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Design of a Micro Reciprocating Engine for Power Generation
Susumu Sugiyama®, Member, Toshiyuki Toriyama™ *, Member

A reciprocating engine was designed for a micro power generator.

It is expected to be used for a portable micro power

generator with high energy density. The proposed reciprocating engine has the spring system, which is composed of
opposite-pistons supported by an elastic spring. Combination of resonance of the spring system by the combustion pressure and

an induction coil generates electricity due to generated voltage.

and generated voltage calculations were carried out.

Working cycle analysis, structural analysis, vibration analysis,
Adopting H; gas as a fuel and Si as a structural material, the theoretical

output was found to be 41 mW under the conditions that compression ratio is 5, the maximum combustion temperature is 850 K

and resonance frequency of the spring system is 582 Hz.
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1. Introduction

Recently, in the field of power generation, a small and
distributed power generation system, which supports the
individual power generation by consumers, has been progressed
in place of the conventional large-scale systems. Especially, in
the field of small energy sources used for portable equipments,
small batteries are widely used. However, their energy density
is relatively low, and they do not always satisfy the desired
performance ). On the other hand, miniaturization of heat
engine by MEMS technology, which is expected to realize high
energy density, has been proposed since middle of ‘90s. Since,
Epstein ef al. @ began to develop a micro turbine for portable
micro power generator, several researches for micro turbines
were reported @@, Park et al. © have begun to develop micro
piston engines, i.e., reciprocating engines.

In this paper, structure, performance and power generation

mechanism of a reciprocating engine were designed for a micro

power generator. The proposed micro power generator has the
spring system, which is composed of opposite-pistons supported
by an elastic spring. Power generation mechanism is based on
the generated voltage induced by power generation system
composed of permanent magnets and induction coils, which are
located on the piston terminals and outside of the engine. The
resonance of the spring system due to combustion pressure can
be used to increase the generated voltage generation in the
power generation system.
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2. Structural Concept

The proposed reciprocating engine-type micro power
generator hereafter, we call micro power generator, is composed
of an engine part where the chemical energy changes into the
mechanical energy through the thermal energy and a generator
part where the mechanical energy changes into the electric
energy.

The schematic view of structural concept is shown in Fig. 1.
The typical dimensions of the engine parts are shown in Fig. 2.
The clearance between the piston and the cylinder case is set to
3 um, depending on the tolerance of photolithography process.
The main structural material for the engine part is Si.

The engine part is composed of opposite-pistons, an elastic
spring, a cylinder case, and a top glass plate. The
opposite-pistons are reciprocated by receiving impact force due
to the combustion. The elastic spring supports the pistons and

Combustion chamber Generator part
Permanent magnet

Cylinder case (Si)

Top glass plate
Scavenge pump

Fig. 1. Concept of proposed reciprocating engine.
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Fig. 2. Typical dimensions of the engine.
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Fig. 3. Two-siroke cycle.

composes the spring system. The cylinder case guides the
movement of the pistons and has a trapping pipe, an exhaust
pipe, and a scavenge pump.

The top glass plate is fixed on the surface of the cylinder case
and has a trapping port and an exhaust port. As shown in Fig.
3, we adopt the two-stroke cycle as a working cycle of the
micro power generator. In case of the two-stroke cycle engine,
cycle reciprocation of the piston occurs per combustion.
Whereas, in case of the four-stroke cycle engine, two cycle
reciprocations of the piston occur per combustion. Therefore,
there is an advantage in the two-stroke cycle engine that it has
larger specific power, i.e., energy - density / weight than the
four-stroke cycle engine. As shown in Fig. 3(a), pressure
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difference between the combustion chamber (P.) and the
scavenge pump (Pg), ie, Py, > P, can be used for the
scavenging. The scavenge pump is necessary for the trapping -
exhaust exchange, and it realizes piston-piston scavenging, i.e.,
uniflow scavenging by the opposite-pistons. Ignition is done by
a sparking plug. Transformer-induced high voltage acts on the
sparking plug.

The generator part of the reciprocating engine-type micro
power generator is composed of a coil around the iron core
having a gap (Fig. 1). It is located externally to the engine. The
permanent magnet, which is fixed on the piston terminal,
reciprocates through the gap of the coil. This motion induces
generated voltage due to a magnetic flux change, i.e., Faraday -
Lentz electromagnetic induction.

3. Design

Design is classified into.three items as follows.” () The
working cycle design, which is based on the Otto cycle. (II)
The vibration analysis of the piston against the combustion
pressure. The modal analysis and the stress analysis of the
piston and elastic spring, the heat transfer and radiation analysis
of the engine structure. (III) The calculation of the induced
generated voltage based on the equivalent magnetic circuit
‘model of the generator.

3.1  Working Cycle The Otto cycle was adapted for
the working cycle design. The quenching distance and the
combustion velocity of gas contribute for the down sizing of the
engine system. Therefore, we adopt the hydrogen gas having
excellent characteristics against above-mentioned properties .
In the Otto cycle, theoretical thermal efficiency 7, is
determined by the compression ratio & and the specific heat
ratio xas ©

>

According to Eq. (1), the theoretical thermal efficiency is
independent of the amount of heat supply, and increases with
increasing the compression ratio. In case of a higher
compression ratio, the knock occurs during the compression
stroke by the spontaneous ignition, and decreases the thermal
efficiency. Therefore, in the Otto cycle, a compression ratio of
less than 11 is usually adopted. Taking into account of this, the
micro power generator adopts a compression ratio ‘of 5 as
prototyping. In case of constant stroke volume, ie, Vy =
constant, higher combustion temperature (75) leads to higher
combustion pressure (Ps;), and consequently higher output
power ©,

5

._:8
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where, 77 is ambient temperature, and P; is ambient pressure.
However, the permissible temperature of the structural material
for the engine part restricts the upper limit of the combustion
temperature.

Therefore, the structural material of the micro power
generator must have characteristics of high strength and low
thermal expansion coefficient under intermediate temperature
range. The structural material must be easy to process by the
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Table 1. Data for calculation of engine performance ®,

Stroke volume V, [m°] 5.00x107"°
Compression ratio ¢ 5.00
Indicated thermal efficiencies 7, 0.55
Minimum air quantity L ,,;, [m°/kg] 2.38
Air-excess factor 2 8.08
Lower calorific value of fuel H , [J/kg] 108x10°
Specific heat ratio « [J/(kg K)] 1.41
Theoretical thermal efficiency 7, 0.22
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Fig. 4. Pressure - volume diagram.

MEMS technology. Taking into account these things, we adopt
Si as the structural material for the engine part.

Some fundamental parameters, which can be used to
determine the pressure - volume diagram of the Otto cycle, are
given in Table 1. Using Table 1 and fundamental working cycle
analysis of the Otto cycle ©, the pressure - volume diagram can
be obtained as Fig. 4. '

3.2 Structural and Vibration Analysis In the MEMS

~ field, as can be seen in the mechanical sensors, the resonance of
the structure can be used for driving and sensing. In order to
increase the relative output power of the micro power generator;
a constant period combustion is used to resonate the piston, i.e.,
to increase displacement and speed of the piston.

In order to examine the influence of the frequency ratio (£./7,)
on the maximum amplitude of vibration, the vibration of the
spring system was analyzed. Where £, is the natural frequency
of the spring system composed of the pistons and elastic spring,
and f, is the frequency of ignition period. As shown in Fig. 5, it
is assumed that the spring system can be modeled as a one
degree of freedom linear vibration system and the impact power
due to the combustion pressure can be modeled as a semi-sine
wave pulse. The one-degree of freedom linear vibration induced
by the semi-sine wave pulse is expressed by the following

equations 7,
mx(l) + C)'C(l‘) +k= F(t) ........................................ R ( 3)
F() = FSIn(2 70 ) (0<I<L) wooevereversemmsssesncsnsnenns “
F(t) =0 (t>l‘c) T (5)
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Fig. 5.

and semi-sine wave pulse.

One degree of freedom linear vibration system

where, m is mass of the spring system, x is displacement of the
piston, ¢ is equivalent viscosity attenuation coefficient, & is
equivalent spring constant, ' is impact power, f; is frequency of
the semi-sine wave pulse, £ is time, and ¢, is 1/2f,, respectively.
In the equations, the time interval of the impact pulse response
corresponds to 0 < ¢ < 7., and that of the natural vibration
corresponds to 7, <7.

In order to determine the equivalent spring constant & and the
natural frequency f, (Eqs. (3) and (5)) of the spring system,
FEM analysis was carried out using MEMCAD4. In the
analysis, displacement in the X direction (transverse direction
of the piston) is fixed, because the piston is guided along the
cylinder case and restricted to move to Y direction (longitudinal
direction) only. The result of FEM stress analysis of the spring
system is shown in Fig. 6. The result of FEM modal analysis of
the spring system is shown in Fig. 7. From Fig. 6, the
displacement of the spring system is 1021 pum under pressure of
1 MPa. In this case, the maximum Mises stress is 648 MPa, and
located in the connection part between the piston and the spring.
This value is lower than the fracture strength of Si (~1 GPa)®.
From Fig. 7, the 1st, the 2nd and the 3rd natural frequencies of
the spring system are 582 Hz, 3119 Hz and 3183 Hz,
respectively. Comparing to the analysis of Egs. (3) and (5), i.e,,
impact pulse response, based on the standard FEM is difficult.
Therefore, an explicit analysis was carried out in this case.

Figure 8(a) and 8(b) show examples of vibration of the piston
in case of f/f, = 0.50 and f,//, = 1.05, respectively. In the
analysis, it is assumed that the semi-sine wave pulse of
frequency fc is applied to the spring system under interval of
frequency f,. The f, is equivalent to the frequency of the ignition
period (see Fig.5). The viscosity attenuation coefficient is
assumed to be ¢'= ¢ / (4amf,) = 0.2. The impact power ¥ can be
calculated from the cross product of the combustion pressure P;
in Fig. 4 and cross sectional area of the piston. The frequency of
the semi-sine wave pulse £, can be calculated as an inverse of
combustion interval of H, gas. In Fig. 8, the solid line shows the
impact pulse response region and the dotted line shows the
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Fig. 7. FEM modal analysis of piston.

natural vibration region.

In the case of f/f, 0.50 and 1.05, the maximum
displacements under the expansion stroke correspond to Ay and
By, respectively. On the other hand, the maximum
displacements under compression stroke correspond to A, and
B,, respectively. As shown in Fig. 8(a), steady-state vibration,
which is the alternation of expansion by the impact pulse
response and the compression by the natural vibration, was
obtained. This can be achieved by setting the frequency £ (610
Hz) of ignition period close to the 1st natural frequency f, (582
Hz) of the spring system. On the other hand, as shown in Fig.
8(b), unstable vibration, which is the alternation of expansion
by the impact pulse response and series of compression -
expansion - compression cycle by the natural vibration, was
obtained. This is due to the adoption of the frequency f; (291
Hz) to be half of the frequency f,.

As previously mentioned, we adopt the two-stroke cycle,
where the piston reciprocates one cycle per combustion.
Therefore, the vibration of the neighborhood of £,/#, = 1 where
the one cycle reciprocation per combustion can be achieved, is
most suitable for our purpose. Figure 8(c) shows the change of
the maximum displacement of the piston under the expansion
stroke and the compression stroke with the variation of £,//,. In
Fig. 8(c), the maximum displacement can be obtained in the
case of £,/f, = 1. However, in this case, the maximum stress in
the spring system is larger than fracture strength of Si.
Therefore, we adopt the vibration in the neighborhood of £,/7, =
1, except for £,/f, = 1. ‘

In the case of /./f, < 1, the impact pulse response is finished
after the piston changes position from the expansion to the
compression process (see lower figure in Fig.8(b)). In the case
of f,/f, > 1, the impact pulse response is finished before the
piston changes position from the expansion to the compression
process (see lower figure in Fig.8(a)). Therefore, in order to
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realize the smooth reciprocation of the piston with the impact
power, we must choose £/, > 1, i.e., f;/f, = 1.05 in the design.
In order to determine the thermal expansion and the thermal
stress of the cylinder case due to the heat transfer from the
combustion chamber, FEM analysis was carried out. The
temperature distribution, the thermal stress, the thermal
deformation were analyzed under the condition that wall
temperature of the combustion chamber 850 K corresponding to
the design value of T, in the working cycle design. The
analysis is steady state and does not take into account the
convection such as the exhaust heat. As shown in Fig. 9, the
average temperature is 512 K. This temperature is lower than
creep temperature of Si (673 K) @ The maximum thermal
stresses are 24.3 MPa, and lower than the fracture strength of Si
less than 512 K ®. The maximum thermal deformation along
the perpendicular direction to the motion of the piston (the
direction of the X) is 0.04 um. This value is sufficiently small

Ambient temperature 300 K

Combustion chamber temperature 850 K

Temperature '

300.00 900.00

Fig. 9. FEM thermal analysis of cylinder case.

Fe core

Permanent magnet (Nd-Fe-B)

Fig. 10. Equivalent magnetic circuit of the generator.

() 1y this case, the viscosity attenuation coefficient is assumed 1o be &
=c / (4mmfy) = 0.2 as previously mentioned. If ' = 0.1, the resultant
output power is increasing and found to be ~68mW. However, if J'is
more than ~0.7, the resonance, ie., increment of the piston
displacemeﬁt does not occur in this vibration system, and the resultant
output power is found to be ~14mW ™. Therefore, some tries and
errors in the engine structure may be necessary to derive the £ less

than ~0.2 by experiment.
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compared with the clearance between the piston and cylinder
case, i.e., 3 um, and does not influence the air leakage and
motion of the piston.

3.3 Output Power Calculation An equivalent
magnetic circuit of the generator is shown in Fig. 10. The
induced generated voltage due to the flux change in the coil can
be analyzed. Magnetic flux @, in the iron core and induced

generated voltage V are given by a0

RR,®,

CRAR) (R 2R A R) R ©
o0
V:_N_at_l’ ..... P (7)

where, R; is reluctance of iron core, R, is reluctance of gap, R;
is reluctance of space between permanent magnet and iron core
or between piston and iron core, R4 is reluctance of permanent
magnet, Rs is reluctance of piston, @, is magnetic flux of
permanent magnet, and N is number of turns of the coil,
respectively. The reluctance R; ~Rs are function of shape of the
coil (see Fig. 10) and depending on the vibration mode of the
spring system ). The vibration mode in Fig. 8(a) can be used
for the calculation of R, ~Rs. @, is determined by the property
of the permanent magnet (Ned-Fe-B). N = 500 is adopted. As a
result, the generated voltage ¥ was found to be 26 mV and
corresponding output power is 41 mW.

4. Conclusions

Structure and performance of a reciprocating engine was
designed for a micro power generator. Working cycle analysis,
structural analysis, vibration analysis, and generated voltage
calculation were carried out. Adopting H, gas as a fuel and Si as
a structural material, the theoretical output power was found to
be 41 mW under the conditions that compression ratio is 5, the
maximum combustion temperature is 850 K, and natural
frequency of the spring system is 582 Hz.

As a further work, fabrication process of the reciprocating
engine-type micro power generator will be completed. Through
the performance evaluation, the validity of the design must be
confirmed.
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