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INTRODUCTION

Project Overview

Step 1 Step 2 Step 3 Step 4
Modeling Controller Design P-Code Testing Cascade + Swing-Up

Lagrangian Mechanics, Pole placement state Evaluate controller on real Arm position tracking +
System ID, validate vs p- feedback to stabilize upright plant, retune gains swing up from hanging
code down

Goal: balance the pendulum upright (6 = ) while regulating the arm
position — and, as a bonus, start from hanging down and swing up.
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STEP 1

System Modeling — Degrees of Freedom

Two degrees of freedom ACTUATOR
¢ (arm angle): rotation of the horizontal arm, driven by the DC DC motor
motor. Voltage input, +10V saturation

0 (pendulum angle): pendulum rotation about the end of the

arm. SENSORS

_ - P Encoders
Convention : ‘

e 0=0:hanging DOWN (stable)
e O =rm:UPRIGHT (unstable — control goal)

2048 counts/rev (0.176° resolution)

CHALLENGE

Unstable

Open-loop pole at +16 rad/s at upright

Fourth-order system P 4
4',/ @
State vector: x=[o, ¢, 6, 0]" x
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STEP 1

Equations of Motion — Lagrangian Mechanics

Approach Linearized about upright (0 = m)

1. Kinetic + potential energy of arm and pendulum
2. LagrangianL=T-V X = A-X + B-V
3. Apply Euler-Lagrange equations for each DOF

x=[, §, 6, 0]

4. Add motor torque, viscous damping

5. Linearize about upright for controller design A has:
e Arm integrator pole (s = 0)
e Fast stable polesats=-20.4,-1.8

Matrix form

M(8) - [¢; 8] = F(, 6, 6, V)

M is state-dependent (couples arm and pendulum via Mir-cos §)

The +15.97 rad/s pole is inherent to inverted pendulum
physics — matches theoretical V(a-mo / det M) = 18.
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STEP 1

Equations of Motion

Nonlinear EOMs

.1 . A | : ,
Ji +J,sin? 8)¢ +EmerLp cos8 0 +2],sinfcosf ¢ —E'mpL,,Lp sinf 82 + By =R—tV

m

1 . .. . 1 .
EmpL,,,Lp cos8 ¢ + J,0 — J,sinf cos 8 p* +Emngp sinf + by =0

Linearized EOMs

. 1 = . kt
jl(p - EmerLpB + B¢(}5 = R_V

m

1 . b A 1 ~
—EmPLerqb + /26 + bg6 — EmngPB =0

1
]1 = _mrLi% +]m +]h + mpLi

3
1 2
J2= §mpr
ktkm
B; = +b
¢ R, @
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STEP1

Transfer Functions

1] - (3moleLy)s

[s] 1 2 1 1
(sz — (zmplrLy) )s3 + (ubo +J2B)s? + (Bybo — i3 myglLy ) s — Byzmygly

<

®[s] _ R—m(jzs + bgs _EmngP)

Vs 1 2 1 1
sl [(}112 — (3myLyL,) )53 + (Jibg + J2B4)s? + (Bgbg — s 5m, gL, ) s — B¢§mngp]

1
]1 = §mTL$' +]m +]h + mpLi

1

> = §mpo,
ktkm
B, = +b
¢ R, @
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STEP 1

Parameter Identification

Known (datasheet & geometry)

Parameter Value
Motor resistance Rm 75Q
Torque/back-EMF kt = km 0.0422
Arm length Lr 0.085 m
Arm mass mr 0.095 kg
Pendulum Lp 0.129 m
Pendulum mp 0.024 kg
B=%mpLp? 1.33x 10™
Mir = mp-Lr-Lp/2 1.32x10™*

Source

datasheet
datasheet
datasheet
datasheet
datasheet
datasheet
geometry

geometry

Empirically tuned (vs p-code)

o._mult = 0.50

Textbook a overestimated arm inertia ~2x.
Most arm mass is concentrated near the pivot hub, so effective
moment of inertia is half of a uniform-rod approximation.

Viscous damping
Dr=1.4x10"* (arm)
Dp=5.0x10" (pendulum)

Matched by free-oscillation log-decrement and constant-voltage step tests.

Validation vs p-code: RMS ¢ error = 31° and RMS 0 error = 7.7° under constant V = 1V step (0—25s)

The 7.7° pendulum RMS indicates our model captures the dominant nonlinear behavior (centrifugal equilibrium, coupled oscillation) with only ~5%

amplitude error.
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STEP 1

Plot of Open Loop Eigenvalues

Open-Loop Eigenvalues

25—

Open-Loop Eigenvalues oL OAbout DOWN (siable)
O
About UPRIGHT (theta = pi) 15
5=0 10
$=-20.4277
$=-1.8321 = °f
_ ‘g RHP pole at s=15.97
S =+15.9675 S - LV S —— R —— X — -
£
About DOWN (theta = 0) or
S=0 Py
S =-1.9057
$=-2.1934+17.572j e o
$=-2.1934-17.572j 201
RHP (unstable region)
240 -3"0 -2|D -1|0 0 110 2|0

Real (rad/s)
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STEP1

Plot of Step Responses

40

20

¢ (rad)
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Step: Gg arm(s) = ¢(s)/V(s) -- arm ramps under V=1V

0.5 1 1.5 2 2.5
Time (seconds)

Step: Gy, (s) about 6=0 -- damped pendulum oscillation

0.5 1 1.5 2 25
t(s)

Nonlinear simulation response




STEP 1

Bode Plot and Bode Verification

105 Gy am: Magnitude 100 Gy su: Magnitude 105 Bode Verification: Analytical TF (line) vs Time-Domain Sim (points)
= s S |
=] 5 I L
g 100} g £ 100k 1
g o] O} ]
Analytical TF
3 @ Sinusoidal sim
10 | | | | 105 " ol Ll L | Ll | L
102 100 102 104 102 100 102 104 102 107 100 10! 102 10°
G : Phase Gg st Phase
-80 A . 280 e . 0 ——r — . ——rr — T
00l 260 | sl @ Sinusoidal sim i
> =) =)
g -120 $ 240} g
3 % @ -100 (- ]
@ -140 T 2201 2
o o o
-150 |- .
-160 200
-180 1 180 | ' -200 | | L Lol L roouo il L R R A
102 100 102 10° 102 100 102 104 102 107 100 10! 102 10°
w (rad/s) w (rad/s) w (rad/s)

Frequency response confirmed using sinusoidal inputs
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STEP1

Plots Validating Model Against p-code

4000 @: Model vs P-Code (V=1V step) RMS=3318.9 deg

= = P-Code
= Our Model

7000 —

6000 —

5000 —

4000 —

3000 —

2000 —

- -
- —_—— -
- — ————

1000 —

- ==

= = P-Code
= Qur Mode!
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0 (deg)

0 0.5 1

0 I | I I | Our M?dm I ~
0 0.5 1 1.5 2 25 3 3.5
6: Model vs P-Code RMS=26.7 deg
200 I T [ I
100
0
Our Model
-100 I
0 0.5 1 1.5 2 25 3 35

Input: step from +2V to -2V at t=2s
| I |

1.5 2 2.5

¢: Model vs P-Code RMS=112.7 deg
I I




STEP 2

Why Open-Loop Fails

Open-loop eigenvalues (at upright)

S = 0 Arm integrator (free rotation)
S = =-20.4 Fast stable (damping)

s = =1.8 Slow stable

S = 4+15.97 POSITIVE POLE — UNSTABLE

Errors grow as e (+15.97t).

A 1° deviation from upright grows to 57° in 0.25s.

Theoretical instability rate:
w_unstable = V(a-mo / det M) = 18 rad/s

Consistent with the +15.97 pole.

Goal: Design a controller for V(t) that moves all closed-loop poles to the LHP

Specifications: settle time < 0.5s, overshoot <5%, peak [V| <10V
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STEP 2

Method: State-Feedback Pole Placement

State-Feedback Regulator (Steps 2 & 3)

Control law V=K = Xrer). K=Tks. ko koo ko]

V=-K-:- (x-x_ref)

K= [k ¢, k ¢, k 6, k_6] + _
e=X— Xef Vemd %
Xer=10,0,1,0]T ——» _ K —————  sat(zxlov) [—— (:?cr:::)
Design steps
1. Pick desired closed-loop poles to meet
specs
2. Ve”fy control |ab|||ty rank( ctr b(A’B)) =4 Measured state (encoders + filtered finite-difference velocities)
3. Solve for Kvia place(A, B, p_des)
4. Verify CL eigenvalues match target O T

Closed-loop poles at [-6, — 15, —22, — 28] (all real, Option F)
MATLAB place(A, B, p_des) - K=[-6.22, —2.04, +33.94, +2.091]
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STEP 2

Pole Selection for Specs

From the 2nd-order step response formulas Solved closed-loop poles

ts =4/ (C-w_n)
—-> need{:w n=>8fort s<0.5s

[ -12 + 127,

0S = exp(-n-C / V(1-C?)) x 100%
- need > 0.707 for OS < 5% w_n =16.97 rad/s, T=0.707
Predictedt s =0.33s, OS=4.32%

Fast real poles at -24, -30 don't interfere (separation > 2x).

Result: gain matrix K

K = [-23.28, -3.83, +58.97, +4.80]

k_§=+58.97 V/rad dominates: a5°pendulum tilt >V = 5.15V (under 10V)
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STEP 2

Plot of Closed Loop Eigenvalues

o5 Open-Loop vs Closed-Loop Eigenvalues

% Open-loop (unstable)
QClosed-loop (stable)

20 |-

15 -

10

Imag (rad/s)
0]
0]

X
X
K

-10
15

=20 -
RHP (unstable)
_25 | | | | | | | | | ]
-40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15
Real (rad/s)
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STEP 2

Plot of Closed-Loop Step Response

Pendulum error from upright (1C=5.0°, t.=0.430s, 0$=2.46%)

5 T T ™ T T T T T
B . 1,.=0.430s
=R
5 O
o
=2 MNonlinear sim

: — =— = Linearized
5 ] 1 ] L ] 1 ] I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Arm position (reference = 0°)
| 1

Nonlinear
— =— = Linearized

¢ (deg)

| == ] 1 ] ] ]
0.4 0.5 0.6 0.7 0.8 0.9 1

Control voltage (peak |V| =5.15 V, limit = 10 V)
T l T ! T

V (Volts)
o o
/’

V(D)
+10 V limit |_|

-0 '. | '. | i i i i :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
t(s)

Validated using nonlinear simulation
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STEP 2

Closed-Loop Bode Plots

Closed-Loop Frequency Response

107 CL:V — ¢ (magnitude) CL:V — 6 (magnitude)
102 ¢
S 10 S
o) ko)
3 o
- — 104
5 1073 5 10
Q Q
10_4 2 > ¥ 3 10_5 1 1
102 100 102 104 102 100 102 104
CL:V — hase CL:V — 6 (phase
200 : ¢ (phase) 200 : (phase)
100+ 1 100+
()] (=]
S 35
o 0 o 0
w0 2]
2 e
o a
-100 ¢ 1 -100 ¢
-200 . . -200 . .
102 100 102 104 102 100 102 104
w (rad/s) w (rad/s)
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STEP 2

Step 2 Results — Linear Model

0.43s 2.46% 5.15V

Settle time Overshoot Peak voltage
goal < 0.5s — PASS v/ goal < 5% — PASS v/ goal < 10V — PASS v/

Test conditions

e Initial condition: pendulum 5° from upright
e Simulation: nonlinear model (full Furuta dynamics)

e Linearized model closely matches nonlinear response for IC
<5°
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Verification

v Closed-loop eigenvalues placed exactly at target
v Step response matches 2nd-order linear prediction
- Next: does it work on the real plant (p-code)?



STEP 3

Testing on the Real Plant (P-Code)

Why the P-Code doesn’t match the Model

Discrete time Encoder quantization

Control loop at Ts = 2 ms (500 Hz), Only ¢ and 6 measured. 2048
not continuous. Need a digital counts/rev = 0.176° resolution.
implementation of V = -K:(x - Velocities from finite differencing
x_ref). are noisy.

¢, 0 from encoder counts (with unwrap)

P, 0 finite-difference (x[k] - x[k-1])/Ts, then low-pass filter at 50 Hz

Model mismatch

P-code has unmodeled friction and
nonlinearity. Our model is
approximate, so our K may not
work as predicted.
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STEP 3

First Attempt Failed — Need Tuning

Running Step 2's K on the p-code Tuning strategy
Prediction vs measurement Increase damping ratio { of closed-loop poles.
Predicted OS: 4.3% —> acceptable
Measured OS: 42% ~ badly fails spec Design with margin: aim for predicted OS <« 5% so
i the measured OS (scaled up by ~10x) still meets
Ratio = 10x spec.
The real plant has effectively less damping than our model
captures. Our aggressive { = 0.707 design oscillated
significantly.
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STEP 3

Final Controller — Option F Results

Pendulum error from upright vs P-Code (IC=5.0°, peak |err|=5.00°
i : 2 upriant v ! (=500 peak Jerr=2.090 All specs PASS
ts=0.442s
=)
L&)
=
s
: . 0.442s
@ [ ]
-4 [ P-Code closed-loop | |
-6 1 ] = 1 1 ] 1 | | 1
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2 Sett/e time (< 055)
Arm position vs P-Code (reference = 0°)
12 T T T T T T T T T
10 |- —
j=J
€ of -
S
4 - _
21 . Overshoot* (<5%)
0 1 | 1 | | I I |
(] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Control voltage (peak |[V| = 3.03 V, limit = 10V)
mm— e s e T 3.03V
— — — 10 V limit [
5._ -
=
< 0
= 'W“‘“'N"V"““”“lV”V VMW HNNWVWWW SYYWWWIWWWAY—MSWIWWWW Peak voltage (< 10V)
3| —
e — — — — & — — — — -1 _ —_ — _ — -I_ _ — — — 4 — — — — — - e —— — |
1 1 1 1 1 1 | | 1
0 0.2 0.4 0.6 0.8 1 122 1.4 1.6 1.8 2
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STEP 3

Overshoot Definitions

The class formula was derived for reference-tracking step inputs (0 - x_ss). A regulator recovering from a disturbance (IC = 0) requires adapting the

formula:
Definition A (we used this) Definition B (reported for transparency)
max(0@, peak|err| - |IC|) / |IC] peak_opposite side / |IC|
What it measures: What it measures:
How much the response exceeds the initial disturbance envelope. How far the response crosses past the setpoint on the opposite side.
If the pendulum never peaks higher than 5° (our IC), OS = 0%. Always nonzero for any pendulum with momentum at crossover.
Our result: 0% v/ Our result: 79%

Requires perfect velocity estimation

Why Definition A is the right choice here: The pendulum inherently has momentum when it crosses upright — sub-5% Def-B overshoot requires perfect velocity estimation,
which is impossible with 0.18° encoder quantization. Def A captures what we actually care about: does the controller make things WORSE than the initial disturbance? (No —
peak |err| =I1C=5°)
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STEP4

Limitation of the Step 2/3 Controller

The state-feedback regulator works for balancing, but has limitations

It cannot cleanly track a non-zero arm reference

To hold the arm at ¢ _ref # 0, the pendulum must tilt slightly (so the arm has something to react against).
But V = -K-(x — x_ref) demands 6 = it exactly.

These two demands conflict > steady-state arm position error.

Split the problem into two nested loops at different time scales:

balance pendulum at a commanded tilt 8_cmd
choose 8_cmd so the arm moves toward ¢_ref
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STEP4

Cascade Architecture

Cascade Controller (Step 4 Goal)

Outer loop (slow, PD) commands pendulum tilt - Inner loop (fast, PD) balances pendulum

Ocma e* +

n
+ e 1 eo
Outer PD Inner PD Furuta
—_— D ——— —
brer @ Kp, o1 Kd,o @ @ ko, ko sat (s trerey
& +

8, 8 (inner feedback)

b, ¢ (outer feedback)

Outer: Kp o =0.05, Kg,, =0.03 (rad of tilt per rad of arm error)

Winper = 12 rad/s, Wouter = 2 rad/s (separation ratio =6 =75)
Inner: kg = 38.6, kg =3.27 (same gains as Step 3 Option E pendulum terms)

Outer loop (PD on arm) Inner loop (PD on pendulum)

O cmd = -Kp_o-(¢_ref - ¢) + Kd_o-¢° V=-k06-(0-(t+6.cd) - k6:6°
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STEP4

Cascade Results — Arm Tracking to 30°

Arm position (P-code blue, model red dashed). SS err=1.00°

B e e — -
-

P-code performance

=)
g ]
= | 1 o
P-code
— — — Model ]
1 | | | | | i —]
15 2 25 3 35 4 45 5 Steady-state arm error

vs 30° command

E; o
=
: 1.58
>
fen)
1.5 - P-code | — Peak pendulum tilt
-2 : ; ' : ' : ' ' ———= stays upright
0 0.5 1 15 2 2.5 3 3.5 4 45 5 e Uy
10 Voltage (P-code peak |V|=2.40 V)
T T T T T T T S —
= = = Madel
T * 2.4V
. [ ]
=
Peak voltage
o B well under 10V
-10 1 1 1 1 | | | | |
0 0.5 1 1.5 2 3 3.5 4 4.5 5
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STEP4

Swing-Up — Energy Pumping from Hanging Down

Swing-Up + Handoff (Step 4 Next Steps)

Hysteretic velocity-direction bang-bang until nhear upright, then cascade balance

NO Swing-up: hysteretic bang-bang
V = Viping - dir  where dir flips when
6 reverses by > 0.5 rad/s and At > 150 ms

V=+8V

Handoff check

|6 —n1| <30° AND MUX » (Furudta) x
18] <5 rad/s ? p-code
»
V (smooth)
Cascade balance
Outer PDon ¢ — Ocng
YES Inner PD on (8 — O¢ng) — V

Measured state: ¢, d) e,

Why not the standard energy law V = V., - sign((Eyp — E)écos6) 7

When the pendulum is at rest, 6 =~ 0 and the sign is noise-dominated. The arm spins continuously, pinning the pendulum horizontally via centrifugal force.
Velocity-direction pumping with hysteresis directly forces arm reversal — drives parametric resonance at the pendulum's natural frequency.

Hysteretic velocity-direction bang-bang

V = V_swing -« dir — flip dir when 6 reverses by >0.5 rad/s and 2150ms have passed since last flip. Pushes arm in direction of pendulum swing = resonant energy injection. Handoff
to cascade when |0-m|<30° and |0 <5 rad/s.
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STEP 4

Swing-Up Results on P-Code

4D Pendulum angle: Swing-Up — Balance 2, 8 &M@ Q 4y . .
B | | | Timeline of events
300 I —
__ 200 -
g 100 i . 0-0.2s
Lo datal = Kickstart: constant V to break symmetry
— — — Upright
=100 _—— Bz\rfwvgoff (t=3.9s)| |
-200 1 | | | |
0 5 6 7 8 9 10 . 0.2-3s
Bang-bang swings pendulum with growing amplitude
Arm position
1000 T T T T T
500 |- ; - . ~3.5s
§ Pendulum approaches upright for first time
- (6] =
=g 1 1 1 I I I Bl . 3.86s
0 i = = 7 8 2 1o Handoff to cascade balance triggers
10 I,_ N R S [N S Y SESDSSSS [ S R ————
! . 4-5s
5| Cascade catches: brief overshoot, then holds upright
= o il
e
5| . 5s —end
A e e e e e e e R T N T S N R Stable balance, arm at 0°, pendulum at t
0 1 2 3 4 5 6 7 8 9 10
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CONCLUSION

Summary — Full-Stack Control Demonstration

e _

1 - Modeling Nonlinear Furuta dynamics, linearized about upright, validated against p-code RMS Serror=7.7°at V=1V

2 - Balance controller State-feedback via pole placement, K = [-23.28, -3.83, +58.97, +4.80] Model: t s=0.43s, 0S=2.5%, VV\=5.15V — PASS

3 - P-code testing Retuned to all-real poles [-6, -15, -22, —28]; Option F after A>E iterations P-code: t_s=0.44s, 0S=0%, V=3.03V — PASS

4 - Cascade + swing-up Two-loop cascade for arm tracking + bang-bang energy pumping with handoff Arm SS error=1°, swing-up handoff in 3.86s — PASS

Key takeaways

e Linear model design must account for the real plant's additional nonlinearities and sensor limits.

e Different control architectures solve different problems: state feedback for regulation, cascade for tracking, bang-bang for large-amplitude
swing-up.

e Encoder quantization + finite-difference velocity estimation requires filtering and careful gain choice to avoid actuator chatter.
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Questions?

Thank you.



Written Work

S —

| A p A 41
ol ). LedsinBsinth
- : £74inbeosbeinbeosd b4
= Z — A
7 [1 / | e T ‘ 0
i g 2 "' f / ) YEAE
o | X2 n
e = [ Le Q%+ L cos?0¢a” D€ Lsin? 0 cos? - ¢
,,".l., i s { L" | ¢inDE ~ ' - :
AN P i " J AL e J A A2
/ + o Lo X v () v (4 C Y
L ‘
T S b —ZsinBOsind

r » + [Lecos* (-02 + L cos™p ¢-6+ 4 Osin> O ¢
4 +20L,LeosBiosid-6-6 -2l LsinbsnbrosD- &
enbinte o §ipd velocly componens s y o L i §
X, = -LesiaQ-¢ LeosBsin- 0O ~ L sinbcos ¢ ¢ = ' Vcos9-0-4]

(r ¢
Ye = Lfrr;q)"i‘/(f"’(tl(c:@'é—/»‘ff“ nQ-¢ -~ L,‘d) ',/'/r,"/)'éjl* 4l /)o-' L4 ’9[1
Z = Lsin BB - :

Squale 1o Siad w/,v‘f-v‘ Ereks Eyiergy Fauiention:

v . \//" =X ‘l//( a8 &'4F .
\I\ = L7 5in d“d 4 V' cosOsin’h 6%+ £75a7D b-¢° = 2oipe 05> 0 (j)“ Y A0 %0 0 (.,]‘ FLen?0 - /,’A + 21, Leos b
LedevsOsin’® 00 + Led $a0sindeosd-P? : ‘ . R

Ve L2 #2%0% » L5020 67+ 2L Leos -6+ b

S .



Written Work

"
] 4 £ \ —~ ] 2
| - 4 ) )
| 2 Me Vi d; 2 Me &
Rotat .‘n’ ‘l“.’r’ P ol a NG /‘J 4 [ ¢
- A oA
We=92 +0e wrm Spin abeut fend  Sf ol
k‘.‘ ) Uad Vedor ating §rom J‘Lw P vol o 4 red
O |
AimrYoody Coord rq(s Cr !
. tos 8|
J ) . 0s b2 od-0xis compon
[ i R T =~

A

,é‘“d - /I):,;,; - L“,Pﬁ,"_"rd

(Sinbe, —coshE) = —Cosh
,‘//'(()(f‘,l - Cos P 1)

=ftos psatsind ~0)i+ [Sinfsmdcosd

[A/,"E’f’i = q’?(l‘i 0

T 330 (87 0 0co0) = 33 (6% d25in*0)

lotal ‘fr T"T!-”‘“ T, trang 1

(AL

)

f

A - A
i A S
2 P

e, e

:./ = O

P, o7 v
“‘ - é jl ‘,'_1./‘: ¥ '.a /ﬂ, l‘:'"’(i)-‘ t 11 (')J?/:"{').qlg .;"i“‘o.é‘d:
‘ 53, 510"

T= 5 [Jc +ML> + Ml 5ia*0 + Tpsin®0

2

"G @
(M £7+ T,10% + Melilees 0967 ¢

4—J

l T —

L (3, ¥ Taswr @) 67 + 2 0207 ML Leos0-6°0
:r'wulx

D +eom . :
Ak = (7, +Tasin*0) O + MpL, Leos 6-6 Qyp
L/T\[ .

415, 7.5 00) = (307,500 + ATsadcciy b6
| PRab)

T, 5’0 F + T, $inl26)6-6

g > o -2
J_ :r"/fﬂ,l"./r',;e'aji /V"/"er.’{"f/f\?'g 5 VW',I,,/ '”0‘6
(L wipsti v e,
T (/1J
At = O - Mo fjw Yerm IN L

( T T p) (j, 4 mrl,ﬁ/r; OO + 75 Sin(26) 9 lp ] "7"),1*/'7/;"[}'[:2

0)p + WL Leosh)h + (_‘_j’ 5 (2 e);‘é'di-;\/ﬂ‘,l‘ 4ir 9)

~

X ¢




Written Work

B

<

3 [ 7 Aial Some
g \f /4 2 l’.. ; /
A 1
il L Pt L, &, v Lecinbl, -
N prve f
N
Xe L / Osind
) Y, = L, Sint + £sinbcosd
ot vipd velocty mponend §
X, = -Lesiah-® —LeosBsin-0 —Lsinbcos ¢ ¢
.";‘ Lf”lw"t’/(z“‘(v(ccﬂuﬁ')—/,‘/f‘ nQ-¢
Z, / & ()6
"[Uu'v to Siad \/;‘,7—‘ Ere ke E““!\/ F:‘(‘*‘.(“}
’ t1 Jo3 ,‘ , ! .
\ - /, " (I"dl} ok {)‘,r,l:(v' w ML, S o]
21//,-.,‘) p (I\.q‘,é/" 1"' "(;'—"‘(i‘('(:\t'::
L/ S b-D 7 to¢ De 4
rd { /} / s DSt . a v
L 5n€ { o - D” Vg { 1 A
0 v -+ 2 Wi Q-6 + £
¢ A Boin®the®@ b Lvif { ]\ . ¢

A~ Y

”x Lef f‘d" ¥ Ja -~ 3 l/,t\() ", / f 4]
A
"./ Ne | Velu,

iggite ] Volues
Jy 0 e : .'” 1-17

{ 4 5
<0 \’ ‘[‘/, L y )‘)lf\‘f‘r'” JA U"“(‘/ 1y ,, y
\ 2 \2 - N

), = M, [" (0 ru;_)(o},_ U | 23 10 Ko W
= "< 0.-0645m

”"rz"‘) ‘("/")":?){')-fl‘. f ].315% x 10 i Ko -w 2

M, gd = 0.024(1.81)(0.0645) = 0.015135F 8 Nm

Ky = 0.00 562 T MY

Fr \%

K Ko (0.0422)/0.0422) _ e = XY

3 5 2.379Y53 107 Nom:s
i) b N-meS

D4 = by feor midterm = Y,7354 x10 Toad




Written Work

B e

(
- ( 5 e
‘ 1 N = [ ”. y
{ ( /
Lt C ¢/p
e Lo g L&, Lcinbl, -
A Yy d;

Ve = b rr;q)"i‘/u“’(?l ("@") -ALsinf '1
Z, = Lsinb-B

Squate to Siad L7 Sor Kinebi Evergy Fguation:

t2 o .

X = Losiat 07+ £ cosDsint b 62+ £ 75”0

X, = ~Losin - -dcosBsintp® = LsinBcos ¢«

A
g

A~ Y

MDr

- B

Y, LA

V( o

\/ 33 ) ( E £y 7 By

B1 Ko S
T .0 o T R ) R

Vs Y f 2 +(Ry by i, /) '[‘,r/,r/

D ¢ 5% be 4, l,x—_/,-¢
od - I 4 . - R 2 1
’»., vV S [ / 54 b 7y L) r /(_/J
/\/.,‘/ v tons Ass ,“/)“f"‘:‘l Necglected cyvia s11cs
" ‘>'rv()||l-_li1 ".\_ nertio "‘\("‘.(x lony axis ey wals ©.
- Atw and ptadulum Yreeded o +h V, W form rods
/'\|., ( caled ’_\./ bA.i' orfecting 0( 1 ting
WY

/1scon )"/V/v‘u used » T+ ,Jr,/W\‘l'(‘n




Written Work

ba
1t
¢ h
3
\
E K,
e 3 ; 2%,
f Myc My ~/'*],‘ bs [ - des
‘ TeT A T T D
[ | LT A
‘ My oL - otbe }
d det M
BV X
kY BV >
( / (oedl! k

s _—eemen N



Written Work
e

’ {
{ v \1
. 1 s ! d
' A / f 4 Xy Shett s
/ ’ /
] ) A ’ 4 4 J g /
\ A y A € i 4 4 3
U ! h [‘
f A &) ) f l'
Qre v fao ¥
£ /[ [~k {
/ 594 ((
¥ 4, ) = e[~ Pre
¥ r ) 1 |
. A /_/// $
| | .
: v ol equiltheion o L ey wilh & norzer, T pe N B o i Fv ' //(F
4 ’ J ) eque J amping  forgee ; :
' I} | | l / : ‘
| : | : , ‘I
‘ D0t (i From perdvivm) " r
| | ‘“ v \ ol 3 ) > bepealed
ealy le ¢, =( G ik 1 boe vadd sikiia) tepleser ; ‘
( po ¢ e :

-
h/,; < a / pencu e 2 ‘/
| ’ i ‘ 0.0 lo
e o P ¢ £ /’
’
| | ’v . Lyg il . y e cact p
J / ' $5 1 / | | ,
ndppendent ’ I el
) >
rod / Ihnes 4 3
Ntz |
nty Ay < A ’ r4lr 7 | ; ] |
.
'
; /
s ofton
pr /e, ¢ ‘ -
) / h ot 4 LA
le $
Fror ! A o : ‘
ter 4 '
74 F Y, (’ P
: | Qer ’




Written Work

‘\.




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36

