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Abstract

A new energy conversion device, Confined Piston Linear Generator (CPLG) was proposed in this paper. The
CPLG consists of a V-type two-cylinder gasoline engine, two Permanent Magnet Synchronous Linear
Generators (PMSLGs), and two linear bearings (LBs). A friction model of the CPLG was built by the coupling
of ADAMS and Simulink to study the friction characteristics. The results showed that, as the speed is increased
from 2000 rpm to 6000 rpm, the peak friction force of the piston is increased from 208.43 N to 386.38 N, and
the average friction power of the CPLG is increased from 236.78 W to 1340.14 W. As the generator load
resistance is increased from 30 Q to 60 Q, the peak friction force of the piston is decreased from 465.79 N to
345.89 N, and the peak friction power of the CPLG is reduced from 5944.78 W to 4432.72 W. When the service
life of expectancy the LB is extended, the friction power of the LB should be decreased. Compared with the
prototype Internal Combustion Engine (ICE), the CPLG has the similar variation of cylinder pressure with
piston displacement, but its peak cylinder pressure and acceleration are slightly higher. In addition, the peak
friction force and friction power of the piston rings and the piston skirt are achieved during the power stroke,
and the peak friction power appears later than the peak friction force. For a given speed, the friction power of
the LB shows sinusoidal fluctuation.

Keywords: Confined Piston Linear Generator (CPLG), Friction characteristic, Piston ring, Piston skirt, Linear
bearing

INTRODUCTION Free Piston Engine Linear Generators (FPLGs), due
According to the report “The State of the Global to their potential superiorities in simple structure,
Climate  2022” of World Meteorological energy density and system integration, have attracted
Organization, the average global temperature in last  the attention of many researchers in the HEV sector
decade is about 1.14 °C higher than that during the [5-7]. Besides, the energy transmission chain of
pre-industrial period (1850-1900), making it the FPLG is shorter than that of traditional Internal
hottest years on record. The consequent melting of Combustion Engine (ICE) as a result of the
glaciers, extreme heat waves and global drought have elimination of crank-connecting rod mechanism [8],
a severe impact on millions of people worldwide, and greatly reducing friction loss [9] and improving
lead to billions of dollars in property damage. Thus, energy conversion efficiency [10]. By far, the energy
the large-scale carbon reduction becomes an urgent conversion efficiency of single-cylinder and single-
issue to be solved [1, 2]. With the technological piston FPLG arrives at 40%, and that of dual-cylinder
development and energy transformation, the trend of and dual-piston FPLG can reach 38% [11].
electric vehicles gradually surpassing or even
replacing traditional fuel vehicles has become the In the earlier FPLG literatures, friction force is
industry consensus. thought to be small or even negligible compared with
cylinder pressure and electromagnetic force [12]. But
However, due to imperfect charging infrastructure, for the further improvement in energy conversion
battery performance greatly affected by the efficiency, the researchers began to study the friction
environment, battery power density limit and other loss of FPLG [13]. The research group of Beijing
factors, the current battery electric vehicles cannot Institute of Technology has established a
meet the requirements of long-distance driving and comprehensive  friction model of FPLG by
low-temperature environment. Therefore, hybrid MATLAB/Simulink, and the friction and lubrication
electric vehicles (HEVSs) are still the research focus of characteristics of each component were compared
colleges and R&D organizations [3, 4]. and analyzed. The results showed that, the total
friction power of piston in FPLG (118.3 W) is
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smaller than that in ICE (142.1 W), but the friction
power of piston ring in FPLG is slightly larger. In
addition, the friction power of piston ring is increased
with the increase of lubricating oil temperature and
working frequency, and decreased with the increase
of lubricating oil viscosity [14, 15].

It is worth noting that, the subsequent combustion is
more serious in FPLG due to the uncontrollable
piston displacement and compression ratio [10],
which also lead to the poor operation stability and
even misfire [16, 17]. In order to improve the
operation stability, the technical means, such as
multi-piston [18, 19], coupling control of fuel flow
rate and TDC position [20, 21], variable electro-
magnetic valve train [22], electronic motion
controller [23], as well as gradually switching
strategy [24] have been applied. But as a result of the
above measures, both the complexity and the cost of
FPLG are increased obviously, thus it has not been
put into practical application and commercial
production until the present. Therefore, the Confined
Piston Linear Generator (CPLG) combining the
advantages of FPLG and traditional ICE is proposed
in this paper. The motion of piston is constrained by
the crank-connecting rod mechanism, thus the TDC
and BDC are determined and the compression ratio is
controllable. Then, the CPLG can provide more
stable operation than FPLG, and the improved fuel
economy and emissions characteristics can be
achieved.

General Motors Research Center found that, only
12% of the energy in fuel can be used to drive
wheels, and about 15% of the energy loss is attributed
to mechanical loss (mainly friction loss). Once the
mechanical loss can be reduced by 10%, the fuel
consumption will be reduced by 1.5% [25, 26]. The
friction loss in ICE is largely due to the mutual
sliding of piston ring, piston skirt and cylinder wall,
followed by that at the crankshaft and camshaft
journal [27]. Therefore, the energy loss at piston,
crank-connecting rod mechanism and  other
mechanisms involving mutual sliding of the CPLG
will be significant because of the similar structure to
the traditional ICE.

To predict the dynamic performance and friction
characteristics of piston, the friction models of piston
ring and piston skirt have been intensely studied by
researchers. Ahmed et al. [28] established a dynamic
model of piston ring using AVL Excite Designer.
They found that the most important tribological
parameters are friction force, frictional power losses
and oil film thickness of piston ring assembly, and
the oil film thickness and the hydrodynamic friction
between piston ring and cylinder liner are greatly
affected by engine speed and oil viscosity. Based on
the above parameters, Turnbull et al. [29] built a
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multi-physics  piston ring model, which can
accurately incorporate the flexible ring dynamics and
gas blow-by in the prediction of fuel economy,
thermal effect and emissions. Besides, it is proved
that the friction loss is the main cause of engine
inefficiency. Taguchi method was used by Aoki et al.
[30] to study the influence of groove machining on
the surface lubrication performance of piston skirt,
and calculate the effect of groove shape and
arrangement on the oil film thickness and friction
coefficient by the elastic fluid dynamic lubrication
theory, proving that the control of groove shape helps
to reduce friction coefficient. Experimental research
conducted by Chaudhari et al. [31] demonstrated that,
the friction between piston ring and cylinder liner is
decreased with the increase of speed when the speed
is between 300 rpm and 1500 rpm.

However, the investigation on the friction
characteristics of the CPLG with the specific
structure has not been performed yet. Therefore, the
friction model of the CPLG is established by the
coupling of ADAMS and Simulink in the current
study. Compared with the previous friction models,
the actual 3D model built by ADAMS has the precise
physical prototype size, and is beneficial to improve
the simulation accuracy. On the other hand, the
dynamics data of ADAMS will be transmitted to
Simulink in real time, thus the time-varying factors
are taken into account, which greatly improves the
accuracy and the real-time performance of data
interaction during the simulation. Then, the effects of
speed, generator load resistance and bearing life
expectancy on the friction performance of the CPLG
are studied through the co-simulation of ADAMS and
Simulink, and the operation and friction
characteristics of the CPLG under the selected
operating condition are also described.

SYSTEM STRUCTURE AND RESEARCH
METHODS

System Structure

The CPLG mainly consisted of a V-type two-cylinder
four-stroke gasoline engine, two Permanent Magnet
Synchronous Linear Generators (PMSLGS), and two
Linear Bearings (LB), as shown in Fig. 1. The main
engine specifications are shown in Table 1. The
design power of each PMSLG at the rated operating
condition (6000 rpm) was 5 kW, and its construction
dimensions are shown in Table 2. The PMSLG was
installed between the cylinder and the crankcase, and
the Linear Bearing (LB) was installed below the
PMSLG. The mover of the PMSLG was fixed on the
guide rod, whose upper end was connected with the
piston pin. The piston, the guide rod and the mover of
the PMSLG formed the reciprocating motion module.
The lower end of the guide rod was connected with
the crankshaft through the connecting rod, thus the
reciprocating motion module of each cylinder can be
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controlled cooperatively by the crank-connecting rod
mechanism to realize the stable operation under
multi-cylinder mode. During the power stroke, the
conversion of chemical energy to mechanical energy
was accomplished by the combustion reaction in the
cylinder, so as to push the reciprocating motion
module downward. Part of the mechanical energy cut
the magnetic force line to generate induced current,
which was output through the PMSLG, and the other
part continued to be transferred to the crankshaft.

Intake valve

Spark plug

Exhaust valve

Linear generator

Linear bearing

Connecting rod

Research Methods

In this paper, the dynamics model of the CPLG was
built by ADAMS. Due to the axisymmetric structure,
the 2D model of the quarter PMSLG with Z direction
as the running direction was established using
ANSYS workbench. The displacement and velocity
of the mover obtained from the motion simulation of
the CPLG were transferred to the PMSLG model,
while the thrust output by the PMSLG model was fed
back to accomplish the dynamics simulation of the
CPLG. In addition, the friction model of the CPLG
was established by MATLAB/Simulink. Then, the
parameters, such as displacement, velocity and load
obtained from the dynamics simulation of the CPLG
were input into the friction model to realize the co-
simulation of ADAMS and Simulink, as shown in

ﬂ Adams

‘\ Simulink

Piston ring friction model

¢ Piston skirt friction model
Crankshaft i

Fig. 1 Schematic diagram of CPLG

Table 1 Engine specifications

Parameter Value
Displacement 0.8L
Bore 91 mm
Stroke 61.5 mm
Compression ratio 10.3:1

Maximum power 44kW @ 6000 rpm

Table 2 Construction dimensions of PMSLG

Parameter Value

Pole pair 5

Stator outer / inner diameter 103.5 mm / 68.1
mm

Mover outer / inner diameter 65.5 mm / 515
mm

Stator length 117.5 mm

Mover length 179 mm

Permanent magnet pole pitch 11.4 mm

Permanent magnet thickness 7 mm

Stator slot pitch 9.5 mm

Stator slot width 6 mm

Stator slot depth 11.75 mm

Stator tooth width 3.5mm

Air gap 1.3 mm
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Velocity,
Displacement,
Acceleration,

Linear generator {Output

parameters

Engine motion parameters

Engine dynamic parameters

FRICTION MODEL

Friction model of piston ring

The friction loss of piston usually accounts for about
40% of the energy loss in ICE, thus it can be inferred
that the piston ring-cylinder liner contact is also one
of the main contributors to the mechanical friction
losses in the CPLG. In the present study, the friction
model of the piston ring was built using the basic
lubrication theory, and the friction between the piston
ring and the cylinder liner is a complex process of
periodic transition from mixed lubrication to
hydrodynamic lubrication. The process can be
described by the correlation between the friction
coefficient f and the dimensionless parameter D,
which is called duty parameter, and the Stribeck
curve was established. In the boundary and mixed
lubrication domains, the friction coefficient was
assumed to have a linear relationship with the duty
parameter [32], as shown in Fig. 3, where f¢; and De
are the critical values of the friction coefficient and
the duty parameter between mixed lubrication and
hydrodynamic lubrication.

{ Friction, Friction
] power
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Fig. 3 Stribeck curve

The duty parameter D of the lubricated piston ring is
calculated as follows [32]:

_ 7 |Ve|

Fy/Le

where, 7 is the dynamic viscosity of the lubricating
oil (Pa-s); vp is the piston velocity (m/s); Fn/Lg is the
unit normal loading force per length (N/m).
\
The relationship between the viscosity and the
temperature of the lubricating oil is expressed by the
Vogel equation [33]:

J— 91

o =M GXIO(H2 +To)

where, 7o is the low shear rate viscosity (Pa-s); To is
the temperature of the lubricating oil (°C); m (Pa-s),
61 (°C) and 6, (°C) are constants of the lubricating
oil, and the values are 10.8x10 Pa-s, 933.5 °C and
103.9 °C when the lubricating oil is SAE 15W40.

As a result of the long chain polymer additives in
multistage lubricants, the viscosity of the lubricating
oil is decreased as the increased shear rate. The
variation of viscosity with shear rate can be expressed
by the Cross equation, and the relationship between
high shear viscosity 7. and low shear viscosity 7o at
the same temperature is shown as follows [33]:

N

o
where, 7 is a constant of the lubricating oil, and the
value of SAE 15W40 is 0.9.

In the hydrodynamic lubrication domain (D > D),
the relationship between the friction coefficient of the
piston ring fr and D is shown as follows [32]:

f,=C-D"
where, C and n are parameters related to the
curvature of the piston ring profile. In this study, C is
2.25and nis 0.5.

In the boundary and mixed lubrication domains (D
< Du), the relationship between f, and D is shown as
follows [32]:

f.=f,-@—D/D,)+ f,-(D/D,)

=7

where, fo is the dry friction coefficient, and that of
cast iron to cast iron is 0.28. The values of firand D¢
are 0.0225 and 10, respectively.

Then, the friction coefficient of the piston ring is
shown as follows:

B 2.25.D%°

" 10.15-(1-D/10)+0.0225-(D/10™*)

D>10"
D<10*

In practical application, the thickness of the oil film
between the piston ring and the cylinder liner is
affected by the direction of piston movement. The top
ring only accepts the oil film left on the cylinder wall
during its downward motion when the piston moves
up, thus the friction coefficient will be higher than
that predicted by the lubrication theory. Therefore,
the calculation of the duty parameters is improved as
follows [32]. (1)

Top ring:

(FN / LF)top :(pl + pel)' Ll
Second ring:

(FN / I—F )second = ( p, + pez) . L2
Qil ring:

(FN / LF)oiI = (ps + pe3)' L3
where, p1, p2 and ps are the pressures behind the top
ring, the second ring and the oil ring (Pa); L1, L, and
Ls are the actual contact length between each piston.2)
ring and the cylinder liner (m); pe1, Pe2 and pes are the
elastic pressures of the top ring, the second ring and
the oil ring (Pa).

The crown ring was used as the top ring and the
second ring in the CPLG, and the slotted ring was
used as the oil ring. The differences among p1, p2 and
ps, as well as pe1, pe2 and pes are derived from the
different sealing, heat conduction and geometry of
each piston ring. As shown in Fig 4, when the
cylinder pressure is pe, p1, p2 and ps are 0.88pc, 0.25p.
0.07p., respectively [15].

! ! !

Pe

(3)

l 1880,
i . L

14
S (4)

Piston
Cylinder liner

Fig. 4 Pressure of piston ring

Given the above equations, the friction force of the5)
piston ring F can be calculated as follows:
Ff,» = FN : fr :(p| + pei)'ﬂ-'dr -h- fl’
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where, d; is the diameter of the piston ring (m); h is
the height of the piston ring (m).

Friction model of piston skirt

The friction between the piston skirt and the cylinder
liner is similar to that between the piston ring and the
cylinder liner, thus a similar friction model was used.
Assume that, the lubrication between the piston skirt
and the cylinder liner is generally hydrodynamic. The
friction coefficient of the piston skirt f; can be
calculated by Egs. (1) and (4), where C is 5 and n is
0.5[32].

7 [Vel 7 [Vel

f,=C-(——)"=5,——""

FNS / LS FNS / LS
where, Ls is the length of the piston skirt (m); Fys is
the thrust between the piston skirt and the cylinder

liner (N).

The friction force of the piston skirt Fi can be
calculated as follows:
Ffs = ':Ns : fs
The friction power W can be calculated as follows:
t
W, = [ F.d|x

The instantaneous friction power P; can be
calculated as follows:
P, =F -v,
The mean friction power in a working cycle Pi
can be calculated as follows:
T
LI el
f 1,
where, te is the time of a working cycle.

Friction model of LB

The ball-type LB was installed at the lower end of the
CPLG to ensure the lateral positioning between the
stator and the mover of the PMSLG. When the piston
accepts the cylinder pressure, it transfers the
mechanical force to the crank-connecting rod
mechanism, or is driven by the crank-connecting rod
mechanism in the non-power strokes. While the LB
bears most of the lateral force, thus the friction loss
of the CPLG also comes from the friction between
the LB and the mover of the PMSLG. Therefore, the
friction characteristics of the LB was studied to
ensure its reliability and investigate the friction loss
of the CPLG.

The friction torque of the LB My can be calculated as
follows:

M, =0.524,P.d,
where, up is the friction coefficient, and that of
common ball bearing is 0.0015; Pp is the equivalent
dynamic load of the LB (N); dy is the inner diameter
of the LB (mm).
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The friction power of the LB Px, can be calculated as
follows:

Py, =M, - N,
where, Ny is the ball speed of the LB corresponding
to the linear velocity of the piston (r/s).

For the study on the energy loss and the friction
characteristics of the CPLG during the operation, the
friction models of the piston ring, the piston skirt and
the LB were established by Simulink based on the
above formulas, as shown in Fig. 5.

Laf il Ring Fricton Pawer

—

velocity

Y R

Righ Top Ring

o3 Righ i Rng

oI
4
M

Right Bearing

Fig. 5 Friction model of CPLG

RESULTS AND DISCUSSION

Effects of operation parameters on friction
characteristics

Effect of speed on friction characteristics

In this section, regarding the highest output
efficiency, the generator load resistance of 50 Q [34]
was selected under the rated condition to explore the
total friction force of the piston (including piston ring
and piston skirt) under various speeds. As shown in
Fig. 6, the friction force of the piston clearly presents
a trend of linear growth with higher speed. As the
speed is increased from 2000 rpm to 6000 rpm, theqg)
peak friction force of the piston is raised from 208.43
N to 386.38 N. As expected, the friction power of the
CPLG (including piston ring, piston skirt and LB) is
also increased, as shown in Fig. 7. This is mainly
because when the other boundary conditions and
control parameters remain unchanged, the speed of

LeMt Friction Power

Right Friction Poweer
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the CPLG is generally controlled by fuel flow and air
intake. As more fuel and air entering the cylinder, the
speed of the CPLG will be increased, which makes
the cylinder pressure and the piston velocity increase,
and eventually leads to the increased friction force
and friction power. As the speed is raised from 2000
rpm to 6000 rpm, the peak friction power is increased
obviously from 935.05 W to 4948.88 W, and the
mean friction power is increased from 236.78 W to

1340.14 W.
400 T T
—— 2000 rpm
300 [-—-|—— 3000 rpm
— 4000 rpm /\
~ 200 - 5000 rpm /\ |
=
< 6000 rpm
D T
g 100 i
“— =
S o P/ x \
2
LL -100 D s e -
-200
-300
0.0 0.5 1.0 15 2.0

Revolution (r)
Fig. 6 Effect of speed on total friction force of piston

2000 ; . . . .
| F—200rpm
1500 e —— 3000rpm|-|
. | 400orpm
S 1600 £ iy 8
=z 2 2000 \
H
g gm fa\ 1340.14
8 1200 £ | .
c o // 988,
S yZa\
= 800 - Revolution (r) T
&= 69
c
[55
D
S 400 E
23
1 1 1 1 1

2000 3000 4000

Speed (rpm)
Fig. 7 Effect of speed on total friction power of CPLG

5000 6000

Effect of generator load resistance on friction
characteristics

The study on the friction characteristics of the CPLG
under various generator load resistances (30 Q, 40 Q,
50 Q, 60 Q) were performed with the rated speed
(6000 r/min). Figs. 8 and 9 show the effect of
generator load resistance on the total friction force of
the piston and the total friction power of the CPLG,
respectively. It is noted that, both of them are
decreased with the increase of generator load
resistance. When the generator load resistance is
increased from 30 Q to 60 Q, the stator current is
decreased, resulting in the weakened electromagnetic
force, thus the overall operation resistance of the
PMSLG to the CPLG decreases. When the crankshaft
end load remains unchanged, the overall load of the
CPLG should become smaller to keep the speed
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constant. Thus, the cylinder pressure, which is the
major influence factor of friction, should be reduced
accordingly. Therefore, the peak friction force of the
piston is decreased from 465.79 N to 345.89 N, and
the peak friction power of the CPLG is decreased

from 5944.78 W to 4432.72 W.
500 , :
400 /[\\ — 30Q| i
— 40 Q
o A
=3 { \ 60 Q
= 200
S I
< 100 . ‘ \
s N \
g 0
% 100 \ \

—_—

-200

N,

1.0

-300
0.0

0.5 15 2.0

Revolution (r)
Fig. 8 Effect of generator load resistance on total friction

force of piston
/A 7 3039

6000

5000

= e AR

%;3000 \\

2 o Al

Sy \L AL
r\/ | V

0.0 0.5 1.0 15

Revolution (r)
Fig. 9 Effect of generator load resistance on total friction
power of CPLG

2.0

Effect of bearing life expectancy on friction
characteristics

For purpose of improving the service life expectancy
of the LB, the relationship between the service life
expectancy and the friction characteristics was
studied with the generator load resistance of 50 Q and
the speed of 6000 rpm. As can be seen from Eq. 16,
the friction torque of the LB is mainly determined by
the equivalent dynamic load Pp, and the relationship
between Pp and service life expectancy is shown in
Fig. 10. With the fixed dynamic load rating, the
equivalent dynamic load is decreased as the service
life expectancy increases. The calculation of the
standard service life expectancy of the LB Ly is
shown in Eq. 18.

where, Cp is the basic dynamic load rating for Lio, N.
When the Ly is exactly 108 r, Cp is 882 N.
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Fig. 10 Variation of equivalent dynamic load with

service life expectancy of LB

According to the relationship between equivalent
dynamic load and service life expectancy, the
equivalent dynamic loads at Lio, 3L10, 5L10, 7L1o and
9L10 were selected successively to study the friction
characteristics of the LB. As shown in Fig 11, once
the improved service life expectancy of the LB is
desired during the operation, its friction power should
be decreased. As the service life expectancy of the
LB is increased from Lio to 9L, the peak friction
power is reduced from 203.09 W to 97.64 W, but the
decline gradually decreases.

250 .
200 Lo
3L,
<) 180 = ] — Sby
; — 7L
; 100 7 10
< i N
— 50 /// — 9Ly,
(5] -
=
2 o
S 50 4
=
-2 -100 \4 ,,,,,, |
s ;
-150
-200
-250
0.0 0.2 0.4 0.6 0.8 1.0

Revolution (r)
Fig. 11 Variation of friction power with service life
expectancy of LB

Operation and friction characteristic analysis

In this section, the rated speed of 6000 r/min, the
generator load resistance of 50 Q, and the equivalent
dynamic load of the LB under the standard service
life expectancy were selected, based on which the
operation  characteristics and  the  friction
characteristics of the CPLG were studied.

Operation characteristic

As illustrated in Fig. 12, the variation of cylinder
pressure of the CPLG with piston displacement is
basically consistent with that of the prototype ICE,
but the peak cylinder pressure is slightly higher. This
is because that, when the crankshaft end load remains
unchanged, the output power of the combustion in the
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cylinder has to be raised owing to the additional load
from the PMSLG as compared to the prototype ICE,
thus the peak cylinder pressure should be higher
under the same operating condition.

Fig. 13 shows the piston displacement and
acceleration profiles. It is obvious that the piston
displacement of the CPLG presents a relatively
regular  sinusoidal  fluctuation.  Nevertheless,
compared with the prototype ICE, the mass of
reciprocating motion parts in the CPLG is increased,
as well as being affected by generator load resistance,
results in a higher acceleration, especially at TDC
and BDC. In addition, the peak piston acceleration at
TDC and BDC are asymmetric, which are 9835.72

m/s? and 5747.92 m/s? respectively.
5 T T

— ICE
— CPLG
= 47 1
B
S
g 3 1
2 BDC
g
2 21 1
£
D
=
2 1t .
&
0 o~
TDC . TDC

Piston displacement

Fig. 12 Variation of cylinder pressure with piston
displacement
\C— - ICE acceleration

12000 + TDC~ - v tior toos
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% 6000 —0.03 E
E 3000 - E
';-;; 0r - 0.02 §
% 3000 E"
S L4 {001 &
< 6000 )

9000 | X

12000 [ BDC 0.00

1 ! .
0.5 1.0 15 2.0
Revolution (r)

Fig. 13 Piston displacement and acceleration profiles

In summary, when the CPLG is in stable operation,
the piston trajectory converges to the ultimate ring.
Due to the restriction of the crank-connecting rod
mechanism, the piston velocity is relatively
symmetrical and changes smoothly. However, the
additional load from the PMSLG leads to a slight
change in the operating parameters, which will play a
significant role in the friction characteristics of the
CPLG.

Friction characteristics of piston rings

Fig. 14 shows the friction force profiles of the piston
rings. It can be seen that the friction force of the
piston rings increases or decreases gradually during
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the operation, and there exists a significant change
near TDC, probably where the peak cylinder pressure
occurs. After the piston passes TDC, the friction
force of the piston rings reverses and reaches the
maximum, then decreases as the power stroke goes
on. Based on the previous analysis, the friction force
of the piston rings is greatly affected by cylinder
pressure and piston velocity. With the increased
cylinder pressure and piston velocity, the friction
force of the piston rings is increased, which leads to
slightly different trend in friction changes between
TDC and BDC. In addition, the friction force of the
top ring is much greater than those of the other two
rings, the peak friction force of the top ring is 194 N,
and those of the second ring and the oil ring are 99 N
and 70.64 N. This is mainly because the top ring
bears most of the cylinder pressure, and the thinner

oil film is also an important factor.
200

Top ring
L e T o L s Second ring|-|
Qil ring
~ 100
=
Q
L e i R [
o
=
c
2 0
=1
(&)
=
L _50 ,,,,,,,,,,,,,,,,,,,,,, -
-100
-150
0.0 05 1.0 15 2.0

Revolution (r)
Fig. 14 Friction force profiles of piston rings

Fig. 15 shows the friction power profiles of the piston
rings. When the piston runs between TDC and BDC,
the friction power of the piston rings increases first
and then decreases. As the piston is located at TDC
or BDC, the friction power of the piston rings is
reduced to zero because the piston velocity is zero. It
is worth noting that, the peak friction power of the
piston rings appears later than the peak friction force
in power stroke, which proves the friction power the
piston rings is more closely related to the piston
velocity besides the influence of cylinder pressure.
Moreover, the previous analysis shows that the power
stroke is the main contributor to the energy loss
during the operation of the CPLG. The mean friction
power of the top ring, the second ring and the oil ring
is672.77 W, 343.39 W and 245.15 W, respectively.
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Friction characteristics of piston skirt and LB
Since the piston skirt is much less affected by
cylinder pressure than the piston ring, its friction is
not significant. Fig. 16 shows the friction force and
friction power profiles of the piston skirt. The trends
of friction force and friction power are basically
consistent with those of the piston rings, but the
values are much lower. During the operation of the
CPLG, the peak friction force and mean friction
power of the piston skirt are 22.74 N and 78.84 W
respectively.
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Fig. 16 Friction force and friction power profiles of
piston skirt

Based on the specific structure of the CPLG, most of
the transverse forces transmitted by the piston and the
connecting rod are exerted on the LB, thus the LBs
are the key components in the CPLG. Fig. 17 shows
the friction power profile of the LB, which shows
sinusoidal fluctuation, demonstrating that the LB has
a constant rolling speed for a given engine speed.
Besides, the mean friction power of the LB is 124.82
W in terms of the previous formulas.

Friction power (W)
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CONCLUSION

In this paper, a friction model of the CPLG has been
established by the coupling of ADAMS and
Simulink. On this basis, the effects of speed,
generator load resistances and bearing life
expectancies on the friction characteristics, as well as
the  operation characteristics and  friction
characteristics of the CPLG under the selected
working conditions have been explored.

(1) The friction force and the friction power of the
CPLG increase proportionally with the increase of
speed. As the speed is increased from 2000 rpm to
6000 rpm, the peak friction force of the piston is
increased from 208.43 N to 386.38 N, and the
average friction power of the CPLG is increased from
236.78 W to 1340.14 W.

(2) The friction force of the piston and the friction
power of the CPLG gradually decrease with the
increase of generator load resistance. As the
generator load resistance is increased from 30 Q to 60
Q, the peak friction force of the piston is decreased
from 465.79 N to 345.89 N, and the peak friction
power of the CPLG is reduced from 5944.78 W to
4432.72 W.

(3) The friction power of the LB needs to be
decreased when the expected service life of bearings
is extended. As the expected service life is increased
from Lio to 9L1o, the peak friction power of the LB is
reduced from 203.09 W to 97.64 W, and the mean
friction power is reduced from 124.82 W to 60 W.

(4) The variation of cylinder pressure of the CPLG
with piston displacement is similar with that of the
prototype ICE, but its peak cylinder pressure and
acceleration are slightly higher.

(5) Both the peak friction force and friction power
of the piston ring and the piston skirt are achieved
during the power stroke, the occurrence of peak
friction power is later than that of peak friction force.
For a given engine speed, the friction power of the
LB shows sinusoidal fluctuation.
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