption is 

compared assuming all systems use an identical, fixed speed genset (Table 10). 
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 As noted earlier, in the baseline scenario the DC bus system performs very 

similarly to the AC/DC bus system except that its fuel consumption is about 9% lower, 

due to the variable speed operation of the genset. The AC bus system requires about 12% 

more energy from the genset than the AC/DC bus system, but consumes only 9% more 

fuel. This occurs because fuel consumption is not proportional to energy required: during 

equalisation, the genset operates at part load and fuel consumption is not greatly reduced.  

 

 AC/DC Bus AC Bus DC Bus 

 Total=100 Total=100 % Diff Total=100 % Diff 

Baseline 39.7 44.6 12.3% 40.0 0.7% 

No equalisation 36.2 41.3 14.1% 37.1 2.6% 

5.1 kW AC load 41.1 47.4 15.3% 42.0 2.3% 

AC & DC loads 38.0 44.7 17.7% 38.2 0.5% 

DC loads 36.0 42.5 18.2% 35.9 -0.3% 

Table 7 Comparison of Energy Required from Engine-Driven Generator (% Differences 

relative to AC/DC Bus) 

 

 The effect of the part load operation during equalisation is eliminated in the 

second scenario (equalisation turned off). Now the genset runs at full power to charge up 

the batteries to 70% state-of-charge, and then shuts off. Thus, the variable speed genset is 

not advantageous, because its fuel consumption at full load is assumed to be equal to that 

of the fixed speed genset.  

The DC bus system requires about 2.6% more electricity from the genset than the 

AC/DC bus system. About 1.5 percentage points of this comes from losses in 

rectification and inversion of genset output that is fed directly to the AC loads (12% of 

the genset output goes directly to the load, and combined inverter and rectifier losses at 

full power are around 13%). The remaining 1 percentage point of difference appears to be 

caused by higher losses in the battery. This probably stems from the longer runtime of the 

genset in the DC bus case: since more of the genset output is lost in the rectification and 

re-inversion, the genset must run longer to reach a 70% state-of-charge. The voltage 

losses in the battery dominate (since little gassing will be occurring up to 70% state-of-

charge), and the overpotential is not linearly related to the current—there is a significant 

jump on the transition from discharge to charge.  It is unclear whether this hypothesis is 

true; the difference might disappear if a longer simulation period was chosen.  

In the scenario without equalisation, the additional 2.6% of electricity required by 

the DC bus configuration compared with the AC/DC bus system is matched by 2.6% 

higher fuel consumption and 2.6% longer run-time, as expected. Similarly, the 14.1% 

higher genset electricity requirement of the AC bus system (compared to the AC/DC bus 

system) is matched by 13.9% higher fuel consumption and 14.0% higher runtime 

(differences may be attributed to round-off and simulation inaccuracy). 

Comparison of the scenario without equalisation with the baseline scenario 

demonstrates that much of the fuel consumed by these systems is due to part load 

operation during equalisation. When equalisation is turned off in the AC/DC system, the 

energy required from the genset falls by only 9% but the fuel consumption plummets by 

30%. Even with the variable speed genset, the reduction in fuel consumption is 21%. 
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Thus minimising the use of the genset for equalisation should be a criterion for intelligent 

genset dispatch.  

 

 AC/DC Bus AC Bus DC Bus 

 m
3
 propane m

3
 prop % Diff m

3
 prop % Diff 

Baseline 390 427 9.4% 357 -8.5% 

No equalisation 274 312 13.9% 281 2.6% 

5.1 kW AC load 401 448 11.7% 372 -7.2% 

AC & DC loads 378 428 13.3% 343 -9.3% 

DC loads 363 412 13.6% 326 -10.2% 

Table 8 Comparison of Fuel Consumption (% Differences relative to AC/DC Bus) 

 

 One might expect that the AC/DC bus and AC bus systems might show a 

performance advantage when large AC loads were the norm: the genset output could be 

used directly for these loads, unlike in the DC bus system. But with this strategy, at least, 

the difference is not particularly significant, as demonstrated in the third scenario. 

Compared to the AC/DC bus system, the DC bus system requires only 2.3% more 

electricity from the engine-driven generator. As a result, the DC bus system uses only 7% 

less propane than the AC/DC bus system. This reflects that the genset is operating only 

3% of the year. Thus most of the time the high AC loads draw from the battery. If the 

solar fraction was considerably lower, the AC/DC bus and even the AC bus system might 

appear more attractive.  

 Conversely, in the fourth and fifth scenario, the load is partly and wholly DC, 

respectively. In absolute terms, the fuel consumption of all systems is reduced, since 

losses in the inverter are reduced. Relative to the AC/DC bus system, the performance of 

the DC bus system improves slightly and that of the AC bus system deteriorates, simply 

because the denominator of the fraction (the AC/DC bus fuel consumption) is falling. 

When looking at the genset energy requirement or the runtime, we see the performance of 

the DC bus system converging with that of the AC/DC bus system as loads shift to DC.  

 

 AC/DC Bus AC Bus DC Bus 

 Days Days % Diff Days % Diff 

Baseline 10.1 10.8 7.9% 10.1 0.5% 

No equalisation 5.9 6.7 14.0% 6.0 2.6% 

5.1 kW AC load 10.3 11.3 9.9% 10.4 1.4% 

AC & DC loads 9.8 10.8 10.9% 9.8 0.2% 

DC loads 9.5 10.5 11.1% 9.5 -0.2% 

Table 9 Comparison of Engine Runtime (% Differences relative to AC/DC Bus) 

 

 Table 10 compares the fuel consumption of the three systems assuming all use 

identical, fixed speed engine-driven generators. The fuel consumption of the DC bus 

system is very similar to that of the AC/DC bus system, confirming that the principal 

advantage of the DC bus system is that it permits variable speed operation of the genset. 

In contrast, the deficiencies of the AC bus system are inherent to the topology itself. 
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 AC/DC Bus AC Bus DC Bus 

 m
3
 propane m

3
 prop % Diff m

3
 prop % Diff 

Baseline 390 427 9.4% 392 0.5% 

No equalisation 274 312 13.9% 281 2.6% 

5.1 kW AC load 401 448 11.7% 408 1.7% 

AC & DC loads 378 428 13.3% 379 0.3% 

DC loads 363 412 13.6% 362 -0.3% 

Table 10 Comparison of Fuel Consumption, Assuming All Systems Use Fixed Speed 

Genset (% Differences relative to AC/DC Bus) 

 

 For the conditions of this study, the fuel consumption of the DC bus system using 

a variable speed genset are 7 to 10% lower than that of a conventional AC/DC bus system 

using a fixed speed engine-driven generator. In reality, the reductions in the fuel 

consumption will likely be less than this, however, for two reasons. First, the once-per-

month 8 hour genset-powered equalisation assumed here is probably longer than actually 

required, and during summer may be supplanted by equalisation powered solely by the 

photovoltaic array. The advantage of the variable speed genset appears only when it is 

operated at part load, and with less equalisation the fraction of the genset’s operation that 

occurs at part load will be reduced. As seen in the second scenario, with less genset-

powered equalisation, the economy of the variable speed genset will be reduced. 

 A second reason for the supposition that the real fuel consumption reductions 

associated with the DC genset will be less than the 7 to 10% estimated here is the 

optimistic nature of the fuel consumption curves. Figure 25 compares the part load fuel 

consumption of 10 Kohler gensets of 6 to 30 kW nominal power. The COM6 and 

8.5RMY curves used in the simulation are shown in bold: the 8.5 RMY has the least 

efficient part load operation, and the COM6 has very nearly the best part load operation. 

The part load operation of a fixed speed genset is likely to be much closer to that of the 

COM6 than is suggested by the 8.5 RMY. This will further reduce the performance 

advantage of the DC bus configuration with variable speed genset.   
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Figure 25 Comparison of Various Engine-Driven Generators at Part Load 

 

7 Discussion 
 

During this study, the PVToolbox was used to run over 100 one-year simulations 

of hybrid systems with three bus configurations. There were no problems with simulation 

stability. Furthermore, the tool was able to closely recreate the results of another 

simulation tool as described in a conference article.  

For the conditions of this study, variable speed genset operation offers at most a 7 

to 10% reduction in the fuel consumption compared to a fixed speed genset. This is not 

particularly significant. On the other hand, eliminating the 8 hour genset powered 

equalisation that occurs every 30 days reduces the fuel consumption of the fixed speed 

genset by 30%. This suggests that variable speed genset operation may be less effective 

at reducing fuel costs than more intelligent dispatch strategies that reduce the time that 

the genset is operating at part load or that improve the utilisation of solar energy. 

Furthermore, if batteries that permit cycling between partial states of charge are used 

(such as certain absorbed glass matt batteries), the genset does not need to be run at part 

load and the DC genset will reduce fuel consumption little, if at all. 

All the simulations for this study have been conducted for one year of weather 

data for one site (Freiburg, Germany). We can speculate, however, on how different 

climatic conditions would affect our results. In this study, the PV array is sized large 

enough that during summer time photovoltaic-generated electricity must be rejected by 

the charge controller due to lack of load or available battery storage space. This wasted 

solar electricity obscures the performance penalty of the additional conversion stages of 

the AC bus system. At sites with less seasonal variation (i.e., lower latitudes), we may see 

a more pronounced performance penalty associated with the AC bus system, especially in 

terms of the solar fraction and performance ratio. 

On the other hand, in systems with AC loads where the genset operates for a 

larger fraction of the year, the performance of the DC bus system will deteriorate 
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compared with that of the AC/DC bus system, especially when the energy required from 

the genset is considered. During the times that the genset is operating, the genset of the 

AC/DC bus system can satisfy the AC loads directly. In contrast, the output of the 

variable speed genset system goes through a diode rectification stage followed by an 

inversion. 

Thus, the conventional AC/DC bus system offers some compelling advantages 

compared with either AC or DC bus systems. It can satisfy AC loads directly, unlike a 

DC bus system, and its fuel consumption suffers only during part load operation. If 

intelligent dispatch or choice of battery technology can minimize the time spent during 

part load operation, the fuel consumption may even be lower than that of the DC bus 

system.  
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8 Conclusions 
 

In the comparison of AC/DC and AC bus configurations for PV-genset hybrid 

systems, the PVToolbox was able to recreate results from a Fraunhofer simulation study 

very closely. This is encouraging, especially since the two are compared at a wide range 

of points within the system. To a certain extent, this can be considered a validation of the 

PVToolbox: that the two should coincide so closely in their energy flows and losses 

suggests that the PVToolbox performs comparably to other simulation tools. 

 The Fraunhofer study emphasizes the performance ratio and the solar fraction as 

metrics of system performance. On the basis of these metrics, they conclude that the AC 

bus system is quite comparable to the AC/DC bus system. Here we note that for the 

system user and operator, the electricity required from the engine-driven generator is far 

more significant. In addition, the Fraunhofer simulation assumes 1) a very inefficient 

rectifier but an extraordinarily efficient inverter and 2) that the AC bus system will have 

maximum power point tracking but the AC/DC bus system will not. With the rectifier 

efficiency improved to match that of the inverter, and both systems benefiting from 

maximum power point tracking, the performance ratio and solar fraction of the AC bus 

system are about 6% lower than that of the AC/DC bus system, but the electricity 

required from the engine-driven generator is around 13% higher. This suggests that the 

AC bus system performs significantly worse than the AC/DC bus system.   

 In absolute terms, the difference between the performance of the AC/DC bus 

system and the AC bus system is quite insensitive to correlation of the load to the 

seasonal solar availability. On the other hand, the difference between the two is affected 

by the correlation of the load with day and night. The AC/DC bus system outperforms the 

AC bus system, although the difference tends to be less pronounced in relative and 

absolute terms the more loads are weighted towards the daytime. This probably stems 

from daytime loads being met directly by the module inverter, reducing losses in 

rectification for storage in the battery.  

The difference between the AC bus system and the AC/DC bus system is most 

pronounced when the array is small. With no array output rejected, the higher efficiency 

of the AC/DC bus system is apparent. PV output that can be used directly by the load 

passes through the 95% efficient principal inverter in the AC/DC bus system but the 90% 

efficient module inverter in the AC bus system. The remainder of the output, destined for 

the battery, suffers from two power conversion stages in the AC bus system but only 

wiring losses in the AC/DC bus system. With large arrays, the lower power conversion 

losses of the AC/DC bus system are swamped by the losses associated with rejecting 

available array output; the performance ratios of the two systems converge.  

For the conditions of this study, variable speed genset operation offers at most a 7 

to 10% reduction in the fuel consumption compared to a fixed speed genset used in an 

AC/DC bus system. This is not particularly significant. On the other hand, eliminating the 

8 hour genset powered equalisation that occurs every 30 days reduces the fuel 

consumption of the fixed speed genset by 30%. This suggests that variable speed genset 

operation may be less effective at reducing fuel costs than more intelligent dispatch 

strategies that reduce the time that the genset is operating at part load or that improve the 

utilisation of solar energy. 
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Thus, the conventional AC/DC bus system offers some compelling advantages 

compared with either AC or DC bus systems. It can satisfy AC loads directly, unlike a 

DC bus system, and its fuel consumption suffers only during part load operation. If 

intelligent dispatch can minimize the time spent during part load operation, the fuel 

consumption may even be lower than that of the DC bus system. 
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