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ABSTRACT

XZ- Il type rotary inverted pendulum is a typical mechatreystem; it completes real-time motion contrsing
DSP motion controller and motor torque. In this grapve recognize XZ1 rotational inverted pendulum and learn system
composition, working principle, using method, pngtt@ns and software platform. We master how toduilathematical
model and state feedback control method (pole mas®gt algorithm) of the one order rotational inedrpendulum
system and finish simulation study of system udifaglab. In the end we grasp debugging method ofattigal system,

and finish online control of the one order rotatibmverted pendulum system as well.
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INTRODUCTION

Rotary Inverted Pendulum
Inverted pendulum is typical multi-variable, nomar non-minimum-phase, unstable and underactugstdns

[1]-[5]. XZ- [ rotary inverted pendulum system uses DSP as theatien, and it has independent ability to complegal-
time control algorithms without the computer; is@lcan complete computer control by RS-232C seaaimunication
interface, and on-line control algorithm can be wgfed. DSP, power supply and motor drive are aflaifed in the

chassis. The figure 1 shows the overall structiagrdm of the system.

Thependulum .

-

—L
- ;_:9 i
:[ﬂnlﬁnal "‘x__ -

seat

chassis
5—._\5 e

.,

.,

(=

RSI—ESECH' 1 psp iy ‘
serial bus,

—1
AC ZR0V

Figure 1: The Overall Structure Diagram of the XZ-Rotary Inverted Pendulum System
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DSP controller is the core control device; it caamplete some functions such as data transfer, ADD A
conversion, computation, data processing etc. Tteewting agency of system is the DC torque motdvedr by a
dedicated drive circuit; it can control motion afverted pendulum. Measurement feedback componeatsha two

potentiometers used measure the angle signal gfethéulum and arm. Drive power.
Working Principle of the System

The spiral arm is drive by the DC torque motor, @rghn rotate around the vertical plane that ipeedicular to
motor axis. The pendulum and spiral arm are comgeby activity shaft axis of a potentiometer, ané pendulum can
rotate around shaft axis in the vertical plane thaterpendicular to the spiral arm. The two angsignals displacement
can be measured by the potentiometers (one isdagteé between the spiral arm and the vertical larvether is the
relative angle between the spiral arm and the gangy and they as two outputs of system t are &SP controller.
The angular velocity signal can be obtained bydfiterential of the angular displacement, and tlising some state
feedback control algorithm to calculate the conla@l is provided to the drive circuit after transfeed into voltage signal,
the signal is used to drive DC torque motor, at, e arm's movement is achieved by the pendubtation driven by

motor, working principle is shown as following figu2, 3.
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Figure 2: Structure Block Diagram of the XZ- Rotary Inverted Pendulum System
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Figure 3: Mechanical Structure Diagram of the XZ- Rotary Inverted Pendulum System

Introduction about Processing Software

Running DSP.exe, following figures 4, 3 will appedhrough this dialog, we can set up and change all
parameters except for parameters of “running modiéérefore “running mode” can be changed only whgstem is

stopping, else accident may be happened.
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Figure 4: Main Interface of Processing Software
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Figure 5: “Setting”Interface of Processing Software
Parameter settings include the following three etspe
Running Mode

Control Mode: System control and data processing are done bgatmputer, and the sampling and output are achieved

by the DSP using serial communication.
Monitor Mode: System control is completed by DSP; the comput@ust used for observation and preservation af.dat

Control Mode (User-Defined: When the users design their control algorithexmerimental control is done in this mode;
system control and data processing are done bgaimputer, and the sampling and output are achibyetie DSP using

serial communication..
Basic Setting

It is used to set the hardware parameters, inofudiotor full capacity voltage, dead voltage, whiginerally do
not need to change. The other is adjusting zerthefpendulum and the spiral arm, when the accidseliision has
happened, you may need to adjust them. When thermsyis input values, the pendulum or the spiral withbring out

corresponding shift.
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c. Ka, Ko, Kva, Kvo are the feedback factors ofesfaedback control method.

When achieving the swing-up control, you can adawing-up voltage, braking angle and correct patarse

according to the actual situation.

MATHEMATICAL MODEL ANALYSIS
Experimental Contents and Steps

e Building model using mechanism method

System building model and parameter measuremetieidirst step to desgn control algorithm; morecize
mathematical model is the establishment of corstystem design. Here, the model is simply analyzetesuation of the

inverted pendulum is derived with Newtonian mecbsanj2]

In figure 6, according to Newtonian mechanics, @én4mnertial coordinate system S2, for the pendulum:
J,6,+ .8, =M, +m,gL, sing, )
Where, M12 is torque happened by the spiral arecefin the pendulum:
My, =m, Lz[Rglz sin(@, - 6,) - Rél cos@, - 6,)] 2)
In non-inertial coordinate system S2, for the dran:
J.6, + 16, =M,+M,, +mgL, sing, 3)
Where, MO is output torque of motor:
M, =K, (u-K.J4) @
Where, M21 is is torque happened by the penduldeciebdn the spiral arm, using reaction rule:

d? . d? . .
M,, =m,[g +?(Rcose1 +L,cosd,)] [Rsing, - mz[?(RsmH1 +L,sing,)] (RcosE,

= m,gRsing, - m,R?8, - m,RL,&Zsin@, - 8,) - m,RL,6, cos@, - 6,) )

s
=

mzs =2
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Figure 6: Model Anlaysis of XZ-1l Rotary Inverted Pendulum System

Solving (1) ~ (5) and eliminating the intermediateiables M12 and M21 can get system nonlineariratodel.

System Nonlinear Matrix Model
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m,RL, cos@, - 6,) 3,

Ky U+ m,gL, sing, + m,gRsing,
o m,gL, sing,

g,

{ J, +m,R? mzRchos(ﬂ—&'z)}Fl}{ f,+K, K, mZRLzsin(Hl—Hz)Qz}{él}

m,RL, sin@, - 8,)6, f,

6,

According to (6) and makingl—0, 62—0 can finish the linearization of nonlinear system.

System Linear Matrix Model

J+mRE mRL,|[ & +{fﬁKmKe o} ) _[(mlwmﬁ)g 0 }m
mRL,  J, |4, 0 f,16,] 0 maL, | 6,

15}

Making J ={J2 "'mzR12 mz%'—z] E =|:fl+KmKe O] M :[(mlL1+m2Rl)g 0 ]

0

m,R.L, J, 0 f,

Then:

‘.5.'1 =-J'F 6.'1 +J7M % +J7Ku
o, o, o,
System Status Equation

X = Ax+Bu n g
{ x=[6 6 ¢ 6] .y=lo, o

Y =Cx

0 I, 0.
a=| ke i el 0.

The main mechanical parameters and variables térsyare shown in table: 1

Table 1: Mechanical Parameters and Variables

m,glL,

N-m/V

spiral arm mass ml 0.200 Kg pendulum mass m2 x@52
spiral arm length R1 (R) 0.20m pendulum length R2 .25

The distance from spiral arm quality 010 m The distance from pendulum 012 m
heart to shaft axis L1 ' quality heart to shaft axis L2 '

Motor torque — voltage ratio Km 0.0236 motor back EMF - speed ratio Ke 0.2865 V-

Friction torque coefficient of spiral Friction torque coefficient of

arm rotation around the axis f1

0.01 N-m-S| pendulum rotation around the axis 0.001 N-m-S

f2
moment of inertia of spiral arm 0.004 moment of inertia of pendulum 0.001
rotating around the axis J1 Kg[® | rotating around the axis J2 Kg O’

System Analysis
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(6)

(7)

)

9)

The parameter values are put into the equatioarfé)inputing the following functions in MATLAB, Wean get

the system controllability, observability, charaigtic roots, and then we can observe that theesyss controllability,

observability, open-loop unstable.
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rank (ctrb (A, B))
rank (obsv (A, C))
eig (A)

System is completely controllable and observabled therefore feedback control law can be determined

according to the state feedback to control theesystlosed-loop stabilityof Rotary Inverted Penduldin

Simulation of Nonlinear Model
Simulation Steps

» To choose the desired pole P and run file to gestate feedback matrix K;
» To put state feedback matrix K into L module in figeire 7 and click save;

» To click double integrator3 and set the initialualof x1 01) of the initial value, and to click double intagsrl

and set the initial value of x®%) of the initial value, and then run and obseheeresponse curve.

» To select multiple poles and repeat the above steps

Iefegrators

G Brogel

nEgslor]

Figure 7: MATLAB Simulation of XZ-1l Rotary Inverte d Pendulum System

For convenience, making=J;+myR?, b=m,RL,, c=J,, d=F+KKe, e=(myL,+myR)g, f=f,, h=mygL, and don't

thinking about input voltage, means u=0, then systenlinear matrix model:

a bcos(@, - 6,)][ &, . d bsin(6, - 6,)9, || 6,
bcos(g, - 6,) c d,| |bsin(8, -6,)8, e 0,
[— f sin 6’1}
+ =0
- hsing,

In MATLAB, the value of each parameter is subs#thinto the nonlinear mathematical model to sinsylathich

(10)

means the ODE function is used for solving difféiedrequations, simulation of several typical siioas are
e The Establishment of Nonlinear Differential Equatians of Rotational Inverted Pendulum Model
Running MATLABG.0 version
Function xdot=dIfun(t,x);
m1=0.200; m2=0.052; L1=0.10; L2=0.12; r=0.20; knB2B6; ke=0.2865;
0=9.8; J1=0.004; J2=0.001; f1=0.01; f2=0.001; Yugadf parameter
a=J1+m2*r*r; b=m2*r*L2; c=J2; d=f1+Km*Ke; e=(m1*L1m2*r)*g; f=f2; h=m2*L2*q;
K=[ * * * *;% State feedback gain matrix tdined according to the desired pole;

u=-K*[x(1);x(2);x(3);x(4)]; % control variable
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xdot=zeros(4,1);
xdot(1)=x(3);
xdot(2)=x(4);

xdot(3)=((-d*c).*x(3)+(f*b*cos(x(2)-x(1))).*x(4)+bb*sin(x(2)-x(1)).*cos(x(2)-x(1)).*x(3).*x(3)-b*c*snh(x(1)-
X(2)).*x(4).*x(4)+e*c*sin(x(1))-h*b*sin(x(2)).*cosk(2)-x(1))+km*c*u)/(a*c-b*b.*cos(x(1)-x(2)).*cos(>&)-x(1)));

xdot(4)=((d*b*cos(x(1)-x(2))).*x(3)-(a*f).*x(4)-a*tisin(x(2)-x(1)).*x(3).*x(3) +b*b*sin(x(1)-x(2)).*cogx(1)-
X(2)).*x(4).*x(4)-e*b*sin(x(1)).*cos(x(1)-x(2))+a*hsin(x(2))-b*cos(x(1)-x(2))*km*u)/(a*c-b*b.*cos(x(}-

X(2)).*cos(x(2)-x(1))); % differential equations tlescribe the nonlinear model;
e To Solve Nonlinear Differential Equation Model
clear;
t0=0;tf=20;
[-0.1;0.05;0;0];
KK=[4.7902 -57.7481 -3.7602 -6.6982];
u0=-KK*r;
x0=[-0.1;0.05;0;0;u0];
x0=[0.05;0.05;0;0];%
[t,x]=0de45('dIfun',[t0,tf],x0); % solve differeial equations
figure;
plot(t,x(:,1),'r",t,x(:,2),’b"); % draw the resp@e curve
title('output curve’);
legend(’spiral arm angle’,’ the pendulum angle);
Initial state values
» Pole Assignment and to Obtain State Feedback Gain &drix
clear
A=[0 0 1 0;
0 0 0 1;
65.875 -16.875 -0.00010191 -1.248e-006;
-82.212 82.212 -2.0918e-005 -1e-006]; % Systetrix
B=[0;0;5.2184;-6.5125]; % Control Matrix
C=[1,0,0,0;0,1,0,0]; % output matrix

P=[-4+3i,-4-3i,-8-6i,-8+6i]; % expect pole
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K=place(A,B,P) % state feedback gain matrix

To get feedback matrix K using the pole assignmegthod: taking any a set of poles P, and usingeplac B, P)
function in MATLAB can obtain K = [Ka, Ko, Kva, Kyo

Simulation Steps
» To choose the desired poles P
* To put the state feedback matrix K into
» To set the initial value of the system, run andeobs the response curve.
» To select multiple poles and repeat the above steps

Real-Time Control

According to the actual operation of the invertehgulum, these parameters can be modified to ingpthe
control effect. When the inverted pendulum conlraé been done, need to test of its anti-interfergmoperties. When a

range of disturbance is given to the pendulum,riegependulum can quickly return to equilibrium,emhthe disturbance
is too large, inverted pendulum may be out of cadrand fall.
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Figure 8: Angle Curve Response-1 of XZ-Il Rotary Iiverted Pendulum System
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Figure 9: Angle Curve Response-2 of XZ-Il Rotary Iiverted Pendulum System
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Figure 11: Angle Curve Response-4 of XZ-II Rotary hverted Pendulum System

Figure 8~11: The change of Degreel (Arm Angle) and Degree2 d&em Angle). We tested four groups of

pole points. They are as follows.

Figure 8: [-4+3i,-4-3i,-8+6i,-8-6i]

Figure 9: [-16+3i,-16-3i,-8+6i,-8-61]

Figure 10:[-16+12i,-16-12i,-13+10i,-13-10i]

Figure 11:[-16+3i,-16-3i,-13+6i,-13-6i]
CONCLUSIONS

In conclusion, we analyze the first-order rotatioim@erted pendulum system dynamics, and give ddon of
the mathematical model and finish MATLAB simulatipnrogram and record the output data, curve, andhberetical
analysis. In the design of state feedback paras)ettee multiple poles should be given, to obseheesimulation results
and to compare overshoot, adjusting time and opegformance indicators. It shows nonlinear systeémde local
linearization and describe the relationship betwg@e positions and the dynamic performance, stessatg performance,

and stability. The simulation results show thathmetcan get the XZ-II rotary inverted pendulum pdadh stabilized [3].
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