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1. Silové pusobeni na klikovy mechanismus

1.1 Hlavni charakteristiky motoru

Pg := 1078-kKW
. —1

n := 1500-min
nv:= 16
T:=0.5
d := 65-deg
D := 170-mm
Z = 190-mm

2

-D
V, = —“4 Z V, = 4312.621-cm’
m
Cg = 2-Z-n Cg=95—
S
Pe
= = 1.25-MPa

Pe V,-nv-n-T Pe

Pe 3
P = P = 15.623-kW-L

e.m nv-V, e.m

€:=12

1.2 Parametry ojnice

Z
r=— r=95-mm
2
IOJ
r
A= — A =0.253
o

1.3 Redukce ojnice

J7 = 298495.1-kg-mm”

a:=282.4-mm

b:= |oj —a=926-mm

Mgj = 12.029kg

i :==375-mm
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vykon motoru

pracovni otacky
pocet valcl

taktnost motoru
uhel rozevieni valcu
vrtani

zdvih

zdvihovy objem valce

pistova rychlost

stfredni efektivni tlak

mérny vykon motoru

stupefi komprese

polomér kliky

délka ojnice

klikovy pomér

moment setrvacnosti v
tézisti ojnice
vzdalenost od osy pistniho

v Vv

v Vv

vzdalenost od tézisté ojnice
k ose ojni¢niho Cepu

hmotnost ojnice



Do tfi hmotnych bodu

JT
mq = 5 — JT
a-(a+b) 27 b(a+b)
m3 = moj - m1 - m2
Do dvou hmotnych bodu
b
Mop = M1 + M3--— Mop = 2.97kg
|oj
a
Mgy = Mo + m3~r Mgy = 9.059kg

0

horni oko: my = 2.819kg
spodni oko:  mo, = 8.596kg
tE2iste: mg = 0.614kg

2. Kinematika klikového mechanismu

2.1 Prabéh kinematickych veli€in v zavislosti na uhlu natoceni

klikového hridele

a = 0-deg, 10-deg .. 720-deg

2.1.1 Draha pistu s (mm)

s(a) = r~[1 - cos(a) + %(1 - COS(ZOL))J

sq1(a) :=r(1 - cos(a))

|

So(a) :=r-—-(1-cos(2-a))

2.1.2 Rychlost pistu (m.s™)

1
w = 157.08- —
sec

w = 2-1N

V(o) = r-w-(sin(cx) + %-sin(z‘a)j

Vi(a) = r-w-sin(a)

Vo(a) = r-w%-sin(z.a)
2.1.3 Zrychleni pistu (m.s™2)

a(a) = r-wz-(cos(a) + X-cos(2-a))
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celkova draha pistu

prvni harmonicka slozka
drahy pistu

druha harmonicka slozka
drahy pistu

uhlova rychlost

celkova rychlost pistu

prvni harmonické slozka
rychlosti pistu

druha harmonicka slozka
rychlosti pistu

celkové zrychleni pistu



prvni harmonicka slozka

2
aq (o) =rw"-cos(a)
zrychleni pistu

druhda harmonicka slozka

as(a) = r-w2->\~cos(2~a)
zrychleni pistu

2.1.4 Grafické zobrazeni

Prubéh drahy pistu
200
s(o)
mm
=
Z sq(o
e
E mm 100
s
= s5(0)
mm
0
0 180 360 540 720
&
deg
uhel natoceni klikového hiidele
Pribéh rychlosti pistu
20
V()  13.333 72N 72N
o = 6.667
\a V1 (OL)
o -
8 0 0
E‘ sec
O
)
= Vol 6667
sec
—13.333 V v
-20
0 180 360 540 720
o
deg

dhel natoceni klikového hridele
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Prabéh zrychleni pistu

350
a(o)
_m
2 187
sec
2
Z aq (o)
Eom /TN /N /TN /|
< S N\ / \ /I / ANER Y / \ /[
S sec 180 360 540 20
2
N ap(e
m —137
sec : ; : ;
- 300
-
deg
thel natoCeni klikového hiidele
Pribéh celkovych kinematickych veli¢in
w |\ /N /
. mm-100 433
=
]
= vy
g m 2.66 \ / \ /
<~  sec
& 0 / \ / \
g‘ (o)
a(o
g Tm 06 \ 180 360\ 540
<
&
deg

ahel natoceni klikového hiidele
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3. Prubéhy tlaku valcové jednotky
3.1 p-a diagram valcové jednotky
p := READPRN("In_diag02.dat")-0.1MPa N, = 720

p

i:=0.. Np — 1 o = i-deg p. : Patm = 0.IMPa

Prabéh indikovaného tlaku ve valci

13

10.833
i3}
5
g) pi 8.667
= MPa
z 6.5
>
§ Patm

MP

S T8 4333
S
=

2.167

0
0 180 360 540
Q
deg
uhel natoceni klikového hiidele

Pimax = Max(p) Pimax = 11.581-MPa
Pimin = Min(p) Pimin = 0-153-MPa

3.2 p-V diagram valcové jednotky

V, = 4312.621-cm’
\
Vy = —2 Vj = 392.056-cm”
e-1
D’ X
V(a) == Vi + -s(o) s(a) = r-[l —cos(a) + Z-(l - cos(2a))}
2

D

V= Vi + .s(ai)
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Prubéh indikovaného tlaku ve valci

15

kel
—
=

MPa

Patm
MPa

indikovany tlak ve vélci

0 1000

2000

Vi

cm

3000 4000 5000

objem nad pistem

4. Prubéh sil prenasenych pistnim cepem,

ojnici a bocni sily na pist

4.1 Sily ve sméru osy valce prenasené pistnim ¢epem

Mpist = 6.12-kg

Mpsk = 9.83-kg

Mop = 2.97kg

Mg = 9.059kg

Mg == 0.83-kg

2
w-D 2

Sp = Sp =0.023m
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hmotnost pistu
hmotnost pistni skupiny

redukovana hmotnost
posuvnych ¢asti ojnice

redukovana hmotnost
rotacnich ¢asti ojnice

hmotnost ojni¢niho loZiska

plocha pistu

sila od tlaku plynu (primarni)



Fpmax = max(Fp) = 260.602-kN

Fpmin = min(Fp) = 1.193-kN

FSi = —mpsk~a(ai)

Fsmax = max(Fg) = 17.207-kN
Fsmin = min(Fg) = -28.879-kN

Fo,= Fp,+ Fs,

Femax = max(Fg) = 231.786-kN

Femin = min(Fg) = —26.283-kN

maximum sily
minimum sily
setrvacné sily od pistni
skupiny

maximum sily

minimum sily

celkové sily pusobici ve
sSméru ojnice

maximum sily

minimum sily

Sily ve sméru osy valce prendSené pistnim Cepem

350r

o FCi 2851

Q

S kN

o, —— 2207

5]

o F

= i 1551

'S kN

5]

© Fg 90

> |

z

2 kN o4

o~ 120
— 40"

Q
deg

ahel natoceni klikového hiidele

4.2 Sila pfenasena ojnici v jeji ose

B, = asin(x-sin(cxi))

Fes = _(mpsk + mop)-a(u)
_FestPp
%" cos(p)
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odklon ojnice

celkova setrvacna sila
posuvnych hmot

celkova sila pusobici v ose
ojnice



celkova sila plisobici v ose ojnice

30
(]

.S

‘Q

= N\
) 20

o

>

3

o I:oj

la ptiso
B
z
=

7 —— TN
< 2 N
>
E 9/ 90 180 270 360 450 540 630 720
Q
Q
-10
Q
deg
thel natoceni klikového hridele
Fojmax = max(Fj) = 223.099-kN maximalni sila plsobici v
ose ojnice
Fojmin = min(F ;) = -34.965-kN minimalni sila pusobici v
ose ojnice
4.3 Bocni sila plsobici na pist
Fp = Foj_-sin(ﬁi) celkovéa boéni sila pusobici
' ! na pist
2
1 {/\\
Fn /N \
kN //
90 1 270 360 450 5 6}6 720
/
- N
-1
Q
deg
Frmax = max(Fy) = 16.146-kN maximalni boéni sila
pusobici na pist
Famin = min<Fn) = —8.149-kN minimalni bo¢ni sila

pusobici na pist
4.4 Pribéh sil a toivého momentu na jednom zalomeni

Fri = (—Foj)i-cos(ai + Bi)
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5 odstrediva sila redukované
Fod = (Mor + Mgj)-r-w Fog = 23.179-kN rotacni hmoty a ojniéniho
loziska

I:rci = I:ri +Fod

Fti = Foji-sin(ai + @i)

2 2
Foc =y Ft *+Frc

28

kKN  186.66

\
= e e

G AN —~ -
kN 0 90 180 60 / 450 540 0 720
Fri
— -9333
kN
Fod
kN — 186.66
-28
Q
deg

Fimax = max(Fy) = 77.515-kN
Fimin = min(Fy) = -39.929-kN

Fist = mean(Ft) = 4.801-kN

4.5 Kroutici moment jednoho valce

Mk = Ftr
Myt := mean(M) = 456.111-N-m
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20

900
6666.66 !I\\
Mg 433333 \
|
N-m
200 \
Myst / \ \ /\
N-m II \\ \\ ll
_ —333.33 120 Yio/\ 360 480 VW 7
—2666.66
-500
Qj
deg

Mymax = max(My) = 7363.936-N-m

Mymin = min(My) = -3793.277-N-m

o = 720-deg j2C :=0.. 2~np -1

My

Miac. = M. o
j j j e,

M kZC] +np =

= OLC+OL.

4.6 Kroutici momenty na jednotlivych zalomenich

Poradi zapalovani
1-9-3-11-2-10-5-13-8-16-6-14-7-15-4-12

M =M M =M M
kzj 1 kZCj+360 kzj 2 kZCj+270 kzj 3
Mkz. = Mygoc My
; i M =M Z
], 4 j+90 kzj 5 k20j+0 .6
M =M M =M
kzj 7 k2Cj+540 kzj 8 kZCj+450
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kroutici moment

1. zalomeni

1000

7333.33 (\

4666.66 \

200
N-m /
— 666.66 90 18\;\/“;‘6 0 [450 5 \f
-3333.33
- 600
el
deg
adhel natoceni klikového hiidele
2. zalomeni
1000
7333.33 N

kroutici moment

4666.66 \
M
k
%2 2000 \
N-m
——m
— 666.66 0 180 27 3 4 40— 6 -
/\} NS \/ N
~3333.33 \/
~ 600
G
deg

uhel natoceni klikového hridele
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kroutici moment

kroutici moment

3. zalomeni

1000

7333.33 A

dhel natoceni klikového hridele
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4666.66 \
Mgz \
1,3 200
N-m
- 666.66 \C 0/\ ko 270 3 H s /630 720
—3333.33 \/
— 600
el
deg
uhel natoceni klikového hridele
4. zalomeni
1000
7333.33 N
4666.66 \
My, \
1,4 200
N-m
- 666.66 0 ‘\/19n 270 360 4J\j 0 5Jv/ 700
—3333.33 \,}
— 600
el
deg



kroutici moment

kroutici moment

5. zalomeni

uhel natoceni klikového hridele

88

1000
7333.33 "
4666.66 \
Mz, \
.5 200
N-m /
6666671,/ 90 1%\:7n 0450 5 \/5;6 720
—3333.33 v}
— 600
el
deg
uhel natoceni klikového hiidele
6. zalomeni
1000
7333.33 .
4666.66 \
My, \
1,6 200
N-m
/130 7 260 - Un P -
— 666.66H 1 H,V\; /\ = A0 WV\/,zo
—3333.33 v}
— 600
el
deg



7. zalomeni

1000

7333.33

4666.66

IVlkz-

_ 7 200
N-m

kroutici moment

—666.667

N
D
o
[0
(V%)
o

¢
J

—3333.33

- 600

9
deg

uhel natoceni klikového hridele

8. zalomeni

1000

7333.33

4666.66

Mkzj’8 \

200

N-m

kroutici moment

—666.66

=
)
N
W
[en]
I
D

)Kn
S ——
o
[en)

—3333.33

- 600

el

deg

dhel natoceni klikového hridele

5. Analyza vyvazeni klikového hridele

m := 47.7-kg

rty = 45.93-mm

hmotnost zalomeni

polomér tézisté zalomeni
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v

Mz_red = Mz’ =~ M2 red = 23.062kg

2
Fozal = Mz red W™ +2-Foqg

5.1 Odstredivé sily

- Foza|~cos(0~deg)
" | Fozalsin(0-deg)

Fozal €0s(180-deg)
Fqn =
92" | Fozqpsin(180-deg)
Fozal €0s(90-deg)
F =
93" | Fozql-sin(90-deg)
Fozal €0s(270-deg)
Fqn =
%47 | Fozqp-sin(270-deg)
Fozal €0s(270-deg)
F =
95" | Fogzql-sin(270-deg)
Fozal €0s(90-deg)
F =
% " | Fogzql-sin(90-deg)
Fozal €0s(180-deg)
F =
97" | Fogzql-sin(180-deg)
Fozal cos(0-deg)
Fo. = _
8 Fozal sin(0-deg)

5.2 Momenty odstfedivych sil
pocitano k bodu A

= 262-mm
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redukovana hmotnost
zalomeni

odstfediva sila zalomeni

odstfediva sila zalomeni
1.a9. valce

odstfediva sila zalomeni
2.a10. valce

odstfediva sila zalomeni
3.a11. valce

odstfediva sila zalomeni
4. a12. valce

odstfediva sila zalomeni
5.a13. valce

odstfediva sila zalomeni
6. a 14. valce

odstfediva sila zalomeni
7.a 15. valce

odstfediva sila zalomeni
8. a 16. valce

vyslednice odstiedivych sil
je nulova

rozte€ valcu v jedné fadé

délka ojni¢niho ¢epu



|oc = 136-mm

|hc = 72-mm
= IOC = 68-mm
fp = 5 fp = 68
Fo -7r
ro; op'r o, I:05'3rr
F~ -6r
ro o] r
2 2 Mg = Fg -2r
rog 0 “'r
Fn, -5r
ros 05"'r y -
= -r
ro, o,''r
M =F, -4r
ro, 0, 'r

5.3 Silové vyvazeni

Fyr = 98-mm

2
2mypfypw™ = Fozg)
my, == 1-kg

2
My = root(2mvr-rvr-w - Fozal mvr)

my, = 20.764 kg

délka hlavniho Cepu

rozte€ protilehlych valct na
ojniénim Cepu

celkovy moment odstfedivych
sil rozloZzenych do os y,z

vzdalenost tézisté hmoty,
vyuzivajici odstfedivou silu
od osy klikového hridele

rovnice silové rovnovahy pro
vyvazeni odstredivych sil

velikost hmoty, vyuZivajici
polovinu odstfedivé sily

5.4 Setrvacne sily posuvnych ¢asti |. fadu

My = Mpgk + Mop Mgy = 12.8kg

hmotnost posuvnych
casti

Klikovou hfidel rozdélime na dvé hfidele fadového motoru

Leva Cast
2
Fiq(a) = M 1w -cos(av)

91

setrvacnd sila posuvnych
¢astil. radu 1. vélce



Fio(a) = —mp~r-w2~cos(a + 180-deg)
Fig(o) = —mp'r""z'COS(Ot +90-deg)
Fla(o) = —mp~r-w2~COS(0t +270-deg)
Fis (o) = —mp~r-w2~COS(0t +270-deg)
Fl(o) = _mp.r.wz.cos(a +90-deg)
Fir(o) = —mp~r-w2~COS(0L + 180-deg)
Fig(a) = —mp~r-w2~cos(cx)

Prava ¢ast

Flg(a) = _mp~r-w2~cos(cx)

Flig(@) = —mp.r.wz.cos(a + 180-deg)
Fl11(a) = —mp'r'wz'COS(a +90-deg)
Flio(a) = —mp'r'wz'COS(a +270-deg)
Fliz(a) = —mp'f'wz'COS(cx +270-deg)
Fl14(0) = —mp'r'wz'COS(a +90-deg)
Fli5(a) = —mp'f'wz'COS(a + 180-deg)

F|1 6 () = —mp- r wz'COS(OL)

Soudet sil levé ¢asti

setrvacnd sila posuvnych
¢asti I. Fadu 2. valce

setrvacnd sila posuvnych
¢asti . Fadu 3. valce
setrvacnd sila posuvnych
¢asti I. Fadu 4. valce
setrvacnd sila posuvnych
¢asti I. Fadu 5. valce
setrvacnd sila posuvnych
¢asti . Fadu 6. valce
setrvacnd sila posuvnych
¢asti I. Fadu 7. valce

setrvacnd sila posuvnych
¢asti . Fadu 8. valce

setrvacnd sila posuvnych
¢asti I. Fadu 9. valce

setrvacnd sila posuvnych
¢asti I. fadu 10. valce
setrvacnd sila posuvnych
¢asti I. fadu 11. valce
setrvacnd sila posuvnych
¢asti I. fadu 12. valce
setrvacnd sila posuvnych
¢asti I. fadu 13. valce
setrvacnd sila posuvnych
¢asti I. fadu 14. valce
setrva¢nd sila posuvnych
¢asti I. fadu 15. valce

setrvacnd sila posuvnych
¢asti I. Fadu 16. valce

F”_(OL) = F|1 (OL) + F|2(0L) + F|3(0L) + F|4(OL) + F|5(OL) + F|6(OL) + F|7(OL) + F|8(0L)

max(Fj_(e)) = ON

Soucet sil pravé &asti

vyslednice setrvacnych sil
levé Casti |. Fadu je nulova

F”:)(OL) = F|9(OL) + F|10(0L) + F|11 (OL) + F|12(0L) + F|13(0L) + F|14(0L)

+ F|15(0L) + F|16(0L)



max(Fip(a)) = ON

vyslednice setrvacnych sil

prave casti |. fadu je nulova

5.5 Setrvacne sily posuvnych ¢asti Il. fadu

Leva Cast

Fii1 () = —>\-mp-r~w2~COS[2(a)]

Fli(0) = _)\.mp.r.wz.cos[Z(a + 180-deg)]
Flig(0) = —>\-mp~r~w2~COS[2~(0L+ 90-deg)]
Flia(o) = _)\.mp.r.wz.cos[Z(a +270-deg)]
Fiis (o) = —>\-mp~r~w2~COS[2~(0L+ 270-deg)]
Flig(e) = -\ mgr-wcos[2(a + 90-deg)]
Fiiz (o) = _)\.mp.r.wz.cos[Q(a + 180-deg)]
Flig(a) = —>\.mp-r~w2~COS[2(C¥)]

Prava Cast

Fiig(c) = _>\.mp.r~w2~COS[2(0L)]

Fli1o(0) = —>\.mp.r~w2.cos[2~(a + 180-deg)]
Fiiq1(c) = —>\.mp.r~w2.cos[2~(a +90-deg)]
Fiiyo(c) = _)\.mp.r.wz.cos[z.(a +270-deg)]
Fliy3(0) = _>\.mp.r.(,ﬂ.cos,[z(aJr 270-deg)]
Fii14(c) = _>\.mp.r.w2.COS[2(OL +90-deg)]
Fli5(0) = _>\.mp.r.wZ.cos[z(aJr 180-deg)]

Fli16(0) = - mprw’-cos[2: ()]

Soucet sil levé Easti

setrvacna sila posuvnych
¢asti Il. fadu 1. valce

setrvacna sila posuvnych
casti Il. fadu 2. valce
setrvacna sila posuvnych
¢asti Il. fadu 3. valce
setrvacna sila posuvnych
casti Il. fadu 4. valce
setrvacna sila posuvnych
casti Il. fadu 5. valce
setrvacna sila posuvnych
casti Il. fadu 6. valce
setrvacna sila posuvnych
casti Il. fadu 7. valce

setrvacna sila posuvnych
casti Il. fadu 8. valce

setrvacna sila posuvnych
¢asti Il. fadu 9. valce

setrvacna sila posuvnych
¢asti Il. fadu 10. vélce

setrvacna sila posuvnych
¢asti Il. fadu 11. valce

setrvacna sila posuvnych
¢asti Il. fadu 12. valce

setrvacna sila posuvnych
¢asti Il. fadu 13. valce

setrvacna sila posuvnych
¢asti Il. fadu 14. valce

setrvacna sila posuvnych
¢asti Il. fadu 15. valce

setrvacnd sila posuvnych
¢asti Il. fadu 16. valce

F”L(OL) = F||1 (OL) + F||2(OL) + F||3(OL) + F||4(0L) + F||5(0L) + F||6(0L)

+ F||7(OL) + F||8(0L)



max (Fjj (o)) = 0-kN vyslednice setrvacnych sil
levé €asti ll. fadu je nulova

Soucet sil pravé &asti
Fiip(o) = Fig(o) + Fij1o(e) + Fij14(e) + Fijya(o) + Fijy3(e) + Fj14(0) ...
+Fj15(c) + Fj1e(a)

vyslednice setrvacnych sil

max(Fjp(a)) = 0-kN pravé &asti Il. fadu je nulova

5.6 Momenty setrvacnych sil posuvnych ¢asti . fadu

pocitano k bodu B

Leva Cast

’ 1 moment setrvaéné sily

M1 (o) = F4 (cx)-(s‘-rr +3loc* ?Ihcj posuvnych €asti |. fadu
1. valce

. 2 1 moment setrvacné sily

Miz(e) = F'Z(a)'(z' T+ 3 loc z'lhcj posuvnych &asti |. Fadu
2. vélce

_ 2 1 moment setrvacné sily

Mig(e) = F'S(a)'(rr+ 3loc 2'|h°j posuvnych &asti I. Fadu
3. valce

_ 2 1 moment setrvacné sily

Mia (o) = F'4(a)'(3'loc+ 2'|th posuvnych &asti I. Fadu
4. vélce

_ 1 1 moment setrvaéné sily

Mis (o) = F'5(0L)'_(3'|°C+ 2'|th posuvnych &asti I. Fadu
5. valce

| | moment setrvacné sily

Mig(a) = F|6(a)-—(rr+ loc +3 |hcj posuvnych €asti I. fadu
6. valce

| | moment setrvacné sily

M7 (c) = F|7(0L)'—(2‘I'r +3loc ?Ihcj posuvnych €asti I. fadu
7. vélce

Mig(a) = Fia(0)-—| 3.1 RN moment setrvacné sily

181=) = T8 rT37oc™ 5 he posuvnych &asti |. Fadu

8. valce

My (@) = Myq () + M (a) + Mg() + Mig(a) + Mi5(a) + Mig(a) ...
+ M|7(0L) + M|8(0L)

vyslednice moment
setrvaénych sil levécasti
l. fadu je nulova

max(M”_(a)) = 0-N-m

Prava Cast
_ 1 1 moment setrvacné sily
Migle) = F|9(a)-(3.rr t3loc z'lhc) posuvnych &asti |. fadu
9. vélce
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Mj1g(e) = F|1o(a)'(2'rr ; loc + 5 Ihc)
Mj11(e) = Fq4 (OL)'(VH ; loc + 5 'hc)
Mj12(e) = Fiq2(e)- G loc + 5 Ihc)
Mj13(e) = Fi13(e)— <

2 1
Mir4(c) = F1g(c)-—{ 1+ Z-loc + E"hcj

2
M|15(OL) = F|15(0L)~— 2-I’r+ 3 |OC+ Ith

(
(
[
[

2
M|16(OL) = F|16(OL)~— 3-I’r+ 3 |OC+ Ith

moment setrvacné sily
posuvnych ¢asti |. Fadu
10. valce

moment setrvacné sily
posuvnych ¢asti |. fadu
11. valce

moment setrvacné sily
posuvnych ¢asti |. Fadu
12. valce

moment setrvacné sily
posuvnych ¢asti |. fadu
13. valce

moment setrvacné sily
posuvnych ¢asti |. fadu
14. valce

moment setrvacné sily
posuvnych ¢asti |. Fadu
15. valce
moment setrvaéné sily
posuvnych ¢asti I. fadu
16. valce

M”:)(OL) = M|9(OL) + M|10(0L) + M|11 (OL) + M|12(0L) + M|13(0L) + M|14(0L)

+ M|15(0L) + M|16(0L)

max(Mjp(a)) = 0-N-m

vyslednice momentu
setrvacnych sil I. fadu

je nulova

5.7 Momenty setrvacnych sil posuvnych ¢asti Il. Fadu

pocitano k bodu B

Leva cast
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moment setrvacné sily
posuvnych ¢asti Il. Fadu
1. vélce

moment setrvacné sily
posuvnych ¢asti Il. Fadu
2. vélce

moment setrvacné sily
posuvnych ¢asti Il. Fadu
3. valce

moment setrvacné sily
posuvnych ¢asti Il. Fadu
4. valce

moment setrvacné sily
posuvnych ¢asti Il. Fadu
5. vélce



1 moment setrvacné sily
Mg () = F||5(0L)~—(rr+ 3 loc+ = lhcj posuvnych ¢asti Il. fadu
6. valce
1 moment setrvacné sily
M7 () = F||7(0L)~—(2- T3 doc+ = Ihc) posuvnych ¢asti II. fadu
7. valce
a 1 moment setrvaéné sily
Mjig(e) = F||8(°‘)'_(3'rf 3loct 3 Ihcj posuvnych &asti Il. fadu

8. vélce

M”L(OL) = M||1 (OL) + M||2(OL) + M||3(OL) + M||4(0L) + M||5(OL) + M||6(0L)
+Myj7(e) + Mg ()

vyslednice momentu
setrvaénych sil leve ¢asti
Il. fadu je nulova

max (Mjj_()) = 0-N-m

Prava ¢ast
1 moment setrvaéné sily
Mg (@) := F||9(0L)-(3-rr Jloc+ 3 'hcj posuvnych ¢asti Il. fadu
9. vélce
1 moment setrvaéné sily
Mirtol) = F||10(0L)-(2~rr 3locty lhcj posuvnych &asti Il. Fadu
10. valce
1 moment setrvaéné sily
Mir1(e) = Figq(e)- ( t3loct Ihcj posuvnych &asti Il. Fadu
11. valce
1 moment setrvacné sily
Mira(e) = Fina(e): (3 et 5 Ihcj posuvnych &asti Il. Fadu
12. valce
My1a(a) == F v | moment setrvacné sily
113() = Fiigale oc* 5 7hhe posuvnych &asti Il. fadu
13. valce
M F | | moment setrvacné sily
l114(e) = Fiig(c rr+— oc ™7 he posuvnych &asti Il. fadu
14. valce
moment setrvacné sily
Mjj15(c) = Fjj15(c (2 loc 3 lhcj posuvnych ¢asti Il. Fadu
15. valce
B 2 1 moment setrvacné sily
Mirte() = F'”G(a)‘_(}rr t3loct z‘lhcj posuvnych &asti II. Fadu

16. valce

Mjip(a) = Mjjg(a) + Mjj1g(e) + Mjj11 () + Mpjq2(c) + Mjjq3() + Mjjq4(c) ..
+ Mjjy5(c) + Myj1g(c)

vyslednice momentu
max(Mpp(a)) = 0-N-m setrvacnych sil Il. Fadu
P . g
je nulova
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6. Torzni kmitani klikového ustroji

6.1 VypocCet frekvenci vlastni kmitani

6.1.1 Vypocet redukovanych momentu setrvaénosti

6.1.1.1 Momenty setrvacnosti

- . 2
Jp = 1.88kg-m

Jak = 3.028kg-m”

J
Jy = Jgp + 7'0 Jy = 3.968m” kg

Jpk = 0.5225kg-m”

Jzq g:= 1.5843kg:m’

Jz2 10 = 1.5843kg-m’

. k. 2
J23_11 = 1.5843kg-m

. k. 2
JZ4_12 = 1.5843kg-m
5 13 kg-m®
75 13 = 1.5843kg-m
6 14 kg-m®
76 14 = 1.5843kg-m
3,7 15 kg-m®
27 15 1.5843kg-m
8 16 kg-m®
78 16 = 1.5843kg-m

Jo = 0.5225kg-m”

Jg = 14.3749-kg-m”
6.1.1.2 Redukované momenty setrvacnosti

Joj_red = 2(m0r+ m0|)-r2

2
Joj_red =0.178 m™-kg

1 >\2 2
Joh_red = Z(mpsk + mop)' PR
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moment setrvaénosti ¢inné
Casti tlumice - prstenec

moment setrvacnosti skiiné

moment setrvadnosti tlumice

moment setrvacnosti pfedniho
konce klikoveho hfidele

moment setrvacnosti zalomeni
1.a9. valce

moment setrvacnosti zalomeni
2.a10. valce

moment setrvacnosti zalomeni
3.a11. valce

moment setrvacnosti zalomeni
4.a12. valce

moment setrvacnosti zalomeni
5.a 13. valce

moment setrvacnosti zalomeni
6. a 14. valce

moment setrvacnosti zalomeni
7.a 15. valce

moment setrvacnosti zalomeni
8. a 16. valce

moment setrvaénosti zadniho
konce klikového hfidele

moment setrvacénosti setrvaéniku

redukovany moment setrvacnosti
rotujich €asti ojinice a ojni¢niho
loziska jednoho zalomeni

redukovany moment setrvacnosti
posuvnych ¢asti ojinice klikového
mechanismu jednoho zalomeni



Jph, red = 0.117m" kg

Jp=J J 2
0= Ypk Tt Jo = 449m~-kg

J1:=Jz1 9+ Joj red + Jph_red

Jqy = 1.88m*kg

J2:=Jz2 10+ Joj red + Iph_red
2
Jo = 1.88m™-kg
Jz=Jdzz 11+ Joj_red + Jph_red
J 2.k
3= 1.88m"-kg
Ja = Jz4 12+ Joj red + Iph_red
2
Jg = 1.88m™-kg
J5 = Jz5 13+ Joj red * Iph_red

Jg = 1.88 mz-kg

J6 = Jz6 14+ Joj red + Iph_red
2
Jg = 1.88m™~-kg
J7:= 927 15+ Joj red + Iph_red

J7 = 1.88m*kg

Jg = Jz8 16+ Joj red * Iph_red
2
Jg = 1.88m™-kg

Jo = Jak + Js Jg = 14.897m” kg

6.1.2 Vypocet redukovanych délek
p:=0.3
E:=21.10'"Pa

__E
S 2 (1+p)
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redukovany moment setrvac¢nosti
predniho konce klikového hfidele

redukovany moment setrvac¢nosti
zalomeni 1. a 9. valce

redukovany moment setrvacénosti
zalomeni 2. a 10. valce

redukovany moment setrvac¢nosti
zalomeni 3. a 11. valce

redukovany moment setrvacnosti
zalomeni 4. a 12. vélce

redukovany moment setrvacnosti
zalomeni 5. a 13. vélce

redukovany moment setrvacnosti
zalomeni 6. a 14. vélce

redukovany moment setrvacnosti
zalomeni 7. a 15. vélce

redukovany moment setrvacnosti
zalomeni 8. a 16. valce

redukovany moment setrvacnosti
predniho konce klikového hfidele
se setrvaénikem

poissonova konstanta

modul pruznosti v tahu

modul pruznosti ve smyku



Dreg = 160-mm redukovany primér hfidele

Dpc = 160-mm pramér hlavniho ¢epu

by := 175-mm Sitka ramene klikového
hiidele

l¢ == 80-mm funkéni délka pfeniho konce
klikového hfidele

Dpk = 270-mm primér pfedniho konce
klikového hfidele

lhg = 72-mm délka hlavniho Cepu

Doc = 135-mm pramér ojniéniho Eepu

t, == 30-mm tloustka ramene klikového
hiidele

6.1.2.1 Redukovana délka zalomeni klikového hridele

4[he +04:Dpg  log +04:Dgg 1= 0.2+(Dpg + Do)
|, := Dygq - 1 + 2 + 3
Dhe Doc ty-by

l, = 0.658m

6.1.2.2 Redukovana délka predniho konce klikového hridele

Dreg (h Dreg’ |

re C re z

lok := (It + 0.1Dp) Tt (7 +0.1 Dpk] Tt
Dpk Dhe

Ipk = 0405 m

6.1.2.3 Redukovana délka zadniho konce klikového hridele

Dred4 Ihe Dred4 Iz
|Zk:=(|f+o.1Dpk)D 7|5 *01Dpk — t
pk hc

L = 0.405m
6.1.3 Vypocet torznich tuhosti

_re B -5 4 polarni moment setrvaénosti
'p = 32 Ip = 6:434>10 =m redukovaného hfidele
- -G o = 1083 x 107 N-m torzni tuhost pfedniho konce

07 Tk 0=~ rad klikového hridele

99



ID'G' 6 N-m torzni tuhost mezi

= =7.902x 10— .
f1E °1 Y rad 1. a 2. zalomenim
G 6 N-m torzni tuhost mezi
Co = —— Co = 7902 x 10" —— .
l, rad 2. a 3. zalomenim
)G N.
Cg = pl_ cg = 7.902 x 108 =2 torzni tuhost mezi
z rad 3. a 4. zalomenim
)G N.
Cq = P2 C4 = 7.902 x 106 20 torzni tuhost mezi
2 rad 4. a 5. zalomenim
ly-G Nom ) :
o5 = P o5 = 7.902 x 108. torzni tuhost mezi
l, rad 5. a 6. zalomenim
G 6 N-m torzni tuhost mezi
Cg = — Cg = 7902 x 10" —— .
l, rad 6. a 7. zalomenim
)G N.
Cy = P2 c7 = 7.902 x 10620 torzni tuhost mezi
2 rad 7. a 8. zalomenim
)G N.
cg = - cg = 1.283 x 10— torzni tuhost zadniho
2k rad konce klikového hiidele

6.1.4 Sestaveni matic a vypocet vlastnich frekvenci

matice hmotnosti

Jop 0 00 0 0 0 0 0 0 Jo
0Jgy 000 0 OO0 O0 O J1
0 0Jpb 00 0 0 0 0 O J2
00 0Jg 00 0 0 0 O I3
00 0 0Jg 00 0 0 O g Ja
M=l 0 00 0dg 0 0 0 0 J5
00 0 0 0 0UJg 0 0 O Je
00 0 0 00 0dJ; 0 O J7
00 0 0 0 0 0 0Jg O Jg
00 0 0 0 0 0 0 0 Jg Jo
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matice tuhosti

0 o 0 0 0 0 0 0 0 0
0 Gt ¢ 0 0 0 0 0 0 0
0 —C4 Cq1 +Co —Co 0 0 0 0 0 0
0 0 —Cp CptC3 —C3 0 0 0 0 0
0 0 0 —C3 03 + C4 —C4 0 0 0 0
C:=
° 0 0 0 0 0 —¢g Cg+tCc7 <7 O
0 0 0 0 0 0 0 ~c; Gc7+0g —Cg
0 0 0 0 0 0 0 0 —cg cg
-1
A=M .C
X = eigenvalsth) vektor obsahujici vlastni
¢isla matice A
—
=X vektor vilastnich frekvenci
16692650.236 4085.664
15888697.622 3986.063
14119431.412 3757.583
11529821.93 3395.559
8485103.75 | 1 Q- 2912.92 1
X =1 5437655.469 Jp 2331.878 | s
2837438.814 1684.47
1040045.033 1019.826
0 0
177586.117 421.41

X~ eigenvecsth) normalizovany vektor

odpovidajici viastnimu ¢islu
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0.084 -0.405 0411 -0.404 0.386 -0.357 0.318 -0.27 0.214 -0.012

-0.1 0457 -0.366 0.194 0.02 -0.23 0.389 -0463 0435 -0.025
-0.111 0437 -0.141 -0.244 0474 -0.399 0.069 0.305 -0.484 0.031
-0.124 0.376 0.156 -0.492 0.21 0.336 -0.459 0.005 0.456 -0.037
T -0.144 0.283 0405 -0.291 -04 0.299 0.394 -0.306 -0.388 0.044
-0.177 0.16  0.499 0.193 -0.363 -0.449 0.046 0.481 0.294 -0.055
-0.234 -0.002 0.376 0.5 0.286 -0.121 -0.446 -0.47 -0.177 0.077

0.336 0.214 -0.038 -0.28 -0.453 -0.514 -0.448 -0.271 -0.027 0.128
-0.316 -0.316 -0.316 -0.316 -0.316 -0.316 -0.316 -0.316 -0.316 -0.316
-0.517 -0.485 -0.412 -0.322 -0.218 -0.105 0.012 0.129 024 0.302

6.1.4.1 Tvary vlastnich torznich vychylek

0.938
0.797
0.623

ay = k.9 0.423
k' X0,9 M 7 o004 prvni tvar viastnich
torznich vychylek

-0.023
-0.249
—0.465
—-0.585
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0.636
~0.112
*k,7 ~0.833
X0.7 - ~1.347

k | -1.528
~1.331
~0.805
~0.079
0.38

a2k =

druhy tvar vlastnich
torznich vychylek

0.6

0.0 \

ap

\

-1.0 \

K
6.1.4.2 Vlastni frekvence
Qg = 421.41 !
9= . s
Q9
N1 = — N1 = 67.069-Hz
2.7t
1
Q7 = 1019.826g
N b7 N H
=— = 162.31-Hz
2= 5 2

6.2 Vynucené kmitani

prvni vlastni thlova rychlost
prvni vlastni frekvence otacek

druhé vlastni Uhlova rychlost

druhé viastni frekvence otacek

6.2.1 Fourierova analyza to¢ivého momentu

k:=0.24 n:= 720 k, = 05K

k
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ahk

N-m

912.222

-835.621

432.517

-79.458

-110.816

200.525

-208.529

248.085

-217.685

192.26

-160.236

130.81

-100.126

79.189

-55.358

42.179

-28.07

20.153

-12.702

8.374

-4.665

2.549

-0.832

-0.027

0.687

N-m

0

-836.926

1791.598

1496.801

-69.091

1121.148

388.238

-740.226

522.107

-444.444

347.787

-261.817

205.954

-155.538

123.194

-96.108

76.779

-60.902

49.895

-39.799

33.287

-26.577

22.385

-18.024

15.028

912.222

1182.67

1843.066

1498.908

130.59

1138.94

440.696

780.692

565.67

484.247

382.925

292.676

229.002

174.536

135.06

104.956

81.749

64.15

51.487

40.67

33.612

26.699

22.401

18.024

15.044

Amplitudo-frekvencni charakteristika to€ivého momentu

T

TT????QQ_Q_._._._._._.

) n-1 i-(
hk = H Z Mki-e
i=0

ap, = Re(hk)
k o
2 k
0 0
0.5 0.5
1 1
1.5 1.5
2 2
2.5 2.5
3 3
3.5 3.5
4 4
4.5 4.5
5 5
5.5 5.5
6 6
6.5 6.5
7 7
7.5 7.5
8 8
8.5 8.5
9 9
9.5 9.5
10 10
10.5 10.5
11 11
11.5 11.5
12 12
2250
g 2025 .
S 1800
>
‘_g 1575 ®
‘2 M. 1350
% j 1125 @
< .
g &‘m 900P
3 675
=) 450
% 225
0
0 1

6
k

2

7

8

fadd harmonické slozky
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6.2.2 Rezonanéni otadCky motoru

k:=05,1..12
N4
N1rez(K) = "
N
Norez(K) = =
N1rez(K)
K = min~ !

0.5 8048.332

1 4024.166

1.5 2682.777

2 2012.083

2.5 1609.666

3 1341.389

3.5 1149.762

4 1006.041

4.5 894.259

5 804.833

5.5 731.667

6 670.694

6.5 619.102

7 574.881

7.5 536.555

8 503.021

8.5 473.431

9 447.13

9.5 423.596

10 402.417

10.5 383.254

11 365.833

11.5 349.927

12 335.347

6.2.3 Vydatnost rezonanci

Poradi zapalovani

rezonancéni otacky pro
prvni vlastni frekvenci

rezonanc¢ni otacky pro
druhou viastni frekvenci

Norez(K)

min~ !
19477.242
9738.621
6492.414
4869.31
3895.448
3246.207
2782.463
2434.655
2164.138
1947.724
1770.658
1623.103
1498.249
1391.232
1298.483
1217.328
1145.72
1082.069
1025.118
973.862
927.488
885.329
846.837
811.552

1-9-3-11-2-10-5-13-8-16-6—-14-7-15-4-12

6.2.3.1 Vydatnost rezonanci pro prvni vlastni frekvenci

00:=0..24

kK__:=0.5-00
00
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1.fad

€1 =

2.fad

82 =

3.fad

83 =

-90
-180
=270
-360
—450
-540
—-630

—65
—-155
—245
-335
—425
=515
-605
-695

-deg

-deg

bEs

1

G

ot o] -

2
cos m 6|_ +COS(H1 ep))]]

s

I

1

fetan o] -

2
cos mz 9|_ + cos(mz ep)ﬂ]

s

e

1

i ] -

(cos{ 30| + cos(s3 GP))]T
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Rozestupy zazeha pro
levou vétev motoru

Rozestupy zazeha pro
pravou veétev motoru

€1 = 4.204

vydatnost rezonance pro
rady k=0.5, 4.5, 8.5

ep = 1.891

vydatnost rezonance pro
fady x=1, 5, 9,

e = 1121

vydatnost rezonance pro
Fady k=1.5, 5.5, 9.5,



4.fad

64 =

5.fad

65 =

i
B

1

o o]

2
cos &4 9|_ + cos(m ep))]]

6.fad

66 =

[sen

1

3 o o] -

o]

7.fad

€7 =

L
B

1

oo o] -

{eos {01, + cos{ ep))]r

8.fad

88 =

bl

i=1

et o] -

2
a1 cos n7 6|_ + cos(m ep))]]

I

\

i=1

Ovéreni

q:=1.8

et o] -

2
a1 cos Hg 6|_ + COS(Hg ep)ﬂ]
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64 = 0.662

vydatnost rezonance pro
fady x=2, 6, 10,

e5 = 0.259

vydatnost rezonance pro
rady k=2.5, 6.5, 10.5,

eg = 0.293

vydatnost rezonance pro
fady x=3, 7, 11,

€7 = 1.764

vydatnost rezonance pro
Fady k=3.5, 7.5, 11.5,

eg = 2.891

vydatnost rezonance pro
fady x=4, 8, 12,



k_=0.5-
q q

o | efton] |

8 1 i 1[(a1J'gn(Kd'eLJ]

4.204
1.891
1.121
0.662
0.259
0.293
1.764
2.891

2-€

(n -65-degj
q 2

€1
€ j:==0.23
*3 K = j-05+0.5
€4 ]

€5
€6
€7
€8
€1
€2
€3
€4
€ = e
€6
€7
€8
€1
€2
€3
€4
€5
€6
€7

.
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5
41677 ] i
54
§ 3.333
Q . . ]
Y
S g1 25
2 1
S 1 L -
= 1.667 F ] FH
- | 1 il
0.833
on on on

0
051152253 354455556 657 758859 951010.51111.512

K

fad harmonické slozky

6.2.3.2 Vydatnost rezonanci pro druhou vlastni frekvenci

00:=0..24
Koo = 0.5-00
1.Fad
2
g4 = Z [azi-(sin(m-eLi)+sin(m-6pi))] g1 =153
i = ; )
| + [Z:l [azi.(cos(m.eLi) + cos(m-epi))] \F/g/éj;tl?:gjtsr,e:%rj%r?ge pro

2.fad

] 2

€= an -[sin[ky-0 sin(ky-0 "5 =1.257
2= || 2 [22(sin{s 00 + sin{r20p ] =2
i=1

2

" {28: [azi.(cos(ﬁz.el_i) 4 Cos(ﬁz.epi))] vydatnost rezonance pro
i=1

fady k=1, 5, 9,

3.fad
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8'3 =

4.fad

6'4 =

Fag; (sin{s61 ) sin(m.epi)ﬂr
[ag; cos(s3-01 | + cos(@.epi))]T

5.rad

8’5 =

oo, (sin{ss 0, sin(M.ePi)ﬂr
[ag; cos a0y | + cos(m.epi))]T

6.rad

€,6 =

[Z 22/

i=1

i

1

fsin(rs o) sin(n5.epi))]r
[ap; cos{s-01 | + cos(ﬁs.epi))ﬂz

7.fad

€,7 =

[Z [azi.

i=1

i

1

s -
ag cos(ss 1) cos(%.epi))ﬂz

8.frad

[Z (2,

i=1

Ik

=1

fsinfrr-o0) sin(m-epi)ﬂr
[ap; cos{wr-0r | + cos(m.epi))]T
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€'3 = 0.535

vydatnost rezonance pro
Fady k=15, 5.5, 9.5,

€4 = 0.287

vydatnost rezonance pro
Fady k=2, 6, 10,

€'5 = 0.123

vydatnost rezonance pro
Fady k=25, 6.5, 10.5,

e'g=0.195

vydatnost rezonance pro

Fady k=3, 7, 11,

€7 = 3.161

vydatnost rezonance pro
fady k=3.5, 7.5, 11.5,



8'8 =

EQZ =

. [ o) snfor)

oo

2

+ Z a2 COS(F'ug 9L)+COS(I<L8 ep)ﬂ

j:=0.23

|<'uj =j-0.5+0.5

111

2

€'g = 6.942

vydatnost rezonance pro
Fady k=4, 8, 12,



9

7.5[] 7] ]
o —— —— —
Q
=
g 6
o
N
8
= E02 45
& L
! s s s
3 3
>
>

1.5

o

51152 253354455556 657 758 859 951010.51111.512
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fad harmonické slozky

6.2.4 Parametry tlumice

N-m-sec . .. .
¢ := 35 . velikost tlumicich odporu
ra
9

Jo = Z [Ji~(a1_ﬂ Jo = 14.108 mZ.kg moment setrvaénosti

— ! jednohmoté soustavy

J _ .

p pomeérna velikost
= — =0.133 . o

M=, Mt setrvaéniku tlumice
W= — w = 0.882 ladéni tlumice

1+ p,t

| ]
Q= QoW Q) = 371.858 — ;{?r?]tig;frekvence
sec
N 1 ~ = 0.577 o
: 2.<1 N Ht)'(z 4 ut) pomeérny utlum
tlumice
kg-m2

k= 2:Jp {90 Ky = 720.597- = soucinitel tlumeni

6.3 Vypocet torznich vychylek volného konce
V rezonanci

6.3.1 Torzni vychylka pro prvni vlastni uhlovou frekvenci

o:=1..8
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M ‘€
i h, &1,
d’mj - 3 K torzni vychylky v rezonanci
ey (31 ) N t pro prvni viastni frekvenci
i 2
= Ky
| =
1+
[Jp Qtj
¢Q1j ¢Q1j
K = rad deg }
05 0.031 1.768
) 0.022 1.239
1.5 0.01 0.597 ji=0.23
5 5.367:10-4 0.031
55 1.827:10-3 0.105
3 8:10-4 0.046 K = j-0.5+0.5
35 8.543:10-3 0.489
p) 0.01 0.581
45 0.013 0.724
c 4,491-10-3 0.257
< 2.035'10-3 0.117
5 9.411-10-4 0.054
104
65 2.8:10 0.016
7 2.452:10 0.014
r 1.149-10-3 0.066
3 1.466°10-3 0.084
85 1.673:10-3 0.096
9 6.039-104 0.035
o< 2.828:104 0.016
10 1.381:10-4 0.008
10-5
105 4.283-10 0.002
T 4.066°10-5 0.002
104
115 1.972-10 . 0.011
12 2.698°10 0.015
1.767554
1.47335
£ 1.179146
=2
g 0
2 2 (.884942
= deg
x
1= 0.590738
0.296534
e e NU
0.00233

051 152253354455 556657 758859 95101051111.512

K

fad harmonické slozky
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6.3.2 Torzni vychylka pro druhou vlastni uhlovou frekvenci

M ‘€
B hj+l QZJ-
d)sz . 8 K torzni vychylky v rezonanci
ey (32.)2 P S pro druhou viastni frekvenci
i 2
~— Kt
i=1
1+
(Jp“tj
b2,
"= j deg
05 0.039 2.22
1 0.01 0.577
103
15 3.486°10 0.2 j=0.23
> 1.631-104 0.009
T 6.112:104 0.035 _
3 3.728'104 0.021 K =1-05+05
35 0.011 0.615
2 0.017 0.978
45 0.016 0.909
5 2.093:10-3 0.12
55 6.807-104 0.039
e 2.861°104 0.016
65 9.366°10-5 0.005
7 1.143°104 0.007
o 1.442:103 0.083
3 2.46810-3 0.141
85 2.101°103 0.12
5 2.815:104 0.016
95 9.459°10-5 0.005
10 4.199-10-5 0.002
105
105 1.433-10 0.001
1 1.895°10°5 0.001
104
115 2.477°10 0.014
12 4.541°104 0.026
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2.3

1.91680348

1.53360697

//—-

¢
52 115041045

deg
0.76721394 / \

0.38401742 \ \

torzni vychylka

\ s
0.00082091
051 152253354455 556657 758 859 95101051111.512

K

fad harmonické slozky
6.4 VypocCet pridavného torzniho napéti v rezonanci

6.4.1 Pridavné torzni napéti pro prvni vlastni frekvenci

Aay=aq -aq, Aaq = 0.227 relativni pomérné zkrouceni
3
7-Dog -4 3 oy
Wy = W) =4.831x 10 -m modul priafezu v krutu
16

Mi1 = oo Aaycs My = 1435.17-Nem pfidavny torzni moment v

rezonanci
M
t1 v p . o
TI5 = W T 2.971-MPa pfidavné torzni napéti v
k rezonanci

6.4.2 Pridavné torzni napéti pro druhou vlastni frekvenci

Aa2 = 3.21 - 8.22 A32 =0.748
relativni pomérné zkrouceni
Aa3 = 3.28 - 8.29 Aa3 = -0.459
3
W, Doc W, = 4.831x 10 *m’ modul prifezu v krutu
oc = T oc =4 X -m p

pridavny torzni moment v
Mt2 = d)Qzlz- A32-07 Mt2 =553915-N-m rezonanci

115



i

St

i napé

davné torzni

23

pii

M

2 v , , var
To = e _ 1.147-MPa pfidavné torzni napéti v
Woc rezonanci
Miq.
Miy = dq.-Aaq-C Tig = ——
t1] 911 1°%5 15] Wk

Priibéh piidavného torzniho napéti pro 1. vlastni frekvenci

120,

108

96,

84

T15,

MPa

36,

24

| |_—| m| |_—| M 11 |_—| |_—| | —

0
0051 152253354455 556657 758859 95101051111.512

5

tadd harmonické slozky

Mi, = 0z, Adz-¢7 T2 =
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Pribéh piidavného torzniho napéti pro 2. vlastni frekvenci

500

450

400

ti

350

v

i napé

300

z

T.
] 250

4+ 200 s

davné torzn
<
U
Q

%2

pii

150

100

50,

0L e oM. N

0
0051 152253354455 556657 7581859 95101051111.512

K

fad harmonické slozky

7. Torzni kmitani systému motor - generator

7.1 Vypocet frekvenci vlastni kmitani dané soustavy

7.1.1 Sestaveni matic a vypocCet vlastnich frekvenci

Jg = 52.5-kg-m” moment setrvacnosti
elektrického generatoru
N-m
Csp = 94000~ torzni tuhost spojky

Jp 0O 0 0 0 0O OO 0 0 O Jo
0 Jy 0 0 00 0O 0 0 O Jq
0 0 Jpb 00 00O 0 0 0 O Jo
0 0 0Jg3 00 0 0 0 0 O J3
0 0 0 0 Jg OO0 O O O O Jg
M:={0 0 0 0 0 Jg 0 0 0O O O J:=|Jg
0 0 0 0 0 0dJg 0 0 0 O Jg
00 00 0 0 04Jy7 0 0 0 J7
0 0 0 000 0 04dJg 0 0 Jg
00 00 0 0 0 0 0dJg 0 Jg
00 00 0 0 0 0 0 0 Jg Ja
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matice hmotnosti

g —Cp 0 0
—Cp Co+Cq —Cq 0
0 —Cq Cq +Co —Co
0 0 ~Cp  Cp+C3
0 0 0 —C3
C=| 0 0 0 0
0 0 0 0
0o 0 0 0
0o 0 0 0
0 0 0 0
0o 0 0 0

matice tuhosti

¥ .= eigenvals (A)

—

Q:zﬁ

16692656.973
15888728.218
14119479.759
11529887.585
8485196.103
5437799.801
2837706.158 | S
1040693.097

179924.446

4458.546
0

m|—‘

y := eigenvecs(A)

03 + C4

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
—Cy 0 0 0 0
C4+C5 —Cs 0 0 0
—C; Cg+Cg —Cg 0 0
0 —Cg Cg+Cy —Cy 0
0 0 -C7 C7+Cg —Cg
0 0 0 ~Ccg  Cg+Csp
0 0 0 0 ~Csp

vektor obsahujici vlastni
Cisla matice A

vektor vlastnich frekvenci

4085.665
3986.067
3757.59
3395.569
2912.936
2331.909
1684.549
1020.144
424.175
66.772
0

n|=

normalizovany vektor
odpovidajici viastnimu ¢islu
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0.084 -0.405 0411 -0.404 0.386 -0.357 0.318 -0.27 0.214 -0.012 0
-0.1 0457 -0.366 0.194 0.02 -0.23 0389 -0463 0435 -0.025
-0.111 0437 -0.141 -0.244 0474 -0.399 0.069 0.305 -0.484 0.031 -0
-0.124 0.376 0.156 -0.492 0.21 0.336 -0.459 0.005 0.456 -0.037 0
-0.144 0.283 0405 -0.291 -04 0.299 0.394 -0.306 -0.388 0.044 -0
-0.177 0.16 0499 0.193 -0.363 -0.449 0.046 0.481 0.294 -0.055 0
0.234 0.002 -0.376 -0.5 -0.286 0.121 0446 047 0.177 -0.077 0
-0.336 -0.214 0.038 0.281 0.454 0514 0448 027 0.026 -0.129 0
0.516 0483 041 0319 0214 0.1 -0.018 -0.135 -0.247 -0.309 0.003
0.317 0316 0.315 0.314 0312 031 0307 0305 0301 0.299 -0.201
0.302 0.302 0.302 0302 0302 0302 0302 0302 0302 0302 0.302

7.1.2 Vlastni tvary torznich vychylek

0.998
0.995
0.985
aig =| 0978 prvni tvar vlastnich
k -
097 torznich vychylek
0.961
0.951
0.945
—-0.634

1.
0.6 \
0.1 \
aiG, o 1 2 3 4 5 6 7 8 9 \10
-04 \
~0.9
1.
k
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0.937
26, = T 0.795
0.618
0.415
apG, = | 0195
~0.034
~0.262
~0.478
~0.599
0.006

druhy tvar vliastnich
torznich vychylek

0.8 \

7.1.3 Vlastni frekvence

]
Qg = 66.772 —
S

N 9
1G~ 51 Nig = 10.627-Hz
’
Qg = 424.175 —
S

Qg
Nog = 5 — Npg = 67.51-Hz
7.2 VVynucené kmitani
7.2.1 Rezonanc¢ni otacky motoru

K:=05,1..12
120

prvni vlastni thlova
rychlost

prvni vlastni frekvence
otacek

druhé viastni uhlova
rychlost

druha vlastni frekvence
otacek



Nirez G(K) =

Norez G(K) =

10.5

11

11.5

12

NiG

Nog

Nirez G(K

. =1
min

1275.258

Norez G(K)

. =1
min

637.629

8101.146

425.086

4050.573

318.814

2700.382

255.052

2025.287

212.543

1620.229

182.18

1350.191

159.407

1157.307

141.695

1012.643

127.526

900.127

115.933

810.115

106.271

736.468

98.097

675.096

91.09

623.165

85.017

578.653

79.704

540.076

75.015

506.322

70.848

476.538

67.119

450.064

63.763

426.376

60.727

405.057

57.966

385.769

55.446

368.234

53.136

352.224

337.548

rezonanc¢ni otacky pro
prvni vlastni frekvenci

rezonanc¢ni otacky pro
druhou vliastni frekvenci

7.2.2 VVydatnost rezonanci dané soustavy

7.2.2.1 Vydatnost rezonanci pro prvni vlastni frekvenci

-90
—-180

=1 =270

-360
—450
=540
—-630

-deg

Rozestupy zazeha pro
levou vétev motoru



—-65
-155
—245

Op = | —335 |-deg

00 :=0..

—425
=515
-605
-695

24

k__:=0.5-00
00

1.Fad

€1G =

2.fad

€2G =

i=1

[z

1

3. oo o] -

2
a1G cos "»1 9|_ +cos(n1 BP)H]

3.fad

€3G =

[z

1

3. oo o] -

2
a1G cos nz OL + cos(nz BP)H]

4.féad

i=1

[z

1

3. oo o] -

oo cmfrn]|
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Rozestupy zazehu pro
pravou vétev motoru

e1G = 0.138

vydatnost rezonance pro
Fady k=0.5, 4.5, 8.5

eog = 0.064

vydatnost rezonance pro
Fady k=1, 5, 9,

e3g = 0.038

vydatnost rezonance pro
fady k=1.5, 5.5, 9.5,



eag = [Z (a6 (sin[re0y ) + sin(M.ePi)ﬂT
(a1, (cos(x-6L) + cos(m4.epi))]r

Il
—_

5.fad

e5G = [Z [, (sin(ss0y ) + sin(HS.ePi))]T
(a1, (cos(ss 0L + cos(ﬁS.epi))]T

6.rad

w0 | [ sapornf]
216085 0+ cos(%.epi)ﬂr

7.fad

e7G = [Z Fary (sinfrror,) + sin(m-epi)ﬂT
(g (cos(s-0y) + cos(ﬁ7.epi))]]2

8.fad

[i )]

2
a cos H89 + COS(Kg- 0
IROCERIRER)

Ovéreni

q=1..8

K_:=0.5-
q q

123

eqq = 0.023

vydatnost rezonance pro
Fady k=2, 6, 10,

e5g = 0.009

vydatnost rezonance pro
Fady k=25, 6.5, 10.5,

egG = 0.01

vydatnost rezonance pro
‘f"édy K=3, 7, 1 1,

e7G = 0.058

vydatnost rezonance pro
fady k=3.5, 7.5, 11.5,

egG = 10.064

vydatnost rezonance pro
fady k=4, 8, 12,



0 || 2 [[Erefeos(sq O]l |2 [[21a)sin(<q o]

106G =

8

=1

€1G
€2G
€3G
€4G
€5G
€6G
£7G
€8G
€1G
€2G
€3G
€4G
€5G
£6G
€7G
€8G
€1G
€2G
€3G
€4G
€5G
€6G
£7G

€8G

K ~65-dng

|cos| —
a (

j=0.23

K =05 +0.5

2

0.138
0.064
0.038
0.023
0.009
0.01
0.058
10.064

8

1
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11
9.167
(D]
2
g 7333
o
N
= f10G 55
o) I
g
3 3.667
>
>
1.833

0
051152253354 455556657 758 859 9.51010.51111.512
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7.2.2.2 Vydatnost rezonanci pro druhou vlastni frekvenci

00:=0..24

k__:=0.5-00
00

1.rad

{Zl [azg; (sin(ri-0L) + sin(m.epi)ﬂr ¢y = 4244

|
) 2
) [lz [aZGi'(cos(m'eLi) " cos(m'epi)ﬂ} vydatnost rezonance pro

! rady k=05, 4.5, 8.5

{Zl [aog sin[rz01) + sin(mz-epi))]r s = 1507

€4G =
\
2.7ad
€2G =
\
3.fad
€3G =

2
[aQGi-(COS(HZ-GLi) + COS(HZ'GPi))]} vydatnost rezonance pro
fady k=1, 5, 9,

i

1

| [Z

; 2

[Zl 220 (sinfr Oy )+ Sin(“epi)ﬂ] €3G = 113
2

[azei'(cos("vs‘eLi) + COS("B‘GPi))]} vydatnost rezonance pro

i=1 fady k=15, 5.5, 9.5,
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4.fad

€4G =

5.fad

€'5G =

6.fad

€'6G =

7.fad

€'7G =

8.fad

€8G =

(g, (sinfr0L) sin(rm.epi)ﬂr
S

i sponf]
SeS—

e ]
e oy ]

[aog, [sin[s-61) + sin(m-epi)ﬂr
S —

2Gi'(5i”(l’v8-9|_i) N sin(ng.epi)ﬂr
SR ——

€I4G = 0.668

vydatnost rezonance pro
rady k=2, 6, 10,

8'5G = 0.261

vydatnost rezonance pro
Fady k=2.5, 6.5, 10.5,

€'g = 0.295

vydatnost rezonance pro
fady k=3, 7, 11,

8'7G =1.78
vydatnost rezonance pro

rady k=3.5, 7.5, 11.5,

e'gg = 2811

vydatnost rezonance pro
fady k=4, 8, 12,



€1G
€2G
€3G
€'4G
€'5G
€'6G
£7G
€'8G
€1G
€2G
€3G
€'4G
€20G = e
€'6G
£'7G
€'8G
€1G
€2G
€3G
€'4G
€'5G
€'6G
€7G

€'8G

vydatnost rezonance

€20)G 2.25
I

j:=0.23

K =05 +0.5

4.5

3.75

1.5

0.75

[

—‘I"II_

.

[

—‘I"II_

.

|

—‘I"II_

.

0
051 152 253354455556 657 758859 95101051111.512

fad harmonické slozky

K

7.3 Vypocet torznich vychylek volného konce v

rezonanci pro danou soustavu
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7.3.1 Torzni vychylky pro prvni vlastni thlovou frekvenci

th+1'€1QGj
<1>Q1G.j = 10 " torznf vychylky v rezonanci
Oy g.z (31G.)2 — pro prvni vlastni frekvenci
R
1+
Jp
ba1G,
K, = bQ1G; = =
J j deg
0.5 6.598'10"4 0.0378
1 4.814-104 0.0276
1.5 2.336°104 0.0134
2 1.205°10°5 0.0007 j:=0.23
2.5 4.096°105 0.0023
3 1.781-10°5 0.001 k= 05405
3.5 1.827°104 0.0105 i
4 0.023 1.3233
4.5 2.701°104 0.0155
5 1:104 0.0057
5.5 4.562-105 0.0026
6 2.112-10°5 0.0012
6.5 6.276°106 0.0004
7 5.459'106 0.0003
7.5 2.456°10°5 0.0014
8 3.338'1073 0.1912
8.5 3.579-10°5 0.0021
9 1.345:10°5 0.0008
9.5 6.339'106 0.0004
10 3.1:106 0.0002
10.5 9.601-10°7 0.0001
11 9.055'10-7 0.0001
11.5 4.218-106 0.0002
12 6.142:104 0.0352
1.4
1.167
= 0.933
E
% *01G 07
E deg
o) 0.467
0.233
ik i /\_ _

0
051152253354455556657 758859 951010.51111.512

K

tadd harmonické slozky
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7.3.2 Torzni vychylky pro druhou vilastni uhlovou frekvenci

Mh. -€20G,
j+1 J . .
doG. = m torzni vychylky v rezonanci
J N ) K pro druhou viastni frekvenci
ey (2aa) 2
- ki
=1
1+
[Jp‘gtj
¢926j
K. = = =
J d’QZGj deg
0.5 0.03027 1.734 j:==0.23
1 0.0212 1.214
1.5 0.01022 0.585 K = 0.5+ 0.5
2 0.00053 0.03 ]
2.5 0.00179 0.103
3 0.00078 0.045
3.5 0.00838 0.48
4 0.00959 0.549
4.5 0.01239 0.71
5 0.0044 0.252
5.5 0.002 0.114
6 0.00092 0.053
6.5 0.00027 0.016
7 0.00024 0.014
7.5 0.00113 0.065
8 0.00139 0.079
8.5 0.00164 0.094
9 0.00059 0.034
9.5 0.00028 0.016
10 0.00014 0.008
10.5 0.00004 0.002
11 0.00004 0.002
11.5 0.00019 0.011
12 0.00026 0.015
2
1.667
<
= 1.333
z
2 %026
>
'z deg
=
<) 0.667
0.333
A

0
051 152253354455 556657 758 859 95101051111.512

K

fad harmonické slozky
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7.4 VypocCet pridavnych torznich napéti v

rezonanci pro danou soustavu

7.4.1 Pfidavné torzni napéti pro prvni viastni frekvenci

A24G = A1G, ~ 241G,

3
W mDge
oC — 16

Mig1 = ¢1G, 221G Csp

Aajyg = 1.579

Wog = 4.831x 107 -

Mgy = 97.903-N-m

= 0.203-MPa

relativni pomérné
zkrouceni

modul prafezu v krutu

pfidavny torzni moment v
rezonanci

pfipavny torzni napéti v
rezonanci

7.4.2 Pridavné torzni napéti pro druhou vlastni frekvenci

AdgG = 3G, ~ 342G

Adgg = A2G, ~ 342G,

Mig2 = ¢02G, 283G Csp

ToG = W

MtG1j = ¢Q1GJ'A31G‘Csp

Aapg = 0.229

Aagg = -0.605

Aagg = 0.605

Wog = 4.831x 107 -

Migo = 101.875-N-m

2
= 0.2109-MPa
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relativni pomérné
zkrouceni

modul prafezu v krutu

pridavny torzni moment v
rezonanci

pridavné torzni napéti
VvV rezonanci



Prabéh torzniho napéti pro 1. vlastni frekvenci

8
7.2 =
= 6.4
>Q
3 5.6
=
b= 4.8
N TG
IS J
v MPa |
% o 3.2
= 2.4
&
1.6
0.8 =
| I e P Y — — I
0051 152253 354455556657 758 859 95101051111.512
Kj
rad harmoncké slozky
Micz,
Migz, = ®02G, 433G Csp T2G, T W
J J J oc
Prabéh torzniho napéti pro 2. vlastni frekvenci
4
3.6
. 3.2
>0
=2 2.8
= i
' 2.4
=
N To@.
5o,
‘0 MPa
g 1.6 T
S
Ne 1.2 M =
Q‘ ——
0.8
0.4 i
™ |——| M |_—| M . M |——| e P

0 =
0051152 253354455556 657 758 859 95101051111.512

K]

fad harmonické slozky
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