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Kinematic analysis of Stirling engine
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Abstract. The submitted paper presents a kinematic analysis of Stirling
engine by the vector method. Position equations are written for various
points of the mechanism, and values of velocity and acceleration are
obtained from derivation of the equations, depending on time. Equations in
matrix form are solved by means of the Matlab program. Graphic
dependences of kinematic magnitudes of some points are given in
dependence on the angle of rotation of the drive member. Position
equations are utilised for the animation of the mechanism. The
computational model of the Stirling engine was created in the SolidWorks
software program.
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1 Introduction

In the case of kinematic analysis of planar as well as spatial mechanisms [1-3] and their
simulations [4-6], it is possible to use the specific software Matlab program. The advantage
of this program is based on the simplicity of programing process, while the obtained results
are high accurate in relation to the numerical equation solutions in the whole range of the
mechanism movement.

2 Kinematic analysis of planar mechanism

Considering the ten-item planar mechanism, the vector method [7] is used for solution
relating to field of positions, velocities and accelerations. The numerical solution
procedures are carried out for predefined input values (1) if the angular rotation of the drive
member (2) is: @, =¢=2.0864 rad. The computational model of the Stirling engine is in
Fig. 1 and the kinematic scheme can be seen in the Fig. 2. The position equations (3) are
derived on the basis of ¢,(;=1,8) variables and by this way, the equations of velocities (4)
are obtained and subsequently, the given equations of velocities are transformed to matrix

form (15). If the equations (4) are derived again, the equations of accelerations (5) are
obtained and then, they are transformed to the matrix form (16). The equations from (6) up
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to (14) are valid and used for calculation of kinematic values of distance, velocity and
acceleration for D, K, J points. The given solution procedures were carried out by means of
the Matlab program and results of kinematic analysis are shown in Figs. from 3 to 8.

Fig. 1. The computational model of the Stirling engine
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Fig. 2. Kinematic scheme of mechanism
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Input parameters:

q=0,=2,0864rad as; =¢4 =6,0cm
O, =¢, =1,2745rad asy, =c¢;5=5,0cm
rn=¢,=70cm ag =Cg =2,4cm
O, =¢,=0,3818rad ag =c;; =48 cm
Os=¢,=0,2101rad L =cg=94cm 0
Oy =¢s =0,2003rad L, =cy=68cm
ry =g =2,4cm Ly=cy,=19cm
Oy =¢, =1,0973rad L,=cy,=7,0cm
rg=¢g =1,7cm Ly =cy =70cm
a,=cy=2,4cm Li=cy;,=6,0cm
Ay =¢19=50cm o =c,y =0,4907 rad
ay, =c¢;, =1,0cm P =c,y5s =0,6338rad
b=c,, =0,4cm ¥ =Cye =1,6258rad
a,=c;3=51lcm 0 =cy; =0,1411rad
@, =1rads™", a5 =0rads™

Variables are:

[0 5. 04- 5. b5 87 5] =[©.73.0,.05.6,.7,.05.1] )
Considering ABDA, ABCEFGHJA, EFGHJE and FKLMNEF, the position loop equations

are:
fi=-b—a, cos(@ —y)—a,cosq=0
Jf2=—¢, +ay sin(¢ —y)+a,sing=0
J3=—a,c08q —ay cos(g —y + ) +a, cos¢y —as cos(@, +5)+L; —L; =0 (3)
fi=a,sing + a,, sin(¢ —y + f) —a, sing; + as, sin(¢g, +6)—Ls =0
f5s =—¢s cosa —ag cosgs —as, cos(@, +6)+L; =0
fo =@ sina +agsings +as, sin(¢, +6)—L, =0
f7 =—as, cosg, —ag cosg, +L; =0
Jy =asysing, +agsing; +¢s —L, =0

When the position equations (3) are derived on the basis of ¢l(z =1, 8) variables, the

system of velocity equations (4) is obtained and after further derivation, the system of
acceleration equations (5) can be obtained.

fl = a21¢1 sin(¢, —y)=—a,gsing 4)
fz =_¢'52 +a21¢%1 cos(@ —y) =—a;4cosq
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fs = ayd sin(@, —y + B) — ayb, sing, + as,é, sin(g, + 5) =—a,§sing
f1=a5¢ cos(@ —y+ f)—a,d, cosds +as ¢, cos(@, + ) =—a,gcosq
fs == cosa + agps sings + a5 b, sin(@, +5)=0
f6 = ¢6 sina + a6¢55 cos@s + a51¢4 cos(gy +0)=0
f7 = asyfy Sin gy + agd, sing, =0

fy = asydy cosg, + agg, cosg, + g =0

“4)

fl = a21¢.51 sin(¢, — ) + 021¢12 cos(¢ —y)=-a,gsing — alqz Ccosqg

fo= _&2 + a21¢'51 cos(dy —y) - ‘121(1512 sin(¢, —y)=—a,Gcosq + a1qz sing
f3 = a22¢.1 sin(g —7+ﬂ)+a22¢12 cos(¢, —}/+,B)—a4¢3 sin ¢, —a4¢f32 cosg +
+a51g}54 sin(¢, +5)+a51¢f cos(@y +0)=—-a,g sinq—alq'2 cosq (5)
fa =and cos@ —y + B)—and sin(g —y+ ) —a,f; cosg; +
+a4¢532 sin @, +a51g}54 cos(@, +5)—a51¢f sin(¢, +90) = —alijcosq+alq2 sing
fs = _¢6 COSO“*%&S sin @s +%¢52 cos s +051¢4 sin(g, +5)+a51¢f cos(g, +9)=0
f(, = ‘56 sina+a6¢-5 cos s *a5¢552 sin gs +‘151&4 cos(¢, +5)*451¢53 sin(¢, +6)=0
f1 = —as,¢y sing, —as,¢i cosg, —agd; sing; —agh? cosg; =0

. . . .. . .
Js = asy¢4 08P, —as,P; sing, + agp, cosP; —agP; sing; + ¢y =0

The equations from (6) up to (14) are valid and used for calculation of kinematic values
of distance, velocity and acceleration for D, K, J points.

Xp=b ‘ . (6)
Yp =a;sing +ay;sin(¢ —y) =@,
Vp =a;.4cosq +ay,.¢ cos(@ —y)=¢,
=0 2 . 3 ) ®)
Vp =ay.gcosq—a;.q” sing + a,,.¢ cos(@y —y) — a4 1sin(g —y)=¢,
x;=b
Y, =a,sing +a,, sin(¢, —y + f) —a, sing; +as, sin(g, + ) +as, sing, + ©)
+agsing, =L, +L, — ¢
X, =0

' (10)

Y, =a;.qcosq+ a22.¢1 cos(g —y+p) - a4.¢3 cosgy + a51.¢4 cos(@y +6) +

+as,.9, cos@, +ag.P; cos@; =—dg
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X, =0
Yy, =a;.gcosq _a1~q2 Sinq+a22.¢.] cos(¢y —;/+,B)—a22.¢.5-12 sin(¢y —y + ) — (1)
—a4.é53 cosgs + a4.¢532 sing, +a51.(}54 cos(@, +9) —a51.¢ff sin(¢, +9)+

. o .. o ..
+0as; P4 COSP, — as, B, Sing, +ag.¢; cosP; —ag.¢; sing, = -y

X, =—a, COSq — a,, coS(P —y + B) + a, cosdy +ag cosds =L, — ¢, cosa (12)
Yy =a,sing +a,, sin(¢, —y + f)—a,sing,; —agsings =Ly — L, + @ cosa

X, =a,.4sing + ayy B sin(g, —y + fB) —a4.¢3 sing, — a6.¢5 sings = —;/56 cosa (13)
Yy =a,.4C0Sq + ay.fy cos(@ —y + f) — a5 COsP; — ag.ps cosds = g sina

%y =a,gsing +a,4° cosq +ay g sin(g —y + )+ ay ¢ cos@ —y + ) -
—a, By sing, —a, @7 cosg, — ag.gs sings — ag P2 cosps =—d, cosa

¥, =aydjcosq —a,.q4” sing +ay § cos@ -y + B) - ay, 4§ sin(dy —y + B) -

—a,.By cOSPy +a,.7 sing, — ag.fs cosds + ag.h2 sings = g sina

(14)

The system of equations (4) is transformed to matrix form (15) and the system of
equations (5) is transformed to the matrix form (16).

a5, sin(g, —y) 0 0 0 0 0 0 0
ay cos(@g, —y) -1 0 0 0 0 0 0
aysin(g—y+pf) 0 —a,sing; +as;sin(g, +9) 0 0 0 0
a,,cos(@ —y+p) 0 —a,cosp; as cos(@, +0) 0 0 0 0
0 0 0 +as, sin(g, + ) agsings —cosa 0 of
0 0 0 as, cos(@y +90) agcosgs sina 0 0
0 0 0 as, sing, 0 0 agsing, 0
L 0 0 0 as, cosg, 0 0 agcosg; 1|
| [-@gsing]
| |~@gcosq
9, —a,gsing
12| _|~adcosq
2 0
I 0 (15)
4, 0
) Lo
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ay, sin(g, — ) 0 0 0 0 0 0 0] [¢]
a,, cos(@, —y) 1 0 0 0 0 0 0| |
ay,sin(¢ —y+p) 0 —a,sing; as; sin(g, + ) 0 0 0 0|,
ay,cos(@—y+pB) 0 —a,cosd; as cos(@, +5) 0 0 0 0| |d,

0 0 0 as sin(¢, +35) agsings —cosa 0 o| &s -

0 0 0 as, cos(@, +35) agcosgs sina 0 0| ¢
0 0 0 as, sing, 0 0 agsing, 0| |,

L 0 0 0 as, cosg, 0 0 agcosg; 1] | gy |

—ay i cos(py —y) —agsing —a,g” cosq
ay i sin(¢y —y) —agcosq+ag” sing
ar @i cos(@y —y + )+ asdi cosgs —as @i cos(@, + ) —ajising —a, g cosq (16)

42247.512 sin(¢, —y + ) — a4¢f32 sing; + a51¢ff sin(¢, + ) —a,Gcosq + alqz sing
— agi cosgs —as B cos(@y, + 5)
aghs sings + as,$3 sin(p, + 5)
*aszdf cosg, *a8¢.572 cosg;

02 s 2
as @5 sing, + agpy sing;

3 Results of kinematic analysis
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Fig.3. The course of shifts for D, L, J points in dependence on angular rotation of crank
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Fig. 4. The course of velocity for D, L, J points in dependence on angular rotation of crank
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Fig. 5. The course of acceleration for D, L, J points in dependence on angular rotation of crank

The course of angular position for individual bodies in
dependence on angular rotation of crank
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Fig. 6. The course of angular position for individual bodies in dependence on angular rotation of
crank
The course of angular velocity for individual bodies in
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Fig. 7. The course of angular velocity for individual bodies in dependence on angular rotation of
crank
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The course of angular position for individual bodies in
dependence on angular rotation of crank
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Fig. 8. The course of angular acceleration for individual bodies in dependence on angular rotation of
crank

4 Conclusion

Based on the evaluation of the results, the utilisation of the Motion Program is significantly
useful because it is effective way to determine all kinematic parameters of any mechanism
and moreover, the loading for any point of the body system is able to be specified. The
tolerance for the position deviation was also tested while the predetermined deviation was
10, It is important to point out that from the aspect of convergence, it was not necessary to
use more than five steps for each one position. On the other side, the convergence failure
was connected with specification and entering of inaccurate parameters.
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