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ABSTRACT 
This work presents a systematic framework for the real time 

implementation of a new combustion control strategy – 
trajectory based combustion control – for the operation of free 
piston engines. The free piston engine is an alternative 
architecture of IC engines which does not have a mechanical 
crankshaft and hence allows extreme operational flexibility in 
terms of piston trajectory. The key idea of trajectory based 
combustion control is to modulate the autoignition dynamics by 
tailoring the pressure and temperature history of the fuel-air 
mixture inside the combustion chamber, using the piston 
trajectory as the control input, for the optimal operation of the 
free piston engine.  

Here, we present the experimental investigation of 
trajectory based combustion control using a novel instrument 
called controlled trajectory rapid compression and expansion 
machine (CT-RCEM) that can be used for studying a single 
combustion cycle of an internal combustion engine with 
precisely controlled initial and boundary conditions. The effect 
of the shape of the piston trajectory on the combustion phasing, 
combustion efficiency and the indicated thermal efficiency has 
been found to be significant. The experimental results indicate 
that the trajectory based combustion control is an effective 
strategy for combustion phasing control for FPE operation. 
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INTRODUCTION 
 The globally growing concern for reducing emissions 
and improving fuel efficiency has provided a significant push to 

the research effort in the transportation sector.  In the US alone, 
the transportation sector contributes to roughly 30% of the 
national energy consumption and 28% of the national 
greenhouse gas emissions [1]. A significant portion of this comes 
from highway transportation – passenger cars to light and heavy 
duty trucks – which is significantly dominated by internal 
combustion engines operating on fossil fuels. The current 
research efforts to address energy security and minimize 
emissions for the internal combustion engines takes a two-
pronged approach. On one hand, efforts are being made to 
improve the engine efficiency by technological improvements 
for the conventional engines as well as investigation of advanced 
low temperature combustion modes such as HCCI, SPCCI, etc. 
On the other hand, green fuels derived from bio based feedstock 
are being developed to reduce the carbon footprint. Hence, the 
end goal is to develop high efficiency low emissions engines that 
provide the flexibility of operation using renewable fuels. 

Free piston engine (FPE) is an alternative architecture of IC 
engines that does not have a mechanical crankshaft and the 
combustion energy is either directly converted into compressed 
fluid or electricity. By eliminating the constraint imposed on the 
piston motion by the mechanical crankshaft and connecting rod 
setup, the free piston engine provides several advantages over 
the conventional IC engines such as variable compression ratio, 
reduced friction losses, modularity, multi-fuel operation, etc. and 
hence shows a promising potential for efficiency improvement 
and emissions reduction [2]–[6].  

The key challenge for the FPE operation lies in the control of the 
piston motion in the absence of a mechanical crankshaft. Several 
control strategies have been used in the past to achieve sustained 
operation of the FPE, however, many of these strategies rely on 
calibration to be effective [3], [4], [7], [8]. The inherent 
complexity of the combustion and the gas exchange processes in *corresponding author: zsun@umn.edu, Tel: 612-625-2107 
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spent at the TDC leading to lower heat loss. This is essentially a 
validation of the simulation predictions previously reported in 
[11], [16], [25]. However, the results also indicate that the 
combustion efficiency first decreases with the Ω and then 
increases again. The reason for this trend is that the apparent heat 
release (𝑄𝑎𝑝𝑝), defined in (7), depends mainly on two competing 
effects – (i) the degree of completion of the combustion 
reactions, and (ii) heat loss during the combustion heat release 
(between 𝑡𝑠𝑜𝑐 and 𝑡𝑒𝑜𝑐). While for the higher Ω the piston spends 
more time near the TDC, i.e. the fuel-air mixture is at higher 
pressure and temperature conditions for longer, leading to a more 
complete combustion, at the same time, the heat loss is also 
higher. The combined effect of these two factors manifests as the 
cumulative heat release profile as shown in Figure 8.  

While the bulk heat loss, at a given operating point is mainly 
determined by the piston trajectory, several factors such as the 
effect of fluid dynamics inside the combustion chamber, 
boundary quenching due to wall heat transfer, crevice effects, 
etc., affect both – the heat loss and the chemical kinetics - 
contributing to the combustion efficiency trend seen above, 
which are difficult to account in a zero-D combustion model. 
Future work will involve further experimentation over a larger 
operating region to better understand such non-linear trends, 
testing the effectiveness and robustness of the supervisory 
control, and, further investigation of such nonlinearities.   

CONCLUSION 
This work lays the foundation of the experimental 

investigation of the trajectory based combustion control strategy 
for free piston engine operation in the advanced, kinetically 
modulated, combustion modes. While extensive simulation work 
had been shown the potential of this control strategy for 
efficiency benefit and emissions reduction, experimental 
validation is essential to establish the feasibility and 
implementation details. A newly developed combustion research 
instrument called the CT-RCEM has been used for the detailed 
analysis of the combustion performance. The CT-RCEM allows 
for the mimicking a single combustion cycle of the free-piston 
engine under well controlled environment with advanced 
diagnostic capabilities. This work presents the first experimental 
validation of the concept of trajectory based combustion control. 
It has been shown that the piston trajectory shape can be used as 

an effective control input to achieve combustion phasing control 
in a real-time implementation scheme. Moreover, the effect of 
the piston trajectory on combustion phasing and efficiency have 
been demonstrated to follow similar trends as predicted in the 
previous simulation works.  
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