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Abstract - Today’s society is facing many challenges in terms of climate change which is expected to increase in the coming 
centuries. More challenging is how to reduce the emissions of greenhouse gasses into the atmosphere. Such emissions 
pollute our atmosphere, resulting in global warming. However, the wide use of renewable energies can both help to fight 
against this phenomenon and reach long-term goals. Considering these issues, it is proposed in this paper a power generation 
system based on a renewable energy source. The power system is composed of a Free-Piston Stirling Engine Generator 
(FPSEG) which uses biomass, particularly, wood pellet as the heat source. The heat obtained from burning wood pellet 
allows driving the FPSEG in order to obtain electric power and hot water as outputs. From experimental results, up to 700W 
of electric power can be generated within the system. Moreover, after 1h of driving the FPSEG, a target of 200L of hot water 
at 45 ℃ is achieved. The obtained results from the experiments also show an efficiency of more than 90% from the engine 
generator which makes the system a good candidate for distributed generation. 
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I. INTRODUCTION  
 
Nowadays, the evolution of technologies towards 
alternative energy sources is one of the key solutions 
to impede the emissions of greenhouse gasses into the 
environment. Such emissions lead to a phenomenon 
called “global warming”, which is presently one of 
the topical issues in today’s society. There are so 
many sources of renewable energy, easy to use and 
almost pollution-free, all over the world. For instance, 
biomass which is an environmentally friendly energy 
source has several different categories such as 
seaweed, wood, animal waste and others. The wood 
pellet, whose burning, is being considered as carbon 
neutral and sustainable energy source, comes mainly 
from wood by-products producing very low CO2 
emission and has a stable price compared to fossil 
fuels [1]. 
 
In 1816, the Scottish reverend Robert Stirling 
invented an external combustion engine. From its 
inventor’s name, the Stirling engine is also known as 
heat-air engine which can run with any heat sources. 
In other words, heat can be generated either from 
fossil fuels or clean energy sources such as solar, 
biomass and so forth. Moreover, air, steam, hydrogen 
or nitrogen are often utilized as working fluid. After 
this great invention, many types of Stirling engine 
have been developed over the years to improve its 
performance. However, starting from the 1960s, a 
new Stirling engine technology known as Free-Piston 
Stirling Engine (FPSE), was developed by a former 
Ohio University professor William Beale [2]. It was 
confirmed that the engine could have a long-life time, 
safety and high reliability [3]. Later, in Beale’s 
company, FPSE was improved into FPSEG (Free-
Piston Stirling Engine Generator). This type of 

Stirling engine contains an integrated linear alternator 
in order to convert the mechanical energy directly 
into electrical power. Through the years, several 
applications have been done using the FPSE such as 
space power system and others [4]. From burning 
biomass, specifically, the wood-pellet, an FPSEG was 
also used to produce alternative current up to 1kW of 
240V, 50Hz [5]. 
 
Since most of the Stirling engines are not self-
starting, a battery storage system composed of 4 
batteries connected in series was set. Consequently, it 
allows to start up the Stirling engine and supply 
power when the batteries are fully charged. The 
biomass power generation is usually unstable because 
of the heating and cooling input fuels. Therefore by 
using a specific converter, also called FPSEG 
controller including few electric devices for safety 
precaution, we have controlled and prevented any 
damages which could occur within the system. Both 
electricity and hot water can be provided 
simultaneously in the power system. The biomass-
based power generation system is presented in this 
paper with experimental results of an optimal control 
of the FPSEG. 
 
II. CONFIGURATION AND PRINCIPLE OF 
THE FPSEG 
 
A. Configuration of the FPSEG 
The FPSE itself is an external combustion engine 
without any external mechanical connections. As 
mentioned in the introduction section, the FPSE has 
been reinforced to an FPSEG, by inserting a linear 
alternator connected to its power piston. With this 
improvement, it is possible to generate directly 
electric power by converting the mechanical energy 
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from the piston motion into electricity through the 
alternator. The linear alternator, designed and 
manufactured specifically by Sunpower Company, is 
composed of: coil, iron core, and permanent magnets 
connected to the power piston of the Stirling engine. 
It operates by means of the magnetic-piston motion. 
And that creates an alternating magnetic field, which 
induces a sinusoidal voltage in the coil resulting in a 
flow of electrical current. The structure of the FPSEG 
is quite different from the other Stirling engines in 
term of mechanical design. It has no crankshaft 
which, consequently, makes its structure very simple, 
mechanically robust, with low friction loss and has a 
long life [6].  
 
Fig.1 (a) shows the inner structure of the FPSEG, 
which can be illustrated theoretically as a closed 
cylinder composed of a few parts such as the 
displacer and power piston respectively in the upper 
and lower part of the cylinder, the heat exchanger, the 
spring, the cooling, and heating area among others. 
Moreover, a simplified schematic diagram of the 
FPSEG is drawn for a better understanding of its 
structure, especially the inner part as shown in Fig.1 
(b). Thus, the heat exchanger also known as 
regenerator is the space in between the displacer 
piston and the cylinder. The working medium used 
inside the engine is, in this case helium gas, with a 
pressure of 2.3MPa at 23℃ [7]. Furthermore, the 
helium gas is hermetically sealed inside the engine, 
so no exhausted gas occurs. 

Table.1 illustrates the specification of the free-
piston Stirling Engine generator developed by MEC 
(Microgen Engine Corporation). 

 

 
        (a) Inner structure                          (b) Simplified schematic 

Fig. 1. Free Piston Stirling Type Microgen Engine [6]. 
 

 
Table I. Specification of the FPSEG 

 
B. Principle operation of the FPSEG 
Any gas in a closed volume will expand and contract 
when it is respectively heated and cooled. Heating a 

gas increases its temperature and the opposite will 
happen, that is to say, the decrease of the gas’s 
temperature when it is cooled. As mentioned before, 
any heat source can be used to provide heat to the 
working gas of the FPSEG. Therefore, the 
combustion of wood-pellets, which are biomass fuels 
produced from wood waste materials, could be 
suitable to provide the required heat to the FPSEG. 
The principle operation of the FPSEG will be 
described respectively with reference to Fig. 2. As 
shown in Fig.2, the process starts by heating the head 
of the FPSEG from the combustion of the wood-
pellet biomass. That allows the increase in 
temperature of the working fluid, in this case, the 
helium gas, leading to its expansion. The expansion 
of the gas pushes the power piston down, hence the 
permanent magnet falls leading to a generated 
voltage. The displacer rises up pushing the helium 
gas to pass from the head to the cooled area through 
the regenerator. At the end of this stage, both 
displacer and power pistons are in their highest and 
lowest position. The working fluid is cooled from the 
cooling area by using water. That makes the helium 
gas to contract because of the decrease of its 
temperature. The piston is now pushed up. The 
displacer also begins to move down and as the result 
a transfer of the cold gas from the cooling area to the 
hot area. Then, the same cycle will start again. This 
cycle is repeated 25 times per second generating 
alternative current at 50Hz. 
 
The principle operation of the engine is known in a 
quiet. A domestic cogeneration and biomass energy 
conversion from the FPSEs have shown that the 
oscillations of the engine at a single frequency and 
their used at steady condition result in low noise [8].  

 
Fig. 1I: Principle diagram of the FPSEG. 

 
III. SYSTEM CONCEPT AND MAJOR 
COMPONENTS 
 
A. Mechanical part of the System 
The burner system is a combination of many items as 
shown in Fig.3. The fuels, represented here by the 
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wood pellets, are stocked into a pellet hopper which 
has a stocking capacity of more than 20kg of pellets. 
The screw feeder feeds the wood pellets into the 
furnace for burning. A feed motor is used to drive the 
screw feeder and is itself controlled by a motor speed 
controller in order to maintain the quantity of wood-
pellets used in the burner. When the required amount 
of fuel is dropped into the furnace, a linear actuator 
assures the burning of the wood pellets in order to 
generate heat. Afterward, the heat swirls Stirling’s 
head. Beside that, a water tank with a 200L in volume 
is set to provide cooling water to the FPSEG. In 
doing so, a process of heating and cooling the engine 
enables the beginning of the FPSEG principle as 
mentioned earlier. 
 

 
Fig. 1II :Concept of the burning system. 

 
Fig.4 is a photograph of our experimental setup taken 
at the laboratory including electrical part described 
below. 

 
Fig. 1V :Photograph of the experimental biomass-based power 

generation system 

 
B. Electrical part of the System 
The electrical part of the biomass-based power 
system is made up with several key components 
enabling to control the overall system. Fig.5 shows 
the schematic diagram of the electric part of the 
power system including the control and safety 
precaution as illustrated below. 
 
To power the FPSEG, a DC 48V bus composed of 4 
batteries, 12V/110Ah per battery, connected in series 
is used. After reaching the temperature condition of 
the FPSEG which is equal to 160℃, the DC 48V bus 
provides the required electric power to start up the 
FPSEG. Actually, only 16W is needed for the FPSEG 
to start functioning and generating more than 600W. 
Then the output power produced from the FPSEG 
supplies the DC 48V through the FPSEG controller. 
Indeed, the FPSEG controller plays an important role 
in this power system. As shown in Fig.5, the 
controller contains a power-factor compensator, low-
pass filter, a bidirectional AC/DC converter, a 
DC/DC converter, a rectifier and capacitor among 
others. All these components allow to overcome 
unstable power supply and maintain a reliable control 
of the overall system. For instance, the Low-pass 
filter is set to reduce harmonics in the converter input. 
The bidirectional AC/DC booster converter controls 
the AC voltage allowing a stable power generation 
from the FPSEG. A mathematical model of 
thermodynamic and electrical characteristic of the 
free-piston Stirling Engine generator was derived to 
get an optimum condition of operation of the 
controller [7]. 
 
 In addition, the FPSEG controller controls its output 
current based on the voltage of the storage battery 
and also supplies stable power to the storage battery. 
A 3kW rated inverter is connected to the DC48V bus 
in order to supply power to the loads and certain 
accessories such as a pump, etc. 
       
By taking into account different types of 
abnormalities that might occur within the system, two 
main processes described below, are set-up to prevent 
against any damages in the system: 

 
Fig. V :Electrical control diagram  of the power system. 
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1) When the power generated by the FPSEG is larger 
than the output power of the FPSEG controller, 
the DC link voltage rises due to the surplus 
power. Therefore, semiconductor switch SW2 
will be turned on and off repeatedly so that the 
voltage of the DC link capacitor does not exceed 
400V, and the surplus power is consumed by the 
discharge resistance. 

2) If an FPSEG controller failure or inverter trip 
occurs, the switch SW1 initially in the position 
“a” as shown in Fig.5, changes to position “b”. 
That allows the activation of the protective 
resistance and stop safely the FPSEG. In order to 
improve the efficiency of the system, the 
discharge resistance could be used for water 
heating. 

 
IV. EXPERIMENTAL RESULTS AND 
DISCUSSIONS 
 
The experiment was carried out by providing heat 
from the combustion of wood pellets to the FPSEG. 
The heat swirls the FPSEG’s head in order to warm 
the inner gas of the engine which was, in this test, 
helium gas. The other part of the engine was cooled 
by water and as a result a temperature difference 
inside the FPSEG. 
Fig.6 illustrates the results of the different 
temperatures obtained from the FPSEG during the 
test. Fig.6 (a) gives the temperature flow of the 
burner which is unstable as illustrated on the graph. 
The temperature of the burner could reach up to 

1000℃ when the ignition switch was turned on the 
and about 700℃ when the switch was turned off. The 
burner was handled manually, that explains the 
unstable variation of the temperatures occurring 
throughout the experiment. However, an automatic 
control was truly suitable for this system. Fig.6 (b) 
illustrates how the temperature of the cooling water 
increases continuously during certain period of time 
because the same cooling water was circulating to 
cool the working gas continuously. Obviously, when 
two systems at different temperature (hot and cold) 
are in contact, the heat will flow from the hot to the 
cold system which explains the fact that we could get 
output hot water. 
 
Therefore, low heat-resistant pipes are used in this 
experiment because they were cheaper in term of 
prices. Hence, the maximum temperature of the hot 
water was approximately estimated to 45 ℃ (see 
Fig.6 (b)) which could be higher if high resistance 
pipes were applied. The experiments conducted has 
shown that this temperature of hot water, estimated to 
200L at 45℃, was obtained after about 1hour of 
driving the FPSEG system. In addition, only 3 kg of 
wood pellets was burned during the 1hour 
experiment. The temperature difference between hot 
and the cool part of the FPSEG during the test is 
plotted in Fig.6 (c) which represents the average 
temperature of the engine. Its values vary between 
300℃ and 400℃ representing the lower and higher 
average temperatures, respectively.    
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Temporary drop of the average temperature can be 
noticed when we start driving the FPSEG during 
250s. This temporary drop could be explained by the 
fact that in this interval of time, the endothermic of 
the FPSEG is larger than the amount of heat of the 
FPSEG’s head. But after 250s we can see a small 
increase of the average temperature accompanied 
with some fluctuations during the entire experiment. 
Fig.7 illustrates the variation of the different powers 
of the FPSEG such as the apparent power, the active 
power, and the power factor versus time (s). 
We notice in Fig.7 (a), an unstable variation of the 
apparent power with a maximum and minimum value 
of about 780 VA and 450VA respectively. 
Fig.7 (b) represents the graph of the active power. It 
shows a maximum electric power around 700W. 
However, we can notice quite unstable output power 
from the experiment. The out power depends on the 
average temperature, the reason why the temporary 
drop of the average temperature leads to the same 
trend of the output power. As mentioned above, this 
temperature drop occurs when the FPSEG starts 
functioning until around 250s. 
The power factor is plotted in Fig.7 (c) which was 
also unstable between 0.9 and 0.7. 
Fig.8 gives the graphs of the voltage, current and the 
efficiency of the FPSEG throughout the experiment. 
As shown in the fig.8 (a), the induced voltage is 
almost constant. Then the effective current will 
depend mostly on the output power which explained 
its instability throughout the experiment as shown in 
Fig.8 (b).  
Fig.8(c) gives the efficiency of the FPSEG and it can 
notice a high efficiency as expected. In term of value, 
the highest efficiency is around 94%. This explains 
that there are small losses from the resistance and 
further investigations is needed to estimate the losses. 
 
CONCLUSION 
 
The electric power derived from renewable energy 
such as biomass is clean and can contribute to 
mitigating global warming. The Stirling engine 
known for its theoretical high efficiency, which can 
run with any heat sources in a quiet operation, should 

be promoted more. The proposed power system has 
confirmed a high efficiency of the FPSE generator 
and an optimal control system was achieved 
throughout the experiments by using the FPSEG 
controller. Hence this presented biomass-based power 
generation could be mostly implementable in rural 
areas where a lot of biomass resources useful as 
combustible can be found. That is the reason why, 
further investigations to find other crops usable as 
fuels are being planned. Unstable power could be 
noticed from the experimental results because the 
burning system is controlled manually. Therefore, an 
automatic control is needed in the power system. The 
combination of this proposed power system with a 
photovoltaic system, to give a hybrid system, is 
undergoing test in our laboratory. 
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