K I‘aculty of Automotive
and (Construction
= Machinery l:ngineering

WARSAW UNIVERSITY OF TECHNOLOGY

Theory of Machines and Automatic Control
Winter 2019/2020

Lecturer: Sebastian Korczak, PhD Eng.



Lecture 5 cont.

Dynamics of planar mechanisms.
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Dynamics of planar mechanisms
Inverse dynamics problem

Calculation of forces and torques that cause given motion of a mechanism
(kinetostatics)

0. Mechanism and it's geometry, driving and operating forces/torques,
displacement, velocity and acceleration functions are given.

1. Calculation of inertia forces and torques acting moving members of the
mechanism.

2. Decomposition of the mechanism with reaction disclosure.

3. Write down vector sums of external forces, reactions and inertia forces
(d'Alembert equations).

4. Solve the equations with graphical and/or analytical method.
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Dynamics of planar mechanisms
Inverse dynamic problem — example

Given:

geometry, mass, center of
a mass locations, mass
moments of inertia for all
mechanism members,
constant angular velocity

w of a driven element,
operating force P.
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Dynamics of planar mechanisms
Inverse dynamic problem — example

velocity scheme
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Dynamics of planar mechanisms
Inverse dynamic problem — example

acceleration scheme
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Dynamics of planar mechanisms
Inverse dynamic problem — example

inertial forces and torques
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Dynamics of planar mechanisms
Inverse dynamic problem — example

inertial forces and torques
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Dynamics of planar mechanisms
Inverse dynamic problem — example

inertial forces and torques
+

external and operating
forces and torques
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Dynamics of planar mechanisms
Inverse dynamic problem — example

Structural decomposition
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Dynamics of planar mechanisms
Inverse dynamic problem — example

Unknown
reaction forces

Pl

B1
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Dynamics of planar mechanisms
Inverse dynamic problem — example

B part AB: §A1+1§C1+ﬁ3120
B1
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Dynamics of planar mechanisms
Inverse dynamic problem — example
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Lecture 6

Machine dynamics.

Reduction of masses and forces.

Machine equation of motion.
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Machine dynamics
Qverview
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Machine — a tool containing one [
or more parts that uses energy to  {r
perform an intended action.
Machines are assembled from
components.
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source: wikipedia.org, The Boulton & Watt Steam Engine, 1784
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Machine dynamics

Overview
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starting steady-state stopping time
motion
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Reduction of masses and forces
Idea of reduction
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Source: James Albert Bonsack (1859 — 1924) - U.S. patent 238,640
cigarette rolling machine, invented in 1880 and patented in 1881
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X, (6)=F,(x;,%,,...,t)
%,(t)=F,(x,,Xxy,...,t)

}'cn(t):Fn(xl,xz,...,t)

+constraints
+ limitations
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Reduction of masses and forces

|dea of reduction
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Source: James Albert Bonsack (1859 — 1924) - U.S. patent 238,640
cigarette rolling machine, invented in 1880 and patented in 1881

simpler, but
not always
possible
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Reduction of masses
Kinetic energy

Total kinetic
energy

Z lmiviz-l-lliwiz
LMVt
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Reduction of masses
Kinetic energy

reduced
mass

Total kinetic
energy

T:Z lmiv?+lliwi2
i=1 |2 2
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Reduction of masses
Kinetic energy

T = 1 m, vf

2/

reduced

T mass

Total kinetic ~ oy
energy

T= (lmiv?+lliwi2 1 ,
i—1 |2 2 T = 5 I o,

/

reduced moment
of inertia
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Reduction of forces
System power

Total system's
power

P(F, M, w,v,,..)
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Reduction of forces
System power

P=F v,

reduced
force

Total system's
power

P(F, M, w,v,,..)
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Reduction of forces
System power

P=F v,
reduced
Total system's ~ o force
power
P(F, M, w,v,,..)
P=M. w,

\

reduced torque
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Reduction of masses — details
Kinetic energy
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n — translating
elements

k — rotating
elements
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Reduction of masses — details
Kinetic energy

n k
2 ]- 2
i=1 j=1
1 "1 <1
2 2
—m.v. = —m.v. + —JT.m
2 7 ;2 t JZ_:lZ I
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n — translating
elements

k — rotating
elements
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Reduction of masses — details
Kinetic energy

TZ V+Z Im?

n k
1 1 2 1 2
S m.v :Z_mivi-'-z_ljmj
2 el paetl
2 2
n Vi k (Dj
m,_ = mi—2+z I]_Z
i=1 Vr ]:1 Vl"
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n — translating
elements

k — rotating
elements
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Reduction of masses — details
Kinetic energy

n — translating

. 5 elements
I'= ;2 V+Z I k — rotating
o elements
1 "1 <1 1 "1 <1
2 2 2
—mv.=) —mv.+) —1.0 —I o = —m.v:+ —1.m
2 ;2”;211 2”,_12”;211
n V2 k (1)2
m, = mi—’2+ZIj—2J
=1 V., j=1 V,
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Reduction of masses — details
Kinetic energy

n — translating

n
’ elements
I'= Z; o MiVi +Z I k — rotating
1=
elements
k n k
1 1 1. 1 1. o
Emrv _Z Emlvl-'—z EI](O] EIF(DF_Z Emlvl+z EIJ(D]
i=1 J_]- i=1 J:]_
n 2 k 2 n 2 k 2
V; W v OF
_ Vi i _ i —J
mr_ mi 2+ZIj 2 r_zmi 2+ZIJ 2
i=1 Vr ]:1 Vl" i=1 (Dr ]:1 U)r
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Reduction of masses — details
Kinetic energy

n — translating

1 2 1 ’ elements
T—Z;Emi"i"';aljmj k — rotating
. /= elements
k n k
1 L 1. 1 1.
Emrv _Z Emlvl-'—z EI](O] EIF(DF_Z Emlvl+z EIJ(D]
i=1 J_]- i=1 J:]_
n 2 k 2 n 2 k 2
% ) Vv W
_ Vi M _ i —J
m. =,/ m,; 2"'le 7 I,=2 m, 2+ZIJ 2
i=1 Vr ]:1 Vl" i=1 (Dr ]:1 U)r

w_ — arbitrary chosen velocities

ro r

\%
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Reduction of forces — details
Work

n k
dWZZ Pl.dsl.cosocl.+z M do,

i=1 j=1

o, =<(P;,ds;)
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n — translating
elements

k — rotating
elements
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Reduction of forces — details
Work

n k
dW:Z Pl.dsl.cosocl.+z M do,

i=1 j=1
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n — translating
elements

k — rotating
elements
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Reduction of forces — details
Work

n k
dW:Z Pl.dsl.cosocl.+z M do,

i=1 j=1

P.ds —ZP ds;cos a,, +ZM do;

j=1

ds, X deo,

P. P—cos + M
Z "ds i fds

r
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n — translating
elements

k — rotating
elements
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Reduction of forces — details
Work

n k
dW:Z Pl.dsl.cosocl.+z M do,

i=1 j=1

P.ds —ZP ds;cos a,, +ZM do,

j=1
ds. X do.
P, P—Cos + M /
Z "ds, . I ds,
" vt k w, dt
P, P—cosoc+ M .
Z o Ty dt
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n — translating
elements

k — rotating
elements
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Reduction of forces — details
Work

n k
dW:Z Pl.dsl.cosocl.+z M do,

i=1 j=1

P.ds —ZP ds;cos a,, +ZM do,

j=1
ds. X do.
P, P—Cos + M /
Z "ds, i I ds,
" vt k w, dt
P. = P—cosoc+ MJ
Pt v, dt
W,

P,= ZPV—COSOL+ZM v

r
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n — translating
elements

k — rotating
elements
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Reduction of forces — details

Work
n — translating
n k elements
dW:Z Pidsl.cosocl.+z M do, k — rotating
i=1 =1 elements

\

n k
P, ds —Z P,ds;cos a, +Z M do, M. dg,=), PidSzC05ai+zdeCPj

j=1 i=1 j=1
ds, X do. do,
P P,—cosa,+ M J M. Pl cosa,+ ) M,—
Z "ds, S I ds, Z dCPr Z "do,
"y dt k w, dt n v.dt k . dt
P, L +> M, M= P.——cosa.+ ) M.—
Z (o = v,dt ' ; ', dt ’ JZ:; T, dt
n vi k (Dj n k (D
Pr:Z Piv—cosoci+z ij— M, ZP cosoc Z W
i=1 r j=1 r =1 =1
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Reduction of masses/moments of inertia

=
~ N

Reduction of forces/torques

n v K ®

_ i J
Pr_zpi COSO‘i"’Z M,

= v = v,

r

k
M, ZP —cosoc ZMJ.%
j=1 '
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Machine equation of motion
Linear motion
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Machine equation of motion
Linear motion

elementary v(t).

change of kinetic
onorgy \ elementary
dT=dW - work
1
complete / d|
differential 1

of kinetic Edm(t)v(t)2+m(t)v(t)dv(t)ZF(t)dx
energy

dx 2 dt
dm(t)v(t)+ dv(t)
dt 2 dt
dv (t)
dt
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=P(t) or mx(t)=F(t)

if m=const. = m
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Machine equation of motion
Angular motion

@(t) I(t)
dl =dW
d 1‘”<2t>2 “M(0)d

) ol dold o

do 2 dt
O
if 1= const. = Id‘fh( JoM(t) or To(t)=M(c)
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Reduction of masses and forces
Rolling wheel (without a slip)

M
/\ Given: m — wheel's mass,
|, — wheel's mass moment of inertia in point O,

r— wheel's radius,
M — torque.
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Reduction of masses and forces
Rolling wheel (without a slip)

|, — wheel's mass moment of inertia in point O,

r— wheel's radius,
M — torque.

Assume:

v — velocity of the wheel's center,
w — angular velocity of the wheel.

M
/-\ Given: m — wheel's mass,
Y

/
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Reduction of masses and forces
Rolling wheel (without a slip)

|, — wheel's mass moment of inertia in point O,

r— wheel's radius,
M — torque.

Assume:

v — velocity of the wheel's center,
w — angular velocity of the wheel.

M
/-\ Given: m — wheel's mass,
Y

/
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Reduction of masses and forces
Rolling wheel (without a slip)

|, — wheel's mass moment of inertia in point O,

r— wheel's radius,
M — torque.

Assume:

v — velocity of the wheel's center,
w — angular velocity of the wheel.

M
/-\ Given: m — wheel's mass,
Y

/
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Reduction of masses and forces
Rolling wheel (without a slip)

M
/-\ Given: m — wheel's mass,
|, — wheel's mass moment of inertia in point O,

r — wheel's radius,

M — torque.
- Assume:
/ % v — velocity of the wheel's center,
7w angular velocity of the wheel.
1 - 1 2 _ —
T:Emv "‘51000 but v=wr P=Mw
v M
T—lmv2+ll v—z—l m+& v2—lm v’ P:MF_TVZFFV
2 2 %p 2 r’ ' y
I, Fr:T
m,=m+—;=const.
r
mrﬂ:Fr m+IO dV:M
dt r? | dt r
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Reduction of masses and forces — quiz

m, — total mass m, — total mass
m_ — reduced mass m_, — reduced mass
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Reduction of masses and forces
Example 1

In this example a drum winch is analyzed. It consist of:

electric motor EM, which generates torque as a function of angular
velocity w: M=A-Bw where A and B are given constants; rotor moment of

inertia is equal to Im;

two stage gearbox GB (reducer) with given gears moments of inertia |, 1,

I3, l; shafts moments of inertia are equal to |; gears ratio are given as
l,=w,/w, and |2=w4/w3

winch's drum has diameter D and moment of inertia Id; drum is set on two

ball bearing that generates resistance M; assumed to be constant;

inclined plane with angle a related to the horizon line;

box of weight G pulled up with winch. Friction between object and inclined
plane is represented as dry friction with uy coefficient.
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Reduction of masses and forces
Example 1

Im/ B "il - \15
L
= =
17 b, Al

\
SN SN
—
N NN

I/ pf"u
Al S S S S S S S
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Reduction of masses and forces
Example 1

M
EM Wi GB
r\ o 1‘\
Im/ T i J T \15
[ )l
T LT oAl
1, 7 7
E— ) = -74?\\\\ —-74_
I
5 (U;/ f’I4 % / % :
. Id H—

(]
Al S S
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Reduction of masses and forces
Example 1

EM Wi  GB

e

EGNE
==
— >
RN N

T:%(Im+11+15)mf+%(12+13+15)m§+%(14+1d+15)w§+%—v
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Reduction of masses and forces

Example 1 W, .
o,
O
EM (1)1 GB @212

I
“
<
]

|
S

UPAND,
==
— >
RN N

T:%(Im+11+15)mf+%(12+13+15)m§+%(14+1d+15)w§+%—v
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Reduction of masses and forces

Example 1
EM Wi GB
) T~
1, / L

W, . .
Wl:ll_)(ﬂzz(ﬂﬂl
OF!

w—2=12->m3:(n212=(u11112

D D

VZE U)3:_ (Dliliz

2

RN N

=
Do
=
—

T:%(Im+11+15) mi+%(12+13+15) m§+%(14+1d+15) 0

» 1
+__
37y %
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Reduction of masses and forces

Example 1 w, . .
' Q)_lzll_)wZZ(Dlll

(63
EM w'] GB (D_Z):ize(l):g:(l)zl.z:wliliz
--I ﬂ
1

— = D D
ST | T -~ V= 3= Wy,
I i J I 2 2

'?]3 W3

1 7 7
P = g?\\\\ —-74_
L 7 7
W4 :’KI4 / ]d/ /

Al

2
i§+l Egmi
g

T=2 (L4 L+ L) 0l 2 (L LA L) 0l i+ (14 L+ Lol

12.11.2019 TM&AC, Lecture 5, Sebastian Korczak, only for educational purposes 60



Reduction of masses and forces

Example 1 w, . .
' Wl:ll_)(ﬂzz(ﬂﬂl

W5

EM w'] GB (D_2:i29(l)3:(1)2i2:(01i1i2
1 ‘\
1
L - D _D
T 1. T N\ V=" 3= ;11
]m "]-l J :[5 p) 3 p) 181°%2
1 (1)2\ '?]3 1
ST T
Is ‘/ "12 ¥4
,,-12‘\ 7
+ =
15/ \/ .7/_
I Pfu
Al LSS S S

T:% (I +I,+1)+(I,+1,+1)it+(I,+1,+1 )i i5+
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Reduction of masses and forces

Example 1 w, . .
' Q)_lzll_)wZZ(Dlll

0
EM W GB w—2=i2->m3=m2i2=(u1i1i2
7 1
T ‘\/E:\ D=L
I i, L V—2w3—2(0112
1 wZ\ '?]3 1 Wj
]5/ T ‘/1 T Al
2 L~ L~
AN Y
A = -74?\\\\ m
I ./
) (.03 ;]4 ? / ?
i Id H—
a
Al S S S
reduced moment of inertia
_ 2 22 GD? .5,
IR_Im+Il+Is+(IZ+IB+Is)ll+<I4+Id+Is)1112+E71112
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Reduction of masses and forces
Example 1

12.11.2019 TM&AC, Lecture 5, Sebastian Korczak, only for educational purposes

l.l-.-._.—.-

(]
S S

63



Reduction of masses and forces
Example 1

N=M,wo,—M,0;—Pv
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Reduction of masses and forces
Example 1
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Reduction of masses and forces
Example 1

P

IE
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Reduction of masses and forces
Example 1

P

IE
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Reduction of masses and forces
Example 1

P

VIS

\J

[ a
P=T+Gsmmoa=uN+Gsina=uGcosa+Gsina
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Reduction of masses and forces
Example 1

M
I R
)T 4 T
/‘% 10
I5/:: 7T = oA
Lrvan] | Z_\\\\ 1%
T IR AW

N—

N=M,0,—M,;0,—(uGcosa+Gsina)v
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Reduction of masses and forces

Example 1
M
EM W GB
r\ T 1‘\
! "% 1%
T LT oAl
1, Y %
Y s S @ — -g?\\\\ —é_
15 J f”I:L % / % ,
- I Pfu
Al S S S S

NZMSwl—Mfu)liliz—(uGcosowGsinoc)%wliliz
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Reduction of masses and forces

M

17T

5

1./

N:[MS—Mfiliz—(uGcosoHGsinoc)?i1i2

N NN

Example 1
EM W GB
r\ N 1‘\
IR
‘/ $i T Al
1 N7
T -- 2:)} T é_\\\\
T T VA
5 Jf]-# %
_ '/
Al

D

12.11.2019 TM&AC, Lecture 5, Sebastian Korczak, only for educational purposes

W,

p..—-—""

o
S S S S S S

71



Reduction of masses and forces

Example 1
M
EM W GB
r\ T 1‘\
! "% 1%
T LT oAl
1, Y %
Y s S @ — -g?\\\\ —é_
15 J f”I:L % / % ,
- I Pfu
Al S S S S

reduced torque D
Mg=M,—M, i i,—(uGcosa+G sinoc)?iliz
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Reduction of masses and forces
Example 1

Reduced torque

M.,=M, — Mfi1i2+(uGcosoc+Gsinoc)§ili2
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Reduction of masses and forces

Example 1
Reduced torque
.. : D ..
M.,=M. — Mf1112+(MGcosoc+Gsmoc)?1112
\ g
Y

driving torque Mp

: assive torque M
(electric motor torque) P | P
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Reduction of masses and forces

Example 1
Reduced torque
_ .. : D . .
M.,=M_ — Mle12+(MGcosoc+Gsmoc)?1112
\ g
Y

driving torque Mp

: assive torque M
(electric motor torque) P | P

My, =M,-M, = (A-Bw,)-M,
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Reduction of masses and forces
Example 1

Start-up process

M (t)
I dwleR M.=A-Bw,—M,

Rodt
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Reduction of masses and forces
Example 1

Start-up process

M (t)
I dwleR M.=A-Bw,—M,

Rodt
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Reduction of masses and forces
Example 1

Start-up process

M (t)
I dwleR M.=A-Bw,—M,

Rodt
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Reduction of masses and forces
Example 1

Start-up process

dw, B A—M non-homogeneous
L=, = =~ A,M,,B,I, -constants  1st order ODE
dat I R Iy with const. coef.

general solution  particular solution initial condition
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Reduction of masses and forces
Example 1

Start-up process

dw, B A—M non-homogeneous
L=, = =~ A,M,,B,I, -constants  1st order ODE
dat I R Iy with const. coef.

general solution  particular solution initial condition
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Reduction of masses and forces
Example 1

Start-up process

dw, B A—M non-homogeneous
L=, = =~ A,M,,B,I, -constants  1st order ODE
dat I R Iy with const. coef.

general solution  particular solution initial condition

_B,

mlg(t):Ee - (Dlp(t):F w,(t=0)=0
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Reduction of masses and forces

Example 1
%(t)%
¥ >

Start-up process

f%__]V[P( _%it
= l—e ¢
B

001(t)
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Reduction of masses and forces
Example 1

Start-up process

f%'_]VTP(i _%it
= l—e °F
B

001(t>

steady state value (maximum) ., .
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Reduction of masses and forces
Example 1

Start-up process

R

:A_Mp(l _Iﬁt

PN e
(0)="= | |
A—M,
steady state value (maximum) , . = B
START-UP TIME A—M, A—MP( —%tgs)
(95% of maximum value) 0,95 B — B 1—e
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Reduction of masses and forces
Example 1

Start-up process

B
:A_Mp(l e_I_t

W\t .
(="
A—M,
steady state value (maximum) @, . = B
START-UP TIME A-M, A—-M,
(95% of maximum value) 0,95 =
B B
IR
tos~3—
B
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Reduction of masses and forces
Example 1

Start-up process

electric motor

B
:A_Mp(l e_I_t

O (t) B R angular velocity
\J

D .. . .
v(t):?wl(t)lﬂz box linear velocity

12.11.2019 TM&AC, Lecture 5, Sebastian Korczak, only for educational purposes

86



Reduction of masses and forces
Example 2

air resistance proportional to velocity
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Reduction of masses and forces

Example 2
| 1
R ;
LT
m/
1~
w r
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Reduction of masses and forces

Example 2
| 1
R ;
LT
m/
1~
w r
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Reduction of masses and forces

Example 2
| 1
R ;
LT
m/
1~
w r
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Reduction of masses and forces

Example 2
| 1
R ;
LT
m/
1~
w r

12.11.2019 TM&AC, Lecture 5, Sebastian Korczak, only for educational purposes

91



	Slajd 1
	Slajd 2
	Slajd 3
	Slajd 4
	Slajd 5
	Slajd 6
	Slajd 7
	Slajd 8
	Slajd 9
	Slajd 10
	Slajd 11
	Slajd 12
	Slajd 13
	Slajd 14
	Slajd 15
	Slajd 16
	Slajd 17
	Slajd 18
	Slajd 19
	Slajd 20
	Slajd 21
	Slajd 22
	Slajd 23
	Slajd 24
	Slajd 25
	Slajd 26
	Slajd 27
	Slajd 28
	Slajd 29
	Slajd 30
	Slajd 31
	Slajd 32
	Slajd 33
	Slajd 34
	Slajd 35
	Slajd 36
	Slajd 37
	Slajd 38
	Slajd 39
	Slajd 40
	Slajd 41
	Slajd 42
	Slajd 43
	Slajd 44
	Slajd 45
	Slajd 46
	Slajd 47
	Slajd 48
	Slajd 49
	Slajd 50
	Slajd 51
	Slajd 52
	Slajd 53
	Slajd 54
	Slajd 55
	Slajd 56
	Slajd 57
	Slajd 58
	Slajd 59
	Slajd 60
	Slajd 61
	Slajd 62
	Slajd 63
	Slajd 64
	Slajd 65
	Slajd 66
	Slajd 67
	Slajd 68
	Slajd 69
	Slajd 70
	Slajd 71
	Slajd 72
	Slajd 73
	Slajd 74
	Slajd 75
	Slajd 76
	Slajd 77
	Slajd 78
	Slajd 79
	Slajd 80
	Slajd 81
	Slajd 82
	Slajd 83
	Slajd 84
	Slajd 85
	Slajd 86
	Slajd 87
	Slajd 88
	Slajd 89
	Slajd 90
	Slajd 91

