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Project overview

* Name: Free-Most

* Duration: 10 months (started on August 2024)

» Budget: 270.000 €

* Partners:

o University of Sannio
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Project aim in brief

* Modeling study of free piston linear generator (FPLG) system with a specific focus
on the electromagnetic part jointly with power converter and a battery

* Control system study and design for a FPLG coupled with battery

* Digital twin development for the system FPLG + power converter + battery

* Magnetic design of a FPLG

* Desing and setup of an experimental test rig for a FPLG system
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What is a FPLG?

Air Spring Chamber _ * Main components:
<, Air Seal Ring i .
. N Scavenging Port o Combustion chamber(s)
N~ B Fuel Inject . .
Y & e, e o Linear electric motor/generator (permanent
Check Valve,, ~ 7 e 5
Exhaust Valve magnets on the mover)

, i LS Th ) o Rebound chamber

—
e,

Permanent Magnet |

Slider _~
Stator Windings

Linear Generator Piston
Combustion Chamber

* Main configurations

Iebound Deviee
] LENM

A Toyota gas FPLG

b) Dual-Pisto

Rebomud Deviee
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Motivation

* The EU has clearly set its sights on battery electric
mobility

 Large sectors of transportation (especially heavy
vehicles, work machinery and shipping) are ill-suited for
battery storage-based traction

(two central combustion
chamber systems)

* Battery-powered cars are not experiencing the expected
market growth:
o Insufficient recharging infrastructure
o higher costs compared to traditional traction (both
vehicles and recharges)

* Battery based solutions do not guarantee, at the
moment, EU independence from battery producers,
especially China
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Motivation

* The EU has clearly set its sights on battery electric
mobility * Need for technical solutions for

la rge transpo rtation sectors

 Large sectors of transportation (especially heavy
vehicles, work machinery and shipping) are ill-suited for

battery storage-based traction * Need for economically feasible

transitions solution (CO, reduction
* Battery-powered cars are not experiencing the expected despite immature infrastructure)

market growth:
o Insufficient recharging infrastructure
o higher costs compared to traditional traction (both
vehicles and recharges)

* Need for strategic alternatives

e Battery based solutions do not guarantee, at the
moment, EU independence from battery producers,
especially China
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Advantages of FPLG solutions

Automotive Other sectors

* FPLGs represent a potential alternative for range-
extender automotive solutions

o Less vibrations and noise due to the absence
of crankshaft

o Higher potential efficiency due to reduced
friction forces

o Adaptable combustion chamber

o Multi-fuel

* Due to its compact size, FPLG can be also
envisioned for:
o Uninterrupted/Emergency power systems
o Auxiliary power units for aircrafts, ships and
large vehicles
o Residential co-generation units

* High potential in the Italian automotive market (a green
transition acceptable by consumers) allowing for high
production values:

o Italian engineering industry invoices about 400 billions €
(8% of GDP)

o Italian engineering industry accounts for more than half
of Italy's exports
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Challenges of FPLG

* Difficult to control the FPLG
motion/generation due to non-constant
velocities of the piston

* Difficult to integrate battery and converter | |
models with the FPLG model * As said, the Free-Most projects
aims to address these issues

* Difficult to handle fluctuating currents for
battery recharging

* Lack of sufficient theoretical and
experimental studies for specific range
extender applications
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Modeling - overview

* The modeling has been conducted under some constructive assumptions:
o Opposed piston with perfectly symmetric forces, i.e., reduced to the single piston case
o ldeal gas assumption
o Lumped parameters, uniform temperature and gas pressure
o Three-phase motor

o Only self inductance is considered for each coil
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I\/Iodelmg - scheme > 2,V position, velocity

Mechanical model / Magnetic model \ > Pc chamber pressure
Ry
= L .
m3L =Ape — Apr + Fol(2,irs) | | 7 ira currents
L [F s FHL L LR =L R S0 R s el BE L L LsE IR e =) L =L =] (R e] = hy
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moving R T — . .
part epst = —02rat » Orst Switch signals
Doy 2,0 | 1+ . 90T, . > i4. battery current
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e = 1 (Q Qnt(pe, 7)) VAT // L=5% = —Rinp + €ap — 0apVac
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% S. Baccari, C. Beatrice, C. Capasso, ...., O. Veneri, “Integration \5'? \5-5 \337 ! ' [SDCI: aftof 3 tirst 3 d
of free piston linear generator and battery pack in hybrid \ [

vehicles”, ESARS-ITEC 2024 N
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Control — assumptions

* For the three phase model a control has been derived

* This control is meant for the project envisioned test rig:
o The piston is moved according to a mover which emulates the combustion expansion
and rebound (or any periodic movement)

o The current generation is controlled so as to recharge a battery

 Fast switching (averaging) assumption:
o Signals of the switches are continuous in the interval [0,1]

+»* E. Mostacciuolo, S. Baccari, C. Beatrice, L. Rubino, ...., F.
Vasca, “Power extraction for free piston linear generator”,
ICCEP 2025
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Control — piston movement

* We consider a harmonic movement of the piston to design the controller

cos 0
_ . QTT |II |
Crst — YU C‘DE’( _ ?) | |||| I'
i, — _TT I|I
. CGE(H 3 ) = | | ||
/ lI
|
_— electrical phase |
v ="V cosbt,, do ji |
3 = pemlvl=pemlv | u
-
Om = wWmt, wWm = 27 /1T, g
[S]
‘ Time evolution of ¥ and normalized
voltages erst/gp

complete trip (forward-

backward) period
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Control — Clarke transformation and notch filter

* Three phase

L% = —Rx, + e, —e5 + L% + Rrg — (QT — QS)EE}

de? = —Rr,+e;—e;+ L% + Rxy — (qs — qe)ep

L4 = —Ray + ey — ep + LY + Ray — (g0 — qr)eb

e Switches

)1 if Sj is on and S5 is off
=Y 0 otherwise

Clarke transformation

N

dz .
L d:ﬁ = —Riag + €ap — Taph

o cos
€af = PY\ ¢ing
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* Three phase

L% = —Rx, + e, —e5 + L% + Rrg — (QT — QS)EE}

de? = —Rr,+e;—e;+ L% + Rxy — (qs — qe)ep

L4 = —Ray + ey — ep + LY + Ray — (g0 — qr)eb

e Switches

)1 if Sj is on and S5 is off
=Y 0 otherwise

Clarke transformation

N

dz .
L d:ﬁ = —Riag + €ap — Taph

o cos
€af = PY\ ¢ing
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* Three phase

(2)

N

L% = Rz, +e, —es+ L% + R — (qgr — qs)ep o~
(&

Ldms L R . L% R _Et'l—
1 — — T — Eg — € + dt + Ly — (QS o qt)Eb @

L4 = —Ray + ey — ep + LY + Ray — (g0 — qr)eb

e Switches

)1 if Sj is on and S5 is off
=Y 0 otherwise

Clarke transformation

),

o
_|_

N

dz .
L d:ﬁ = —Riag + €ap — Taph

_ | cost _
CaB =PV §ing :

5

S
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* Three phase

(2)

N

L% = Rz, +e, —es+ L% + R — (qgr — qs)ep o~
(&

Ldms L R . L% R _Et'l—
1 — — T — Eg — € + dt + Ly — (QS o qt)Eb @

L4 = —Ray + ey — ep + LY + Ray — (g0 — qr)eb

e Switches

)1 if Sj is on and S5 is off
=Y 0 otherwise

Clarke transformation

),

o
_|_

N

dz .
L d:ﬁ = —Riag + €ap — Taph

o cos
€af = PY\ ¢ing

5

S
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Control — Filter and battery

e Current from the FPLG
9 —

Taglas = 3 A
: : + ot | ot L T Ty .

Yy =1p+if e, PP R, i
- L R I :

4®_M’Y\—/\/V\,__},I- T : :

€ ) E

- & L R i ; :

4®_KYW\—/\/\[\J — ls ey 3Ly E

* Filter ? : :
-3 L R : :

i, (W=t |+ () ela)]
Ly dt —— C) :

¥ d’U . — —
Cfd—i:f — i \Sl \SE \\3

* Battery

dz _ .
de — ‘b
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cosf/ sinf
—sinf  cosf

Direct/quadrature

v transformation

L% = —Rig + p|v|wy, Liy + pv — ogey
L‘:(li—if = —p|v|wm Lig — Rig — oq€p

3, .
y = 5(0dia + 0qiq)
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Control — direct/quadrature transformation
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Control — direct/quadrature transformation

idg = (0)iag * Quadrature control
edg = L'(0)eaqs L v|wm Lig
Og = — o
cosfl  sinf
['(0) = ( —sinf  cos# )
L% = —Rig+ oV cosb,,, —aye
— |  Direct/quadrature dt AT EY C0%m T Od%
v transformation g4 control is designed to ) — 3
have i, = 0 at steady state 2
L% = —Rig + p|v|wy, Liy + pv — ogey
L%? = —p|v|wm Lig — Rig — oq€p
3 + |
y = 5(0dia + 0qiq)
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Control — direct/quadrature transformation

idg = D(0)ias * Quadrature control
edg = I'(0)eap S v|wm Lig
q e
B cosf)  sinf
1(0) = ( —sinfl  cos@ )

di
L% = —Rig+ ©V cosb,, — ogeyp
C

Direct/quadrature

v transformation 04 control is designed to
have 1, = O at steady state

3
Yy = —041
Yy zdd

L% = —Rig + p|v|wy, Liy + pv — ogey

dz : :
Lt = —plv|wm Lig — Rig — og4ey @
3

y = 5(odia+oqi) Decomposed as steady state +
sinusoidal solution

@?ﬁth

] - -
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Control — decomposition steady state + sinusoidal

e Sinusoidal solution form
id = lda COS Oy + 14p SIN 6,

Od = Odq COS O, + oqp sinb,,

Vs

2 . . . . " —l_ *
_ Odalda T Tdbldpb Odalda — Odbldb Odaldb T Odblda .
gy = — + == cos 20,,, + sin 26,,,

2
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Control — decomposition steady state + sinusoidal

e Sinusoidal solution form
id = lda COS Oy + 14p SIN 6,

Od = Odq COS O, + oqp sinb,,

Vs

Sy = Odalda + Tdbldb n Odalda — Odbldb aldb dblda I129m
3 2 2
Removed by the filter
. 3 . .
iy = —(Cdalda + Tapiap)

4
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Control — decomposition steady state + sinusoidal

 Feedback and feedforward control

e Sinusoidal solution form
decomposition

g = ida COS Gm -+ idb Sin 6171 ft fb
Oda — G-dﬂ + O-d{l
Od = Odg €COS0,, + ogpsinf f b
a m m Odb = Tgp T+ Tqp
2 . . . o . 7 —I—O' ’L
2y = Odalda + Tdbldb o Odalda = Odbldb a‘db dblda ..\ 20,
3 2 2
Removed by the filter
. 3 . .
lp = Z(O_da?’da + Oapiap)
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Control — decomposition steady state + sinusoidal

° Sinusoidal Solution form ¢ FeedbaCk and feedforward Contr0|

* . L. decomposition
id = lda COS Oy + 14p SIN 6,

ft tb
Oda = Oyq + O da

T b
Odp — O-db +O_tﬂ)'

~~

“ldb + Tdavlda <1920 FF is deSigned to
" v —Rig, ¢V keep the steady

€h

state solution
mL ref
@ 7 = - e:da

Removed by the filter

Od = Odq COS O, + oqp sinb,,

Vs

Odalda + Odbldp n Odalda — Odbldb
2 2

2
— 1 =
37

i . . o FB is designed
Lo = —aa +wmbian = oaaes \wp 600 dback
digy __ g & fb
. 3( : : ) . i = ~WmbLida = Rlay = oapes linearization +
tp = —\Odalda T Tdbldb .
! Udg = Wy LTgp — crgbﬂeb PD
Ugp = — Wy L1 gq — O'E%@b

] - -
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Control — numerical analysis
A digital twin of the FLPG + Battery + Control has been developed in Matlab/Simulink
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Control — numerical analysis N
» A digital twin of the FLPG + Battery + Control has been developed in Matlab/Simulink aﬂf _

10 | | | | ! | | | | | | |
0 0025 T 0075 2T~ 0125 3T 0175 4T 0225 5T 0275 6T

Battery current 7, s
10 T T | T | | | | | | | |
5r _
<0 .
5 _
_Eng G_EI?E ----- : 0 ﬂ.CIIQE Tlm ﬂ.ﬂl? 5 ETI m 0. 1|25 BTI m 0. 1I?5 41[“_' ﬂ.2|25 STI—m G.QI?E ETIm
Phases currents 7, i Filter current ¢ s
E 80.8 T I I I T I I T T T I I
\
1 80.6 _
+ —
: E-{}.du il
RY =
2): 02 _
| A4 s
79,8 | | | | | | | | | | | |
a 0.025 Tm 0.075 ETm 0.125 BTm 0175 4T m 0.225 ETm 0.275 ﬁTm
Battery voltage €y s
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Polyphase FPLG design

* Within the Free-Most a polyphase FPLG is under design

e —

* Flow variation only affects a subset of the coils for

each piston position

* Mutual inductance is negligible
* Polyphase configuration is preferred
e Peak efficiency is upper 97%

6.815e-001
6.456e-001
6.097e-001
5.739e-001
5.380e-001
[ | 5.021e-001

4.663e-001
4.304e-001
3.945e-001
3.587e-001
3.228e-001
2.86%e-001
2.511e-001
2.152e-001
1.793e-001

| 1.435e-001

1.076e-001
7.173e-002
3.587e-002

<5.244e-007 : 3.587e-002
Density Plot: |B|, Tesla

: >7.173e-001
: 6.815e-001
: 6.456e-001
: 6.097e-001
: 5.739e-001
: 5.380e-001
: 5.021e-001
: 4.663e-001
: 4.304e-001
: 3.945e-001
: 3.587e-001
: 3.228e-001
: 2.869e-001
: 2.511e-001
: 2.152e-001
: 1.793e-001
: 1.435e-001
: 1.076e-001
: 7.173e-002

peak \oltage (V) 80  swor Stator material 5/SiFe19
nominal power (kW) 3 slot width (mm) 3 Mover material 4| ULTRAVAC44V6
height slot (mm) 18,93| Magnet Magnete NeFeBo
Sot area (mm*2) 55,59 uo 1,25664E-06
COIL OK STATOR MOVER
coil cross section (mm*2) 3, 10 stator external radius (mm) 80 magnets tichness (mm) 4
number of turns 14 stator internal radius (mm) 42,7 magnets height (mm) 10
mean radius (mm) 51 ,97 height stator (mm) 141 magnets spacing (mm) 2
copper weight density (kg/m* 3) 8960 polar pitch (mm) 8 magnet weight density (kg/m” 3) 7600
number of simultaneous active phases 3 slots number 17 magnets external radius (mm) 42,7
stator losses (Wkg) 4,40924| |magnetsinternal radius (mm) 38,7
mean coil length (cm) 457 iron weight density (kg/m*3) 7650]  |magnets volume (m*3) 1,02E-05
Ag(m”2) 2,15E-03 air gap (mm) 1,5] |magnet weight (kg) 7,77E-02
conductor volume (m*3) 1,42E-05
rms voltage (V) 56,6 ringarea 1(m"2) 0,01438] |mover height (mm) 46
rms current (A) 17,7 ringarea 2(m*2) 0,00833| |moverinternal radius (mm) 30
single ring volume (m"3) 9,7E-05]  |mover external radius (mm) 38,7
Stator volume (m*3) 0,00165| |mover losses (Wkg) 0,25
mover weight density (kg/m” 3) 7870
measured resistance N=14 (Q) 0,0245 utilization index 0,326241135 | mover volume (m"3) 3,48E-06
measured inductance N=14 (uH) 165 mover weight (kg) 2,74E-02
calculated resistance (Q) 0,0254
calculated inductance (uH) 176
calculated weight (kg) 2,16 statorweight (kg)) 12,60 mover weight without rod (kg) 0,1051
coil losses (W) 23,86 stator losses (W) 55,55 mover losses (W) 0,0069
total losses (W) 79,41
efficiency
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Test rig

* Procurement of the test rig is started and the test rig is under development

* Single linear motor data:
o 5kW
o Frequency S5Hz
o Travel length (one-way): 250 mm
oMass: 10 kg
o Average velocity: 2.45 m/s

* Alinear motor is used as motor and controlled * The second linear motor is
in position/velocity used as generator to test the
* |t emulates the gas expansion developed controller
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Conclusions

* Achievements:
o Model of the FPLG + Converter + Battery
o Design of the controller for battery recharging
o Digital twin development and validation
o Design of a polyphase linear motor
o Test rig design and procurement

* Publications:
o A conference paper accepted
o A conference paper submitted

e Dissemination:
o A conference
o A workshop
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Future works

Increase the power size and the frequency of the
test rig

Modify the developed controller for piston-like
expansion motion

Derive a control system for the piston position
Extend the control to a polyphase motor

Evaluate the possibility to consider a
supercapacitor in the electrical scheme

Emulate the combustion through compressed air

Include combustion
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