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h i g h l i g h t s

� This paper presents the ability of trajectory-based combustion control on reducing engine-out emissions.
� Asymmetric piston trajectories are designed aimed at reducing both CO and NOx emissions significantly.
� The trajectory-based combustion control not only reduces emissions but also increases thermal efficiency simultaneously.
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a b s t r a c t

Previously, the authors have proposed the concept of piston trajectory-based combustion control enabled
by free piston engines (FPEs). With this novel method, the FPE realizes in-cycle adjustment of combustion
phase and real-time control of in-cylinder temperature and pressure through variable piston trajectories.
As a result, higher indicated thermal efficiency, compared to conventional internal combustion engines
(ICEs), is achieved. In this paper, the effects of this new combustion control on engine-out emissions
are investigated. First, a comprehensive model is developed that includes different piston trajectories
in the FPE, a convective heat loss model and a reduced n-heptane reaction mechanism with major emis-
sions species. Afterwards, the chemical kinetics of CO and NOx emissions are described in details that
reveal the feasibility of reducing engine-out emissions by employing novel piston trajectories. At last,
analyses of the corresponding simulation results and comparisons of emissions and thermal efficiencies
between the FPE and conventional ICEs are presented, which further shows the advantages of the
trajectory-based combustion control.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Investigations of cleaner and more efficient ways for trans-
portation energy usage have attracted more and more public atten-
tions to date due to the increasing concerns on the environmental
issues and the future energy supply. Currently, vehicle propulsion
systems are still dominated by conventional internal combustion
engines (ICEs), a technology invented more than a century ago.
Although significant progresses have been made, the overall effi-
ciency of the ICE is still under the requirement while the room
for further improvement is limited. Furthermore, such limitation
is exacerbated if taking the engine emissions performance into
account.

Typically, the term ‘‘engine emissions” refers to several compo-
nents in the engine exhaust, including carbon monoxide (CO), var-
ious oxides of nitrogen (NOx), unburnt hydrocarbons (HC), and
particulate matter (PM). It is widely-known that unlimited release

of these pollutants would cause formidable damages to both
human health and environment [1,2]. As a result, more and more
countries and regions have provided or followed increasingly strin-
gent emissions regulations [3,4].

Technologies to reduce emissions are mainly separated into two
categories. One is aimed to optimize the combustion processes
inside the ICE and reduces so-called ‘‘engine-out” emissions
directly. Extensive researches have been conducted on this
approach and several technologies, including retarding the ignition
time [5–7], exhaust gas recirculation (EGR) [8–11] and advanced
fuel injection strategy [12–15], have been widely adopted in real
world applications. However, the reductions of emissions achieved
by these methods are limited, especially if higher engine efficiency
and fuel economy are required. For instance, it was reported that
between 5% and 10% EGR in the spark–ignition (SI) engine could
reduce almost half NOx emission in specific working conditions
[16]. Nonetheless, this NOx reduction is achieved by adding large
amounts of inert gases into the intake air–fuel mixture and there-
fore reducing the combustion rate and peak temperature. As a
result, the EGR method decreases the maximal achievable power
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in high load, increases the fuel consumption in elevated load and
causes unstable combustion or even misfire in low load or idle
condition.

The other approach is to reduce the engine emissions through
advanced aftertreatment systems. Such method receives great suc-
cess in vehicles powered by SI engines since its air–fuel mixture
remains at stoichiometric ratio for the majority of loading condi-
tions [17]. This feature ensures the effectiveness of the three-way
catalyst converter which decreases the tail-out production of CO,
HC and NOx simultaneously. Unfortunately, this system possess a
severe cold-start problem [18–20] and also fails to regulate the
emissions performance while engine is in transient (e.g. accelera-
tion) conditions [21,22]. On the other hand, comprehensive
aftertreatment system for compression-ignition (CI) engine is still
an open question which asks for further research. The existing
three-way catalyst converter cannot be adopted in diesel engines
directly due to the following two reasons: first, diesel engines usu-
ally operate in fuel-lean condition; second, the exhaust from the
diesel engine contains large amounts of PM and other organic com-
pounds which poison the catalyst easily. Other methods, such as
diesel oxidation catalyst [23,24], diesel particulate filter [25,26]
and selective catalytic reduction [27] are also proposed, but those
systems are quite complicated due to their strong temperature
dependence while the corresponding manufacture costs also
increase significantly.

Hence, existing emission controls in conventional ICE may not
be able to optimize the combustion processes and reduce the pol-
lutants under the entire engine operation domain. As a conse-
quence, revolutionary technical innovation is required to
transform the conventional ICE into a much cleaner and more flex-
ible energy conversion device.

Free piston engine (FPE), with a totally different architecture, is
considered as one of the most promising alternatives of conven-
tional ICEs [28–37]. Without the constraints caused by the
mechanical crankshaft, the FPE enables the ultimate freedom of
piston motion and be able to generate variable piston trajectories.
As a result, the FPE is able to utilize this variable trajectory as an
additional control means to enhance the engine performance.
The main technical barrier for the mass production of this technol-
ogy is the lack of precise and robust piston motion control since the
piston movement is determined by the combustion force and the
load dynamics in real-time [34,35,38–42]. Previously, an active
control, named as ‘‘virtual crankshaft”, has been developed by
the authors and implemented on a prototype hydraulic FPE
(Fig. 1). The ‘‘virtual crankshaft” mechanism is achieved by control-
ling the opening of the servo valve and therefore manipulating the

hydraulic forces acting on the pistons. Consequently, the piston
motion can be controlled to precisely track the desired reference
trajectories [34,35].

With the capability of generating various piston trajectories, the
FPE is expected to tailor the combustion processes in real-time and
optimize the combustion outputs by implementing the optimal
piston trajectory, which forms the basic concept of trajectory-
based combustion control. This expectation is rational since the
combustion process is determined by the interactions between
the gas dynamics and the fuel chemical kinetics through a feedback
manner (Fig. 2). The optimal piston trajectory can be designed and
generates the most appropriate volume profile to affect the afore-
mentioned interactions. Previously, the authors have investigated
the effects of various trajectories on the engine performance and
showed that the trajectory-based combustion control enabled by
FPE is able to adjust combustion phasing, reduce the heat loss
and therefore increase the indicated thermal efficiency [43]. How-
ever, few results have been shown previously to reveal the benefit
of the advanced combustion control on emissions reduction.

In this paper, the effects of the trajectory-based combustion
control on engine emissions are investigated and a new approach,
reducing the engine-out emissions by employing asymmetric pis-
ton trajectories, is proposed. A system model, including a
physical-based model representing the FPE operation and a
reduced n-heptane reaction mechanism [44], is developed which
demonstrates the feasibility of this new approach. The correspond-
ing simulation results show the trajectory’s positive influences on
the engine-out emissions, indicating the advantages of the
trajectory-based combustion control.

2. Modeling approach

The model is developed by assuming the combustion chamber
of the FPE as a homogeneous variable-volume reactor. Addition-
ally, the scavenging process is neglected and air–fuel mixture is
presumed to be well-stirred initially in the reactor. The detailed
modeling approach is presented as follow: First, a method aimed
to generate various piston trajectories in the FPE is presented. Sec-
ondly, a physics-based model is constructed using the first law of
thermodynamics and convective heat transfer process. Afterwards,
a reduced n-heptane mechanism [44] is employed to reproduce the
combustion process and emissions production. Finally, the model-
ing tools used to integrate the above subsystems into a completed
model and simulate the engine performance are introduced.

2.1. Variable piston trajectories

Due to the elimination of the mechanical crankshaft, the piston
movement in the FPE completely relies on the combination of all
the forces acting on the piston, including the in-cylinder gas force
and the variable loading force. As a result, arbitrary piston

Fig. 1. Picture of the Free Piston Engine at University of Minnesota.
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Fig. 2. Interaction between chemical kinetics and gas dynamics.
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