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Abstract: The Free Piston Engine (FPE) is a unique machine with a higher thermal efficiency than its
counterpart, the Conventional Reciprocating Piston Engine (CPE). The unique piston motion of the FPE is
not constrained kinematically like the CPE with its connecting crankshaft and rotational inertial masses.
Moreover, when directly coupled to the Linear Electric Machine (LEM) to harness electric energy
production, the Free Piston Engine Generator’s (FPEG) characteristic motion, now being dynamically
constrained, permits an extensive range of piston trajectory profiles to be exploited during operation. In
addition, exploring varied piston trajectories during the development stages may be vital in reducing in-
cylinder combustion emissions through strategies such as Low-Temperature Combustion (LTC) and
Homogeneous Charge Compression Ignition (HCCI). This review paper will focus on the key motivations
and drivers for continued FPEG development. It will also highlight and review its distinct advantages and
challenges in being a viable solution as a future zero-carbon engine technology. Finally, FPE fundamentals,
alongside its rich history, will be introduced, clearly presenting how academia and industry have described
and controlled its intrinsic non-linear dynamics.
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1. Introduction

Modern times have been a motivational driver and enabler of Jow-carbon emissions technology
development. Global carbon emissions reduction can be considered a worldwide challenge, with industry and
academia actively developing a viable solution. In the modern era, with the rapid technological advances in
low-carbon solutions, renewed interest and development in future thermal propulsion technologies such as
the Free Piston Engine (FPE) has increased [1-3].

Current predictions from the Automotive Council indicate that the thermal propulsion system will
become a part of a hybrid system rather than the sole propulsion method [4]. Additionally, in the short to
medium term, mild and full hybrids may be a more cost-effective solution to lower Carbon Dioxide (CO,)
and pollutant emissions than pure Electric Vehicles (EV). Therefore, to meet emissions targets from 2025
onward, with an expected 15% reduction in CO, by 2025 and a further 30% reduction in CO, by 2030, future
thermal hybrid propulsion technology development will likely gain momentum and interest from all sectors.

Technological institutes and industries led by private companies are investigating the applications and
usefulness of the FPE as a practical solution to reduce in-cylinder combustion emissions. Furthermore,
applications ranging from transportation, as an Auxiliary Power Unit (APU) in Range Extender Electric
Vehicles (REEV), to industrial, as a Combined Heat and Power (CHP) system in off-highway power
generation, have spurned novel developments in this technology.

https://www.sciltp.com/journals/ijamm
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2. Free Piston Engine Fundamentals

The FPE is a unique thermal hybrid propulsion machine inherently with a higher thermal efficiency than
its counterpart, the Conventional Reciprocating Piston Engine (CPE). The unique piston motion of the FPE is
not constrained kinematically like the CPE with its connecting crankshaft and hence the rotational inertial
masses. In addition, the absence of the conventional kinematics to constrain the piston motion allows the
systems dynamics to influence its trajectory, now directly via its coupled translational loads [5]. Moreover,
the dynamically constrained FPE can inherently explore an extensive range of piston motion profiles and
trajectories during its development and operation, which may be vital in reducing and, in part eliminating in-
cylinder combustion emissions.

Figure 1 below presents the direct comparison between the CPE (a) and FPE (), illustrating how each
is constrained. Whereby in the case of the CPE, the piston is kinematically constrained by the rotational
masses, in direct contrast to the FPE piston being dynamically constrained by its coupled translational loads.
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Figure 1. Engine Comparison: a) Conventional Reciprocating Piston Engine (CPE) and b) Free Piston Engine (FPE).

2.1. Architectures

FPEs can be categorized into three distinct architectures or types as listed below [6]:

a) Single-piston with a single combustion chamber.

b) Dual-piston with a dual combustion chamber.

¢) Opposed-piston with a single combustion chamber.

Figure 2 below highlights and illustrates the three fundamental components of the FPEG, the cylinder, the
Linear Electric Machine (LEM) and the rebound device. In addition, Aichlmayr’s [7] comprehensive study
highlighted the operational process and their respective functions, which are presented below in Figure 3.
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Figure 2. FPE Architectures: a) Single-Piston, b) Dual-Piston, and ¢) Opposed-Piston.
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Figure 3. FPE Operation. Reprinted with permission from [7].

The operational process first presents the cylinder, which provides energy in and out of the system via
the addition of fuel in the form of chemical energy during a combustion event (i.e., generating mode: steps a,
b, c and d). And then the energy in the form of pneumatic energy and heat energy during a non-combustion
event (i.e., motoring mode: steps a, b and d). Second, the LEM, in this case, a Permanent Magnet Linear
Synchronous Machine (PMLSM) provides both electrical energy in and out of the system during the
motoring mode and the generating mode respectively (steps e and f ). Finally, the rebound device provides
both energies in and out of the system, in this case, pneumatic energy. However, it has the same functionality
independent of the operational mode (motoring and generating), thereby providing a net positive translational
mechanical energy input during the compression stroke of the cycle (steps b and e). Furthermore, the rebound
device provides a translational force to return the piston to a desired Top Dead Center (TDC) piston position.

The distinct advantages and challenges of each FPE architecture are presented below:

a) The single-piston is a relatively simple architecture with moderately easy control. Research indicates
that robust compression ratio control to yield relatively low in-cylinder emissions and low Brake
Specific Fuel Consumption (BSFC) are achievable [8,9].

b) The dual-piston has a high power density, with a compact architecture with no requirement of an
additional rebound device. However, inherently an unbalanced design due to no opposing piston
mass, the engine’s vibration can be challenging to address if the installation is not combined with a
second engine to provide a balanced design [9].

¢) The opposed-piston is inherently well-balanced, ideally vibration-free, with equal prime mover
masses. However, challenges include the requirement for robust piston synchronization if the
mechanical synchronization linkage is omitted in the design. Consequently, to apply a proxy
synchronization, recent studies have presented the requirement for an elaborate multi-layered controls
strategy [10—12].

2.2. Coupled Translational Loads

FPEs are, in general, described as translational machines with linear motion characteristics. Thereby
highlighting the requirement for coupling to a translational load. The translational load will have key
requirements to convert the combustion energy to useful work and energy during power generation. The
requirements are summarized below [13]:

1) The translational load must have the minimum energy conversion losses for overall system efficiency.

2) The load must tolerate high accelerations and velocities.

3) The load must tolerate high non-linear forces from the cylinder combustion process.

4) The load must tolerate heat transfer from the cylinder combustion process.

5) The intended coupled load sizing, load mass and load dynamics are complementary and congruent to
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the intentional design and operational parameters of the FPE.

The piston motion can be thought of as influenced and shaped dynamically by the FPE architecture through a
balance of forces. Aichlmayr [7] presented the coupled loads as a free-body diagram, as illustrated below in Figure 4.

Figure 4. Free-Body Diagram. Reprinted with permission from [7].

Where m is the translator mass, x the translator position, P the in-cylinder pressure, 4 the piston area and
F, the coupled load respectively. Additionally, Aichlmayr considered the non-linear and linear relationships
between the various translational load forces, as shown below in Figure 5. Another significant effect of the

coupled loads is their influence on the FPE’s frequency which is a function of the net dynamic forces exerted
upon the translator mass.
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Figure 5. FPE Translational Coupled Loads. Reprinted with permission from [7].

The analysis of a CPE generally uses crank angle measured in degrees. However, the FPE uses a
translational position instead of an angular position. The convention of Equivalent Crank Angle (ECA) was
introduced to compare the two engine types and defined as £CA4 = 360 ¢f [7], where ¢ is time and f is
frequency respectively (i.e., 15 Hz < /< 30 Hz).

Moving on now to consider the key advantages and inherent challenges of free-piston engine
technology, they are summarized below:

Advantages:

1) Lower vibration than the CPE in the opposed-piston and dual-piston types due to the piston mass

force being negated by the opposing piston mass.

2) Lower frictional losses than the CPE due to the elimination of rotating components and reduced
mating surfaces.

3) Higher mechanical and thermal efficiency compared to CPE due to the elimination of moving masses
such as the flywheel and crankshaft, reducing inertial forces. In addition, lower heat transfer losses
(opposed-piston especially) as pistons accelerations are more significant than conventional engines,
converting the heat energy into work four times faster [2].

4) Multi-fuel options due to the ability to alter the piston motion and trajectory and utilization of
variable Compression Ratio (CR) modes during operation, thereby permitting Low-temperature
Combustion (LTC) and Homogeneous Charge Compression Ignition (HCCI) combustion modes.

5) Compact design relative to its counterpart, the CPE, due to elimination of cylinder head (opposed-
piston specifically), valve gear drive (uni-flow scavenging) and crankshatft.

6) Lower Nitrogen Oxide (NO,) formation due to lower peak combustion temperature is from the altered
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piston motion profile at and approaching Top Dead Center (TDC), albeit once utilizing variable CR modes.

Challenges:

1) Increase in cycle-to-cycle combustion variability due to lack of kinematic constraints and elimination
of rotational inertia of the prime mover relative to the CPE.

2) Requirement for robust and accurate piston tracking (i.e., controller) due to eliminating the kinematic
constraints on the piston motion.

3) Requirement for robust piston synchronization if the mechanical synchronous linkage is omitted in
the design (i.e., opposed-piston type).

4) Increase in the probability of piston-to-cylinder head contact if piston tracking control is not achieved
during operation (i.e., single-piston type).

3. Free Piston Engine (FPE) Design

The design history of the FPE can be divided into two categories [3]. Initially, the first generation
included free-piston air compressors and gas generators (Circa 1925 to 1950). This initial development
spurred the second generation of FPEs (Circa 1944 to present), including free-piston electrical generators,
free-piston Sterling engines, free-piston hydraulic machines and free-piston expanders as illustrated below in
Figure 6.
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Figure 6. FPE Literature Flow Diagram.

1928 saw the introduction of the Free Piston Engine (FPE), which was the utilization of combustion to
provide useful work, when the Frenchman, R. Pescara patented its use as a motor-compressor apparatus
(widely credited as the inventor) [14]. Initially conceived in 1922 (as a single-piston engine) whilst
investigating a solution for a lightweight machine and compressor combination to provide compressed air for
helicopter rotor propulsion [1]. Unable to find a commercially available solution, like any inventor, he
developed his design. His endeavors resulted in an FPE diesel compressor system as shown below in Figure 7.
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Figure 7. FPE Twin Stage Air Compressor. Reprinted with permission from [7].

Pescara assembled a group of capable engineers and designers in the preceding years. Amongst them
was R. Huber, who became the technical director of the manufacturing organization Societe Industrielle
General de Mechanique Appliquee (SIGMA). He additionally manufactured the GS-34 (Gas Generator) and
the P-13 (Diesel Compressor).
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3.1. Air Compressors

The first generation of the FPE introduced the reciprocating engine work being absorbed by a pneumatic
compressor as presented above in Figure 7. This simplification was accomplished by constructing the engine
piston and compressor into one single assembly [1]. Professor Junkers and the German Navy utilized this
solution for a compact FPE four-stage air compressor aboard its submarines to propel its torpedoes. To
explicitly illustrate the low vibration of the Junkers four-stage compressor, in 1936, at the Leipzig Fair in
Germany, the compressor was suspended by a single rope while operating at total capacity, delivering 2 m* of
air, compressed to 370 pounds gauge pressure at 44% efficiency. A pencil, balanced on the housing, indicated
the absence of vibration, noise and movement to the astonished viewers [2]. However, with Junker’s efforts
steered towards supplying the German Navy, Junkers halted the development of the FPE.

3.2. Gas Generators

A continuing development effort by Pescara and SIGMA on the FPE as an air compressor witnessed the
FPE evolving to its utilization as a gas generator. Whereby the moving mass piston was not attached to the
load directly. In this configuration, the piston work is absorbed by the supercharger turbine, with exhaust
gas’s high back pressure flow being the moving fluid for a power gas turbine. Therefore, there was no
requirement for the mechanical connection of the reciprocating piston and rotational turbine components.
Instead, a fluid coupling was realized, as shown in Figure 8.
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Figure 8. FPE Gas Generator. Reprinted with permission from [15].

During the latter stages of World War II, the development of the FPE in the United States (US)
commenced after the US Navy acquired a Junker’s air compressor. The initial US Navy study led to a
development contract with the Baldwin Owens Hamilton Corp, a division of General Machinery Corp
(GMC). As a result, several gas generator models were developed, including a two-stage generator and a
single turbine unit of 1000 kW, which underwent extensive testing by the US Navy.

Post World War II development of the FPE as a gas generator and air compressor unit waned,
understandably, reflecting the well-established CPE utilized in both marine and automotive and emerging
propulsion with turbo jets in the aerospace industries.

3.3. Electrical Generators

The second generation of FPE development presented its translational coupling to an electrical load. In
1944 a coupling of a free piston engine (opposed-piston) to a translational and linear electric generator was
proposed by P. Ostenberg, with his electric generator patent filed in 1943 [16]. Ostenberg’s novel architecture
is illustrated below in Figure 9.

One modern-day key enabling technology for coupling the FPE to electrical loads (i.e., electrical motors
and generators) is the advancement of Permanent Magnets (PM). Although the literature shows that the
earliest electric machines utilized PMs, their capacity and efficiency were drastically reduced by the lack of
magnetic flux strength of the magnets available at that time in their development [17]. The rapid development
of PMs has spurned increased interest in coupling the FPE to the LEM.
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Figure 9. FPE Electric Generator. Reprinted with permission from [16].

3.4. Sterling Engines

W. Beale, in the late 1950s, first presented the utilization of the Sterling engine in a translational FPE
configuration. With the dynamics of the Sterling FPE being dynamically constrained, Beale developed
numerous small FPE demonstrators such as a water pump, electrical generator, and a refrigeration pump [18].

E. H. Cooke-Yarnborough developed the Harwell Thermo-mechanical Generator (TMG) in 1967,
intended as a low-cost remote electrical power generator with an indicated power of 170 W at a high
operating frequency of 110 Hz [19]. However, this low-cost TMG was limited by the relatively low thermal
to mechanical efficiency of 10%, and is illustrated in Figure 10.
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Figure 10. Stirling Generator. Reprinted with permission from [19].

3.5. Hydraulic Machines

As introduced by P. Achten in 1994, working alongside Innas BV, an engineering company in the
Netherlands, the group started initial development on a diesel-fuelled Direct Injection (DI) single-piston FPE
coupled to a hydraulic load, with development starting as early as 1987. With three prototypes being built and
tested, the FPE is termed the Innas Free Piston Engine (IFP) [8].

Developed as a replacement for diesel-hydraulic drives, such as used in off-highway equipment, forklift
truck and buses, this diesel-hydraulic engine with diesel fuel energy used on the combustion side and
hydraulic energy on the load side indicated promising performance. With a total piston mass of 3 kg a net
effective hydraulic power demonstrated to be 30 kW with a maximum fluid flow of 79 L/min. Continued
development of the Innas hydraulic FPE with Dutch company NAOX produced the CHIRON. The authors
state that the energy from the combustion process is almost directly converted to hydraulic energy [20].
Achtens schematic of the novel CHIRON engine, including the fluid pressure accumulator layout by which
fluid energy is stored, is shown below in Figure 11.



8 of 27

high pressure

\\® » Ccommon
/
HHZ

_» pressure

/" rail (CPR)

J

low pressure —

combustion pump compression
part part part

@ pump and rebound piston  ® compression accumulator (1 L)

@ pump piston @ fast response frequency control valve
® compression piston piston return valve

@ suction valves @ compression pressure control valves
® pressure valves low pressure accumulator (0.2 L)

Figure 11. FPE Hydraulic Machine. Reprinted with permission from [20].

3.6. Expanders

The recovery of waste energy from the combustion cycle in rotary turbines, scroll expanders, crankshaft
piston expanders and vane expanders has been extensively presented in the literature [21]. However, the
literature presenting energy extraction for small-scale linear expanders is limited. Heyl et al.” s [22] 1999
study concluded that the application of a linear expander-compressor could improve the thermodynamic
efficiency of the transcritical CO,.

Furthermore, a linear expander coupled to the LEM was presented by Weiss et al. [23], who developed a
linear expander designed to produce power from low-temperature energy sources, in this case, steam.
Whereby the energy recapture efficiency was shown to be approximately 88% for the scenarios considered.
Li et al.” s [24] 2019 study presented a dual-acting single-piston linear expander (small-scale Rankine cycle
using dry air) coupled to a LEM and concluded that peak power of 2.5 W and thermodynamic to the electrical
conversion efficiency of 31% where observed at a relatively high resistive load of 80 Q. Figure 12 below
illustrates Li et al.’ s prototype linear expander.

Rear end cap

Do

0: Zero-point displacement ~ St: Theoretical stroke ~ A: OTDC
Smax: Maximum stroke Sa: Actual stroke B: OBDC

Figure 12. Linear Expander. Reprinted with permission from [24].

This section has attempted to provide a summary of the literature relating to the design history of the
FPE when coupled in-directly to loads, such as in the case of the hydraulic machine or directly as in the case
of the electric generator. The following section will present the recent development progress of the FPE in
extracting useful work.

4. FPE Development

As far as recent FPE development is concerned, the literature indicates that the dual-piston dominates
recent efforts, both in industry and academia, with approximately 80% of total papers reviewed considering
the design, development and experimental test being the dual-piston architecture, as illustrated in Figure 13.
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Figure 13. FPE Development.

With the removal of the crankshaft mechanism, the FPE piston motion profile fundamentally differs
from that of the CPE, as presented below in Figures 14 and 15. These differences have been highlighted by
numerous influential authors, including Goldsborough et al. [25] and Mikalsen et al. [26]. Whereby the piston
motion not being constrained mechanically leads to the lack of direct control of the desired piston position
and the compression ratio. Being kinematically constrained, in effect, enables the highly non-linear and
turbulent combustion process to be damped. As a direct comparison, the CPE’s inertial influence of the
crankshaft, although allowing a pseudo-stable combustion process, will limit design flexibility for piston
motion, compression ratio and temperature history. Consequently, the system dynamics of FPEs now
influence the piston motion, advantages of which can lead to the optimization of several operational modes,
in contrast to just one, as in the case of the CPE [9,10].

Figure 14. Piston Position Comparison. Reprinted with permission from [26].

Figure 15. Piston Velocity Comparison. Reprinted with permission from [26].

A more detailed account of recent FPE development is given in the following sections.

4.1. FPE Numerical Methodology
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On the question of numerically describing the system dynamics, in general, the models are simplified to
reduce their computational cost. This section will introduce the vital numerical methodologies presented in

the literature [6,15,25].
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4.1.1. Piston Dynamics

Forces acting on the piston can be equated to those from the combustion forces, LEM, from the rebound
device and parasitic loads such as friction. Piston dynamics can therefore be generalized using Newton’s 2nd
law of motion. This generalized approach is presented by numerous authors, including Goto et al. [27] and
Feng et al. [28] in their respective physics-based modelling studies:

d*x —F oy F5—F gt F,,, The motoring process

mot?
=>m = 1
2F dt Foppy—Fs—F,y—F,,. The generating process M

gen’

comb

where the forces acting upon the piston (i.e., translator) in motoring and generating modes are shown as F’

comp

due to compression, F,,,, due to combustion, F, due to friction, F, due to rebound device, F,,, due to the

mot

electric motoring and F,,, due to the electric generator respectively.

4.1.2. Linear Electric Machine

Established FPE LEM theory considers a generalized approach that describes the net voltage across the
stator itself and a series connected and idealized resistive load, as shown below and illustrated in Figure 16 by
Lietal. [29]:

e(r) =ri(r) + 0 pigy @)

where € is the equivalent electrical circuit voltage, i the circuit current, L the stator inductance, r the stator
resistance and R the idealized resistive load respectively.

Figure 16. Idealized Electrical Circuit. Reprinted with permission from [29].

Subsequently, during the transient engine motoring period, the LEM is utilized as a motor, enabling a
sufficiently high in-cylinder pressure to allow for initial combustion. The simplified motoring force Fmot is
generally shown as the following [30,31]:

F

mot = K qu (3)
where K, is described as the force constant of the linear electric machine and proportional to the stator current,
in this case, the g-axis stator winding current i, (i.e., when simplified in the dg0-axis rotational frame).

The LEM is utilized as a generator during steady-state power generation, which can be described as a
resistance or damping force. An idealized generating force Fgen description is typically used, which is shown

as follows [32,28]:

. @)

where u, is the generator coefficient, which is also described as the Back Electromotive Force (EMF) and is
proportional to the piston velocity x”; however, the above description may fail to capture the inherent non-
linear stator winding cross-coupling. Furthermore, it may neglect the influence of rectifying the generated
Alternating Current (AC) to Direct Current (DC) on the motor force and any subsequently induced harmonics.

4.1.3. In-Cylinder

Integrating the governing differential equations representing the system in a multi-dimensional
modelling approach is relatively computationally heavy. In comparison, a computational cheap zero-
dimensional (0-D) approach cannot identify more subtle features, such as in-cylinder gas dynamics and their
influence on emissions formation. However, a 0-D thermodynamics approach can be employed for initial
engine performance evaluation and piston dynamic characterization, as presented in Mao et al.” s [33]
computational study and illustrated in Figure 17.
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Figure 17. FPE 0-D Thermodynamics. Reprinted with permission from [33].

One can use single-zone models to describe the in-cylinder gas temperature, pressure, mass and energy,
assuming the composition to be uniform and homogeneous. The heat-release rate from adding fuel to the in-
cylinder gases can be captured with a zero-dimensional approach.

A single-zone approach represented mathematically assumes the in-cylinder gases obey the ideal gas
law, plus the specific heat constant Cv and the gas constant R are constant throughout the process and are
presented as:

dU _dQ dv

= a P A ®
where % is the time derivative of internal energy, P% is the time derivative of volumetric work, % is the

time derivative of heat addition and loss of the system, H. is the inlet charge enthalpy and H, is the exhaust gas
enthalpy respectively. In general, the inlet and exhaust flow enthalpy are omitted to simplify the expression.

4.1.4. Combustion

The combustion process heat release in Spark Ignition (SI) and Compression Ignition (CI) combustion
can be described by the mass fraction burnt (i.e., Wiebe Function) and is appropriate for describing the heat
release rate in a single-zone and multi-zone modelling approach. However, a double Wiebe function may be
employed for increased numerical precision. The time derivative of the heat release due to combustion Q.
is defined as the following. It has been presented by numerous authors, including Mikalsen et al.” s [34]
computational study on diesel combustion:

dOcoms _ ry dx(0)
dt : _Qin dt (6)

where O, is the combustion process energy, Q,, is the chemical heat energy input and y is the Wiebe
function. The chemical heat energy is shown as the following:

0,= thvmmf (7

where Q,,, is the fuels lower heat value, 7, is the combustion efficiency (~95-98%) and m, is the fuel mass. A
direct comparison of the in-cylinder pressure evolution between the CPE and FPE is presented below in
Figure 18.
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Figure 18. In-Cylinder Pressure Comparison. Reprinted with permission from [34].
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4.1.5. Rebound Device

The force exerted by the rebound device force on the translator mass can be created by a mechanical
spring and a pneumatic air spring and has been investigated and described by numerous authors. These
include Kigezi et al.” s [32] study on a model-based control design approach, where the relationships are
shown as the following:
ksxp

F =
rd Pbc Ap

®
where k£ is the mechanical spring constant (i.e., mechanical spring), P, is pressure in the pneumatic bounce
chamber (i.e., pneumatic air spring) and 4, is the piston surface area.

4.2. Critical Developments

Moving on to consider current critical developments, the following section will introduce studies that
have moved the literature forward.

4.2.1. Single-Piston

Moriya et al. [27] from Toyota Central R&D Laboratories conducted a thorough numerical simulation
and experimental investigation of a single-piston FPE with a pneumatic single-acting chamber as a rebound
device. The numerical modelled scheme used a physics-based description of the piston dynamics. In addition,
the combustion models employed an idealized zero-dimensional SI and Premixed Charged Compression
Ignition (PCCI) approach.

Interestingly they used a W shaped piston, with the smaller diameter side of the piston for combustion
and the larger diameter side for the rebound device. Furthermore, they were utilizing a two-stroke cycle,
whereby the in-cylinder gas exchange process exploited uni-flow scavenging, in turn employing conventional
poppet valves in the cylinder head. A commercially available magnetic field analysis software solution was
used to describe and understand the LEM behavior. Experimental results show that the ST & PCCI generated
a power output of 10 kW and 13 kW, respectively. In the case of PCCI, the indicated thermal efficiency was
42%. This investigation was extended by Goto et al. [35,36] to include a novel control method to improve the
machine’s efficiency and stability. The experimental single-piston FPE is shown below in Figure 19.

Air Spring Chamber
-/ Air Seal Ring
I .

Scavenging Port

Fuel Injector
Spark Plug

Permanent Magnet e
Slider

Stator Windings

Linear Generator

Figure 19. Toyota Single-Piston FPE. Reprinted with permission from [35].

4.2.2. Dual-Piston

The development of the dual-piston FPE has been extensively presented by academia, including
Mikalsen et al. [34,37,38] and Jia et al. [31,39,40]. However, Van Blarigan et al. [41] at the Sandia National
Laboratories (SNL) conducted a seminal investigation on a new approach to the ideal Otto cycle, utilizing a
dual-piston FPE operating on HCCI combustion coupled to a LEM. In this study, the LEM produced
electrical energy yet also aided control of the compression ratio by varying the electrical load and hence the
rate of energy production. Various fuels were investigated, including natural gas, hydrogen, methanol and
gasoline-reduced mechanisms such as n-heptane and iso-octane operating at a relatively high CR (i.e., 30:1)
and low equivalence ratio (i.e., 0.34). The experimental results for propane and natural gas indicated an
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increase in measured thermal efficiency value of 56%, whilst NO, emissions were comparatively low (<10
ppm). Figure 20 below illustrates the singular piston and central LEM.
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Figure 20. Sandia National Laboratories (SNL) Dual-Piston FPE. Reprinted with permission from [25].

The above study was extended to include a numerical investigation into HCCI combustion of Hydrogen
[25], also presenting a simulation study characterizing the piston motion exhibited by the FPE, which was in
direct comparison to the CPE. Thereby presenting that the FPE spends less time at TDC than the CPE.

4.2.3. Opposed-Piston

A novel FPE type described as an Opposed-Piston Opposed-Cylinder (OPOC) was presented by Li et al.
[42] at the University of Minnesota, yielding numerical, experimental and control studies in the coupling of
this unique cylinder configuration (donated by Ford Motor Company) to a hydraulic load. The group presented
a physics-based control-oriented modelling approach with a zero-dimensional numerical description of the
piston and in-cylinder dynamics. The investigation considered the interactions between the combustion,
scavenging process, piston, and hydraulic dynamics under various load conditions. Multi-fuel simulations
utilized HCCI combustion (i.e., 8 < CR < 25), which included diluting the in-cylinder charge with Exhaust Gas
Re-circulation (EGR) to aid HCCI combustion efficiency by retaining the in-cylinder gas temperature.

The initial engine firing test indicated that the 0.6 L engine exhibited unstable combustion at various
operating points. With a continued development effort, Zhang et al. [43 —45] addressed these inherent
instabilities, where a robust and effective controller solution for piston tracking was investigated and
presented, described as a virtual crankshaft which effectively guided the piston to track a pre-defined
trajectory. This novel FPE type, which includes hydraulic servo valves feeding the low-pressure and high-
pressure accumulators, is shown in Figure 21.
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Figure 21. Opposed-Piston Opposed-Cylinder (OPOC) Hydraulic FPE. Reprinted with permission from [42].

4.3. FPE Development Progress

The subsections above have presented the current literature relating to critical developments. To
conclude this section, Table 1 below summarizes the current FPE development progress.
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4.4. Fuel Development

Alternative fuels development within FPE research is gaining moment, driven by a global low-carbon
objective as highlighted above in Section 1 [4]. Furthermore, achieving net-zero CO, emissions by 2050, as
first presented by the IPCC report on the impacts of global warming of 1.5 °C above pre-industrial levels, has
spurred renewed interest in alternative fuelled FPEs [106]. The FPE is a crucial enabler motivating further
research into fuels such as hydrogen and ethanol, which is critical in addressing gaseous combustion
emissions of thermal hybrid propulsion technologies.

Hydrogen has been investigated in numerical and experimental FPE studies from Sandia National
Laboratories (SNL), including seminal dual-piston numerical studies led by Van Blarigan et al. [41] and
opposed-piston experimental work led by Johnson et al. [11]. Furthermore, one indicated the advantage of
hydrogen compared to Hydrocarbon (HC) based fuels includes a substantial increase in specific energy with
33.3 kWhkg™' compared to 12.8 kWhkg™' for gasoline. Furthermore, SNL’s work included using multiple
fuels in their investigation into employing HCCI, whereby the indicated thermal efficiency of propane and
natural gas combustion were approximately 56% (7).

Bai et al. [69] studied methane HCCI combustion in a micro FPE. The numerical simulation results of
methane combustion allowed the group to deduce a mathematical relationship for critical initial kinetic
energy to ensure successful combustion.

Ngwaka et al.” s [84] recent work investigated hydrogen fuel in a dual-piston FPE prototype. The study
compared both the 2-stroke operation and 4-stroke operation processes of the SI hydrogen engine.
Experimental results indicated the thermal efficiency of the 2-stroke operating between 5 Hz to 11 Hz to be
32.3%, at an equivalence ratio of 0.38, with NO, emissions at 44 ppm.

This section has shown the current FPE fuel development progress. In addition, these studies are
summarized below in Table 2.

Table 2. FPE Fuel Development Progress.

Combustion Fuel Research Real-Time

FPE Type  Research Group Year Mode Type Methodology Control
Opposed-  Sandia National Laboratories [11] 2015 HCCI Hydrogen Slmulfltlon’ Yes
Piston Experimental

University of Minnesota [45] 2017 HCCI Multiple  Simulation No

Sandia National Laboratories [41,25] 1998 HCCI Multiple  Simulation No

Chalmers University [63] 2004 HCCI Multiple  Simulation No

Department of Energy Efficiency, .

KIER [9] 2012 SI Hydrogen Experimental No
Dual-Piston gingsu .Um}/.ermtty [6‘[)} . ) ig:;l CI Methane  Simulation No

ongqing Jiao tong University - . .

[89,90] 2019 SI Hydrogen Simulation No

University of Newcastle [84] 2020 SI Hydrogen Experimental Yes

Zhengzhou School of Mechanical 2022 I Hydrogen Experimental No

Engineering [92]

5. Control Development

The current literature indicates that 72% of control development efforts are steered towards the dual-
piston architecture, highlighting similarities to the general development efforts as presented in Section 4.
However, the above analysis may highlight the inherent advantages of the dual-piston in having a greater
specific power output due to the load extracting energy on every piston stroke and the disadvantages of the
other types, as highlighted in Section 2.2. Furthermore, the critical disadvantages of piston synchronization in
the opposed piston and the characteristic unbalanced nature of the single-piston may influence the recent
development efforts.

The key challenges and requirements of FPE control common to all FPE types, considering the omission
of the kinematic constraint and inertial masses in its design, are summarized below:

1) The challenge of a stable combustion process during power generation, with the critical requirement

for minimal cycle-to-cycle combustion and emissions variability via implementation of a proposed
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robust combustion control strategy.

2) The challenge of a stable compression process during motoring with the critical requirement of
achieving a predefined in-cylinder pressure for a robust initial combustion process via the
implementation of a proposed robust motoring control strategy.

In recent years, industry and academia have championed the challenges of describing, controlling and

optimizing the characteristic dynamics of the FPEs. These are summarized and presented below in Table 3.
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5.1. Control Objectives

As presented in the above sections, the FPE can characteristically explore an increasingly wide range of
piston motion profiles and trajectories during operation. However, this presents fundamental control
challenges as highlighted above in Section 5. The control objectives of the FPE have primarily been to
maintain absolute TDC and Bottom Dead Center (BDC) positions. Hence, accurate control of the piston
position may permit the desired CR. Furthermore, once implemented, stable combustion and energy
production may be feasible. In addition, the current literature presented several specific and unique control
requirements for each FPE architecture as summarized below in Table 4 [13].

Table 4. Control Objectives for FPE Architectures [13].

Control Goals
FPE Type Common Goal Specific Goal
Top Dead Center (TDC) Set-point Tracking Piston Synchronization
Opposed-Piston Compression Ratio (CR) Control Rebound Device Control
Avoid Mechanical Contact Engine Operating Speed
Dual-Piston Timing Control Bottom Dead Center (BDC) Control
Single-Piston Energy Demand Set-point Rebound Device Control

Engine Operating Speed

5.2. Control Strategies

This section presents current progress on stabilizing and controlling the inherently non-linear piston
dynamics, highlighting two control strategy solutions, piston position and piston trajectory.

5.2.1. Piston Position Control

The literature indicates that the TDC and BDC position dominant as the primary control objective.
Critical developments investigating this approach in motoring and power generation are presented below.

A numerical model describing the energy balance of a prototype diesel-fuelled, single-cylinder FPE Gas
Generator (GG), in conjunction with a multi-level supervisory control structure termed an electronic
crankshaft, and electronic camshaft was first proposed and investigated by Johansen et al. [95,96]. The
prototype architecture of the FPE was indirectly coupled to a power turbine to extract useful work (i.c., gas
generator). The satisfactory control of both the BDC position (via regulation of the fuel flow rate) and the
TDC position (via regulation of the air-flow rate of the rebound device) was presented. Control was
implemented by two linear Single Input Single Output (SISO) controllers, the higher-level SISO controlling
piston motion and the lower-level SISO controlling valve and fuel timing. Experimentally, the results
indicated adequate piston position control. However, FPE and control system design challenges remain,
including achieving sufficiently high reliability, fault tolerance, and robustness [95].

Bergman et al. [65] published a thorough Computation Fluid Dynamics (CFD) based optimization study
on a dual-piston FPE, in which they introduced a control system that regulates the electric force applied
during power generation and initial motoring, with the control objective of achieving a desired CR. However,
as referenced in the paper, the control design was developed by Volvo. Consequently, a detailed description of
this novel control strategy was omitted from the paper.

Mikalsen et al. [26] presented a predictive control system, essentially a piston motion controller, which
coupled the fuel flow rate and injection timing to the TDC position error. The TDC controller consisted of
two elements, a position measurement system and the TDC estimator, which provided outputs to control the
fuel flow and timing (Figure 22). The proposed control strategy predicted the TDC position during the
compression stroke. In addition, it regulated the fuel flow rate based on the predicted value rather than the
measured value to increase the controller’s transient performance. Results indicate superior performance
compared to the previously studied PI controller by the authors [108].
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Figure 22. Predictive Control. Reprinted with permission from [26].

Johnson et al. [11] conducted an experimental evaluation on a hydrogen-fuelled prototype opposed-
piston FPE, operating during both the motoring and generating phases of the cycle, which provided a detailed
description of an innovative pneumatic motoring system, which determines and regulates the supply pressure
delivered to the rebound device. However, the prototype was directly controlled via proprictary software
during its testing. Therefore, the control structure was not described in detail.

FPE Linear Generator (LG) position control during motoring presenting its operational stability and
state estimation was recently investigated by T. Kigezi [5], which included a thorough analytical approach to
determine an optimal starting strategy, terming the strategy as mechanical resonant. Furthermore, mechanical
resonant as a starting strategy has been proposed and investigated by various other authors, which include Jia
et al.”s [76] study on the effects of closed-loop controlled resonance of an FPE LG and Zulkifli et al.” s [68]
study on a mechanical resonance and rectangular current commutation strategy of an FPE LG. Both author’s
starting strategies provided an electromagnetic force to reciprocate the piston assembly during the initial
starting phase [68], without the need for an oversized LEM.

A Model Predictive Control (MPC) approach was proposed by Gong et al. [111] in controlling a dual-
piston FPE LG during power generating. Presenting a physics-based (to capture the non-linear FPE
dynamics) and a control-orientated modelling approach, an MPC design was proposed to manage the system
constraints and control the TDC position via regulating the fuel flow and electrical load. For state
observation, a TDC estimator, using Newton’s method alongside an Extended State Observer (ESO), was
implemented in the feedback control structure (Figure 23). The simulations demonstrated that the MPC
controller achieved satisfactory performance in TDC position tracking during transient load transitions.

load Y«
U, X,
—————— >
1
MPC L 4[]
TDC/BDC z
Newton
Observer

dk

Figure 23. Model Predictive Control (MPC) Feedback Control. Reprinted with permission from [111].

Jia et al. [13] presented a cascade control structure of a dual-piston LEM FPE during generating, with
the control objective of achieving stable piston position tracking at both TDC and BDC. A simplified
numerical description of the dual-piston FPE was presented. In the control-orientated approach, the piston
dynamics were described as a forced mass-spring-damper system, excited by an external force (determined
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by the combustion heat release process). The paper presented a linear cascaded control structure that
considered a target TDC position as the input reference and a commanded fuel injection flow as the output
command (Figure 24). The study and investigation indicated that TDC position is influenced by injected fuel
mass and electric load, and engine speed is influenced by injected fuel mass alone. The presented validation
results indicate improved transient performance of the controller compared to a single-loop strategy,
highlighting a reduced control latency, peak error and settling time.

Disturbance Disturbance

Target Injection

Target Error velo%i(y Error adjustment Velocity Displacement
TDC + PID + PID i = ] 1

Controller Controller Engine Generator =

- - FPEG
Velocity at middle stroke
S S Calculator
Actual TDC calcilatsr

Figure 24. FPEG Cascaded Control. Reprinted with permission from [13].

Zaseck et al. [87,112] highlighted the requirement for stabilizing feedback control for robust piston
motion during the power generating of a four-stroke, dual-piston hydraulic FPE and considering both a high-
fidelity and control-orientated model in their approach. A high-fidelity numerical model that could accurately
capture the piston dynamics, gas exchange process and hydraulic load were first developed, followed by a
control-oriented model that simplifies and implicitly characterizes the TDC and BDC positions using an
energy-balance description of the Otto cycle. Validation of the reference governor controller on the control-
oriented model indicates satisfactory piston position tracking performance during transient load conditions,
whereby the TDC position is the control objective.

Toyota Central R&D Laboratories [27,36] presented power-generating control of a single-piston FPE
LG. A numerical simulation of the single-piston FPE with a pneumatic single-acting chamber as a rebound
device was implemented in Modelica and considered a rudimentary multi-domain approach. Moreover, the
multi-domain simulation approach considered a simplified description of the LEM dynamics. A linear
negative feedback control structure for power generating control considered CR as the control objective,
achieved by regulating the electrical load coefficient. Experimentally, the results indicate satisfactory control
of the TDC and BDC positions.

Furthermore, the group extended the existing linear controller design to include a combined motoring
and generating control strategy, termed pendulum type control [35]. This strategy utilizes piston velocity to
regulate the TDC and BDC positions. The rectangular speed reference is defined by a calculated reference
amplitude and offsets using the errors captured at TDC and BDC (Figure 25). In addition, rebound device
pressure was regulated to assist in BDC control. Unfortunately, the proposed control strategy did not present
the controller architecture and simulation implementation. Nevertheless, simulation and experimental studies
validate stable operation in motoring and generating.
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Figure 25. Speed Control. Reprinted with permission from [35].
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Recent developments in controlling the absolute dead-center positions include a force control strategy
proposed by Chen et al. [103]. In this approach, the g-axis reference current was regulated to vary the force
produced by the LEM. The current reference profiles were rectangular waveforms to simplify this approach and
reduce the computational requirements, whereby an established Field Orientated Control (FOC) scheme was
utilized (i.e., i, = 0). In addition, feedback control was introduced to achieve convergence of the dead-center errors
(Figure 26). The proposed control strategy was verified experimentally on a dual-piston FPE, which omitted the
cylinder assembly using two mechanical springs to provide a functional force input to the LEMs translator. The
test results presented the TDC, and BDC errors were constrained to be no more than 0.25 mm. Although the
inherent non-linearity of the in-cylinder process was omitted in the experimental verification, this approach can be
extended to include piston trajectory control, as presented in the following section.

| % .
|: Dq axis PI Current Decoupling Control

r

I
I

I
| for PMLSM Drives lﬂ“—l I
| “
R (5] _ ; : =71
| o ) 2B "en] SVPWM|S,,. :
X 2 :
1 Neoce egpe(K)|| _Fy A4, (k) X A, (k+1) dg\ %] — 44} !
| kR L1 A ++ | Al
I :

X A, (k)i !
: Xoc|(k) p;?tic;)n Max position in 2 ’Q, 1 :
s the latest cycle = i i ;

: detection| "¢ MY ke Selection —] i 1S o |t [N gbje—2 '
i | ; Aa T aNE—
I
| |
I
| |
I I

1)
position Minimum position in 1% 1) /7 q
detection the latest cycle s :l Magnetic scale
! ' . AR —=x=:-,
b X -—-Tsssssse)
% [SESISTSE=N

Figure 26. Force Control. Reprinted with permission from [103].

Controlling the absolute dead-center positions by regulating the LEM stator current and hence varying
the FPEs electromagnetic force was also adopted by Zhao et al. [118] in a recent study (Figure 27). However,
this approach divides the piston movement into two distinct stages. The first stage varies the engine load with
a constant electromagnetic force, and the second adopts on-line trajectory tracking. Furthermore, the piston
velocity was established at the mid-point of the expansion stroke to account for variations in the combustion
process. Finally, the reference trajectory is optimized iteratively by the dead-center errors seen. A simulation
analysis to demonstrate the performance of the proposed online trajectory tracking strategy presented errors
in TDC and BDC in 0.20 mm and 0.50 mm under a fuel mass variation of 15%, which are comparable to
Chen et al.’s study.
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Figure 27. Stator Current. Reprinted with permission from [118].
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5.2.2. Piston Trajectory Control

More recently, literature has emerged identifying advancements in piston trajectory control compared to
piston position control. This novel approach considers sow the piston approaches the TDC and BDC
positions concerning its geometrical trajectory and is presented below.

As presented above in Section 4.2, Li et al. [42,50] proposed a novel model-based active controller for a
prototype OPOC hydraulic FPE, whereby the controller effectively acts as a virfual crankshaft, termed active
motion control by way of imposing a proxy CPE kinematic constraint on the system. These proxy constraints
were implemented via the hydraulic servo forces, regulating the fluid pressure delivered by the high-pressure
accumulator, acting as a varying load on the FPE. In addition, a low-order and linear control-orientated model
was presented to reduce the computational expense of the physics-based model, which used an established
system-identification approach inferred from the simulated data captured from the physics-based model. The
system identification process yielded a best-fit linear model with relatively low order. However, prior to the
identification of a linear model, a Proportional Integral Derivative (PID) controller was used to stabilize the
physics-based model, using a relatively large control gain. It is worth noting that this approach did not
account for the effects of the exogenous control on the low-order model dynamics.

The proposed control strategy characterizes the elliptical trajectory of the piston in Cartesian
coordinates, including the minor to major axis ratio Q (Figure 28). Despite using a robust linear proportional
feedback control architecture to stabilize the piston tracking performance, additional control was required by
employing a repetitive controller, as repetitive control characteristics typically included rapid and precise
reference tracking capabilities.
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Figure 28. Piston Trajectory. Reprinted with permission from [43].

Continued group development [43,50,51] presented promising controller performance with satisfactory
piston trajectory tracking, with trajectory-based combustion control being implemented in further
experimental testing. Zhang et al. concluded that the proposed strategy can affect the combustion process by
varying the ellipse profile, thereby directly altering the in-cylinder gas pressure, temperature history and
indicated work.

In this section, it has been presented that piston position and piston trajectory control may be critical in
the development of the FPE as a viable future thermal propulsion technology. The section that follows
summarizes the findings and literature presented in this paper.

6. Literature Review Summary

Most of the existing FPE LEM development recognizes that a linear mathematical description of the
FPE is computationally cheap and can be used in a control-orientated approach. However, naturally, they may
fail to fully describe the characteristic non-linear and multi-directional load interactions and their subsequent
impact on the system-level performance.

Controlling the inherent non-linear dynamics of the FPE is challenging as the machine is dynamically
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constrained. Whereby controlling the absolute piston position at its dead centers dominates the literature. In
so doing, regulating the fuel, LEM and rebound device energy inputs into the system can vary the piston
profile, hence the dead center positions. Emerging strategies include regulating the electromagnetic force load
to vary the piston trajectory between the dead center positions have been presented. Although the
characteristic behavior of the FPE is non-linear, employing established linear control architectures (such as
PID feedback) shows robust piston position control performance. However, besides MPC, non-linear control
schemes have not been investigated sufficiently to assess their viability in piston position control.

As highlighted above in Section 5.2.1, there is limited knowledge in the literature for controlling the
piston trajectory of an FPE during its motoring and generating phases. Nevertheless, piston trajectory
tracking and optimization may be viable and promising control objectives to address inherent combustion
instabilities of the FPE and its influence on the coupled loads. Furthermore, a development strategy
considering system-level and control design has not been investigated sufficiently.

In summary, describing and capturing the non-linear and multi-directional nature of the FPE in an
approach that considers system-level and control design is required to further the knowledge in this novel
field of study.
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