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Project Objectives

FLEX-GEN aims to provide cutting-edge innovations in the FPLG technology, considered as mid- and 
long-term sustainable solution for power generations and power units for mobile applications

Main aim of FLEX-GEN is to develop new models, simulation tools and prototypes maximizing the 
sustainability of the FPLGs both for gen-set and mobility

The research flow has been divided into three main research areas as follows:

- Development of new mathematical models of all FPLG partes;

- Design, prototyping and testing of novel axial generators;

- Development of 1D and CFD multi-physic simulation tools to be used for pre-design and validation
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Each package 
contains two linear 
generator cores, 
operated in tandem.

Easy, modular installation
High availability & low 
maintenance
Up to 25 MW per acre 
scalability

Sandia National Laboratories Mainspring

Architectures & Power Unit sizing
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PARAMETRS VALUE

Fuel Gasoline

Bore 56.5 mm

Stroke 49.5 mm

Nominal CR 12.5

Air-Fuel ratio 14.57

Combustion Duration 3e-3 s

Combustion Efficiency 0.9

0D FPLG Matlab&Simulink Model And Main Parameters
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0D FPLG Matlab&Simulink Model Results
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0D FPLG Matlab&simulink Model Results
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SANDIA Permanent Magnet Linear Generator Prototype (PMLG)
[1] SAE Technical Paper 2016-01-0677, 2016.



Nome Cognome RuoloNome Cognome | Ruolo

LOGO ENTE 
BENEFICIARIO

FEMM/Simulink simulation

Experimental SANDIA Results

Model/Experimantal Results Comparison

BDC TDC
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A New Test-rig For Axial Generator Technology Development

Current SCE Updated SCE with 
axial generator To design and validate the ax-GEN, a SCE will

be exploited.

This process will be crucial for the
characterization of the waveforms (induced
voltages and currents) generated by the ax-
GEN and its validation.



Nome Cognome RuoloNome Cognome | Ruolo

LOGO ENTE 
BENEFICIARIO

Aknowledgements

This study has been partially carried out within the MOST – Sustainable Mobility Center and received 
funding from the European Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA E RESILIENZA 
(PNRR) – MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 – D.D. 1033 17/06/2022, CN00000023).

This study has been also partially carried out within the project “FLEXi-fuel high-efficiency linear 
piston engine for future power GENerators (FLEX-GEN)” funded by MUR within the “Fondo per il 
Programma Nazionale di Ricerca e Progetti di Rilevante Interesse Nazionale (PRIN)”PRIN 2022”, 
project number PRIN 2022 2022988F33_PE8.

This study has been also partially carried out within the project “HEFFYMAXGEN - High EFFiciency
hYdrogen Motor Axial GENerator

Finally, this study has been also partially carried out within the PhD research program of Raffaele 
Saviano carrying out within the Industrial PhD program of University of Naples “Parthenope” funded 
by the MUR and STC Srl through the Ministerial decree DM 117/2023. The PhD program received 
funding by PNRR, Missione 4, Componente 2, Investimento 3.3.



The  Fle x-Ge n  p ro je ct
FPLG cha racte riza tio n  and  p o te ntia l a sse ssm e nt via  
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Inte g ration of

- 1-D mod e ling of 
intake /exhaust p ip e s and  
scave ng ing

- 0-D mod e ling of in-cylind e r
the rmod ynamics

- Piston d ynamics
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• Increase in the  g e ne rating load  coe fficie nt imp rove s e fficie ncy

FPLG + co ntro lle r
TDC and  BDC p ositions contro lle d  b y acting  on ig nition p osition and  g as sp ring  p re ssure
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FPLG vs trad it io na l SI e ng ine

• Comb ustion timing :
• O p timize d for trad itional e ng ine (MBT)
• Contro ls the  e ng ine CR for the  fre e  p iston

• Faste r exp ansion stroke  in the  FPLG, wrt comp re ssion
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FPLG vs trad it io na l SI e ng ine
Efficie ncy comp arison for NG fue ling , λ = 1,CR=10

80%

90%

100%

110%

120%

Indicated efficiency Mechanical efficiency overall efficiency

    

• FPLG ind icate d
e fficie ncy mig ht b e  
slig htly lowe r, 
d e p e nd ing on 
comb ustion
p hasing

• Me chamical losse s
d ramatically
re d uce d (lack of 
force s normal to  
p iston motion)



FPLG + co ntro lle r
TDC and  BDC p ositions contro lle d  b y acting  on ig nition p osition and  g as sp ring  p re ssure
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• Re sults for CR = 10
• GLC = 350 N s/m (NG, λ = 1), 250 N s/m (H2, λ = 2)

ηind ≈ 3 7 %

ηind ≈ 4 4 .5 %
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FPLG + co ntro lle r
TDC and  BDC p ositions contro lle d  b y acting  on ig nition p osition and  g as sp ring  p re ssure
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• Efficie ncy could b e  furthe r increase d
b y maximizing the  load , so  as to  
re d uce  the  ig nition p osition (op timal
p hasing )

• Lean mixture s also increase the  
e fficie ncy d ue  to  re d uce d heat losse s

• Hig he r PFP limits -> g round  for CR 
increase for lean mixture s

Re su lts fo r CR = 1 3  – NG - λ = 1

GLC = 3 5 0  N s/ m

GLC = 2 5 0  N s/ m



FPLG + co ntro lle r
TDC and  BDC p ositions contro lle d  b y acting  on ig nition p osition and  g as sp ring  p re ssure

11

Re su lts fo r CR = 1 3 , H2 fue ling
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p intake = 1 ,5  b a r

p intake = 2  b a r • The  e fficie ncy is re p orte d he re
for the  maximum load  at each
lamb d a

• 5 3 % o f e fficie ncy has b e e n
found for lamb d a = 2.5 and  
p intake = 2 b ar.



Co nclusio n and  fu ture  p e rsp e ctive s
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- The  activity in the  Fle x-Ge n p roje ct hig hlig hte d the  p e cu lia r b e haviour of 
the  FPLG conce p t

- O p tim iza t io n p ro ce ss, workflow and  ind e p e nd e nt variab le s had to  b e  
re d e fine d

- The  in te g ra te d d ynam ic/ the rm o d ynam ic/ g a sd yna m ic ap p ro ach
re p re se nte d a ke y factor within the  ne w op timization p roce ss

- Furthe r re search work is ne ce ssary to  co nso lid a te and  va lid a te the  
ap p roach -> p ro to typ e and  exp e rime ntal te sts

- Le an  co m b ustio n , HCCI or h ig h-CR SI comb ustion re p re se nt the  most
p romising te chnolog y ways for a ve ry hig h e fficie ncy
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The  Fle x-Ge n  p ro je ct
FPLG >5 0 % e fficie ncy w ith  HCCI co m b ustio n  
and  a lte rna tive  fue ls

Tommaso Lucchini – Polite cnico d i Milano
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• Asse ssme nt of a multi-fue l, hig h-e fficie ncy FPLG for p owe r g e ne ration

• O p p ose d p iston config uration

• Fue ls: (b io)me thane and  H2

• Low te mp e rature  comb ustion (HCCI)



Po lim i Fle x-Ge n  act ivit ie s
CFD stud y o f g a s e xchang e and  co m b ustio n in  FPLG g e o m e trie s

SI-FPLG: m o b ility

Targ e t: 10-20 kW
SI sto ichiome tric comb ustion with tumb le flow
Low-Pre ssure  d ire ct-inje ction
Bore : 56.5 mm
Stroke : 49 mm
Comp re ssion ratio : 12

Intake

Exhaust

HCCI-FPLG: p o w e r g e ne ra tio n

Targ e t: 40-60 kW
HCCI ultra-lean comb ustion
Port-fue l inje ction (g as from the  g rid )
Bore : 80 mm
Stroke : 450 mm
Extre me  comp re ssion ratio



SI-FPLG
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1 D re a list ic sche m atic d e fin it io n
w ith  CFD sim ula tio n re su lts

Intake

Exhaust

Base

Fina l

Und e rstand ing cha rg e m o tio ns
and  fue l-a ir m ixing

Time = 0.0245 s

Time = 0.0330 s

Time = 0.0285 s

U0 100
lambda

0 21

Co m b ustio n  sim ula tio ns

Time = 0.0328 s Time = 0.0333 s Time = 0.0337 s

CFD comp ute d b urne d mass fraction
unconve ntional p rofile use d in 1D simulations



Ho w  to  m axim ize  the  e fficie ncy o f an  IC e ng ine ?
Svre ck (2 0 1 1 ) Exp loration  o f Co mb us tion  Stra teg ie s  fo r Hig h-Efficie ncy, Extreme Co mp re ss io n Eng ine s

O p p o se d fre e -p isto n co nfig ura tio n
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CFD sim ula t io ns: fro m  RCM to  CH4-FPLG
RCM Exp e rim e nt CFD 
va lid a tio n (CH4, 𝝀𝝀 = 𝟏𝟏)

RCM Sim ula tio ns
(CH4,le an)

• O rig inal RCM g e ome try
• Max d p /d t limite d  to  

~10 𝑀𝑀𝑀𝑀𝑀𝑀/𝑚𝑚𝑚𝑚 to  avoid knock
• Bore  = 50 mm
• Stroke  = 1700 mm

RCM e ng ine -like g e o m e try (CH4,le an)

• Bore  = 80 mm
• Stroke  = 400-600 mm
• Variab le p re ssure  in the  g as 

sp ring
• Piston mass: 10 kg
• 𝜆𝜆 = 1.5 − 3.3
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CH4-FPLG CFD sim ula t io ns: first  g e o m e try

Engine data

Bore 80 mm

Stroke 446 mm

Compression ratio 50

First asse ssme nt o f the  FPLG:
• Uniflow config uration
• 8 p orts exhaust
• 12 p orts intake
• Symme tric p iston motion law p rofile  ob taine d  

from RCM engine-like exp e rime nt

INTAKE EXHAUST

CYLINDER



CH4-FPLG CFD sim ula t io n  re su lts : g a s e xchang e
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Methane slip
INTAKE EXHAUST

Operating condition
Frequency 16.5 Hz

Intake pressure 1.05 bar

Injection Port fuel

Lambda ≈ 2

Me thane  slip :
>5000 p p m 



CH4-FPLG CFD sim ula t io ns: fina l g e o m e try
Intake  manifo ld  d ivid e d  into  two re g ions to  
limit me thane  slip :
• First one  that is op e n fille d  with air only
• Se cond  one  with air and  fue l

AIR EXHAUST
CYLINDER

AIR+FUEL

Comp re ssion stroke  was slowe d  d own b y a 
5% comp are d  to  exp ansion 



CH4-FPLG CFD sim ula t io ns: g a s e xchang e

AIR EXHAUSTAIR+FUEL

EPO EPC

IPO IPC IPO IPC

EPO EPC

Re d uce d  
me thane  slip



CH4-FPLG CFD sim ula t io ns: g a s e xchang e

AIR EXHAUSTAIR+FUEL

EPCIPC

Re d uce d  
me thane  slip

Target λ

Main outp uts afte r g as exchang e :
• Targ e t 𝜆𝜆 = 2 reache d
• Good  homog e ne ity ind ex b e fore  TDC
• Me thane  slip  re d uce d  (-70%) b ut some  

imp rove me nts are  re q uire d



CH4-FPLG CFD sim ula t io ns: co m b ustio n

HCCI: fast 
combustion

HCCI starts 
after TDC



CH4-FPLG CFD sim ula t io ns: co m b ustio n CFD output 
IMEP 6.7 bar

Indicated power 49 kW

Indicated 
efficiency 58%

Possible issues:
• Blowby not considered
• HCCI ignition control
• After-treatment (no TWC)

HCCI: fast 
combustion



Bore 81.15 mm

Stroke 220 mm

Mover mass 4.9 kg

Compression ratio ~ 30

Frequency ~ 30 Hz

Power ~ 15 kW

Intake pressure 1.2 bar

Intake temperature 300 K

Equivalence ratio 0.15

H2-FPLG sim ula t io ns

15

Sand ia  p ro to typ e (2 0 1 6 ) Gasd yn+Sim ulink in te g ra te d m o d e l

• Gasd yn for comb ustion chamb e r and  d ucts
• Simulink for g as-sp ring  and  e le ctric machine



H2-FPLG sim ula t io ns
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• Stroke  increase s with CR
• Symmetry of p osition-ve locity

d iag ram increasing with stroke

• Slig htly lower e fficiency value s
(H2 ig nite s earlie r than CH4)

• Efficiency d ecrease afte r CR = 
35

• H2 ig nite s always b e fore TDC 
(comp ression ratio  limitation)

• All case s with 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 < 10 𝑀𝑀𝑀𝑀𝑀𝑀/
𝑚𝑚𝑚𝑚



Co nclusio ns
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• 1D and  CFD simulations sup p orting op p ose d -FPLG d e ve lop me nt for mob ility
and  p owe r g e ne ration ap p lications;

• De finition of a SI comb ustion syste m for mob ility ap p lications

• Pote ntial of HCCI comb ustion for p owe r g e ne ration:
 De finition of a p re miniary comb ustion chamb e r config uration
 Ve ry lean comb ustion (𝜆𝜆 > 2)
 Ind icate d e fficie ncy > 55%
 Near-ze ro  e missions
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