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Abstract

The inverted pendulum represents a chalienging problem in control and it has been
widelv used 1o investigate end develop new control strategies that can effectively
deal with nonlincarities. [he “Inverted Pendulum ECP model 5057 which exist in the
control lab at Palestine Palvtechnic University (PPU), consists of a horizontal sliding
rod and vertical ("pendulum”) rod. The horizontal rod is connected to clectrical
motor through rack and pinien mechanism so it steers lefl or right W balance and
control the position of the vertical rod. The contrallers designed and simulated using
MATLAB and Simulink. The aim of this project is to stzhilize the Inverted
Pendulum at its inverted position or to track any other position within the physical
limits of the device, such that the position is controlled quickly and accurately so that
the pendulum is always be at that position during such movements. However,

Simulation of dvoamics of a robotic arm and moedel of human stunding still are some

applications of an inverted pendulum.
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1.1 An Overview

The inveried pendulum (IP) represents a challenging problem in control and 1t has been
widely usad 1o investizate and develop new control strategies that can effeetively deal
with nonlinearities. The ECP model 505 Inverted Pendulum system consists of a
horizontal sliding rod and vertical ("pendulum™) red, The horizontal rod 15 connectad
to electrical motor throurh rack and pinion mechanism so it steers left or right to
balance and control the pasition of the vertical rod. The mechanism is open loop
unstable (right half plane pale) and non-minimum phase (right half plane zero), with
high nonlinear dynamics, and with some state that are not directly measurable. As a
result feedback control is essential for stahbility, and the structure of the controller must

be sclected carefully due the non-minimum phase characteristics.

The upplication of IP ranges widely like:

L Simulation of dyvnamics of @ ROBOTIC arm. The lnverted Pendulum
problem resembles the control systems that exist in robotic arms.

. Madel of human standing still. The inverted pendulum is widely accepled
as an adeguate model of a human standing still (quiet standing).

. Space rocket guidance systems.

1.2 Recognition of the need

To operate and contrel the ECP 505 model “Inverted pendulum”, which belong 1o
Computer Control Lab at Palestine Pelytechnic University (PPU), by applying several
control theories. And to create some experiments that help students 1o apply what they

learned in control coarses, such as:

e  Roor Incus and frequency domain technigues.




* Staie feedback control.

+ Digital contrel methods.

o Optimal control methods.
Monlinear control methods

s Inielligent control technigues.

o  Embedded systems,

Such contrel methods can be rested and compare via a set of performunce

specifications including:

» Stabilization control.
o Position tracking.
*  Disturbance rejection.

= Robustness.

1.2 Literalure reyien

Fhere are many rescarches end papers studies the inverted pendulum, ¢specially the
imverled pendulum on a cart. which become a regular and simple problem in control
enginecring. These studies helps 1o understand the concept of an inverted pendulum

systemns in general. So it was able to start driving the mathematical mode! of “ECP 305

madel fnverted pendulum™ and designing the controllers.

3




1.3 System Overview

4 Realtime Controlter
44 - o
‘,f:?ﬁ? Servo Amplifier
_,./-E‘I_J_" : = e :

Figure 1.1: The Experimental conmal svstem

141 Mechanical and clectrical part

‘e experimental control system is composed of the three subsystems shown in Figure
L. The first of these is the electromechanical plant which consists of the inverted
sendulum mechanism. its actuator and sensers. The design features are:
* D servo motor,
* High resclution encaders,
* A low friction sliding balance rod.

* Adjusiable balance weight.

“exl is the real-time controller unit which contains the digital signal processar (TSP)
Sased real-time controller. servo/sctuator interfaces, servo amplificr, and awxiliary
power supplies. The DSP is capable of eaecuting control laws ar high sampling rates
slicwing the implementation to be modeled s continuous or discrete Gime. The

controller also inlerprets majectory commands and supporls such functions as data




acquisition, trejectory gencration, and system health and safety checks. A logic gate
array performs encoder pulse decoding. Two oplivnal auxiliary digital-to-analog
converters (DAC') provide for real-time analog signal measurement, This controller

15 representative of modern industrial control implementation | 8).

1.42 Computer part

With Inverted Pendulum, computers are vsed (or two major purposes:
1. Design, analysis, and simulate the control part of the system

]

2. Running the real time conrroller

To achieve the first requirement MATLAB and Simulink is used. MATLAB provide
2 wide verity of functions. numerical algorithms, and toolboxes that help significantly
nol only to design ond simulate the control system, bur alsa to build cxeculable real
time anplications. The second requirement which 1s controlling the Inverted Penduluin
system at real time is achieved by using xPC target technique or embedded system

based on microcontroller.

1.5 Control system

Inverted pendulum, in general is used in control lab for testing various control theories,
ncluding the classical linear control theories, and ¢an be exlended (o the modern non-

linzar control tields:

A5 stated carlier, [P presents a2 number of complications and challenges in terms of

e conlrol, due to the fact that they are under-actuated mechanical systems,

anerently open-loop unstable. with highly nonlinear dynamics.




Any contraller applied 10 an [P must guarantee first the closed laop stability at the
unstable inverted position. Second, disturbance rejection and robusmess are also to be
achieved. The possibility for a controller to satisfy these requirements varies according
o the control strategy behind it. Here is & brief description of the main control

technigue that may be used in this project:

1. PID cantraoller

PID is a proportional-integral-derivative controller which creates a control loop
feedback mechanism. A PID eontraller calculates an "error” () value as the difference
Setween u measured process variable and a desired set point. The desired closad Joap
dynamics is obtained by adjusting the three parumeters K. (proportianal gain),
&, (integral gain) and K, (derivative gain), based on the linear system transfor function

2],

2. State space contral

= control engineering. a state space representalion is a mathematical model of a
Shysical gystem as a set of input. output and state varisbles related by first-order
Sfferenlial equations. The state space represeniation (also known as the "time-domain
soocuach”) provides a convenient and compact wav to model and analyze systems with
=ulliple inputs and outputs. Unlike the frequency domain approach. the use of the state
Spece representation is not limited to systems with linear components and zero initial

ssmchiions [9].

2 Dptimal control

“he theory of optimal control is concerned with operating a dynamic svstem al
=emum cost, Basically, a measure of the quality of a controller is formulated in terms
& & performance index. This index is used to design the confroller and depends on the
“omrol signal and the state vector. In this way the “best’ control signal is found that
=t i the minimum (or maximum) value of the index. The iob of the conltrul
esoneer in Lingar Quadratic Regulator (LQR) design is therefore not o delermine
Somerol parameters directly. but to define the appropriate measure for controller

siiy, the performance ndex, and Lo minimize or maximize it [1],




4. Adaptive control

Ihat mean the controller must adapt with parameters. For example, as an IP, il one of
the weighls removed; a control law is needed that adapts itself to such changing
conditions. Adaptive control is different from robust control in that it docs not need 2

% prion information about the bounds on these uncertain or time-varying parameters.

5, Non-linear control

Processes in reality like TP, robets and space craft typically have strong nonlinear
dinamics. In contrel theory it somatimes possible 1o linsanze such ¢lasses of systems
and apply lincar technique, but in many cases is desirable to expand the sight beyond
lingar theories, permitting the control of nonlinear system. These normally take

advantage of results based on Lyapunove's theory.

. Intellipent control
Intelligent control is a class of control techniques that use various Artificial
Intzlligence computing approaches ke neural networks, [uzzy logic and machine

leurning.

1.6 Seope of Work

Drive the mathematical moedel for the inverted pendulum (ECP madel 505).
2. Design different controliers using conventional technique, and in next semester

we will use artificial intelligence technigue (neural netwarks, fuzzy lagic).

Lad

Simulate the controllers using MATLAB and shows the simulation results.

4, Apply these controllers on the device and shows the experimental results.

15

Compare between simulated and experimental results.




1.7 Chapters overview

I'his repart consists of seven chapters including this chapter. The scope of zach chapler

is explained as stated below:

Chapter 1:
This chapter gives the introduction to the project report. recogmition of the necd.

literature review, svstemn overview. control system and scope of work,

Chapter 2:
This chapter discusses modeling of an inverted pendulum. It is contained the derivation
in mathematical modeling lor the dynamic of the inverted pendulum system, including

the nonlinear and linearized equations.

Chapter 3:
This chapter discusses the lingar conlreller’s used in this project, including the theory
of these controllers, controller design, Simulink model of the contreller and the

simulated resulls.

Chapter 4:

This chapler discusses the x-pc target technique and shows the experimental results.
Chapter 5:
In this chapter, the embedded system is discussed and shown the designed cireuit and

the experimentsl resulis.,

Chapter 6;

This chapicr discusses one branch of nonlinear control which is Ieedback linearization.

Chaptcr 7;

Conclusion and suggestion for firture work.




Mathematical modeling




2.1 lotroduction

e plant shown in Fig 2.1 is the ECP model 305 Inverted pendulum Apparatus, which
cxists in the computer contral lab at Palestine Polyviechnic University (PPU). Itconsists
of pendulum rod which supports the sliding balance rod. The mechanism itsell'is open-
loop unstable and non-minimum phase, thus closed-loop feedback control is essential
tor stabilitv, T'he balanee rod is driven via a belt and pulley which inwrn 1s driven by
& drive shall connected to 2 de servo motor below the pendulum rod. The pendulum
rod angle is controlled by moving the sliding rad on the presence of gravity, The
weights at the bottom may be adjusted 1o alter the inertia configurations of the
pendulum rod, and as a result the dvnamics of the system. A brushed de motor and
encoders arc used to drive the sliding rod through measurements of the angular
position of the pendulum rod and linear position of the sliding rod. Thersfore, the only

miput on the plant is the force applied at the sliding rod.

Eaiance Weights =y

:- i ’ -
 foisgm tphnoddp s, ool ,ﬁﬂf"&
i - o ‘-"""-._‘_
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5 alar =
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Pt Auile = — } G
Rall b ;

Figure 2.1: ECT model 505 Inverled pendulom




Mathematical modeling of the ECP model 305 Inverted Pendulum represents all
mmiportant features of the system and describes its behavior in terms of ditferential
squations. However the purposes for the modceling is to predict the dynamic behavior
ol the system as accurately as possible, and to have a knowledge of stability margins,

-entrollability. observability, and the sensitivity of response o parameter changes.

Therefore two models will he derived for the system, linear one for controller desi 20
=nd analysis purpuses. and nonlingar model for testing and simulating the dynamic
syslem responsc as accurately as possible. In order 1o obtain the mathematical model,
Lagrange’s approach is used to drive the basic differential equations that govemn

svslem dynamics.

Lagrange differential equation:

2 \ag) am T em T

[’_i) ar , 2u , gR
dg; &g, 9g,

@ (2-1)

Where!

* T The total Kinctic energy of the system.

* {I; The total potential energy of the sysiem.

* [ The total energy loses from the sysiem due to viscous damping.
® g;: The generalized coordinates that describes system motion.

* @ Generalized forces and torques which acts in esach generalized

coordinate.




== Ih namics Equations for the Inverted Pendulum

W s section a nonlinear model for the mverted pendulum i derived. This model
o des e viscous [mctien of ball bearing pivot and viscous friction between the
e rod and pendulum rod. Also the effect of disturbances acting on the system 18

Eaded 100,

~=.1 Nonlinear expression

e mathematical model! of the system consists of two second order nenlinear
S =rential equation; these equations are derived using langrage approach. Based on

Sz 22, the total kinetic and potential energies of the system can be expressed as:

(]
Includas Matar & /

Coanter Mass )
?L_rm
L

lo

b} Two Principal Siructural Members

a) Whole Plant

Figure 2.2: Flant model descnpoens

% ]




L5

= F(r): the foree driving the slider 1 equivalent to the molor torgue divided by the
drive pulleybelt contact radius,

=  Flt); the distarbance foroe,

® [ visgous friction on jeint (8.

= [ viscous [riction belween slider and the joint A,

= the dynamic angle berween pendulum rod 20 center of wravity of slider (cai).
s . Position of center of gravity Tormy
= |- position of center of argvity for ms

& [ position of disturbance farce.

Tomal kinctic coergy:
—_— 2 b e ;
=i 4 imad+20,8° +1,8 (2-2)

W here vy s the magnitude velocity of sliding rod at central of gravity and vy is the
secnitude velocity of pendulum rod at central gravity point. J. And J, are the polar
soment of inertias around the center of gravities of links slider and pendulum rod

sespectively.

¥, can be writien as 3= Vyraans + Pipoyp- | nerefore if fullows
= (I8 cosau) + 1w, + (1,6 sinauy)

W 5ere uy and ., are unit vectors in the direetion of the sliding rod and pendulum rod

s=spectively. Therefore, we can write
= {:Emlf? cosa + & )u, + (-l B sin & uts
4nd 15 can be written as

vy = .6y




Combining the relationship for ugund 1, into kivetic energy vields

£

= %ml [[:Em,éi cosa + :n':]E + (-l 9 sin c:}z} + %mg(iré.]z + %jléiz - %J;f}
Searmanging the terms inlo the above relationship vields
= %ml [iz + Um,é‘}z + 21,16 cﬂsa} +%m1[£c9]2 + %fﬁé‘z + %}392
Since the system is constrained by

lg=1,yc0s =

La=x*+1}
W can werite the wotal kinetic energy of the svstem as:

-
4

= %E-EU]_ +‘f_= - (.-T-z =+ 1%} My + m;!g] . %mliz -+ Tl igi' I? {2—3]

“ow consider the potential encrov. Taking the reference pointas # = 0"and x = 0, we
Bave

U =mygl,;cos(@+a) +mal . geosd

L the above equation can be extended to become:

U= mygly; cosacus @ —my gl sinfsing +mal.gcosd

Siee lg = by cos o and x = [, sin a we have the potentizl energy relationship

U=mglicos8 —mgrsind +m.l.gcosé (2-4)

From the Fig 2.2 we have thar the system loss energy, R (1) is:

g=1p00 *;?'f’-"fz (2-5)




From figure 2.2 the total work equals to:
dw = PLAG — Fip06 + F(1;88 + 0x)
Or the above equation can be simplified to be:

dw = PLOR + Fax (2-6)

Appling Lagrange's equation [ur each peneralized coordinate x and 0. yields:
1) In x direetion:
The Lagrange’s equation in ¥ direction given as follows:

el e o i o v 2 (2-7)

d {:’1?") ar auy af o
dr\dzs oBx @ Ddx 8t

Where:

g [AT £ -
E(E) = MM 4+ gl 0

Z'."T' '1
et i T
e 1 ¥

aur
g sing

A [“:'W_Pl'.-ﬁl?-I'Fﬁ;r _ 5
e e ax W

Applying Eq.(2-7) and simplifving it yields:

ek +mylyd —m,x8* —mygsing + fLx=F (2-8)




=1 In B direction;

Ihe Lagrange’s equation in @ direction given as follows:

g3\  Ar . Ay an
;E)_E"'E"'E:‘?A (2-9)
Where:

L) = [y +Ja + 6+ ) my + mal) + 2yl + myly

P

au ) i

ag —myglysinf —m gxcosf — mal, gsinf

ar

3% hHf

fw _ PLAA+FE
Q2 = T Tx = PL

roiving Eq.(2-9) and simplifving it vields:

Ul O IR my + mplE]E 4 2maxd8 + my ¥ — (mulg + mpl)gsind —
m.grcosd + 16 = PL (2-10)

222 Linearization about Equilibrium point:
From equations 2-8 and 2-10 we have equilibrium points for a motionless system, that

E=a—=u=1i= IJ] and F(t} = 0. Linearizing the egualions with respect to

squilibriumn points x = x..0 = #,, we have:

16




g Taylor serics expansions. about a small angle. we can neglect second order
et and write sind =@, cosf =1 .cose =1 and [, = [, cos @ = [y, so the

mearized cquations of motion can be written as:
mi s m =g+ fx=F (2-11)

Ul (xF  F) my + mpll] B+ myled = (myly + mal ) gl —mygx +

<4 =pL (2-12)

Simplifving equation 2-11 in terms of ¥ yields:

x

F = _F_ — H = ‘F; 5]

- m] Eue + IQ'Q m1 1:;_]-3}

Senplilying equation 2-12 in terms of § vields:

8= PL—ZH5 4 (myly + myl)g8 - Trgx — B2 (2-14)

2 Ja in in

Wiere J, = [J3 4 Jo + (2% + (§) my +m,1E]

Sestitute (2-13) in (2-11) and (2-14) in (2-12)

S =myl.g8 —mogx — iyl z% = PL—1,F (2-13)
F = = mal 1) gh + mylogx — 1o fyif = 2 F — ,PL (2-16)

Ty

Where * = [, —myl%,

“quations (2-13) and (2-18) can be described in matrix form:

1 Y ﬁ’ [ 0 —mlfefi] E] [ —migly g —mlﬁ] 6.

19 f-] [J: * —Jalafi 0 s =" =mzlly)g mylsg LJ i
ilm-[",]m (2:17)

=3, 0 .

L7




1.3 State Space Model:

Using the linearized model and neglecting viscous frictian, equations (2-15) and (2-

[6) become:

j-é _mzfﬂqg == Pl —IDF ......... {-2 = JH_} '

j*f = U' —mzl'cﬂ.r_-._]_gfﬂ' + mii!n.ﬂx 5 i’;;_ﬂf__ IDPL ...... fE = ng '
1

..l’l__=.l’n_7n1'!20 ‘

Furthermore Lo vield the state space representation for the lincar system, four statc are
meeded fo discribe the system. These are chosen to be x, %, 8 and €. The input to the

svstemn is F, (he state space model of the svstem is expressed as [ollows:

X=Ax+ Bu+ EP

¥y=Cx+Du
Lel
=8 —» X =X
=6 , i'2=§=%!’l.—;—fﬁ+%£:gx,+?-j%gr3
i=x — Xy =2y
: : 2 Jo ly maly (" = maf le)g
e = == =Pl —— gy, T O
& = -r.|. jyml }. J“ gr.i iF. 'Tl
Thus the state space model for IP:
& Fﬂ 1 0 0] & 0 0
18] _ Mzl a/l" o mg/l  o||g =il 1/
=i 0 D 0 1114 + A [EF o |PE
i< 'U- =i 1nz"l:.:u [c}gu"r 0 _mlf:.igff“ 01 Lx -:Jfrml.;. _Em"al"




g
¥(t) = [1000][°
X

X
(2-20)
Sysiem parameters are delined in Tahle 2.1
Table 2.1 System parameters
Svmbol Description Value
[, Length of pendulum rod fram pivor to the sliding rod T | 0.330(m)
sectian
m; Mass of the complete sliding rod including all atrached 0.213(kg)
elements.
[ ma Mass of the complete moving assembly minus My 1.785(kg) |
I | Inertia evaluzted at equilibrium paint 0.0594
(kg.m?)
I =l —ml 0.0362
(kg.m)
L position of cenler of gavity for m; 0.0281(m)

Substituting the values of Table 2.1 into state space mudel matrices vields

£ 4] 1 0 0] s 1] 0

&1 _ [—1423 0 57.562 0||g -9.115 278

5 = 0 ] i 11z * ] F+ 0 PL
i 145 0 =19 (Oitx 7706 —-9.2

g
}'E't]=[1ﬂ£][]]i
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Control system design




3.1 Introduetion

ECP model 305 Inverted Pendulum is used in control lab for lesting various control
Seories, including the classical linear control theories, and can be extended (o the
=wodern non-lincar control ficlds, The main challenge is W build & ¢ontroller that
s=hilizes the inverted pendulum at its inverted position, or 1o track any other positions.
Further-more such a controller should reject disturbances acting on the slider or on the
vertical rod. but within physical limits of the device. However [P presents a number of

challenges in term of its control, due w the following facts:

« |ts open-loap unstable ar the desired operuting point.

¢ [xrernal disturhances that act on the system are not directly measurable.

e All of the states are dynamically coupled, that means the change in any state
will affeet all other states.

s Some states are not mezsured like velocities which should be accurately

estimated.

Moreover to make the challenge more interesting, the designed controller should not
cxceed the limils of the device. 1o, displacement, speed and targue, which comes from

the length of the sliding rod and the limited torque generated by the motor.

in the upeoniing sections. linear control theories and strategies will be tested and

discussed, including:

s PLD controlier for the slider.

s State feedhack controllers (regulator, tracker, observer and discrete controller).

3.2 Controller design

In this section evervy linear control strategy used is discussed in demils. after that a
Simulink model built for the controller, and then shown the simulated results.
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=21 PLD controller for the slider

= this section the PID controller is design only for the slider, 1o cheek if the encoders,
wotor and the driver working properly. So the PID is a propertional-integral-derivative
cetroller which creates a control loop fesdback mechanism. A PID controller
seculates an "error” () value as the difference berween a measured process variahle
e 2 desired set point. The desired closed lvop dynamics is obtained by adjusting the
Sre= parameters Kp (proportional zain), X; (integral gain) and Ky (derivative gain).

sesed on the linear system transfer function.

—= KXol —1
TDesirerl Emle () i Cortml S2aal
() “Ep [ el () - M -
+ ol
g J
w K _—all)
L gr ¢

Teachazk 5iznel
Measured Stk

Figure 2.1: PLD controller

Principle

The pendulum rad is fixed at its inverted posilion, so the sliding rod can be simply

modeled as a mass, and the differential equation is:

=F=F (3-1)

The transiers function of the mass:

= 1
gls) = - (3-2)
maF

L1

= - Mass of the complete sliding rod including all attached elements (0,213 kg).
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Controdler

A5 design requirement, let the seltling time of the system cuuals to 0.15 sec and the
sescent over shoot (%05) 1o be 10%. For designing the controller it's preferred to use

MATLAY SISOTOOL, because it's simple and casy function. So the cantroller gains

—
-

* Ky=4221
* K =8617
* K,=1125

Simulink model

.@ Im
-3 It foreem
——
o) ; 4 3 : 5
O O F s T
—_— L] Intagratar Saluration The ¥id rg et outpat
DB e C it
e Carvatvas

Figure 3.2; PID vontroller with D-element in reveres path

“5e Simulink model 1s shown in the figure 3.2, as noticed it was preferred to use the
~sl=ment in revercs path, because the zero does not appear when cblaining the closed

Swer mansfer function'.

—_

e transfer function of the inner loop: 6y (5) = 1/(mys™ + Ksg). and the eloced lonp trassfer
Secton of the outer loon T{s) = (Kus + K1/ 0m: 5% + K,5° + Kes + K. This discissed in details
T chapter 3, page 495,
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4. Simulation results

The slider commanded to mave 5 cm, so the input foree and the response as follow:

et ]

|
E T N 3 W 3 TR -

i s

Figure: 33: Input force (PID)

Shder raneeier i

i ! L
8 1 5 - i 3 T
S Tiwil

Figure 3.4: Rasponse (PID)

Figure 3.3 shows the input force needed 10 move the mass 5 em, and Figure 3.4 shows

response of the mass with 10.22% over shoot and settling equal 1o 0.138 sec which

spproximately meets the desien reguirement.
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3.2.2 State feedback controller

In control engineering, a stale space represcntation 15 & mathematical model of a
physical system as a set of input. output and stale variables related by first-order
L differential equations. The slate spuce representation (alse known as the "lime-domain
approech”) provides a convenient and compact way to model and analyze svstems with
multiple inputs and outputs, Linlike the frequency domain approach, the use of the state
space representation is not limited o gystems with linear components and zero initial
conditions, However in state feedback method you can place the eigenvalues amywhere

m the S-plane to get the desired response.

— O
U B e T > o ey
‘ —_—
A bg—

Figure 3.5: Block diagram represcntation of the stale spucs cyuations
'n order to obtain the state-space representalion for any system. vou need (o know
svstem inputs. outputs, in addition Lo the states. The general lincar ime invariant stale

space model that is used throughout this chapter:

T=Ax+Bu-+E,p

v=Cx+Du (3-3)
Where:

» xER" : The state vector.

*» UER™ : The input vectar, Where m equals | in the IP,

» VERT t The output vegtor.

» pERM : The disturbance vecior.




¢ AcR™®  :The svstem malrix.

* BER"™™ :Theinput matrix.

* Eg&€R"™™ :'The disturbance matrix.

* CER™ ;i Theouput matrix.

¢ DeR™™ 1« The feed-forward matrix. In this case D matrix equals

zero, since the transfer functions are strictly proger.

Previously fram chapter two, the state space representation for the 1P {ECP 303 madel)

g 0 1 0 0] e 0 0
6 _|—1423 D 57562 0||é —9.116 27.8 -
2 0 0 0 1t L 4 PL
i 14.5 0 -19 oftx 7.706 -9.2
d
¥y =[1000]° (2-21)
X

To be able (o design a state feedback controller, the controllability of the system must
he checked. I an input to 2 system can be found that takes every state variable from a
desired initial state to a desired [inal state, the system is suid to he controllable:

otherwise, the svslem is uncontrollable, as expliained in [2].

l'o check the possibility for the closed loop poles of the svstem; as 10 achieve stability
and desired transient response. the controllability of the system is checked, This can

be done by Hautus method by finding runk [A — 4 B] for every eigenvalues (A) of

b




the sysiemn., Alternatively, the controllahility of the pair (A4, 8) is checked by

caleulating the controllability matrix (£ ), such that:

Cy=[B AR . A™1Blyum

IT Ca¢ has a rank n (full row rank), then the syslem is controllable. and 1t's pessible w
find a main vector [K]. To find a gain vector, two methods are shown in this chapter.
which are pole placement and optimal contro]l methods; however pole placement

method is used in this chapter.

a) Pole placement method:

In this method the gains are calculated asto place the eigenvalues of the sysiem matrix,
which are the closed-loop poles, in the desired location. After determining the desired
pules location, MATLAB [unction (place) can be uscd to caleulate the necessary gain

values.

b) Optimal control method:

Ihe theory of optimal control is concermned with aperating a dynamic system at
minimum cost. ‘Thal means the pains [K] are determined 10 minimize the quadratic
performance index [1].

=00

= J (¥ Qx +u' Hu)dt
0

Where:

* (J; It's a positive semi-definite matrix that represents the importance of the
siates relatve 1o each other.

* R: It's a positive definite matrix thal represents the relative importance of
control inputs. Since there is only one control input this matrix is (1 x 1}

matrix.
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After determining the () and R matrices, MATLAB funclion (lgr) is used to obtain the

ptimal gains value and the corresponding eigenvalues of the svstem.

3.2.12.1 Regulator design

1he problem in this section is to design a state feedback controller that stebilized the
avered pendulum at its inverted position, which is the desired operating position,
were Lhe system is linearized. This requires overcoming the ellects of disturbances and

=on-z¢rv inilial conditions.

open-loop plant

Figure Lh: Resulator schamatic

Principle:

The inverted pendulum open lowp syslem dynamics are giver by:

AX + Bu (3-da)
¥y=fx {3-4b)

Secall that the system poles are given by the eigenvalues of 4. Want to use the input
u 10 modify the eigenvalues of A 1o change the system dynamics, Assume a full-state
eedback of the form:

= 1- KX




Where:

* 1 :issome reference input, in the case of regulatorr =0 .

e K:isagain where K € R™0

Find the closed-loop dynamics:

r=Ax+ B{r- Kx)

r=(A—BK)x+ Br

r= A,x+Br

¥y=CY (3-6)

Where Ay the closad loop system matrix.

So the eigenvalues of Ap (the closed loop poles) could be placed anywhers in the S-
olane to get the desired respanse just by playing with matrix K. But 1o be able to do

Sral. the apen loop system must be controllable.

2 Controller

The apen loop poles and zero for the system are found to be:
Cpen lowp poles: 35360 —3.5360 67530 —6.7530i
Open loop zeros: R4643 = 5.4643

The open loop system is unstable; because there is one peole at right half plan, as

sopeared in the roct locus figure 3.7.
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P Loz

Figure 3,7: Root locus for the plant

Te check the controllability of the pair (4, ). first the controllability matrix is

calculated, ind then its rank is found. This is performed using MaTLAR 48 follows:
iy = ctrb(A, B)

Re = rank(C,,)

Which is feund to be 4, full rank. meaning that the system is fully controllable, and the
zain [] can be ealeulated to achieve the desired response. The gain K can be found
cither by pole placenient or optimal control metheds, Assuming the natural frequency

(e, ) and the demping ratio (&) of the desired closed loop poles rang babween

(10 to 12) rad/s and (0.8 to 0.9) respectively,




The figure helow shaows the design ragion in S-plan.
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Figure 3.8: Design regions fir the

S0 let the ciosed loop poles be at:

Poles=[-9+ 4361 —9-—436 —1333+523f —13.33 — 5231 ]

With MATLAB, the gains required to achisve the desired clasad loop poles are found

as follows:
Kasg = pluce(A, B, Poles)

Koy = [ 95,6892 26,6820 210.5835 37.3700]

3. Simulink mode]

The regulator is built and simulated using MATLAR SIMULING, figure 3.9 shows the

simulink model,




Figurc 3.9: Regulator Smulink madel

= Simulation results

The simulation results used to check if the system response meets the requirement or
w0t The initial conditiens supposed to be (.1 rad for pendulum rod angle and 0.0 m
S the slider displacement. These results show the controller response with initial

condition and the input force to the plant.

el daer ]
- - fa
e
e
|

= g r e & 3

Tarm fum,|

Figure 3.10: Pendulum rod response {Regulstor)
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Figure 3.11: Inpul firée (Regulator)

3.2.1.2 Tracker design

in this secticn it is desired to design a stare feedback controller that able w track 2
desired reference input of the pendulum rod, that means to siahilize the inverted
sendulum at any angle within the physical limits of the device (£207) and to

svercnming the effects of disturbances.

¥ 2 AN

R

T

Figure 3.12: Integraror control [Or sleady state ermor design
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. Prnciple:

From figure 3.12, the conmolier shown inside the dushed box 15 a Regulator which
discussed in Section L In order to to make the cutput follows the inpul; a (eedback
nath from the output has heen added to form the error. ¢, which is fed forward to the

controiled plant via an integrator.

Since the integrator increases the system tvpe: we were gble 1o make the output track
2 step input with zero steady-state e¢rror and with desired lmansient response
specifications.

io drive the state equations for the Tracker consider Figure 3.12:

X¥n =7~ CX {3-Ta)

Where &, : error signal
Writing the state eguations trom Figure 3,12, gives:
x=Ax + Bu
}" —_— CI [q"'ﬂ'ﬂ
Equations 3.7 a. b can be written in compact form as:

of B i | M Rl KR

| [ = -+ U+ T

[-’5;1] —C 0lL%, 0 1

y=Ic o, | (3-8)

But,

PE [;] (3-9)
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Substituting Eq. (3-9) into (3-8) and simplifving, we obtain

o B it | Wl Y 4

y=1c o]

(1-10)
2. Contraller
The extended matrices of the system are given as follows:
A 0
de=|"0 4l (3-112)
_|B
B, = Iﬂ] (3-11h)
=[C 1] (3-11c)

New to check the controllabilily of the pair (4,, B, ), it is performed using MATLAB

as follows:
Cme = £rh(A,. B,)
Rce = rank(Cus)

Which is found (o be 5, full rank, meaning that the system is fullv contrullable, and the
gains [K —K, ] veclor can be caleulated 1o achieve the desired response. As in Seclion
| the gains tound by pole placement method. Then let the natural frequency (a,) rang
between (10 and 12) rad’s and the damping ratio (¢) rang between (0.8 and 1), Figure

3.13 shows the design region in S-plane.
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Feal fusz

Figure 3.13: Dasign repion for the tracker in S-plane

Then a possible selection of the closed loop poles, wking into account the desired
wansient responae, and motor saturation limits., is:
Poles=[-9+436f —9—436i —13334523i -1333-523 —10 1

With MATLAB the gains required to achieve the desired closed loop poles are found

as follows:

Kiroer = place(A,, B,, Poles)

Kiracr = |362.5092 B7.5148 584.6835 1106239 — 760.3618]
K=Kpa(1:4)

Kﬁ‘ — _',{.I'.rr.u.'k {5‘]

3. Simulink model

The model used in simulation process is shown in figure 3. 14, this model includes &
robust tracking state feadback.




TR
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Figure 3.14: Simuolink model far tracker

4. Simulalion resulis

The initial pendulum rod angle = 0.0 rad and the desired angle of the pendulum rod =

(.2 rad: so the simulation results as follows:

cm fid

Pl hibmy 1=

Figure 3.15: Pondulum responss (Tracker)
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Figure 3.17; Input force {Tracker)

From figure 3.15 the pervent overshoot equals to 6.9% and the settling time equals to
(L9 seconds, figure 3.16 shows the displacement needed by the slider to make
pendulum angle 0.2 rad, however the inverted pendulum at this position is stable, and
figure 3.17 shows the ferce needed to hold the slider from slipping.




3.2.2.3 Observer design

The vbserver (model of the plant), is used to caleulae state variables that are not
dircetly measured. Figure 3.18 shows the basic concopt of abserver design, where the
measured outputs [rom the system are compared 10 those estimated, and then error
signal is fed back to the observer, However. the dynamies of the observer should be

made much faster than the dynamies of contral systemn: o pick x out from the hat,

Estimaiad FPlumt
. tapuz, = Oulpud,
u-u—:- | .r C = X
A
EHmmied
ciror
L f At
Ta coplralie

Figure 5.18: Observer desian process

I. Principle

From the ahave figure, the state equation of the observer is found as follows:
f=4i+3u+£[_v—?} (3-12a)
¥y=Cx (3-12b)

That it is assumed no disturbances acting on the rod (p = 0), The error signal between
the measured output and observer autput is:

E=xr—% (3-13)

Subtract Eq.3-12 from Eq.3-4 and Substituting the output equation into the state
squation

(X=%) = (A—LO)(x— ) (3-14)
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Now the error dynamic equation is:

é=(4—LC)e (3-13)

So te achieve the desired speed of the ebserver, the poles of the error characteristic
equation must be place faraway from poles of the contrelled system; this can be
achicved by choosing appropriate gain veetor (L), To ubtain the gain vector (L); pole
placement or optimal control methods can be used in a similar way 10 the feedback

enin, whers observer poles are selected to be 5 1o H} times faster than the system.

To be able to design an observer. the system must be checked if it observable or no.
If the knowledge of the outpur y(f) and the inpur u(t) over a finite interval of time
suffices 1o determine the initial states the system is said to be observable. otherwise
the sysiem is said to be unobservable. This can be done by check the abservability of

the pair (A, C) through calculating the abservability matrix (O, ), such thart:

EAT!-J.

If 03¢ has a full column rank, then the system is abservable, and it's possible to find a

pain vector [L]. This matrix can be calculared with (obsv) MATLAB lunction.

2. Contoller

Checking the ohservability of the system based on the two direct measurementy

x and &, the rank of the observability matrix is found as follows:
(. = obsv{4,Cm)

Ry = rank(0,,)

Where €., is the mezasurement matrix, C,,; = [ é g E 3 ]




Which 1y found to be 4. full rank. meaning that the svstem is nhservable, and the pain

veelor [L] can be ealculated,

Then let chserver poles 10 times faster than the poles of the controller, so

Obs_Poles = [-19 + 4.36; — 19 — 4.36i —23.33 + 5.23i — 23,33 — 523 |

With MATLAB the gains required 1o achieve this are found as follows:
L = place(A’,Ce’, Ohs_Pales)’

4264 1.0447

459,17 —58.83

—0.68 42.02
—20.66 439.88

3. Simulink mode!

The mode! used in simulation process is shown in figure 3,18, this model includes a

robust tracking state feedback and an extended observer for states estimation.

4 (=

I n d -:*m |
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r
I bebs grme oz »
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Figure 3.1%: Simulink mode! |'racker with ap observer
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<, mimulation resalls

The initial pendulum rod angle = 0.0 rad and the desired angle of the pendulum

rod equals to 0.2 rad: so the simulation results as follows:

iy \
< |
!
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Figure 3.20: Pendolum respanse (Observer)
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Figure 3.21: Slider displaszment [Observer)
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Figure 3.22: Input force {Dhserver)

As noticed from the results the observer works eorrectly, beciuse the results are the

same as tracker controller,

3.2.2.4 Discrete contruller

wlt) ¥t}

Sampler

CONTROLLER, _lJ"'r"'"ﬁ"i
o ST Vi)

i,

Figure 3.23: Discreiz sontroller
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The chalienge bere is w build & discrere controller that stabilizes the Tnverted
Pendulum; so the Digital (Diserete) control is 2 branch of control theary that uses
compulers to act as the controllers. Since the computer is a discrete svstem, the Laplace
transform is replaced with the Z-transform. However, the main advantages of digital
control are there flexibility, adaptability (parameters of the program can change with

time).
1. Principle:
x k) u
i #T. B
Kx(k)

yik)

Figure 3.24: Discrets time state teedback with integration

T drive the state equations for the discrete integral controller consider Figure (3.24),

thus Lhe set of equations for the overall system as follows:
xlk+ 1) = Fx(k) + Gu(k) (3-16a)

vik) = Cxik) (3-16b)

Where: F =1+T4
G=TB
T:sampling tirme (0.004 5)

Control low far integral controller

u(t) = —kx(t) + kyx,(t) {3-17]
Rewrite equation 3-17 discrele form. becomes

k) = —kxe(k) + k. (k) (3-18)

Xy = [0y + 7 () = (1) (3-192)




Now convert the cquation 3-194 into discrete Form

Tk +1) = x,0k) + r(k) — ¥(ik) {3-1%b)
Where »(k) = Cx(k). so equation 2-19b became

XK+ 1) = wn (k) + r(k) — Cx(k) {3-1%¢)

Equations 3.16a and 3-19¢ can be written in compact form as:

(k k
= fkijlj_:r] = i {.::f)] + [ uce) + S rery (3:20)
Or
X, (k+ 1) = Fox, (k) + G.ulk) + Er(k) (3-208)

Where: £ = [ £ 9].6.=[6].2 = 9]
Inserting the feedback law

x(k)

wk) = —-[k—k] RS

J =—K.x.(k)

Gives finally,
Xell + 1) = (F, — Gk )x (k) + Er(k) (3-21)
Where (F, — 6,.k,) : system matrix of the clased loop system.

2, Contraller

In analog controllers, the poles are put in the Jeft half of S-plane to stabilize the system,
but when dealing with diserete controllers the poles are placed inside 2 circle at the

arigin of Z-planc with radius equals to one.
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Figure 3.25: Natral frequency and dansping lock fs o-plane

However to be able 1o design the controller the controllability of the pair (5, G, ) must
checked, this could be pertormed using MATLAR as follaws:
Conea = ctrb(F,, G,)

Repg = renk(Coeg)

Which 1= found to be 5, full rank. meaning that the system is fully controllable, the

gains [& —K;] vector is found by using place command as follows:
» Select the location of the poles in the z-plane
desyones = [0.62 0958 0998 0984+ 0.0047 0.984 — 0.0047(]
» Thus k. = place(F,, G, des ) = [110 45 371 68 - (0.099]
k=#k(1:4)

ky = =k, (5)




3. Simulink madel

The moadel used in simulation process is shown in ficure 3.26, this modal ineludes »

robust tracking state feedback.
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Figure 2.26: Simulink medel for discrest tracker

4. Simulation results

The initial pendulum rod angle = 0.0 rad and the desired ansle of the pendulum red =

0.4 rad; so the simulation results as follaws:
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Figure 3.27: Pendulom response { Discrest Tracker)
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Figure 3.29: Input force (Discroct Tracker)
Figure 3.27 shows pendulum response and the percent overshoor and settling time

ecquals to 12.3% and 3.9 sconds respectively. From the same ligure it noticed that as

the response slow down the negative overshoot decreases.




Experimental results
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4.1 Introduction

PID and state feedback controllers which discussed in the previous chapter, are applicd
and tested on ECP model 505 Inverted Pendulum. The PID controller applied only on
the shider when the pendulum rod fixed at its inverted position. just to check the devise
encoders and the de servo motor, it was impossible to apply this contraller at the whale
system: because of'its nonlinearities. On the other hand state feedback cantrallers have
the ability Lo stabilize such a system on its inverted position, even more 10 track any
position within the limits. The effects of poles locations, gain values, input saturation

and disturhances are studied and experimented on the device,

In this chapier, xPC target rechnolopy is demonstrated, and then PID controller, robust
tracking and disturbance rejection state feedback controllers are applied to the 1P, and

the experimental results are demonstrated and discussed for each case.

4.2 xPC Target Technology

The inverted pendulum is usually used for educational and research purposes for
lesting the controllers and different contral techniques singe the system is unstable and
has & fast dynamic behavior it is difficult to achieve real time control by using ordinary
PCs, so the x-PC Larget technology is used ro accomplish the real time control. The
XPC target is a sulution for prototyping. testing. and deploying real-time systems using
standard PC hardware. In this technique two PCs are used, host and targetl, with the
host PC, one can design the controller. simulate it, and download it 1o the targel
computer for hardware-in-the-loop (HIL) simulation. The target PC. which is
connected to the controlled plant, is just used to run centrs] functions in real-time and

monitor the controlled application [7].




Y
1 Py 3
Network ] _ s Network |
card [ camd | ]
TCP/IP

Network connaction

Figure 4.1: «PC @rgct technology

With the help of MATLAB. Simulink and xPC target technigus, one can design,
simulate and casily modify the controller for target application. and run the controller
it teal time. The two PCs (host and target) and there peripheral such as DAQ) cards
(PCI-6024E DA and PCL-6602 ENC) are already exists in control lab, so we used them

w apply and test the contrallers on the plant “ECP model 505™.

4.3 Controller design methodology

The design steps of the controller could be summarized as:

1. Design the controller using MATLAB and Simulink.

E-

Simulare the model to check its response 1o apply any necessary improvements
befare applying the controller 1o the plant.
3. Creare the target application by combining the real time workshop, xPC targ

and C-compiler.

4. Execute the target application in real time.

51




[ 9

Monitar the target application using the xPC target scope and save the signals
to a file for later use,

6. Tune parametars, after the contraller has been built and re-download to the
target PC. xPC targer technique permits an enline modifieaticn for some

controller’s parameters, such as zain values and sampling time.

4.4 Experimentul results

As stare before. one of the challenges that face the comtral problem of inverted
pendulum is that the conmoller effort must not exceed the limits of the device,
mareover some of system states are not directly measured, like velocities of the slider
and pendulum rod. However in order to he able to implement the state feedback
controller practically, the unmeasured states should be estimated. This can be achieved

by using either state observers or hy numerical differentiation methods.

4.4.1 Mardware Gain

Since the controller output is a force (Newton) and the mator which drives the sliding
rod needs voltage, the [P will not work as desired. To achieve the desired response;
the outpul [oree must convert to voltage. So the [ardwar gain is the valtage potential

generated from effecting of 1 Newton [orce.

There are a lol of methods to calculate the hardware gain, one of them is 10 make the
siiding rod perpendicular to the ground. Give the system electrical potential to move
the slider. when the slider begine to move we take the voltage and calculate the
Hardware Gain. The vollage in this case is the crilical voltage. which equals to

0.6 v and the total mass of the slider 15 0.213 kg; so the hardware gain is equals

L
]




to 34825 N/jv. This result we found is near the actusl value  (actual value

equal 4.2 N /v). Thus we use the actoal value.

4.4.2 PID controller (Experimentally)

I this experiment. it is desired to design P1D contraller for the sliding rod only using

thenries in chapter three,

Centrol system specifications

= Lncompensatad svstem poles [0 0]

+  System zeros None

¢ Desired response 408 = 10%, settiing time .15 5
e  Cain values Re =1125 K, =422 K; =86

Here, the closed-loop is selected 1o obtain under damped lransient response. with
performance specification as shown in table 4.1, The m-file used for this cxperiment

15 available at appendix A1,

Table 4,1 Performance specifications

Desizn Simulated ~ Actual
“alhver Shoot 10 1022 0
Settling time (sec) |  0.13 1 0.138 0.148
Steady stal error 0.0 0.0 0.0

Experimental results are shown in the following Ggures, including the Simulink model,

the mpul [oree command and {inal responsc.
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Figure 4.2; Slider contraller Simulink model
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Figure 4.3: Inpul foree (FID experimentally)
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Figure 4,4: Slider recponse (experimentally)

I'rom the previous results it could be noted thar:

The deviation between the actual and desired resuits comes from the dry
Iriction force that acts on the slider. Anyway this damping type is nonlinear,
and it was ignored when the system was linearized.

The oscillation that occur at steady state (clearly appeared in position signals)
are a result of the steady state error that near to zero; due o the encoder's

resolution,

4.4.3 Regulator controller (Experimentally)

In this

experimental, it is desired to stabilize the inverted pendulum at its inverted

position (8 = 0) using state feedback control theories discussed in chapter three,

i=(A—BK)x+Br ¥=0Cx =8 8 » %2]°
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Contral system specifications:

»  Uncompensated system poles 3.5360 —3.5360 6.7530f — 6.7530i

5 Syslem £6ros 54643 — 54643
=  Controlled system poles [—92 £ 4360 —13.35315230]
= Feedback gains K =[1583 286 68.1 19.8]

Ilere. the closed-loop is selected w obtain under damped transicot response. The m-
file used for this experiment is available at appendix A.2. Experimental results are
shown the response of II' to disturbances in the following figures, including the

Stmulink model. pendulum response, slider response and the input foree command.

-

Harehanre Gann By hien

Figure 4.5: Resulator contraller Simulink madel
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Figure 4.8: Lxperiment outpot force to e mmolor,

From the results, it could be noted that:

The maximum input foree 1o the inverted pendulum about 30N experimental.
The controller rejects disturbances and manage to stabilize the [P al its inverted
position.

By increasing the gain value it's possible to obiain faster response but this will
require more force to use and mayv be exceed the limits of the motor and the
svstem become unstable!

As noticed from figure 4.6 there is a steady state error approximetely equal 0.2
degree due Lo frictions which were neglecr able when driving the model,

The oscillaticns in the response because the system is under damped.

Figure 4.7 shows the slider movement to stabilize the pendulum.
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4.4.4 Robust Tracing controller (Experimentally)
In this experiment 2 robust controller is design o track a step position command for
the pendulum rod and reject disrurbances acting on the system.
From chapter three:
[fn]_l I 0 ]L;..]"'h]r
x

y=lc o]

Contre] system specifications

* Controlled system poles [-9+£436f -13334+52%1 —12]
* Teedback gains Keraew = [501 94.7 305 74 —629)

K=K up{l:4) Ky = Kerae (5)

FOLNTYE Tia

ang'e

tilickes

Figure 4.9: Experiment Simulink mode! for the macker
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Fxperimental results are shown in following figures:
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Fizure 4.10: Pendulum response for the tracker (exparimentaliy)
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Figurc 4.11: Slider response for the wacker [experimentally)
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e results, it could be noted thar:

n& controller was able to track our desired position, bul as noticed from figure

= 10 the responsc is slew (slower than the simulation); because of tuning the

Sueof K 1o 33, since the old value was too large and tend to make the system
stable,

18 notsces from ligure 4,10 there is 3 negalive over shoot hecause of nan-

Tuismum phase (right half plan zero)

Tacked its position the forve goes to zero because of friction foree which can

suid the slider from slipping. Sothe 1P is statically stable at that position,

gure 4.11 shows the response of the slider in meters.

6l
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4.4.5 Discreet Tracing coniroller (Experimentally)

After applying robust tracking analog controller. il is time to digitalize it in the «-
plane, and design the controller to track a step position,

Recalling from chapter thrge:

[rmz;]:_ F oy
e+ 0 = l=c 1llg )

+ [g] wlk) + ['f]ru:]

Control system specifications

= Controlled system poles in Z-plane
[0.62 0.958 0.998 0.984+ 0.00471 0.984 — 0.0047i]
these locations are found by using the optimal method.

» lFeedback gains Ke=1[110 45 371 B8 -0.099]
k=K.(1:4) ki = K.(5)

= o
. L8 — i
Famtaas G Soraen
Araiog PClelost

Figure 4.1%: Experiment Simubnk -model for the discrete tracker




Experimental results are shown in following figures:
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Figure 4.14: Pendu'um response for the disercet tracker (experimemally)
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Figure 4.15; Slider response for the disercel tracker {experimentaliv)

From the results, it could be nored thar:

* As noticed from figure 4.14 the percent overshoot and settling time 0.0% and
7 seconds respectively,

= To achieve 0.4 rad for the pendulum rod, the slider must move 0.8 centimeter.

¢ In final response of the pendulum rod there is a small error because of

nenlinearities of the P,

The response is slower than simulation due to the tuned value of k; = 0.095.
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5.1 Introduction

the next step of the profect is o réplace the x-pe tarpe technology with g
microcontreller. Microvontrollers ure designed far embedded applications, so it is.a
small computer on a single integrated eireuit containing & pracessor cure. I mory, and

programmable input/outpul peripherals.

5.2 Microcontraller

There were many choices o use. like MIC micro controller from microchip ar Atmel
microcontrollers, but in this project Arduine board based on Atmel is used: because its
Vpen source and one can deal with it casily. thus the Arduino Mega 2560 has been

chosen o control the inverted pendulum.

Figure 5.1: Arduino Meze 2560




The Arduinoe Mepa 2560 js a microcontroller board based on the ATmega2560, It has
34 digital Hpuroutput ping (of which 15 can be used as PWM outputs). 16 analag
mputs, 4 UARTs (hardware seria ports), a 16 MHz crystal oseillator, 4 USP
conneclion, a power jack, an 1CSP header, and a reset hutton. Tt contains cvervthing
needed 10 support the microcuntraller: simply connect it 1o g compuler with a USR

cable  get starled [6),

For the software cnvironment, the Arduine 1.5.6-12 software used to verifv and

download the code on A reduine Roard,

ARDUINO ) “

>
J
AN P PAOTECT WITTTEN, DEBUCYED AMD SUBPCRILD =
BY MASSIMG RANZL, DAVID COMITER |5 g e,
CIAML VLA MARTTMG AMD DSVID Mol 7=
BASED ON PROCESSTHG BY CASEY REns A BEN Fry 4

Figure 5.2: Arduivo | 2502

3 Controller

A this section, the discreet controller that applied on the [P using X-pc target technigue

canverted to c-code and applied on the microcontroller and the same 2ain use,




I} Reading the encoders

Since Arduine is open source and it had a very large community ol people uzing it for
all kind of projects, vou ean easily find and downluad library for reading encoders and

include it in the code,
#include < Encoder, h >

However, there is many choices tu connect the channels of the encoder an the Arduine
hoard, bul to get the best performance, you must connect the channels to pins have

interrupt capability, which are pin number 2. 3, 18, 19, 20 and 21 o0 Arduino mega.

cnceder Stider(18,19);

50 what is interrupt?

Interrupt is an event that forced the microcontroller 1o suspend processing the current
strietion sequence and to begin an interrupt service routing, Which helps the
mierocontroller to provide real time respunse to events in the embedded system thew

are controlling.

Possible intermupt sources are device dependent, and oflen include events such as an
internal timer overflow, completing an analog to digital conversion, a logic Tevel
chiunge on an input such as trom 2 button being pressed or fram encoder, and data

received on o communication link,

Far example. to read the slider encoder vou can use this function

Slider.read ();
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2) Culculating the speed

The challenge hers is to have an accurate measurement for both pendulum and slider
speeds. Therefore. the best solution was to use timer intereupt and make the interrupt
tme equals to (.004 seconds, which is the sampling time. However Lo caloulate the

specd vou can du as follows:

= You should store the position before one sampling time (uld position)
s Subtract the currenl position from the old one

# Divide the subtracted vale with sampling Lime.

newRod = ((float)(Red. vead()))/2546.0;
newslider = ((float)(Slider.vead()))/50200.0;
Rod Speed = (newRod — oldRed)/(0.004);
Sttder_Speed = (newSlider — oldSlider) /(0.004);
oldRod = newRod:

oldSlider = newSlider;

Where 50200 and 2546 are constants that convert the encoder pulses to distance.

3) Controller code;

After reacling the position and calculating the speed fur both pendulum and slider, it is

time to start design the controller.




Recalling from discreet controller section

: rikl+ —eltk)_ xik+1) Pl x"r;';r
= 1)&—;- B —»
= *4
vik)
Figure 5.3: DHscreet tracker
From higure 5.3:
u = K, (&) — Kx(k), (input toree 1o the inverted peadulum) 15-1)
Xyl +1) = rlk) — v(k) + x, (&) (5:2)

Now the gain K must be evaluated at sampling time equals 1o 0.004 second, s Matlah

used and K tound by vsing place command as follows

®  S¢lect a desired location of the system poles in Z domain
poles = [0.62 0958 0.998 0.984 4+ 0.00471 0584 — 0.0047i]
* Evaluale the system extended matrix in discreet form

o

¢ ?J 5= [ﬂ] when sampling time equals to 0,004 second.

0

s Llse place command to find the gains
K, = pluce(Fe, Ge, poles)
K.=[110 45 371 68 —0.099

K=K:i1:4)
Ki = —K.(5)
The goal here 15 1o make the IP wrack some reference input ( t) . which choose 1o be &

potentinmeter.

r = (((fisat) (analegRead (A10))) —512.0) = (0.4363/512.0);
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The potentiometer is on channel ten of the micracontroller and the above cade used Lo

convert input voltage into radians from —0.4363 to 0,4363 rad [ 125%).

Equation 5-1 and 5-2 can be wrillen in the miczocontroller as shown below:

Xp =T —newRod < x,,

o
Fe

= Xpp * 0095 — newSlider * 371.0 = Sliders,ceq = 68.0 — newkod ~ 110.0
re Ir".jﬂ'ﬂlspgsi + 45.0

= [:J!_r‘lq'-:dj x {255.-"'5.]

Where 255/5 is a constant that converts the PWM dury eyele into output voltage,

However, the output signal (1) could he pesitive or negative value, so two pulse width
modulation (PWM) pins were used. [f is positive number then pin 9 is sctivated, else
pin 10 will be activated. The full code in appendix A. But the driver unly receive
analog signals not PWM and the microcentroller gives only positive voliase so an

interfacing circuil needed to connect between the microcontroller and the driver, which

Furthermore. the Imposed direction should be the same as the real direction of the

tverter pendulum ar the system will surely be unstable and fails down,

4) Simulation results

The simulation resulis are shown in chapter three, figures 3.27 and 3.28 for the

pendulum and slider respectively.




5.4 Interfacing circuit

1} Low pass filtor

The low pass lilter take the average o PWM. so the cutputl is analog signal. The basic

comporent of low pass lilter are resistor and capacitor as shown in the figure below

Low-pass lilker

SSSSEEREESEENS B i [ H et el i
e WL UL (&} - A\ an
i 1 HUJ'
! 1008 Ohms :
i i
Arguino mEgEa : C )
: IuF =71 :

Figure: 3.4 Low pass Tiler

Caloulations

K
R I
Low Pass l -

Vi =w2e?c?

The ettenualion approaches zer
for low frequencies becusse the
sacopnd tarm in the danorinatar
becomes negligibla

logw
Tha half-powar ooiat
gL the "knee” of Lhe curve
i5 called the breskpoin. J

|""'"=-ﬂ!;k""'1n!

Orops & decibals
per octave above
‘]tha- braskpoint

\

Figure: 5.5 Filler calonlations

Where a1, the breakpoint frequency.




i 1
RC  1000%108x2%

mﬁi = l6HzZ

The output frequency of PWM is approximately 500 f12. 85 men ned low pass filter

take the avernge of input, however the filter is tested at theze values and gave good
= E =

resulis,

2) Differential amplifier

A differential amplifier is a type of electronic amplifier that
amplifies the difference between two voltages but does not
amplify the particular voltages. Thus, it used here 1o sublract

the signials that comes from pin 9 and 10 afler the filter. The

output vl g diffevential amplificr is given by:

T o B Figure 5.6; Difforentinl ginplifier
Vour = kl..""iﬂq Vi) : i

Where Vitand V7, the input voltages and k are is the differential gain. Figure 5.7 shows

the designed vircuit with gain egual to one Tor differential amplifier,

Lo pass fer DifTevential amplifbar
= R4
I
[Tt i)
o | 2
10uF .
Uipsg
RS T A1 ST
Fin —L'ﬁ; }——*——-F—
10 t 1 = | _U"l X .,,.u‘,_ﬂ
RS Rz E-l4
Find f—A?T—l:———-
1 106 sl
Tk # 1 TLOBL
T 10LF yica v

Figure 5:7: Circuit wiring diagrim




5.5 Rosults

The complete circuit is designed as a shield, just plug L over the Arduine board and

start controlling the inverted pendulum. The main advantages of this design were no

missy wires and 2asy for diagnosing and fixing errors.

j
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Figure 5.8: Full cirows practical

First the shield is tested as a regulator and shows it response to disturbances, after that

a tracker controller applicd and gave it a step command to rotare the pendulum 0.2 rad
which equals 1o 22 92 degrees.
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1) Regulator
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Figure 5.8: pendulum response (o distorbances
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Figure 5.10: Slider respunse o disturbasces




From the results, it could be concluded that:

* The percent over shoote is approximatly 7.75% and the setlling time is 0,372

atcond,

The ccillations were less than the analog regulator which applied using X-pe

target, because ol the selection of pales

*  Fram ligure 5.10 there is a steady slate error approximately equal 0.133 deoree

due o frictions which were neglsctable when driving the mndel,

he contraller rejects disturbances and manage Lo stahilize the [P.

2} Tracker

Figure 3,112 Penduum response for the tracker

)
Ln
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Figure 5.12: shder response for the tracker

From the results, it could be concluded that:

o Themicrocontroller was able to stabilized the TP und track a step input.

The results is similar to results which obtained by vsing x-pc larget.

Table 3.1 show a comparison between simulated results and experimental results for
both x-pe largel and embedded system.

Tahle 5.1; Discrete controller’s comparison

Y%0vershaot | Settling time | Rising I"[TIE_@ESFE!?I'E’}’ state
[sec] [sec] Error
Simulation 12.3 3.9 1.4 _| 0.0
x-po target 0.0 7 4.8 2.0
cmbedded _
0.0 0.76 3.2 3.0
system |
i |

The results for the embedded system were similar to x-pe target. so the embedded
systein works correetly and m ellective way.
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[ Feedback linearization




6.1 Tniroduoetion

Feedback linearization is an approach 1o control nonlinear provess. Thie mzin idea is
0 algebraically transform nonlinear systems dynarmies into lincar ones in view of the
conteol input, so that linesr control techmiques can be applicd. This differs antirely
from conventional (Jacobean) linearization, because feedback linearization is achieved
by exact state transformation and feedback. rather than b linear approximations of the
dynamics. However to be able 1o apply this methed of control. all of the states must be

incasured [3].

h.2 Principle

—onsider the following nonlinear system

E= flx)+ Glx)v (6-1a)
r = h(x) (6-1h)
Nhere:

* f & R™: Nonlinear vector function.
* G & R"™™: Nonlinear vector function,
= v & R™:Input vector.

et = gu(t) + £, then select o and f such that the resulted model linear for the
JLT.

=calling the nonlinear differential equations for the IP from chapter 2

;-1- T i ﬁ"::fnl‘.j — m-_.Iﬁ-'E — Tnlg R‘TI‘lE + _ﬂ:i = F-{:‘} {IE-E_I

R ) my +mul2)d 4 dmyxkf + mylo¥ — (myl, + mal.)g sin@ —

19xcosP + 10 = pL (2-10)
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Let sin{f#) = & ,cos(#) = 1 about operation point (because the operation angle is
sinall due to physical limits of the device) and nigeling friction in equations 2-8 and

2-10
myx + melpd — myxf® — mygd = F(t) {6-2a)

=0+ (2 + ) my + mal2lE + 2myxd8 + mulpx — (mady + mal ) gf —
mygx = PL (6-2k)

If the contral chosen to be
F':t} —_ ﬂ'-lu{:E::l + ,31 |;6-35.~!'
Wherem, = 1and f;, = —m;x0*

And
Pl fIEf\IIr +_|€2 {{:l“?'b]

a; = 1 and f: = 2mxid

Thus, the noolinear term could be canceled. This cancellation results in the sysiem

myd + m o8 — mi g8 = ult) (6-4a)
J(x)8 + myly# —m,g@ —mygx= N (6-4b)
Where

o J) =L+ + 07 HIE) mg+ mld

e m, =myl, +mgl,
Simplifying equations 6-4a and 6-4b in terms of ¥ and & yields:

. ut) o5 .
X = = .8 + g@ (6-3a)

1

Elj [N+ g8 +my gx—my g ¥]
B 1(%)
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Substitute (6-5a) in (6-4b) and (6-3b) in (6-4a). this results

J6 =msl.gf —m ge =N~ lowlt) (B-fia)

JE—={—m ll)gh + myl.gy = ril_f-u{r,] = [N (6-6h)
=

Where [=](x) —m, 2 (6-6¢)

Bul jlix)=[f+). 4+ (x2 + I5) My + 2]

Where /; and J; are the polar moment of inertias around juint () for the slider and
pendulum respectively. However the valuye of = is small so it can be neglected,

thus /() = J, and | = J* which there values found in tahle 2-|,

Convert equations 6-ba and 6-5b (o state space model by choosing the stares 1o

be x, 4,8 and 8 respectively

gy = =+ 41 =¢;
. . Tz} s mMyleg (I=rmzlla)g
o = —1 ——=N——fg 4 zcald
4z i Tm, [f) J ! ! q: | 3
7z =8 = {3=4,
B ; 1 la my g Mgl
qs =6 = Gy :;N_“I,E”[f] Bl e
So the stale space model is:
0 1 0 0 ] 0
_ Mgl 0 g —myl g/ o JCe)fjm, ~lgf|
< N 0 4 [l (G otd I
mig/i 0 mzfl__gr.-’] H) _Ia;.f’.ir 1/




Suhstituting the values of Table 2.1 into state space model matrices yields

1 0 0 ¥ )
_|-19 0o 145 0 7.7 |, [-92],
fq= 0 0 1 q+ 0 i 9 N
57.56 0 —14.23 (U] —u.1 278
| A [ i

y)=[1000]q

=

6.3 Controller

The stabilization problem for the nonlinear system has been reduced to a stabilization

problem for a controllable linear system. Thus. the desipned contreller proceed Lo

stabilizing linear state feedback control. The controller applied here is discrete tracker,

which explained early in chupler three.

First, the system matrices are found in the z-plane at sampling time equals one

millisacond:

1 0.001 a ]
1.058 f —.0141 1
0
G =T.B = | 00077
—{}.E[J‘Jl

The exiended mairices found a= Tollows:

1 GbEL 0 0

—0019 1 00144 0 0

pm=[Fﬂ “]: 0 0 1 0001 0
=€ L looss o0 -oo0141 1 0

0 0 1 0 1

a1

P_-—



0
an077
G = [n] =
[“J —ﬁ.L{IID?i
{

Controller gains wera found by using place command s follows:

* Seleet locations of the Poles in z-plane inside UnIty circuit to achieve stability

fu =[08876 09834 09952 09986 < 0.00161  0.9986 — 0.00186]

* K =pilace(F,, G, B)

K=[447.7 818 1343 546 —0.1]
- .

L

6.4 Simulink model

Figure 6.1 shows the Simulink madel for the feedhack linearization with discrete

tracker contraller, us naticed the input lorce equals to u — m. kg2,

_ B
Hemay L.:' Fra T i % — FoFmm x,  TEw [
{k?} ‘.-_b.. TL”:H“T"' N E‘ wﬂw
Lt

Figure 6.1: Teedback lineurization Simulink modse]




6.5 Simulation resulis

The pendulum rod commanded (o rotate 0.4 rad with zero initial conditions, so the

results for pendulum, slider and input force as follows:
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Figure 6.2 Pendulum rassense (Feedback linearization)
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Figure 6.3 Slider reaponse (Feedback hnearization)
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Figure 6.4 Input force  Feedbask lincarization)

From the simulated results, it could be noted that:

* In figure 6.2 the percent overshool and the stilling time is 5.95 04 and

3.183 seconds respectively,

» Figure 6.4 shows the | Input Torce and because of neglecting the friction in the

model the IP needs 0.8 newton’s 1a held the slider from slipping.

6.6 Experimental results

sy [
Pl 3 —{::,—'_
T b Gummr | |
r_ E "
™ it
Vil

- 1 1_- 'J = PO e Bossn T
2 e Bl R —*‘Q S - g
P T e 3._'
| h""' | :u:-m::r '-—.;?.":n.—.n
.I b Ertades | o

L H_—.i::’} ol

___|_J- Fu:nr l'_“xﬂ' =

= —'—xif'-'!'l

-.T‘I.JHJL

Fignre 6.5 e target model (Feedback linearistion)
F




\

The conrroller applied 1o the 1P by using x-pe target technique and the Simulink model

is shown in fisure 6.5, and the experimenta] results as follows:
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Figure 6,7 Experimental Slider rasponse
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Figure 6.8 Input force experimentally

From the previeus results, it could be noted that:

* From figure 6.6 the scitling time equals to 4.6 seconds which is slower than
simulation resull

* The negative overshoot in pendulum response (figure 6.6 is due 1o 1 cht hall
plane zero.

¢ Ihe real input foree (ligure 6.8) is preater than force expecivd in simulation
hecause of friction, mareover when the pendulum reaches its position the inpul
loree goes to zero dug to friction that holds the slider from slipping.

* Infigure 6.8, the input force is noisy, but the driver tacks the averaze and drive
the motor smoathly,

* The main advantage of this controller it was able to achieve the desired
pendutum angle with less force than previous controllers,
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7.1 Conelusion

DilTerent eontrol technique were applicd to the inverted pendulum. and it could be
concluded that all of sate feedback controllers were able to stabilice the TP
furthermaore tracking some reference angle for the pendulum rod. However it was
difficult 1o have the same results as simulation, because of the pendulum rod cannot
be controlled directly. just by contralling the slider pasition ¥ou were able to control

the pendulum rod.

In gereral, the designed contrallers were limited by the physical limits of the device,
like the length of the slider, so the speed of the response cannot be increased so far or

the system will be unstable.

Embedded system based on micro controller was able to control the 11 and guve results

similar to discrete controller which applied by using x-pe target technigue.

The feedback linearization eontroller helps to deal cllectively with the nonlinezrity of
the TP, and that appears in the input force to the svstem that is less than other

controliers.

7.2 Sunggestion for the Future Work

Although the controliers has been successfully stabilized the system. contraller
lechnigue should be improved so that a robust controller and 2 better response can be
achieved. Mare control theories can be applied and rested, like fuzzy logic control and

neural netwiorks,

Un the other-kand embedded controller need more development and to tests morc

conlrollers.
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Appendix A

Controller design (m-file)

A0 PID contraoller
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A2 Resulalor controller
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A3 Tracker controller
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A4 Discrete controller
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A5 Feedback linearization
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ALt microcontroller ¢ code
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