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Abstract: The Free-piston linear generator (FPLG) is a novel energy converter which can generate
electrical energy and is regarded as a potential technology for solving the restriction of the short
driving range of electric vehicles. Getting rid of the crank and flywheel mechanism, FPLG obtains
some advantages of a variable compression ratio, compact size, and highly-efficient power
generation. Linear electric machine (LEM) design and piston motion control are two key
technologies of FPLG. However, they are currently the main obstacles to the favorable performance
of FPLG. LEM being used to drive the piston motion or generate electric energy is an integrated
design including a motor/generator. Various types of LEMs are investigated, and suitable
application scenarios based on advantages and disadvantages are discussed. The FPLG’s controller
is used to ensure stable operation and highly-efficient output. However, cycle-to-cycle variations of
the combustion process and motor/generator switching make it difficult to improve the
performance of the piston motion control. Comments on the advantages and disadvantages of
different piston motion control methods are also given in this paper.
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1. Introduction

Nowadays, electric vehicles are considered to be the main alternative to conventional
automobiles [1]. Whereas, due to limitations in battery technology, a short driving range becomes an
obstacle to the development of electric vehicles. The FPLG being used as a range extender can be an
effective measure to solve this drawback [2]. Benefitting from the elimination of the slider-crank
mechanism, it has the advantages of a variable compression ratio, compact size, and highly-efficient
power generation [3,4]. The compression ratio depends on the distance between the piston position
and the cylinder head. Unlike a conventional internal combustion engine, the piston dead centers
and stroke length in the FPLG are not restrained by the mechanical structure. Hence, this allows the
compression ratio to be adjusted by controlling the position of the generator mover and thereby
regulating the top dead center. Different fuels such as gasoline, hydrogen, and methane can therefore
be used in the FPLG with their optimal compression ratio without structural modification of the
combustion engine [5]. In addition, compared to conventional range extenders, the FPLG is an
integrated system between a LEM and free piston engine with small size and low mass [6]. In terms
of system efficiency, friction and thermal losses are less due to the reduction of lateral forces and the
faster expansion near the top dead center (TDC) [7].

The piston moves freely between TDC and bottom dead center (BDC), and its motion is
determined by the resultant force that is acting upon it, including gas pressure force, electro-magnetic
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force, and rebound force [8-10]. The piston motion must be controlled by an electronic control
system—an electronic crankshaft, which is an integrated control of combustion parameters or control
variables of the LEM and rebound devices [5]. Moreover, there are cycle-to-cycle variations and
periodic large disturbances during the combustion process. As a result, piston motion control is still
the biggest challenge of FPLG [11]. Besides, LEM is not only used as a power output unit but also a
control unit for adjusting the movement of the piston. For the FPLG, LEM requires high reliability,
high precision, high efficiency, and so on. Various structures of LEM designed by many teams around
the world have been investigated, but none of these meet all of the requirements due to the short
stroke, high frequency, and high acceleration.

In order to lucubrate the current existing problems, this paper reviews the key technologies of
LEM design and FPLG motion control. Firstly, several basic structures of FPLG are introduced, and
both their advantages and disadvantages are analyzed. Afterwards, according to the different types
of structure, corresponding advantages and disadvantages of LEMs are presented. With respect to
the existing LEMs, they are classified according to the different flux path and topology structures in
the third section. Finally, different starting methods are introduced based on the FPLG’s structure. In
terms of power generation stage, piston motion control strategies are divided into three forms and
introduced based on their control variables. They include three categories: active combustion
parameters control, active LEM control, and the mixed control between combustion and LEM.

2. Basic Configuration of FPLG

As shown in Figure 1, FPLG consists of the internal combustion engine (ICE), LEM, or an
alternative rebound device. In Figure 1A, firstly the piston assembly is to be pushed by energy from
fuel combustion to accelerate, and then to be decelerated by rebound device (from TDC to BDC);
secondly the piston assembly is reversely accelerated by rebound device, and slowed down to zero
speed by combustion chamber (from BDC to TDC). As the piston moves to TDC, in-cylinder air-fuel
mixture is compressed for the next ignition. Repeating this process above, FPLG can keep the
continuous reciprocating motion and generate electrical energy.

The combustion chamber is the energy input port of FPLG, and it is one of the crucial
components. The number of combustion chambers determines the complexity of the energy input
and piston motion control, as well as the design of LEMs [4]. Furthermore, the FPLG’s vibration
behavior is affected by the layout structure of combustion chambers [3]. According to the number of
combustion chambers, the existing FPLGs can be mainly classified into three categories: single-
cylinder, dual-cylinder, and opposed-cylinder.

Combustion chamber ~ Linear generator Gas spring

(A) Single cylinder . {'} l —~ lz‘- 7- -. d.‘ !

Valves Top dead center Bottom dead center Stator Mover

(B) Dual cylinder T 2 l ---- l -
(C) Opposed cylinder ﬁ.;;':_J ()L (LR

Figure 1. [llustration of the principle of the free-piston linear generator [2,12].

The first type of single-cylinder FPLG typically includes a rebound device for pushing the piston
from BDC to TDC. In one reciprocating cycle, the single combustion chamber only ignites fuel once,
so that it can provide more time to reduce the variation of TDC caused by the combustion variation
from the last combustion cycle [10,13,14]. Combined with a controllable rebound device, the free-
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piston of single-cylinder FPLG can produce precise reciprocating motion. As a result, the single-
cylinder FPLG has better controllability.

The dual-cylinder FPLG is equipped with two combustion chambers and can be designed in a
compact size for higher output power [15,16]. During the alternating combustion of the chambers,
the LEM’s mover cuts the magnetic force lines back and forth to produce electric energy. Under a
two-stroke combustion cycle, each stroke of the free-piston motion is a power stroke. While one
chamber is in the combustion stroke, the other is in the compression stroke that is immediately
followed by the combustion. Hence, the combustion state at one end can directly affect the position
of TDC on the other side. Compared with the single-cylinder FPLG, it is more difficult to ensure the
consistency of the piston motion and dead centers.

The combustion chamber of the opposed-cylinder FPLG is placed between the two LEMs, it is
also addressed as the bilateral single-cylinder FPLG, as shown in Figure 1C. When the fuel burns, the
pistons on both sides are simultaneously pushed. The explosive force produced by combustion at
each piston can be counteracted by the opposite direction of forces. This structure is therefore well-
balanced [17]. However, the piston synchronization motion of the both pistons determines the
compression ratio, and it has a significant effect on the consistency of combustion state and electrical
power output. Therefore, the issue of synchronization control of opposed-cylinder FPLG has received
considerable critical attention through the use of mechanical devices or the LEM control approach
[17-19].

3. Classification of FPLG: Different LEMs

LEM is an essential component which converts mechanical energy into electrical energy, and it
also can be operated as a motor to start the engine and keep the compression ratio consistent through
position control. During the design phase, both LEM performance and manufacturing technology
should be taken into consideration [20,21]. Previous studies have pointed out that low moving mass
is important to improve the operation frequency, and optimization of the LEM efficiency can
significantly reduce the fuel consumption [22]. Besides high efficiency and low moving mass, high
power density, good reliability, high dynamic performance, and simple structure are also required
for the LEM.

3.1. Different Flux Type Permanent Magnet LEMs

Permanent magnet linear electric machine (PMLEM) is the best option for LEM due to its high
efficiency and high power-to-weight ratio. The main kinds of PMLEMs being investigated for the
FPLG applications are surface mounted PMLEM (SMPMLEM), transverse flux PMLEM (TFPMLEM),
and flux switching PMLEM (FSPMLEM) [23,24].

There are moving-coil and moving-magnet type for SMPMLEMSs, and their currents in the
windings are orthogonal to the mover motion direction. The moving-magnet SMPMLEMs have
surface mounted magnets on the mover and windings on the stator, while the moving-coil
SMPMLEMs have the opposite structure. The moving-coil LEMs require flexible cable leads which
are subject to mechanical stress and vibrations. As the operation frequency and power increase, the
thrust of the moving-coil type per moving mass significantly reduces due to the increasing
requirement of efficiency and difficulties in heat dissipation [25]. Therefore, the moving-coil linear
generator is not suitable for high frequency and high power applications. Compared to the moving-
coil type, the moving-magnet LEMs are more suitable for high frequency operation due to the good
reliability and lower moving mass which have been verified by many researches [6,26,27].

The configuration of PMs used in SMPMLEMs can generally be classified into radially
magnetized, axially magnetized, and Halbach magnetized according to the magnetization direction
[28]. Since the ideal Halbach array is too difficult to manufacture, the quasi-Halbach structure with a
simpler form is a more reasonable option. The virtually “self-shielding” characteristic of the quasi-
Halbach can even enhance the magnetic flux in the air gap while it weakens the magnetic flux passing
through the support structure, as shown in Figure 2. Thus the yoke thickness of the mover core can
be much thinner and even the employment of nonmagnetic and lightweight materials (aluminum
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alloy for an example) can be an acceptable option [29]. The quasi-Halbach array showed the best
average performance in force capacity, moving mass according to the simulation researches, so it can
improve the overall performance of the SMPMLEMs [23].

———_strong,
/

Figure 2. The flux distribution of the quasi-Halbach array.

The TFPMLEMs have flux concentrated PMs on the mover and transverse winding in stators,
and the current flow is parallel to the direction of motion as shown in Figure 3. TFPMLEMs can
achieve high power density owing to independent magnetic load and electric load [16]. However,
most traditional TFPMLEMs suffer from poor power factor due to the large flux leakage and high
manufacturing cost due to the complex structure. Therefore, many optimization researches have been
conducted to overcome these drawbacks. The flux leakage analysis of the TFPMLEMs pointed out
that reduction of the armature flux leakage can increase the power factor, and different stator
topologies are investigated [16,30]. During the design process, a three dimensional (3D) finite element
analysis (FEA) is necessary due to the complex geometry and fully 3D flux path [31].

729 % Tooth root flux leakage ®Porr
(@) (b) (©
Figure 3. Magnetic flux paths of machine [16]. (a) Main magnetic flux path 1 of stator core; (b) Main
magnetic flux path 2 of stator core; (¢) Transverse-flux leakage path.

The mover of FSPMLEM is made of slotted iron, the stator consists of PMs and transverse
windings for each phase, as shown in Figure 4 [31]. As a result, FSPMLEMSs have superior reliability
due to their simple and rugged mover structure, and they are featured with high force density, high
efficiency but high force ripple [32,33].
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Figure 4. Cross section of the flux switching permanent magnet linear electric machine (FSPMLEM)
and its unbalanced magnetic circuit principle [33]. (a) Cross section of the FSPMLEM; (b) Mover
position with the positive maximum flux linkage in coil Al; (c) Mover position with the negative
maximum flux linkage in coil Al.

In comparison with SMPMLEMs, the simulation results showed that the TFPMLEMs exhibited
lower cogging force, lower thrust fluctuation, higher PM use rate, and higher efficiency. And
numerical optimization results of 3D FEA concluded that the FSPMLEMs were uncompetitive
compared to the TFPMLEMs due to the large flux leakage even with improved tooth structure.
However, complex structure and low power factor for TFPMLEMs remain to be solved [23,31,34].
Compared to SMPMLEMs, both of them suffered from a large moving mass which would result in
low motion frequency and low dynamic response.

3.2. Different Topology Structures of PMLEMs

According to the topology structures, there are two main types of PMLEMs: flat-type and
tubular-type. The main advantages of the tubular-type are the zero net radial force between the
mover and stator, and no end-windings. However, the magnetic rings and the tubular stator are
difficult to manufacture, while further in a LEM with constrained external size, the sectional areas of
the winding are limited by the diameter of the magnetic rings. Although the manufacturing of the
flat-type LEM is relatively simple, it has some drawbacks in structure, such as end-windings. So far,
both types are under investigation by the researchers all over the world [4].

J. Wang from the University of Sheffield analyzed the design and experimental characterization
of a three-phase tubular modular PM machine equipped with quasi-Halbach magnetized magnets,
as shown in Figure 5. They discussed the suitability of the tubular-type SMPMLEMSs, and found that
they had advantages of high power density, high efficiency, low cogging force, and low moving mass,
and could improve the overall performance of the FPLG system [26].

S. Goto et al. from Toyota Central R&D Labs Inc. developed two generations of prototypes as
shown in Figures 6 and 7. In Figure 8, the main differences between them are as follows: the mover
of the first prototype consisted of iron poles and permanent magnets, whereas the second prototype
had a Halbach array of permanent magnets; the stator of the first prototype had four turns windings
in each slot, whereas there were nine turns windings with rectangular wire of the second prototype.
The comparison showed that the second prototype has higher efficiency [1], which verified that the
employment of a Halbach array could improve the LEM performance.
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Figure 6. Linear generator structure of the first prototype of Toyota Central R&D [14].

Figure 7. Linear generator structure of the second prototype of Toyota Central R&D [1].
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Ping Zheng et al. designed two generations of TFPMLEM prototypes which were characterized
by low flux leakage and simple structure. The first generation prototype was a Z type TFPMLEM, as
shown in Figure 9. Upon the in-depth flux leakage analysis of Z type TFPMLEM, they proposed a
tubular staggered-tooth TFPMLEM, as shown in Figure 10. The 3D equivalent magnetic circuit model
was built, the analytical solution of electromagnetic force was obtained, and optimization results with
force density of 2.697 x 105 N/m? and the force ripple of 2.78% were achieved by the 3D finite element

method [16,34].
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Figure 8. Two generations of prototype at Toyota Central R&D [1]. (a) First prototype; (b) Second
prototype.

(©)
Figure 9. Pictures of the prototype machine and test bench [34]. (a) Stator core; (b) Stator windings;
(c) Test bench.

Q. Li et al. from Shanghai Jiaotong University conducted a comparative study between the flat
and the tubular SMPMLEMs based on a simulation method, as shown in Figure 11. The finite element
analysis showed that the flat alternator had better performance on efficiency, specific power, and
current density despite the limitations of structural drawbacks, as shown in Figure 12 [36].

F. Rinderknecht from German Aerospace Center (DLR) analyzed two generations of integrated
linear generators. As shown in Figure 13, the first generation was a tubular type linear generator, and
his research suggested that the maximization of frequency could improve the power density and a
new topology with a low moving mass is needed to increase the core-loss-based frequency. The
second generation was a flat type which used two stators around one mover, as shown in Figure 14.
The results of the measurement showed that the second generation prototype was superior to the
first generation in almost all performance areas, especially a considerable increase in efficiency in the
motoring mode [22].
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Stator Winding (sm Lo
Winding
v b [AD) t,
I
D — J#‘T" | Translator Stator
»
I I I | I I I i PM
S
i) Translator
(a) (b)

Figure 11. Linear alternator at Shanghai Jiaotong University [36]. (a) Cross-sectional view of flat-type
FPLG; (b) Model of tubular linear alternator.
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As for hybrid Electric Vehicle (HEV) application, the flat-type can be integrated into the
underbody of the vehicles, which provided several advantages such as low center of gravity and
more space for the crumple zones at the front [6].

stator mover hydraulic cylinder

stator

mover

//////

Figure 13. First generation linear generator of DLR [22].

stator mover hydraulic cylinder stator

Figure 14. Second generation linear generator of DLR [22].

Among these kinds of PMLEMs, SMPMLEMs show the lowest moving mass, but the power
density was not satisfactory. TFPMLEM is a competitive choice in term of power density, however,
the power factor is poor due to large flux leakage and the manufacturing cost is relatively high due
to their complex structure. And FSPMLEM:s are investigated in order to achieve high force density
and efficiency. Thus a novel flux switching transverse flux PMLEM which combines the advantages
of TFPMLEM and FSPMLEM may be a good choice for the FPLG. For scenarios with space limitations,
such as HEV application, the flat-type PMLEM has more advantages.

4. Piston Motion Control

In FPLGs, due to the elimination of the slider-crank mechanism, the resultant force determines
the free-piston motion. When the forces acting upon on the piston are disturbed, the consistency of
motion trajectory and dead center positions cannot be guaranteed. More importantly, it will affect
the compression process, scavenging process, combustion quality, and further produce cycle-to-cycle
variations. In particular, under limiting operation conditions such as the dead positions, piston
displacement and velocity, the state of reciprocation motion depends on the input and output energy
conversion [37,38]. Where the input energy is from fuel burning and the output energy is produced
by the resultant force in a cycle. Excessive output energy or insufficient input energy may cause the
piston to collide with the cylinder head. Insufficient input or excessive output may result in misfire,
undesired compression ratio, or even engine stall, and then an unstable operation in the next cycle.
Therefore, the controller design involves input and output energy control. In particular, the input
and output energies vary according to the FPLG phase: starting stage or power generation stage.

4.1. Atarting Methods of FPLGs

During the starting stage, the free-piston is at dead stop and an external force is required to
accelerate it for compressing the in-cylinder air-fuel mixture during the first few cycles. LEMs can be
used as a prime mover to push the piston conducting reciprocate motion. A rebounding device can
also be used as an auxiliary power to start the FPLG system. Different FPLG structures have diverse
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starting methods. Here, they will be introduced based on the distribution of cylinders, such as single-
cylinder, dual-cylinder, or opposed-cylinder.

When FPLG has only one single cylinder, with the help of the rebound device and LEM, the
appropriate velocity and compression ratio will be achieved in one cycle, as shown in Figure 15. In
[7,10,27,39], the mechanical spring was employed to push the piston back to the top dead center.
When starting stage was enabled, the piston was in the intake stroke, and then the mechanical spring
was compressed and partially stored the elastic potential energy. Afterwards, the piston was in the
compression stroke and was pushed by the elastic force and the electromagnetic force. When the
driving energy (including elastic potential and electrical energy) was sufficient, the combustion
chamber would reach a specified compression ratio for fuel burning. Similarly, when rebounding
device is gas spring, hydraulic system, or auxiliary LEM, their starting methods are the same with
mechanical spring [3,9,27,40,41]. Single-cylinder FPLGs could take full advantage of a rebounding
device which is used to store energy and then release it, to reach desired combustion conditions.
Especially, with this starting method, the peak currents injected could be small in first few cycles.

N\

1. spark plug, 2. electromagnetic valves, 3. combustion chamber, 4. free-piston, 5. displacement
sensors, 6. mover of linear generator, 7. stator of linear generator, 8. kickback device, 9. reversible
electric energy storage device, 10. power converter, and 11. electronic control unit.

Figure 15. Basic structure of free-piston linear generator (FPLG) at Nanjing University of Science and
Technology [7].

When the FPLG has two cylinders, the piston motion is mainly controlled by LEM during the
starting process. Some studies focused on the starting process using position feedback or the
constant-magnitude motoring force approach [37,42—45]. In order to obtain a desired piston
trajectory, the position error serves as a feedback variable to control the thrust force with appropriate
value and direction [43]. The feedback control scheme is shown in Figure 16. However, due to the
limited rated current of stator coils and insufficient motor force constant, an expected peak
compression force cannot push the mover end-to-end in a single stroke. In particular, as the
compression ratio increases, a larger electromagnetic force is required. Therefore, a rebound device
needs to be operated to provide starting force, which will reduce the LEM current.

Three-phase Inverter ol
P To stator phases windings

el I
[)AQ

ssem N — —

3008 s ]

Force sensor

MCU circuit Sensor head
e = Scale =D
driver

Position sensor

Figure 16. Feedback control scheme for starting the free piston engine [43].



Energies 2018, 11, 2179 11 of 21

In [42], S. A Zulkifi proposed a rectangular current commutation start-up strategy. The basic
principle consists of two aspects: handling LEM in a motoring state via rectangular current
commutation, and utilizing reciprocating motion to achieve mechanical resonance. Therefore, with
this strategy the compression energy from the current cycle can be absorbed through the compression
chamber and used for the next cycle. A low motoring force can be required to cause the piston
assembly to initially reciprocate with a small amplitude, as shown in Figure 17. The constant motor
force produced is in the same direction of piston motion velocity to profitably increase the piston
kinetic energy for the desired compression ratio. However, due to the employment of current open
loop control, the compression ratio could not be quite as high as the compression energy gradually
increases. Using the same mechanical resonance method, B. Jia designed a closed-loop control
strategy coupled with PID compensators, and took piston displacement, velocity, and current as
feedbacks, as shown in Figure 18. Ultimately, the compression ratio of combustion chamber was
controlled to reach 9:1 [46,47]. The same starting method also was implemented by C. Yuan, in [48].

Non-linear air-spring nature of engine
cvlinders prior to combustion
Translator mass
(piston, shaft
& magnets)

AAAA AAAAL

LALALAJ m LAA LY

é F motoring 9

Electromagnetic motor force ahways provided in the direction of natural
bouncing motion can effectuate mechanical resonance for LG starting

Figure 17. Spring mass representation and mechanical resonance for FPLG starting [42].

Compared with open-loop controller, the closed-loop controller can realize required piston
velocity and displacement for ignition more quickly. However, with this method, the control
parameters of PID compensators have a significant effect on the magnitude of the current. Especially
when the piston is near the TDC and BDC, the actual current would increase due to zero-speed of the
piston and larger compression force. Thus, the adaptive adjustment of the control parameters could

be a key problem, which requires further investigations.

Cylinder Linear Machine
Pressure Sensor

Position Senso

Three-phase Power Supply

|
Motor
Drive

Right In-cylinder Pressure

LabView
controler

Figure 18. Control system block diagram for the setup at Beijing Institute of Technology [46].

Left In-cylinder Pressure

In [17], the opposed-cylinder FPLG was developed, as shown in Figure 19. For starting and
maintaining piston motion prior to combustion, a pneumatic drive system was implemented to
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provide high pressure helium gas. When the start signal was enabled, the piston would get sufficient
kinetic energy from high pressure gas in bounce chambers to compress the mixed fuel in central
combustion chamber. However, the linear alternators were not used to assist starting, thus it is
necessary to generate high gas pressure to overcome friction, gas pressure of central cylinder, and
electromagnetic drag force for the sake of reaching specified compression ratio. In [19], the
mechanical spring was employed as a rebounding device, which could not be actively controlled to
operate piston motion as shown in Figure 20. During the starting process, the LEM was controlled as
a motor and its working principle was similar with the single cylinder FPLG equipped with
mechanical spring. Especially, the issue of piston synchronization need to be considered for the
opposed-cylinder FPLG.

.;! Combustion chamber

# “lntake ‘ ,- .
| ainfold | ¢ A ol - e
b 9] i l,“u\ % w«d;“-‘-‘— o | & )
) | e i —, | " i‘ v ‘ -
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(b)
Figure 19. The prototype of opposed-piston FPLG. (a) Diagram of gas supply to bounce chamber; (b)

Structure diagram of FPLG.

| Intak
I ntaKe ., ..
Cylinder

7]

Linear generator |~ Free-piston  Exhaust ~Linear generator 2

Figure 20. Opposed-piston free-piston linear.

In the starting stage, when LEM is individually used to start FPLG, the input energy is electric
energy, which is limited by the armature related current of LEM. When the rebounding device is
employed to start and maintain piston motion, the input energy is from high pressure gas or high
hydraulic pressure, and is limited by the gas/liquid flow rate. Therefore, the mixed starting mode,
including LEM and rebound device, would be a promising starting approach.

4.2. Piston Motion Control during Power Generation Stage

After the starting process, FPLG turns into the next operation state for steady motion.
Meanwhile, the dead center piston positions need to be controlled in a stable range for the fixed
compression ratio. The prime mover is from the chemical energy of the fuel and the output power
mainly generates electricity. Therefore, parameters related to input and output energy could be
selected as control variables to control the piston motion. According to control variables, the control
method of the free-piston can be categorized as active combustion control, active LEM control, and
the mixed control strategy with both combustion and LEM control.
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4.2.1. Active Combustion Parameters Control

For active combustion control, piston motion state including piston position, velocity, and dead
centers are directly controlled through combustion parameters, such as fuel mass, ignition time,
compression ratio, and air—fuel ratio. Nevertheless, LEM is employed to adjust the output power of
FPLG system. Mikalsen and Roskilly presented the investigation into the basic control of a single-
cylinder FPLG including combustion cylinder, bounce chamber cylinder, and LEM [9,13]. The control
variables were fuel injection timing, mass of fuel injected, and the opening and closing timing of
bounce pressure valves. As shown in Figure 21, this control scheme consisted of low-level control,
piston motion control, and supervisory control systems. At the same time, the dead center positions
of piston and bounce pressure were set at the supervisory control level, and they were controlled at
piston motion level based on the signal from the low-level control. Due to the good logical structure
of the multi-layer control system, this control framework is modified and implemented to control
free piston motion by many works of research literature [7,37,49].

Supervisory
control

TDC, BDC and
speed sctpoints
Fuel injection
Piston motion and exhaust
control valve timing

Commanded
Minel and Mmpea

Low-level control

Measured speed, TDC

Fuel injector and
valve signals

Piston position

Engine

Figure 21. Free-piston engine control structure at Newcastle University [9].

In the following study, the predictive piston motion method was proposed to improve dynamic
performance on the top dead center and compression ratio, as shown in Figure 22 [50]. The TDC
estimator was based on the piston velocity of the nominal half-stroke point. Results from simulations
showed that this control method had good control performance for free-piston engines. In this control
strategy, piston motion state is used as an auxiliary variable to control the piston position. It is
superior to the control methods of single position feedback. In [51,52], this control principle was
developed into a cascade control strategy by B. Jia, as shown in Figure 23. The PID controllers of the
outer and inner control loop were designed to adjust target velocity and injection adjustment,
respectively.
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Figure 22. Free-piston engine estimation and control system at Newcastle University [44].
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Figure 23. Block diagram FPLG coupled with cascade control [51].

In the above mentioned control methods, the load force from the LEM was assumed to be the
disturbance, and the load coefficient was a constant in different cycles. The active control objects were
the injected fuel mass and pressure control valves of the bounce chamber. They were directly used to
control the piston motion. However, when detonation and incomplete burning happens in
combustion chamber, piston position and velocity will be significantly affected, and then position
errors of the dead centers will increase. Therefore, the actual control performance of piston position
would be limited due to combustion fluctuations by using combustion control method.

4.2.2. Active LEM Control

For active LEM control, LEM is used to operate the piston motion state and even output power.
The related control variables of combustion process are not utilized to directly control piston motion,
but to change the output energy. In [53], P. Némecek presented a trajectory tracking control, in which
the reference trajectory was similar to sinusoidal curves. At the same time, the combustion
parameters were set to constant values, such as ignition position, fuel mass, and so on. In this
approach, high-precision control was implemented on the position of dead centers, and more
freedom was allowed in the piston motion after combustion. The controller avoided collision between
the piston and the cylinder head and ensured the piston continuous operation of FPLG. However,
due to the offline predefined trajectory, the transient behaviors were not satisfied while the
combustion parameters varied.

Similarly, a reference waveform was obtained from model simulation by imitating the actual
trajectory [14]. As shown in Figure 24, the feed forward gain of piston velocity was used to the
feedback control loop of the piston position. This control method was able to maintain FPLG
continuous operation in specified input conditions, but it was not able to control the piston swing
motion as the system input power changed. In the following research, this research team designed a
novel control method based on the piston maximum reference velocity, the basic principle is shown
in Figure 25 [1]. The velocity of the piston motion and dead centers positions were governed. The
maximum piston velocity commands were set based on the dead center errors and the output power
of FPLG. This control method can steadily control the dead center positions whether input energy
increases or decreases. However, piston motion trajectory produced by this control approach may
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not be optimal for output power and combustion efficiency because this motion trajectory is just
associated with piston maximum velocity and fuel releasing energy, but not related to the combustion
parameters and state.

Reference Ref. of

waveform piston position
' o]
x*(f) + & b

Linear generator

1
comb fgcr\ f fr !
I

Ref. of

piston velocity Piston velocity [

Piston position

Figure 24. The control diagram of Toyota Central R&D Labs [14].
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Figure 25. The basic principle diagram of the control method at Toyota Central R&D Labs [1].

In addition, as shown in Figure 26, a hierarchical hybrid controller was designed for FPLG piston
motion control by H. Xia [54]. The electro-magnetic force was considered as a flexible input to control
the position of dead centers. Meanwhile, the hybrid model of FPLG was built based on the valves
switching and the continuous dynamics. x represents the trigger positions of the valve switching; g
represents the continuous phase between different valve switching positions. In this case, the piston
motion state could be monitored through the switching conditions and the trigger positions. The
controller was only simulated in the simulation model, the friction force and the electro-magnetic

force were regarded as constant values. However, it provided a state switching control method for
FPLG.

SN =X, N N =X N

X, =X, L “— qa, r | NP
‘ /\ / \ [/ \\f]f/’ktmmb
/ L’\ / A
q C]
\ J \
=10 ' \xl =X, /q N / ) [ Sy e
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Figure 26. Hybrid automation of FPLG [54].
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Similarly, in Figure 27, Z. Xu designed Hierarchical hybrid control of FPLG with a four-stroke
combustion process [7,10,55]. A moving coil linear generator was implemented to drive the free
piston and generates electricity [56]. In the starting stage, the constant reference electro-magnetic
force was used to control the dead center positions in different strokes. In the generator model, the
armature current was limited by the maximum reference electro-magnetic force. Meanwhile,
considering that the control object was nonlinear, the bang-bang control method was introduced to
adjust action time of the actual electro-magnetic force [57]. The control strategy was verified in the
designed prototype, and could provide a good control performance at the piston motion and dead
center positions. In this control method, the four-stroke operation principle of FPLG brought more
cycle periods than the two-stroke to control the top dead center around the combustion process.
However, the output power of the four-stroke was less than the two-stroke in the same prototype
size.

——={ Exception reporting layer —

sensor signals misfire/ collision prediction
————={ Optimization layer |
timing setting * +TDC BDC setting
| Eventcontrol layer | [ Motion control layer |
valves ignition signals motion data | force control

ICLG integrated power system

Figure 27. Hierarchical hybrid control strategy of FPLG [7].

In [37,38], considering the acceleration and deceleration characteristic of piston motion, the
ladder-like reference electro-magnetic force control strategy was implemented to control piston dead
centers, as shown in Figure 28. In a stroke, reference current is divided into two parts: small reference
current in acceleration zone, and larger reference current in deceleration. The simulation results of
different control strategies shown that it improved the system output power.
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Figure 28. The principle diagram of the ladder-like electromagnetic force control strategy.

Active LEM control is a reliable and effective strategy for the piston motion control. Though
some literature provides a possible optimal reference trajectory, piston motion state is not directly
related to combustion indicted efficiency, LEM efficiency and system output electric power. With
these control strategies, the system efficiency may not be optimal. Therefore, a promising active LEM
control method of FPLG should be variable-parameters control based on the combustion
performance and output specification.

4.2.3. The Mixed Control Strategy

For the mixed control strategy, LEM and combustion parameters will be used to actively control
piston motion. X. Gong et al. studied nonlinear control scheme and proposed a model predictive
control (MPC) strategy of dual-cylinder FPLG [49,58-62]. The researchers built a nonlinear, discrete-
time, and control-oriented model based on the energy conservation equation. In this control system,
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the clearance between the cylinder head and piston motion were used as a control objective.
Meanwhile, the dead center positions in current cycles was estimated by Newton’s method and
Extended State Observer (ESO) [61]. In addition, the control variables were fuel mass and electrical
load, as shown in Figure 29. Thus, with this control strategy, the clearance could be maintained in a
range between hitting cylinder head and misfire. As demonstrated in simulations, the designed
controller provided good performance in tracking clearance height under transient load change.
Though this approach was only verified in simulation environment, the control strategy provided
promising ideas combining the LEM and combustion parameters control for piston motion. It means
that this control strategy connects the output and input parameters to control the piston motion.

load ¥2.
r=====- A
Har diy 4 Y,
______ > +1 1
n MPC L plant |5 L
— o} Tuel iy, TDCBDC |

Newton
Observer

Figure 29. Control scheme of model predictive control [50].

In [5,63-65], the predefined reference trajectory named virtual crankshaft was utilized to control
piston motion, and it was planned as an ellipse shape, as shown in Figure 30a. In particular, the
reference trajectory of different strokes also could be adjusted according to compression and
expansion processes, as shown in Figure 30b. The reference trajectory parameters also can be
modified to reduce emission [65]. In this control structure, the combustion parameters and LEM
currents are used as the control variables to control piston motion. As a result, according to the timely
operation condition, higher indicated thermal efficiency and system efficiency could be obtained.
Therefore, this variable reference trajectory can be a promising approach for the piston motion control
of FPLG.

The mixed control strategy connects the combustion performance and system output
performance. When facing different operation conditions, it has a fast response to control piston
motion state, especially the dead centers. Higher system efficiency can be achieved as the desired
compression ratio is guaranteed. Therefore, the mixed control strategy is an attractive control method,
which is extensively researched.
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Figure 30. The basic principle diagram of reference trajectory. (a) Description of FPLG piston motions,
(b) Various piston trajectories with different omega.

5. Conclusions
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The FPLG is regarded as a potential energy convertor which can extend the cruise range of
hybrid electric vehicles. Therefore, it has attracted extensive research in recent years. This paper
investigates different configurations of these FPLGs. The single cylinder FPLG, along with its
controllable rebound device, is one of the best suitable structures for ascertaining motion
characteristics in early development. The dual cylinder FPLG possesses high power density and
compact size. It therefore appears to be the promising structure if the motion control difficulties can
be well resolved.

In the FPLGs, LEM design and motion control are the crucial techniques to achieve high power
density and stable operation with high efficiency. Permanent magnet LEMs are the most appropriate
solution for the FPLG. The employment of ironless mover with Halbach PM arrays is an effective
way to reduce moving mass and improve performance of dynamic response. A flat-type structure is
more suitable for applications with space limitations. Moving-magnet LEMs are preferred for high
power FPLG because of their high reliability compared with moving-coil type. TFPMLEMs and
FSPMLEMs both can achieve high power density but suffer from low power factor and complex
structure, and the combination of both PMLEMs may be a promising option which need to be further
investigated.

In term of piston motion, the existing motion control methods of FPLG are classified into three
main categories. When the piston motion is only directly controlled by adjusting the combustion
parameters, once the combustion fluctuates, it is difficult to precisely control the piston position to
achieve stable operation. On the contrary, the active LEM control is easy to guarantee the stable
operation. However, if the predefined trajectory is constant, it is difficult to achieve high combustion
performance due to the actual variable operating conditions. Therefore, the combination between
combustion control and active LEM control is becoming an attractive scheme to satisfy the control
requirements of high frequency reciprocating motion and precise compression ratio.
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