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ABSTRACT

SimMechanics can be used for modelling of mechanical systems of any degree of freedom in MATLAB/Simulink
environment. Mechanical systems have physical properties that use physical modelling blocks in SimMechanics that
relates to geometric and kinematic. By using this toolbox, it saves the time and effort to derive the equations of motion.
SimMechanics provides a visualization and animation of mechanical systems with 3D geometry graphical shown.
SimMechanics is able to interact with SolidWorks via external features. This paper describes the development of physical
modeling of an inverted pendulum (IP) via SimMechanics. The swing up and stabilizing controller for the IP using Linear

Quadratic Regulator (LQR) is also discussed.
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INTRODUCTION

In many years, there has been a growing interest
in IP for wide range of home applications and industrial
applications (Olfa Boubaker, 2003). An IP is considered as
a good example to cover control engineering applications
such as impact force sensor, attitude control of a space
booster rocket and a satellite (Olfa Boubaker, 2003). An IP
is a combination of nonlinear and open-loop unstable
system that makes the control more challenging.
Throughout the years, a lot of control tasks are benchmark
IP for design, testing, evaluating and comparing to the
standard techniques. The IP consists of modular
mechanical and electrical hardware which can be easily
constructed and suitable for all level of instruction.
Figure-1 shows the lab scale rotary IP that can performs
swing up and balancing control of IP.

Figure-1. Rotary IP in laboratory.

SimMechanics is implemented since MATLAB
software version R2008B or higher. It can interacts with
SolidWorks version 2001 or higher. As mentioned above,
SimMechanics able to make a multi-body system using

blocks whereby each blocks have their own physical
properties such as frames and frame transforms (Low,
K.H., H. Wang and M.Y. Wang, 2005). Figure-2 shows an
IP constructed in SolidWorks. The modelling is built in
SolidWorks and exports into SimMechanics via external
features.

Figure-2. SolidWorks IP.

LQR Controller is a special case of optimal
control that can analytically solved when weighting
matrices are selected correctly (Xiumin Diao, Dr. Ou Ma,
2006). The results of the SimMechanics are compared
with the result of the real experimental IP.

METHODOLOGY

Block diagrams are automatically created and
connected together when import from SolidWorks.
Angular position, and angular velocity for arm and
pendulum is the main concern throughout the paper.
Torque is act as motor input for arm to rotate. Figure-3
shows conversions are made in IP subsystem.
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Figure-3. IP subsystem.

Figure-4 shows catch controller subsystem used
for the system to automatically detect the angle in between
5° to 25°. A conversion from radian to degree is required
to convert output from the IP Subsystem.
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Figure-4. Catch controller subsystem.
Figure-5 shows an enabled subsystem executes

HIGH output when HIGH input is received from Enable
port.
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Figure-5. Enabled subsystem.

Figure-6 shows a swing up controller that helps
to swing up the pendulum (Md. Akhtaruzzaman, Amir A.
Shafie, 2011). Negative angle is absolutes by the Abs
block to ensure the comparison is accurate and precious.
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Figure-6. Swing-up controller subsystem.

e @2 ang e~ js a equation to calculate
the swing up energy needed by the arm. Value of d, KP
and KD is assigned to 1, 0.786 and 9 respectively
throughout modelling. Saturation is used to limit input
signal to desired upper and lower saturation values.

Figure-7 shows subsystem of min_alpha and
Figure-8 shows subsystem max_alpha. Both subsystems
are used to choose minimum or maximum inputs
generated by IP subsystem. Figure-9 shows an unit delay
block which used to hold and delay input by specifying the
sample period.
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Figure-7. Subsystem min_alpha.
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Figure-8. Subsystem max_alpha.
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Figure-9. Unit delay block.

Figure-10 shows physical geometry of IP that
acts as free body diagram of IP to derive equations of
motion by using Langrangian Formula (Quanser Innovate
Educate. QNET Experiment #04 Inverted Pendulum
Control).
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Figure-10. Physical geometry of IP.

Potential Energy,

P= %]EQQZ + %m [{rQ — Lcos a:(df))2 +(-L sina(n’r))z] + %]Baz

1)

In(20)? = 2mi?
whereby /s is 27 T3™ (2)
Substitute equation (2) into equation (1),

1 . 2 . o

P= EU“" +mr?)Q? + E(mLzaz) —mlr (cosa)(6)(a) 3
Kinetic Energy,
K =mgl cosa )
Subtract equation (3) with equation (4),
L= %(jeq +mr?)Q® + % (mL?a*) — mLr (cosa)(8)(a) — mgl cosa ©)
Two equations according to Langrangian Formulation,
ddly db_p g g
dt (dé) dg "t e (6)
d (dL) dL 0
dt\dda da @

Output torque of driving unit on the load shaft,

T, = ngKg(Tm _]mgm) (8)
where,
.. .. Vin — KKy
Ty = nnKely, 6, = Ky0 b= R
Output torque from equation (8),
NitgKeKy Mg KeKZ K | P
= Vi) — 8 —ng K J],0
1 R, (Vin) R, g K5 Tm ©)

Differentiate equation (5) according to equation (6) and
(7), the nonlinear model of the system as follows:

+mr?)é — mlr((@) cosa — a%sina
Uea

_ nymngKiKy ) — nmng.KtKgZKm i
R m R

m m

[

—1gKZ b — Begb (10)

4 ..
3 (mlL2&) — mlLr (9 cos a:) — (—mgL(—sina)) =0

Ifadand & = 0; sina = a,cosa =1,
from equation (10),

. ) Nl KeKZKy Y . mpng KoK,
(]5,1 +mr? +ngK§ m)ﬂ —mLr(@) + (BE,( i gR; g m)G M’y Rgmt g V) (11)
4 "
—m a)—mLrd —m a =
- (nl?)(@) — mLrd — mgla = 0
where,
A= Jreq +mr? + ngngJIm B =mlLr
4 2
t= §(mL ) D = mglL

Nty Ko K3 Koy Ny KoKy
TR P

E = B

m Rm

G=AC—B?

Table-1 Shows the value used throughout the
calculation.
Table-1. Parameter table.

Symbol Description Value Unit
g Gravity acceleration 9.81 m/s?
By Equivalent viscous damping coefficient 0.001 Nm/(rad/s)
K¢ Motor gear ratio 10
ng Gearbox efficiency 0.9
Kt Motor torque constant 0.0183 N*m /A
Kn Back-emf constant 0.0183 V*s /rad
I Moment of inertia of the rotor of the motor 0.00020181 | kg*m?
R Armature resistance 2.5604 Q
o Motor efficiency 0.69
Jeq Equivalent moment of inertia at the load 0.0013 keg* m?
m Mass of pendulum 0.022 kg
L Length to pendulum’s center of mass 0.08 m
r Rotating arm length 0.174 m
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Solving equation (11) for two accelerations & and &,

5 — 1[—59 + FV, —B]
(&3 Da C

| .
b=~ (BDa — CEf + CFV,)

(12)
._11raA —E6+Fu,
*=% [—B Da ]
_— ADa — BEO + BFV,
= g (ap ) (13)
Convert into matrix form,
(0] [e] 1 0
o o o o 2 o o
& BD CE p CF
[é]ll < G OMé]Jrla Vin
& AD BE Yes BF
° = —=< ° < (14)
Equation (14) can be represents as,
u = Pu(t) + 0V, (15)

Weighting matrices are selected correctly and tested.
R1 = diag ([40,40,0.1,0.5]) R2 =0.0001

By applying command in MATLAB, the optimal gain is
obtained.

K=lgr (P, O, R1, R2)
K=¢%[-0.6325 1.9925 -0.2126 0.2093]

Ignoring e due to the S.1. units used throughout the project
is in millimeter.

u= —Kx (16)

Equation (16) shows the feedback state equation. Thus,
any K values must multiply with negative in MATLAB.

) Function Block Parameters: Gain EN
Gain
Element-wise gain (y = K.*u) or matrix gain (y = K*u or y = u*K).
Pain Signal Attributes | Parameter Attributes
Geabn:
-[-0.6325 1.9925 -0.2126 0.2093]
Multiplication: | Matrie{K=u) =
Sample time (-1 for inherited):

| & | ok || gancel Help Apply

Figure-11. Optimum gain for LQR.
Coding that used in MATLAB Function Block:

function y = fcn(u)
if (u>0)

y = (3.1459265-u)*180/3.14159265;
else

y

u *180 / 3.14159265;
end

RESULT
=
= :
o
=
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Figure-14. Angle of pendulum from SimMechanics.
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Figure-15. Angle of pendulum from IP experiment.
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Figure-16. Angle of arm from SimMechanics.

I n Arm Graph (=R
XY Plot
200
150 1
100 [N J
» ‘\_\H—_—_ 1
) —
< 0 1
=
-50 -
-100 1
-150 1
200 1 L L L
0 2 4 6 8 10
X Axis

Figure-17. Angle of arm from IP experiment.

CONCLUSIONS

LQR controller was used for both SimMechanics
simulation and EMECS simulation. The pendulum
stabilized in upright position and the arm reaches desired
position. Figure-12 shows final built of IP system in
Simulink with block diagrams. Figure-13 shows animation
of IP that built in SimMechanics. Figure-14 and Figure-16
shows graph generated by SimMechanics simulation.
Figure-15 and Figure-17 shows graph generated by real
experiment. Based on graph given, both of them were
approximate the same. During calculation of LQR, certain
values of parameter were different from datasheet given.
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