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Analysis and testing of internal combustion engine driven linear alternator

Introduction. Internal combustion engine technology has been considered for the alternator system in the last two decades.
Especially when considering fuel diversity, reliability, portability, power density, research studies are increasing day by day. In this
respect, interest has been focused on linear generator studies. Purpose. The goal of the research is to investigate the performance of
a linear generator and its application to generate electrical energy from an internal combustion engine to solve the range problem of
small electric powered vehicles. The generator, unlike a traditional generator, consists of a linear generator with a crank mechanism
driven by an internal combustion engine. Originality. The configuration of the linear generator with internal combustion engine
crank has not previously been reported. Methods. The numerical solution of the generator was carried out by the finite element
method in the Ansys Maxwell sofiware in a cylindrical coordinate system. The effect of stroke length and frequency on voltage and
output power was investigated by monitoring an external electrical load. A prototype linear generator has been designed and
produced considering the sizing dimensions. The configuration can be used in power-hungry applications and increase the range of
small electric vehicles. Results. The results from simulation and practice are largely in agreement. Practical value. A practical
mechanical system was built comprising a linear generator connected to a 2.2 kW internal combustion engine via a crank connecting
rod for analysis. References 35, table 1, figures 15.
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Bcmyn. Ocmanni 0sa decamunimms po32nsaoanacs mexuika 08ueyHa 6HYMpiuiHb020 320PAHHA Ol CUCIEMU 2eHepamopa 3MiHHO20
cmpymy. Ocobnugo 3 yYpaxy8aHHAM pPISHOMAHIMHOCMI 6U0i8 NAIUd, HAOIUHOCMI, NOPMAMUSHOCTI, NUMOMOI NOMYHCHOCTI
KIIbKICMb 00CTI0MNHCeHb 3DOCMAE 3 KOMCHUM OHeM. Y 38°A3Ky 3 yum iHmepec 0y8 30cepeddceHull HA OO0CTIONCeHHAX NIHIIHUX
cenepamopie. Mema. Memoio Oocniodcenuss € amaniz NpoOYKMUGHOCMI JIHIIHO20 2eHepamopa ma U020 3acmocy8anHs OJis
BUPOONICHHS eeKmPOoeHepeii 6i0 08USYHA GHYMPIUWHBLO2O 320PAHHA O BUPIWEHHS NPOOIEeMU 3aNaAcy X00Y MAluXx eleKmpomooinie.
Tenepamop, na 6iominy 6i0 mpaouyitino2o, CKIA0AEMbCA 3 NIHIUHO20 2eHepamopa 3 KPUGOWUNHO-UWAMYHHUM MeXAHI3MOM, U0
DPYXacmuvcsi 08USYHOM HYMPIiUHb020 320panHA. Opuzinansricms. IIpo Kougizypayiio ninilino2o eenepamopa 3 KpUGOUUNOM 08USYHA
SHYMPIUWHBLO2O 320PAHHA paHiwe He nogioomnanocs. Memoou. Hucenvne piwenns 2enepamopa npoGoOOUNOC MEMOOOM CKIHYEHHUX
enemenmis y npoepami Ansys Maxwell 6 yuninopuunoi cucmemi koopounam. Bnaug doeorcunu ma wacmomu xo0y Ha nanpyzy ma
BUXIOHY NOMYICHICMb OOCHIONCYBANU WINAXOM MOHIMOPUHSY 306HIUHLO20 eNeKMPUYHO20 HABAHMAdICEHHA. 3 Ypaxy8auHAM
2abapumnux posmipie po3pooneno ma aueomogieHo NpoMmomun ainiinozo eenepamopa. Konghicypayis mooice suxopucmosgysamucs 6
EHePeOEMHUX 3ACMOCYBAHHSAX I 30INbULYBAMU 3ANAC X0OY HeGeIUKUX eiekmpomobinis. Pezynemamu. Pe3ynomamu mooenioganus ma
3 npakmuxu nepesasxcho sbicaiomocs. Ilpakmuyuna yinnicms. /[ns ananizy 6yn0 no6yoosano npaKmudny Mexamiumy cucmemy, wo
CKNA0AEmobCs 3 MHILIHO20 2eHepamopd, 3 €OHAHO20 3 OBUSYHOM BHYMPIUWHLO20 320psaHHA nomyscnicmio 2,2 kBm uepes wamyn
xkpusowuny. bion. 35, tabn. 1, puc. 15.

Kniouosi cnosa: ninilinuii renepaTop, e1eKTpoMoOiib, riOpuIHHI aBTOMOOIIb, ABUT'YH BHYTPILIHHOI'0 3T OPSIHHS.

Introduction. Energy has become important for the
developing world. Electrical energy has typically been
produced using fossil fuels despite the harmful effects to the
environment. Vehicles, and the internal combustion engine
(ICE), are one of the major users of fossil fuel. Although
electric vehicles have zero emissions, they suffer from a
range and charging problems. However, with advances in
battery and charging technology, the number of electric and
electric/hybrid vehicles is increasing. Hybrid vehicles offer
an alternative compared to traditional fossil fuel-based
vehicles in the short and medium term. In addition, future
technology, such as fuel cells, promises to solve the range
problem in hybrid vehicles and is emission free. Further
advances in battery technology (long life, fast charge-late
discharge, high per unit mass capacity, and low cost) will
reduce the disadvantages of electric/hybrid vehicles.

Further energy-generating technology can be
incorporated in electric vehicles to improve the range and
make use of electric or hybrid electric vehicles more
attractive. It can be given as regenerative braking,
regenerative suspension systems, solar panels, wind
generator, thermo-electric generator, respectively.

In hybrid electric vehicles, the role of the ICE can be
categorized into series, series-parallel, and parallel classes,
according to its purpose in relation to the electrical
propulsion. Various forms of ICE have been used in hybrid
electric vehicles including two-stroke and four-stroke. The
two-stroke engine offers higher power and speed, and

lower vibration compared to the four-stroke engine [1].
Vibration is a major problem, especially at high speeds, and
studies on the effects of vibration have been conducted
between 10 Hz and 30 Hz [2-4]. The stroke length of the
linear motion of the ICE equals the length of motion of the
ICE piston. For example, in [5] the effective stroke length
is 62 mm. In studies [2, 6-10], it has been shown that the
free piston mechanism and the crank connecting
mechanism exhibit a very similar movement profile. Newer
forms of ICE, including the free piston system [11-13], are
being investigated as multi-fuel, high efficiency, low
emission options.

In the ICE, the linear force of the piston rod is
turned into torque and rotational motion through the
action of the crank rods and crankshaft. This rotational
drive can be applied directly to the shaft a conventional
rotating electrical generator. However, the linear motion
of the piston rod can be used directly as a free piston
mechanism for a linear motion drive [14, 15].

The moving part of a linear generator is arranged so
that it moves back and forth freely. In order for a free-
piston linear generator to operate with an ICE, the piston
has first to be moved to compress the air-fuel mixture.
This is difficult on the first stroke. Despite the limited
number of studies on the initial state of the linear
generator, some methods have been offered as solutions
to the starting problem [16-25], including mechanical
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resonance [16-18], injection time control [23-26] or
special control system [19-26].

Some studies [27, 28] have investigated the Wankel
REX [29] and Otto REX [29], as these generate rotational
drive directly that can be connected to a conventional
electrical generator.

The goal of the paper is to investigate the generation
of electrical energy numerically and experimentally by
operating the tube type linear generator on an ICE with a
crank connecting rod mechanism.

Investigation of linear generator with finite element
analysis (FEA). A linear machine converts mechanical
energy into electrical energy or converts electrical energy
into mechanical energy via linear motion [11]. Designs may
vary according to application, with different values of speed,
frequency, stroke distance, and force. Different types of
linear generator are detailed in [26, 27, 30]. The structure and
working principle (induction, synchronous, transverse flux,
or longitudinal flux) will determine the parameters for the
electric generator. This study investigates the permanent
magnet linear generator with longitudinal flux. The stroke
length of the generator has been limited to allow use as
tubular geometry and be coupled to an ICE. The tube-type
geometry has advantages compared to the flat-type linear
generators; it minimizes asymmetric forces between the
moving magnet and primary windings, and has higher
power-to-weight ratio, higher efficiency, and power density.
However, having the magnet as the moving part, a
deceleration force will occur between the primary windings
and the moving magnet. As the flux density of the magnet
increases, the generator output voltage and cogging force
increase [31]. This force can be reduced by methods such as
the geometry of the magnet, pole pitch ratio, split ratio and
including slot pitch. This study has taken the design of the
tubular generator as 4 magnetic poles and 6 primary
windings, as shown in Fig. 1, for analysis.

Windings

<
|l oo
N pole magnet

S pole magnet
Fig. 1. 3-D and 2-D views of tube-shaped linear generator

Primary
Translator

Output parameters of circular linear machines can be
calculated by using numerical analysis programs such as
Ansys Maxwell 2D/3D, MotorSolve [32], Speed, etc.

Generator numerical analysis. The 3-D geometry
of the linear generator can be converted to 2-D geometry
for analysis by the finite element method, as this reduces
computation time. 2-D FEA is often used to help in the
design of electric machines, and determine parameters
such as current density, magnetic flux distribution,
winding inductance changes and electromagnetic force.
The design parameters for the linear generator of this
study are given in Table 1.

Table 1
Linear generator design parameters

Parameters Value | Unit
Frequency 50 | Hz
Airgap length 1 |mm
Primary inner diameter 51 |mm
Magnet width 20 |mm
Alpha (pole pitch ratio) | 0.72
Beta (slot pitch ratio) 0.5
Slot / Pole 6/4
Slot filling factor 0.7

2-D analysis of the linear generator. Values have
been set for the moving force (magneto-static solution and
transient solution), and winding inductance (magneto-
static solution) for the simulation. In addition, two-
dimensional numerical analyzes can be applied to analyze
different situations (magnet shift technique [33], different
magnet geometries [34], etc.) for reducing cogging force
in the machine. The duration of the simulation and time
steps were also set. The force on the moving part of the
generator (in the seconder), magnetic flux density,
magnetic field intensity, flux paths, and current density
were determined in the simulation at each time step.

The simulation includes transient state and
continuous state analysis of the 2-D plane selected to
determine surface conditions. Mesh selection is very
important, with a high resolution mesh applied in critical
areas. For example, in time-dependent analysis, dense
mesh resolution is used in areas of movement to increase
the accuracy of the calculation of force.

Increasing working current will increase the current
density in the conductive regions. The increase in power
will increase losses and heat, which will require the
thermal value of the generator to be increased and may
require additional cooling.

The effect of variables such as a pole pitch ratio,
inner diameter outer diameter ratio, and slot pitch ratio on
parameters including cogging force, induced voltage, and
losses, can be determined by parametric analysis. Figure 2
shows the electrical equivalent of the linear generator
with and without load that is used for the numerical and
experimental studies.

Stroke Length
=yLa  Phase Inductances
Ra Phase Resistances

L3 L2 L1
(VeH I I~V

No-load operation
o Re Load operation

Fig. 2. Wiring diagram of linear generator for no-load and load
condition
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The phase windings have been configured with no-
load in FEA transient state analysis to analyse the no-load
condition and investigate the effect of frequency and
stroke length on induced voltage.

Figure 3 shows how the induced voltage increases as
the stroke length increases at constant frequency. Figure 3
also shows how the induced voltage increases as the
frequency increases at constant stroke length. In fixed
frequency operation, as the stroke length increases, the
induced voltage increases, while in the loaded condition, the
iron loss and copper loss increase and the induced voltage
decreases at larger stroke lengths. The windings include
inductance and so a capacitor of 100 pF has been connected
in series with the phase windings and load in order to
compensate for the effects [35]. Figure 2 shows the generator
with a load connected to investigate the power generated;
two load resistances were considered, 10 Q and 30 Q.
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Fig. 3. Induced voltage according to stroke length and frequency
in no-load condition.

The output power of the linear generator was
investigated for stroke length and frequency for the two
loads, with and without series capacitor (Fig. 4,a-d).

Figure 4 shows that output power increases with stroke
length and frequency, and an optimum operating point can
be determined. Figure 4 also shows that compensating for
the winding reactance increases significantly the power
delivered to the load at high frequencies. However, there is
no increase in output power at low speeds. It would be
important to determine the optimum value for the capacitor
for the specific operating condition. This could include use
of different capacitors for power compensation at different
operating speeds of the generator.

In 2-D analysis, the effect of load resistance changes
on the power and efficiency produced in the linear
generator can be examined. Thus, maximum power and
maximum efficiency are obtained according to the
changing external load resistance. The variation of power
generation and efficiency performance with different
external load values is shown in Fig. 5.

According to the results, the efficiency is 83.7 % at
10 Q, where the maximum power is obtained. However, one
can note that as the external load increases, the efficiency
increases significantly and the power decreases. The load
value at which the efficiency is maximum (93.87 %) is 70 Q.
At the optimum load value (16 Q), the power obtained from
the generator is 787 W, the efficiency is 88 %.
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Fig. 4. Output power for stroke length and frequency: 10 Q (a);

10 Q with 100 pF capacitor (b); 30 Q (c);
30 Q with 100 pF capacitor (d)
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Fig. 5. Power and efficiency variation of the linear generator vs
load resistance

Linear generator manufacture and testing. The
linear generator in this study has been made in a tubular
topology using the dimensions determined from the FEA.
The primary laminates are produced from 0.5 mm M43
quality steel using laser cutting. 1020 quality steel is used
for the moving secondary shaft, on which the magnets are
mounted. The windings are wrapped on a mould made of
delrin material. Figure 6 shows the individual components
of the linear generator.

d
Fig. 6. Materials: CNC-produced winding mould (a);
windings (b); laser-cut primary laminate (c);
CNC-produced magnetless shaft (d)

Generator drive system. In a free piston system,
the linear velocity is close to sinusoidal in form. For this
study, an eccentric system with a crank mechanism has
been designed to connect to an existing ICE to provide a
sinusoidal linear speed profile. The Por-MAX CS-5200
2.2 kW gasoline engine (Fig. 7) has been used as ICE to
provide the drive to the linear generator.

Fig. 7. ICE 2.2 kW

The ICE provides a power of 2.2 kW at 4000 rpm,
giving a torque as given as (1), giving engine torque as
5.25 N-m. This value is calculated as the torque produced
by the ICE:

T, =9550-P,/N,, . 1)
There was concern that the ICE could cause
significant vibration and result in damage to the engine
when connected to the linear generator and operated at
low speeds. A reducer was therefore used to reduce these
effects. The torque at the output of a reducer is
proportional to its gear ratio, whereas the output speed of
the reducer is inversely proportional to the gear ratio of
the input speed, as in (2):
Trg/Trczzl/zz. 2)
The gear ratio of the reducer used in this study is
6:1, giving the output torque of the gearbox as 31.5 N-m,
with output speed of 666.6 rpm (4000/6). The
arrangement of ICE, reducer, linear generator and load is
shown in Fig. 8.

- i BN
Fig. 8. Linear generator system with ICE drive

Preliminary testing was carried out to eliminate
mechanical problems. Different stroke lengths were
achieved by placing mount holes in different locations
along the length of the crank of the reducer. A laser
displacement sensor (Micro-Epsilon ILD 1420 model)
was used to measure shaft displacement accurately. The
output of the sensor is shown in Fig. 9.

Figure 9 shows the displacement of the shaft and
indicates vibration was occurring. After correcting the
error, the displacement is seen to have a sinusoidal form.
The stroke length is determined from the extremes of
displacement, in this instance 102.0965 mm.
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Fig. 9. Displacement of the moving component
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Test and experiment results. The speed of the ICE
shaft was measured with a laser tachometer and the speed
of the linear generator determined from the reducer ratio.
The induced voltage of the linear generator versus speed

of rotation in the no-load condition is shown in Fig. 10.
26
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Fig. 10. Induced voltage versus linear generator rotation speed

Figure 10 indicates that the induced voltage
increases with rotation speed in the no-load condition, and
is 0.0353 V/rpm (2.12 V-s/rad). This would indicate that
the results from FEA agree with experiment. The induced
voltage at no-load condition for generator rotation speed
of 277 rpm (engine speed 1664 rpm) is shown in Fig. 11
and for 525 rpm (engine speed 3150 rpm) in Fig. 12.
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Fig. 11. Phase voltages measured with an oscilloscope at 277 rpm
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An expanded version of the induced voltage at
generator rotation speed of 528 rpm is given in Fig. 13.
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Fig. 13. Phase voltage change according to generator rotation
speed of 528 rpm

Figure 13 shows that the phase voltage in each of the
three phases. When the shaft is in mid position of travel
and magnets pass windings, there will be sinusoidal
waveform, but as the shaft approaches extreme of travel,
it will slow and reverse direction. This will have the effect
of modulating the amplitude of the waveform. At mid
travel, the waveform has a higher frequency than at the
extremes due to higher speed of the shaft. The waveform
inverts when the direction of the shaft changes. The
amplitude of V; (voltage, V(#)) in each generator shown in
Fig. 13 and Fig. 14 is less than the magnitude of £, (Fig. 3
and Fig. 10) due to the resistance (R,q) and inductance
(Lphase) of each winding. Since the linear generator works
at a fixed stroke distance, the frequency changes in
response to the speed of the engine.

Figure 14 shows how induced voltage increases with
generator rotation speed and load resistance. Figure 15
shows how the phase current increases with generator
rotation speed and decreases with load resistance.

Conclusions.

1. This study investigates the performance of a linear
generator through numerical analysis with finite element
analysis and with a practical linear generator driven by an
internal combustion engine. Both no-load and loaded
conditions were examined by numerical analysis and
practical measurement to characterise the linear generator.

2. A tubular type linear generator was produced for
test. A reducer was used to connect the crankshaft of the
internal combustion engine to the linear generator to
match the speed of the engine to the working speed of the
linear generator and overcome problems of engine
vibration at low engine speed.

3. Stroke length and frequency increase the induced
voltage and thus output power. The voltage and power
obtained from the linear generator were found to be
sufficient for battery charging.

4. If the practical issues of the linear generator, such as
bearings and control of the speed of the internal
combustion engine can be achieved, then the linear
generator can be used in place of the rotating generator.
However, as the travel of a piston in the internal
combustion engine is limited, the stroke length in the
linear generator will likewise be limited. Stroke length
can be increased by connecting rod mechanisms.
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