Two-stroke single-cylinder engine with elastic hinges with preset force characteristics
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Abstract. The work is devoted to balancing a two-stroke single-cylinder engine by installing two elastic
hinges with a given characteristic (the dependence of the restoring moment on the angle of rotation) between the
strut and the crank and between the crank and the connecting rod. The hinge is an elastic element (spring or
pneumatic spring) that moves between the guides of the calculated shape. The characteristic of the elastic hinge
between the crank and the connecting rod is such that the lateral force acting on the piston decreases many times
during engine operation. With certain parameters of the engine under consideration with a hinge between the crank
and the connecting rod, the lateral force acting on the piston is zero at any angle of rotation of the crank. The
characteristic of the elastic hinge between the strut and the crank is such that the angular velocity of the crank will
be constant. In this case, you can either completely abandon the flywheel in the engine design or significantly reduce
its weight. Flywheel inertia can now account for up to 80 percent of all moving parts in an engine. Such parameters
of the proposed two-stroke single-cylinder engine are selected, at which it becomes fully balanced. At the moment,
the considered problem has been solved for a certain constant angular velocity of the crank. For a different angular
velocity, a different characteristic of the elastic hinge will be required. A possible solution to this problem can be the
use of a pneumatic spring as an elastic element of the proposed hinges. By changing the pressure in the pneumatic
spring in an appropriate way with a change in the angular velocity of the crank, it is possible to achieve the proper
coefficient of uneven operation of the considered two-stroke engine. The approach proposed here for balancing a
two-stroke single-cylinder engine can also be applied to balancing four-stroke engines.

The problem of balancing internal combustion engines (ICE) based on a crank mechanism (CM) has been
the subject of many works, for example [1-4]. This work is devoted to a two-stroke single-cylinder engine (TSSCE)
with two elastic hinges with preset force characteristics [5] located between the crank and connecting rod at point A
(with characteristic M;,(¢)) and between the crank and connecting rod at point 0 with characteristic M, (¢) (Fig. 1,
(@)). The dependence M, (¢) on the TSSCE crank shaft was taken from [6] and was approximated by the analytical
function (1), where ¢ is in degrees.

Me,.(9) = —2,693510959090909 - 107 + 1009131,066530486 - (¢ - 7/180) —
—16831,236170949003 - (¢ - /180)? + 164,56930773216035 - (¢ - /180)3 —
—1,0445902415421795 - (¢ - w/180)* + 0,004497285554988163 - (¢ - r/180)° —
—0,000013297457442994316 - (¢ - 1/180)° + 2,665200570792428 - 1078 - (¢ - 7/180)7 —
—3,463864860887725 - 10711 - (¢ - 1/180)® + 2,636647972125913 x 10~1* - (¢ - /180)° — (1)
—8.947485203612654 - 10718 - (¢ - 7/180)° + (2,693510959090909 - 107 —
—1008993,066791191 - (¢ - r/180) + 16823,278538256654 - (¢ - r/180)% —
164,3809582389641 - (¢ - /180)3 + 1,0422601817406472 - (¢ - 1/180)* —
—0,0044809411801945455 - (¢ - 1/180)° + 0,000013232168767022518 - (¢ - /180)6 —
—2,651459239985029 - 1072 - (¢ - 1/180)7 + 3,452203947414538 - 1011 - (¢ - /180)° —
—2,636647972125913 - 104 - (¢ - 1/180)° + 8,947485203612654 - 10718 - (¢ - 1/180)'°) - Sign[180 — ¢].

In this formulation of the problem, a CM with a counterweight on the connecting rod is considered. We
consider that the weight of the counterweight is P,, and its length is £,. Rod weight AC, was not taken into account

(Fig. 1).
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To determine the dependence M;,(¢) in steady state, taking into account the operating resistance M,.., the
horizontal force FP°% acting on the piston from condition (2) was determined.
FPot(@)dx = ME" (@) do, 2

where Mgf_t'&p) = M, (p) — fOZ" M, (p)de/2m - potential component of the moment on the shaft of the ICE

(fOZ" Mgf_t'(<p)d<p = 0) in the steady state of the engine, taking into account the resistance (Fig. 1, (a)).

It is assumed that dependence (1) and, consequently, dependence (2) can be determined for any TSSCE.

Figure 2 shows the dependencies M, (¢) (dependence 1 according to formula (1)) and Mg,f’t' (¢) (dependence 2) at
one turn of the crank.
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Omitting calculations for dependence (2), we write an expression for FP°% (@) (§ FP°"dx = 0).

FPot. — Mg:_t'/((ﬁ +7,) sing - (1 + l\/%:;nzq)), 3)

where r; — distance from point 0 to the center of mass of the crank; (r; +r,) — crank length; 1 = Wit p

(tr+e2) 1
distance from point A to the center of gravity of the connecting rod AB; (¢, + £,) — crank length AB.

To determine the dependence M;,(¢) (4), in which the lateral force R, acting on the piston is equal to 0 at
any angle of rotation of the crank (Fig. 1, (b)), the sum of the moments of active forces (P,, Ps, P,, FP°%), inertia
forces (P; - %g5/g, Py %c2/Gs Py Veal/gs P Xca/g, Ps-Veca/g), torque inertia of the connecting rod (Ié? &)

relative to point A. It was assumed that the angular velocity of the crank ¢ is constant. The direction of rotation of
the crank is counterclockwise (Fig. 1, (a)).
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where hy = (¢; + ;) - (1 — 0,254% 4+ 0,254 - cos2¢); h, = (1 + ;) - A+ sing; hg = £, * A - sing;

hy = ;- (1 —0,252% + 0,254% - cos2¢); hy = #1 - A-sing hs = £y (1 —0,254% + 0,252% - cos 2¢) ;
g, =1 @? sin@-(1—(A-cosg /(1—0,252% + 0,2512 - cos 2¢))?) /(1 — 0,252 + 0,2542 - cos 2¢);
¥p = —(r; +12) @% - (cos@ + A+ cos2¢); k¢, = —(r; + 1)+ cosp - > — £+ A% - cos2¢ - §?;

Ve, = =2 A+ @* - sin@; X¢, = —(ry + 1) - cosg - 9% + £+ A% - cos2¢ - §?;

Ve, = —(rn + 12+ 45+ A) - sing - ¢

In the absence of an elastic hinge at point 4, the lateral force R,3, will be determined by the dependence
(5).
Ryz0 = Myp/((£1 +£,) - (1 —0,25-2% + 0,25 - A% - cos 2¢)) ®)

Dependence (4) turned out to be such that fOZ"M12 (p)de =+ 0. It should be noted that fOZ" M, (p)de does
not depend on the angular velocity of the crank. To obtain such dependence Mfz‘”'(go) that fOZ"MfZ‘”'mp =0,

dependence (6) can be used.

. 21
Mfzot =M, - fo M,,do /21 (6)

When the elastic hinge is located with characteristic (6), the lateral force acting on the piston R,;(¢) (Fig.
1, (b)), is determined by the following expression.

Rys = [ Mypde /(21 (85 + £5) - (1= 0,25 2% + 0,25 - 2% - cos2¢)) @

Fig. 3 shows the dependencies M;,(¢), Mf;’t', R430(®), R43(¢) obtained by dependences (4), (5), (6), (7),
respectively. Options (a) and (c) were obtained with P, = 0 and £, = 0. Variants (b) and (d) were obtained with
such values of P, and ¢, (P, = 20 N, ¢, = 0.4 m) that the center of mass of the system “counterweight at point C,-
rod-piston” is at point A.
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As can be seen from Figure 3, the dependences M,,(¢) (without a prime) and Mfz‘"‘ (with a prime)
practically coincide. Installing an elastic hinge with a given characteristic between the crank and the connecting rod
reduces the lateral force acting on the piston R,5(¢) hundreds of times. It should be noted that the reaction R_43 (o)
is practically independent of the angular velocity of the crank for these parameters. It was possible to select such
parameters of the system under consideration, in which the lateral force R,;(¢) is equal to zero at any angle of
rotation of the crank. Figure 4 shows such dependencies. Option (a) obtained with P, = £, = 0. Option (b) with
P, =10 N u £, = 0.1 m. For the case when the center of mass of the system “counterweight at point C,-rod-slider”
is at point A, select such parameters for which R,;(¢) = 0 at any angle ¢, failed.
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Fig. 4.

The case was considered when the angular velocity of the crank is constant. To determine the
characteristics of the elastic hinge at point 0 (M, (¢), Fig. 1, (a)) the Lagrange equation of the second kind was
compiled.

5 (G5) — 55 = Qe ®)

where T = %Igiv. - @2 — kinetic energy of the mechanism in Fig. 1, (a));
A% cos?@

1+18 +

a- %7\2 + %}\ZCOSZ(L))Z

£2 - cos?@
(61 + £2)?

P.
lgv. = 167 + EZ (ry +15)? - [(sing — +sin2¢)? +

|-
2(¢1 + ¢;)

A% - cos?@

1- %7\2 + %7\20052@)2

P, , 1. P ,
+g-(r1+r2) -(smq)+z7\-sm2<p) +—- (o +41 +4,)° +

+2(Lo + €1+ £2) - ((ry +72) - cOs@ + (€1 +£) - (1 — 1 2% + 2 12cos2¢)) - tgep - A+ sin) + ’;75 rE:

Igiy. — reduced moment of inertia of the mechanism in Fig. 1, (a));

or (1 2[&22) ‘A% cos@ - sing (Iézz) - A* - cos @? - sin 2¢)
Ere (E‘p ) = A =0,25 + 0250 cos 29)2 T (1= 0.2507 + 0,252 - cos 2)°
N (2P; - (1 + 13)% " cos @ + A+ cos 2¢) - (sin@ + 0,51 - sin 2¢) B
g
L )2 (12 - cos @ sin @)/ + £)7) + 2(cos g - 2L B2
g (f1+42)

A-£;-sin2¢@

———————— )N - A% Pyrcos@-sin@ - (Lo + 01 +£)2+ 21 (£g + 01+ £5) (17 +13) X
2(4, +42)

X (sing —

X cos@ + (¢1 +£5) - (1 — 0,25A% + 0,25A2 - cos 2¢)) - sin @ * tg®)) /(g X
X+ (1 —0,25A% 4+ 0,25A% - cos 29)%) + (A\* - P, - (cos @)? - sin2¢@ - ((€g + €1 + €)% + 2X- (g + €1 + £5) X



X ((ry +13) -cos@ + (€1 + ;) - (1 — 0,25A% + 0,25A2 - cos 2¢)) * sin @ - tg®))/(g X
X (1 —0,252% + 0,25A2 - cos 2¢)3) + (A2 - P, - (cos @)% - QA+ (g + €1+ €3) - ((r; +73) *cos @ +
+(£1 +£3) - (1 —0,25A% + 0,25A% - cos 2¢)) - sin@ + 2A - (£o + €1 + £5) - ((ry + 1) *cos @ +
+(£1 +€3) - (1 —0,25A% + 0,25A% - cos 2¢)) ~sec @ - tg@ + 2L (Lo + €1 + £;) -sin@ - (—(r; + 15) X

X sin@ — 0,5A% - (¢; + £,) - sin2¢) - tg®))/(g - (1 — 0,25A% + 0,251 - cos 2¢)?)];

i(aT) = jgiv. 9+ Igiv. * @

at \a¢
P Zlézz) “A2-cos@-sin@- ¢ (Iézz) ‘A*- (cos @)? - sin2¢ - @)
9. = 8 —0,25(A% + 0,25(A2 - cos 29)2 | (1 — 0,25A2 + 0,25A2 - cos 2¢)3

—(2A%2- P, cos@-sin@ - ((£g+ €1+ €)%+ 21 (g + €1+ £3)  ((r, + 1) ~cos +
L +
(1 —0,25A% 4+ 0,252 - cos 2¢)?

+(#1 +£5) - (1 —0,25A% + 0,25A% - cos 2¢)) - sin @ * tg@) e

+(A* - Py - (cos@)?-sin2@ - (g + €1+ €)% +2X-(£g + £, +£,) - ((ry +13) - cosp +
+(£; + ;) - (1 — 0,25)% + 0,252 - cos 2¢)) *sin @ - tg@) - ®)/((1 = 0,25A% + 0,25A2 - cos 2¢)3) +
+(1/9) - 2P; - (1, + 15)% - (sin@ + 0,51 - sin2¢) - (cos @ - @ + A cos@ - @) + (1/g) - P, - (1 + 15)% X

A-£y-sing

STy (050 0= Oty cos@ @)/l + ) +

5 2¢%2-cos@-sing- ¢
Ty

) + 2(singp —
+(A2 Py (cos @)%+ (2A+ (o + €1 + £5) ((ry +15) -cos@ + (£; + £,) - A% + 0,25)% - cos 2¢)) - sin@ - ¢ +
20 (Bg+ €, +£,) - ((rp + 1) -cos + (£, +£,) - (1 —0,25A% + 0,25A2 - cos 2¢)) -sec - tgp - ¢ +
+21 - (Lo + €1 +£;) - sin@ - tge - (=(ry + 1) *sing - @ — 0,50 - (£; + £,) * sine - ¢)))/(g - (1 -

—0,25A% + 0,25A% - cos 2¢)?)

P28y, +Pa8YCy+M128(0+1),
) !

(ry+13)%:sin2¢

Qs =F”°t'-<(r1 +1,) - sing +W>+M1—Pl-rl-Cos<p+P5-r0-C05(p—

Py, P,, P,, P — the weights respectively of the crank, connecting rod, counterweight at point C, and counterweight
at point Cs;

r, is the coordinate that determines the position of the center of mass of the crank;
1, 1S the coordinate that determines the position of the counterweight at point Cs;
Y¢,» Ve, — ordinates of points C, and C, respectively (Fig. 1); §yc, = €5+ A1+ cospdo;

8yca = (11 +13) " cospbp + £y - (1 + 1) /({1 + £3) - cosp;

1472
1+

8P = (r, +15) cos 8@/ (£y +4£5) - (1 —0,25- (ﬁ)2 +0,25 - (2722 ¢o52¢);

(1, + 1,)% - sin2¢
2:(61+4;)

Qsp = FPO" - ((r1 +1,) - sing + > — P, -1 cosp +

+Ps-ryrcosqo+ My — P, 4, cosp — Py ((ry +13) cosp +
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121 + 10 M
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Let us rewrite equation (8) in the following form.

1. 0lgiy.
gw @+ giv. (p_z(pz' Bip ZQ&p- (9)

From equation (9) we obtain the dependence of the moment on the crank on its angle of rotation (¢ = 0).

. o1 0l ) (r, + )% - sin2¢
My =low. @ _E(pz .W_ FPot-{ Gt y) - sing + 2- (¢ + 1)
+P, -1y cosp —Ps-ryg-cosp+ Py 4, { f “((ry +1p) - cosp — (120)
— 0-€1+{)2-cos<p)+M12+

My (ry +75) cos /(g +45) - (1 - 0,25 (2 +0,25 - (’"”;2) - cos 2).
2

Variants were considered in which M;, = MPJ", that is, in the presence of an elastic hinge with the

characteristic Mfz"t'(<p) between the crank and the connecting rod. It turned out that not for all parameters of the

considered system fOZ" M, de = 0. For example, for the data on which Fig. 3, (b), fOZ" M;de =~ 14193.2 J under the

condition of vertical balancing (Fig. 5, (a), - according to equation (10)). Vertical balancing of the CM in Fig. 1, (a)
was determined by the following equation

Ps -1y sing =P, ry-sing+P,-fy-siny+P,- (£, +4€, +£,) - sin. (11)

The weight P; from equation (11) is given by the following expression

_ ri+7my 1472
Po=(Promy 4Py y B2 4 Py (8 + £ + £9) - 222 /1 (12)
£1+4; 4144,
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Fig. 5.



For option (b) [, Myde = 0, while [ MPy"dep = 0 ((c), - according to (4)). As can be seen from the
figure 5, the lateral force acting on the piston ((d), - according to (7)), is quite small.

The condition for finding the center of mass of the system in fig. 1, (a) at point 0 the following
Ps=((P,+ P34+ Py) - (r; +1) + P 1) /1, (13)

where P, = (P; - (¢, +£,) + P, - £1) /4, (the condition for finding the central mass of the system “counterweight at
point C,-rod-posun” at point A, Fig.1).

Figure 6, (a) shows the dependence M, (¢) in the case when the center of mass of the system in Fig.1, (a) is
at point 0 (condition (13) is satisfied). Figure 6, (b) shows the dependence of the lateral force acting on the piston on
the angle of rotation (in the presence of an elastic hinge at point A, Fig. 1, b).
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Fig. 6.

An elastic hinge with a given characteristic is an elastic element, a spring or a pneumatic spring, moving
between the guides of the given form (Fig. 7). For option (a), the elastic element is a spring; for option (b) the elastic
element is a pneumatic spring. The shape of the guides is such that the reactions N; and N, create a calculated
restoring moment depending on the angle of rotation of the elastic element relative to the guides a. For an elastic
hinge at point 0, the angle « is equal to the angle of rotation of the crank ¢. For a hinge at point A: @ = ¢ + 1, or
a = ¢ + arcsin (4 - sing). The method for calculating the shape of the guides of an elastic hinge is presented in the
article [7]. At first, the guides are calculated assuming that the radius of the rollers in contact with the guides is zero.
Then equidistant guides are built to the obtained ones, taking into account the radius of the rollers. For example,
according to the dependences Mfft'(qo) and M, (¢) derived in this article, it is possible to calculate the guides of the
elastic hinges, which will be located between the crank and the connecting rod and between the strut and the crank,
respectively. For the steady-state operation of the engine at different constant angular velocities of the crank, elastic
hinges with different characteristics are required. From this point of view, elastic hinges are preferable, in which a
pneumatic spring is used as an elastic element. Then, with a small change in the magnitude of the angular velocity of
the crank, it is possible to achieve the proper coefficient of uneven operation of the considered engine by calculating
the pressure change in the air spring [7].

Fig. 7.



Conclusions.

1. Installation of an elastic hinge with a given characteristic between the crank and the TSSCE connecting rod can
reduce the lateral force acting on the piston by hundreds of times. For certain parameters of the system under
consideration, the lateral force acting on the piston during the operation of the TSSCE is equal to zero at any angle
of rotation of the crank.

2. Installation of an elastic hinge with a given characteristic between the strut and the crank, in the presence of an
elastic hinge between the crank and the connecting rod, makes it possible to obtain a constant angular velocity of the
TSSCE crank with a minimum lateral force acting on the piston.

3. For CM with counterweights on the connecting rod and crank with elastic hinges located between the strut and the
crank and between the crank and the connecting rod, it is possible to obtain a fully balanced TSSCE with a constant
angular velocity of the crank
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