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Wheeled Inverted Pendulum

Actuator: Motor (speed) i
Sensor: Pendulum Encoder (degree) Error 60
b/
Motor Encoder (degree) Degree X, 8
Controller: Arminno

Error 0X
Position

origin



Wheeled Inverted Pendulum

Actuator: Motor (speed) Reference

!
/
!

Sensor: Pendulum Encoder (degree) ! Error 60
Motor Encoder (degree) Desree . ;

B ©
.. __

Controller: Arminno
4 )
Error: 00, Ox Error 6X
Position
Objective: 660=0, 6x =0
\_ J

origin



Challenge

1. Nonlinear System (due to pendulum)
2. Unstable equilibrium point

3. Other nonlinear effects: motor friction etc.
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Time domain spec

Pendulum Angle 6

— settling time < 10 sec.

—steady state error < 5°

Vehicle Position x

— settling time < 30 sec.
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Controller Design SOP

System identification from
linearization around the
equilibrium point

System ID

P Controller
Design

Modelin
g Find the equilibrium point.

Modelling from
Lagrangian

PD controller
Design

From the linearized model
around the equilibrium
point, design a PD
controller with greater
errors.

PID controller
Design

Design a PID controller
from the linearized model
around the equilibrium
point.



Controller Block Diagram—tracking 6

—» P(s)
—pr0
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Controller Block Diagram—tracking 6

Setpoint

0

Large 6
P(s)

I
Medium 6

D1—>| PD(s)

I-_I: Small 6

Inverted Pendulum
Vehicle Model

Plant
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Controller Design SOP for Position tracking

System identification from
linearization around the
equilibrium point

System ID
P controller
P Cont-roller PD con_troller PID con_troller Design
Design Design Design .
(Position)
Modelin : I :
Find the equilibrium point. From the linearized model Design a PID controller Use the setpoint
around the equilibrium from the linearized model position to control
Modelling from point, design a PD around the equilibrium from feedbacks
Lagrangian controller with greater point.
errors.
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Controller Block Diagram—tracking 6 & X
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pendulum encoder
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Controller Block Diagram—tracking 6 & X

Position
Setpoint

0

»@ >

P(s)

Angle
Setpoint
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Time axis ~ : = D —
ir{tmValue [ IFdecValue |LdecValue | |RdecValue | int(direction)*speed |
2 458 0 0 of ol
SyStem 3 | s6aai8l 0 g 0 100
4112366084 0 2 14 100
5 | 17373888 0 94 58 0
Left Encoder 6 |21963747 0 163 117 100
7 126819513 1 228 185 100
8 | 31515745 2 09 254 0
9 | 36453164 1 393 335 100
167 41250104 1 465 411 100
11 | 45963693 1 547 489 0
. 12 | 50720404 1 630 571 0
Right Encoder 13 | 55710127 1 700 642 100
14 | 60571922 2 760 712 0
15 | 65697052 2 839 776 100
16- 70104102 0 910 849 100
17 | 3016683 0 992 925 100
18 | 7788989 0 1078 1009 0
19 | 12418820 0 1160 1089 0
Input Speed 20 | 17248851 1 1229 1160 100
21| 22103644 0 1297 1229 100
22 | 26829926 0 1379 1300 0
23 | 31648049 2 1460 1377 0
24 | 36653542 2 1525 1447 100
25 | 41299016 2 1588 1510 0
26 | 46067766 il 1663 1576 100
27 | 50772267 8 1727 1643 0
28 | 55690195 2 1807 1710 0
29 | 60173741 3 1862 1765 100
30 | 65413592 2 1927 1832 0
31 | 69820527 0 1990 1886 0
32| 2878127 7 2041 1940 100
33 | 7666431 0 2097 1994 0
34 | 12290520 1 2162 2049 100
35

17502802 3 2229 2117 0
speed_100_new -
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System ldentification
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Transfer Function

Input : drive speed

Output : actual speed
From lnput to output "w1":

- M M -
V(s) 7043 543 4 0.5400 570 4 236.4 ¢
input 3,421 543 4 117.4 542 + 320
Als) _ VIs)

input  input

15,13
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Overall Model

+ ©(s) = Angle of the Pendulum
u(s) :Q Error . Controller _Input__ Plant >@(s) A(s) = Acceleration of the
A H(s) G(s) Vehicle Input(s) = Input speed

. O 5] O 5] Al =)
Gl‘.‘\'j = : ..- = : : - ..-
PID Controller Imputis)  Als) Inputis)

Derived physics model From System Identification tool



Physics Model,

From Newton’s Law,

- g-sin(f) T cos(f)
f=: —
[ [
6=0 3
— i — [ — gf
Laplace B(s) — g2
}LFI:H_] N f.*-.'g — (]
'[,—:I'I:.*-.'] —1

or _4|:.‘-.':| - f.«rg — i
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Physics Model

According to the measurement :
| =0.2923 m
g =9.81 m/s"2

m = 0.289 kg

One of the poles >0
— Unstable system
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System Model

Transfer function(speed command to acceleration)
—7.04353 + 0.540252 + 236.45 — 18.13

3.42182 + 117.4s + 329

Transfer function(acceleration to pendulum degree)
—3.421

52 — 33.56

7.043s — 0.5402
s2 +34.32s + 96.16

Overall transfer function =

24
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P Controller (6>9°)
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What happened if the value of Kp is too small or too large?

small Kp

P1=045
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large Kp
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PD controller design (5°<6<9°)

filename KP KD Overshoot(deg)
PD 1 0.1.csv 1 0.1 3.69
PD_1_0.2.csv 1 0.2 4.59
PD_1 0.05.csv 1 0.05 6.84
PD_1_0.15.csv 1 0.15 45
PD_2 0.2.csv 2 0.2 5.58
PD_2 0.3.csv 2 0.3 5.56
PD_2_0.4.csv 2 0.4 6.03
PD_3 0.3.csv 3 0.3 6.48
PD_3_0.5.csv 3 0.5 6.75
PD_3 0.7.csv 3 0.7 6.66
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PD controller deS|gn

respon: se of PD co ntroller, P= 1 D=0.1 rasp?nse of PD cor‘“raller, P=2, [‘)='D.2
T T

Rising time: 3>2>1
Overshoot: 1<2<3
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PID controller design (6<5°)

filename KP Kl KD Overshoot(deg
)

PID_3.5 9 0.2.csv 3.5 9 0.2 5.49

PID_3.5_10.3_0.2.c 3.5 10.3 0.2 5.94

SV

PID_3.9_10.3_0.2.c 3.9 10.3 0.2 6.84

SV

PID_3.9_10.3 0.4.c 3.9 10.3 0.4 6.48

SV

PID_3.9_10.3_0.05. 3.9 10.3 0.05 9.18

Ccsv

PID_3.9 12 0.2.csv 3.9 12 0.2 2.79

PID_4.3_10.3_0.2.c 4.3 10.3 0.2 3.06

sV
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PID controller design (6<5°)

response of PID controller, P=3.5, 1=10.3, D=0.2
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Inspiration
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Inspiration U conolo st pamance

Setpoint >0 Setpoint=0 Setpoint < 0

I Iz
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Position controller design

P(s)

[

P(s)

PD(s)

L

PID(s)

[Ho

pendulum encoder

Plant
motor encoder
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Position controller design—detaill
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Position Angle ] Inverted Pendulum
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Position controller design—further detalil

Position
Setpoint

0

Angle
Setpoint

»@ >

P(s)
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|
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Pendulum degree

Controlled Result in the PID range

Max
Min
Ave
Std

Error: 4.41 degrees

Error: -4.86 degrees

Error : -0.00074 degree
: 1.1228

Pendulum Error (degrees)
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Vehicle Position

encoder value
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https://youtu.be/Kn80Ok2zyNI|4



https://youtu.be/Kn8Ok2zyNI4
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