NXT SCARA Model-Based Design
- Control of two-link planar robot arm built
with LEGO Mindstorms NXT -
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Introduction
NXT SCARA is a two-link planar robot arm built with LEGO Mindstorms NXT. SCARA stands for Selective
Compliant Assembly Robot Arm. Please refer the following URL to know more detailed information about

SCARA.

http://en.wikipedia.org/wiki/SCARA

This document presents Model-Based Design of tracking control for NXT SCARA by using MATLAB /
Simulink. The main contents are the following.

Geometric Model and Inverse Kinematics
Trajectory Making
Controller Design

Model Illustration

Simulation and Experimental Results

Preparation
To build NXT SCARA, read NXT SCARA Building Instruction.

You need to download Embedded Coder Robot NXT from the following URL because it is used as
Model-Based Design Environment in this document.

http://www.mathworks.com/matlabcentral/fileexchange/loadFile.do?objectld=13399&objectType=file

Read Embedded Coder Robot NXT Instruction Manual (Embedded Coder Robot NXT Instruction
En.pdf) and test sample models / programs preliminarily. The software versions used in this document are as

follows.

Software \ersion
Embedded Coder Robot NXT 3.14
nxtOSEK (previous name is LEJOS OSEK) 2.03
Cygwin 1.5.24
GNU ARM 4.0.2




Required MATLAB Products

Product \ersion Release
MATLAB® 7.5.0 R2007b
Simulink® 7.0 R2007b
Real-Time Workshop® 7.0 R2007b
Real-Time Workshop® Embedded Coder 5.0 R2007b
Virtual Reality Toolbox (N1) 4.6 R2007b

(N1) : Virtual Reality Toolbox is required to run nxtscara_vr.mdl with 3D visualization viewer. You can simulate

nxtscara.mdl and generate code without it.



File List

File Description
cal_cp_ptp.m M-function for calculating CP and PTP trajectory
cal_eta.m M-function for calculating basic trajectory
cal_ptp.m M-function for calculating PTP trajectory

cal_time_data.m

M-function for calculating finish time and time of manipulating a pen

cat_cp_ptp.m M-function for concatenating CP and PTP trajectory
chk_limit.m M-function for checking limitation of rotation angle and angular velocity
cp_circle.m M-function for calculating CP trajectory (circle)

cp_ml_logo.m

M-function for calculating CP trajectory (MATLAB logo)

cp_smile.m M-function for calculating CP trajectory (smile mark)
cp_spiral.m M-function for calculating CP trajectory (spiral)
ml_logo.mat MATLAB logo trajectory data

nxtscara.mdl

NXT SCARA model (It does not require Virtual Reality Toolbox)

nxtscara_controller.mdl

NXT SCARA controller model

nxtscara_vr.mdl

NXT SCARA model (It requires Virtual Reality Toolbox)

param_controller.m

Mb-script for controller parameters

param_nxtscara.m

M-script for NXT SCARA parameters (It calls param_***.m)

param_plant.m

M-script for plant parameters

param_ref.m

M-script for calculating reference positions and angles

param_sim.m

M-script for simulation parameters

post_sdo_codegen.m

M-script for post-process of code generation with Simulink Data Object

pre_sdo_codegen.m

M-script for pre-process of code generation with Simulink Data Object

theta2xy.m

M-function for converting rotation angle to position

vr_nxtscara.wrl

Map & NXT SCARA VRML file

vr_nxtscara_track.wrl

Map VRML file

xy2theta.m

M-function for converting position to rotation angle




Table of Contents

T 0o [8 o3 1T o ISP i
PrEPAIALION. .......eiiiieece ettt ettt et et et e e beete e st et e beeteea e e beeheeteeab e beeteeRe et e ebeehe e st e nbeereeneenreareareers i
ReqUIrEd MATLAB PIOGUCLES ........ccuiiiiiiiie ittt sttt sttt ettt a e st e s teeta et e sbeebeessebesbeeteessenbesbeeraensesreereans ii
I LIS .ttt ettt ettt Rt bRt Rt R et R Rt et R et R e Rt ARt et R et e Re st et e se et e ne st ete e tenentenes iii
1 MOAEIFBASEA DESIGN ..ottt et ettt et e b et e s beeteesbeebesbeete e st e eteebeereeneesreereens 1
1.1 What is MOdel-Based DESIGN?.......c.coiiieieieiie ettt ettt st te s te e s besbe e et e sbeeraesaesresreareas 1
L2 V-PIOCESS ...t h et h R Rt R R Rt R Rt R et R et R e e b et hb e b et b e e nbeenreenreenne s 2
G T |V =T 41 (30 1Y = 2SSOSR PSP 3
2 NXT SCARA SYSIEIM ...eiviiiiiiieiiieteie ettt ettt et e se st e be e et e s e et e se s s e be e ebes e e be s e seete s ebeseetesessese s aneneeee 4
N R {1 (o LU T TSP PO TP U PR PPTPPRPP 4
2.2 SENSOIS AN ACLUBLOIS ....o.eivieiieiicieieieee ettt ettt ettt teate st eseebeebesbe e eseebesbeseeseaseabesaeseeneatesaenean 4
2.3 Gear Trains and BacCKIash ... 5
2.4  Link Angle and Link Angular Velocity LImitation ............cccoceiiiiiiiiiiie e 6
3 NXT SCARA MOAEING ...eveviietiietiieeiee ettt s e e st e e be s e e be s e seete s e b eseeseressese s aseneeee 8
3.1 TWO-LINK Planar RODOT AMM ..ottt sttt e e seete st e eneanesnenean 8
3.2 INVEISE KINEMEALICS. ....eciiitiiiiieieie ettt ettt et s ettt e s b et e s e e besbe st e s e abeatesaeseeneatennennan 9
A TraJECLOIY MaAKING......c.iciiiiieiie ettt ettt et e b et e e b e e be e s b e besbeeteesbesbesbeeteesseabesbeeneenresreeneas 11
4.1  Making Procedure of Trajectory FUNCLON ..........cccoviiiiiiiiiiccc e 11
4.2  Basic Trajectory Calculation using 5-1-5 Polynomial .............cccccoveviiiiiiiicicceceeee e 11
4.3 CP Motion @nd PTP MOION .....cc.oiiiiiiiiieese ettt sttt sae e sesnesne e 13
5 NXT SCARA CONIOIEI DESIGN.......cciiiiiiiiieceeeese sttt sttt et s be et et ste s beets et e beebeereeaesaeere e 14
D1 CONMTOl SYSIEIM ..ottt ettt te et et e s b e ebeess et e sbeeteessesbeebeebaesbesbesbeessesresraeneas 14
5.2 CONTOIEI DESIGN ..ottt ettt ettt ettt et et e s beebe e st et e sbeeteesbesbeebeasaessesbesbeessenresreareas 15
B NXT SCARA MOUEL......ciiieiiietiieiet ettt ettt et st ete st e bese s s e bessete s e bes e s sesessese e aseressesesenns 16
6.1 MO SUMIMAIY ..o.oiiiiiiiiteceeeete ettt ettt et et et e s b e ebeess et e s beete e st e sbeebeeta e st e sbeeteessesresreeneas 16
8.2  PArameEter FIlES ..ottt bttt ettt renee e 21
6.3 Trajectory CalCUIALION..........cc.couiiiiice ettt sttt et e beete e b e s besbeese e resbeereas 22
N = - 121 301, [ To 1= OSSPSR 23
7.1 MO SUMIMAIY ..o.oiiiiiiecieceee ettt ettt ettt s b e te bt e b e st e ebe e st et e sbeets e st e beebeesaessesbesbeessenresreereas 23
A T o | OSSR 24
7.3 Engage Detect and Backlash REMOVE ...........c.ccovoiiiiiiiiciecece et 25
T4 SIMUIALION SEOP ...icviiiiieitece ettt et e e te e st et e s beebeessesbesbeeteessesbeebeatsessesbesbeessenresreereas 26
I O] a1 7o) | [=T o 1Y (o T = OSSR 27
8.1  CoNtrol Program SUMMAIY ...........ccueiiiiiiiiieieite et eeeste e ste et steetaeaestesbeeteessestesteasaessestesteessesesresseas 27
8.2 MOOEI SUMIMAIY ....oiiiiiiiciecteeeee ettt ettt et et et et e s beebe e st et e s beetsessesbeebeetaessesbeebeessesresreaneas 29
8.3  Initialization Task : taSK _INit..........cc.coiiiiiiicece ettt r e beera s 32
8.4  BOMS TASK 1 tASK _ISL ...oiiiiiiiiiiiiie ettt ettt et e st e s be et e e b et e e beete e b e sbesteeree b e srearaas 32

8.5  100MS TASK : tASK_S2.....icuiiiiiiicieci ettt sttt st ettt e be e re et esbe e beerr e resrearaas 40



8.6 TUNING PArGMELEIS ....c.ooiiciieiiiee ettt ettt st e e be e et e s beete e st e sbeebeete e s e sbesbeesseresreareas 41

LS B 41U = 4o o 1O OSSR 42
9.1 HOW tO RUN SIMUIALION ..ottt ettt ettt e e be st et eneereseeneens 42
9.2 SIMUIALION RESUILS ...ttt sttt be st et e s e e besbe st eseareeeeneens 43
.3 BD VW .ttt ettt ettt R et e R Rt Rt bt R e R e R et e Rt Rt Re R et R e Eeeee et et eneene e ns 45

10 Code Generation and IMplEmMENTALION ...........c.coiiiiiiiece e enas 46
10.1 Target Hardware and SOTWAIE ..........ccccvoiiiiiiieciee ettt sttt be et re e 46
10.2 How to Generate Code and DOWNIOAd...........c.ccoiiieiiiiiieee e 47
10.3  EXPEriMENtal RESUILS.......coiiiiiiicicicce ettt ettt ettt e s beete e s e sbesbeete e e e sbesre e 48

11 Challenges fOr REAUEIS ........ccuiiuiiiiiicee ettt st ettt e s be bt et e s besbeete e b e sbeabeesaesresreanas 50

APPENAIX  GENEIALEA COUE ..ottt te b et e s beete e b e s besbeere e s e sbesbeessesesreareas 51

RETEIEINCES ...ttt e ettt e e e e e e ettt eeee s e e s e teeteeeeeseaasseeeteeeesseassaaaeeseeesssanssaaeeeaeesssessreees 57



1 Model-Based Design

This chapter outlines Model-Based Design briefly.

1.1 What is Model-Based Design?

Model-Based Design is a software development technique using models which can be simulated. Generally, it is
abbreviated as MBD. In MBD for control systems, a designer models plant and controller or a part of them, and
tests the controller algorithm based on a PC simulation or real-time simulation. The real-time simulation enables
us to verify and validate the algorithm in real-time, by using codes generated from the model. It is called Rapid
Prototyping (RP) for Controller, and is called Hardware In the Loop Simulation (HILS) for Plant.

Furthermore, auto code generation products like RTW-EC enables us to generate C / C++ program for embedded
controller (microprocessor, DSP, etc.) from the controller model. Figure 1-1 shows the concept of MBD for

control systems based on MATLAB product family.
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OPC Fuzzy Logic Simulink Control Design Embedded Coder
Robust Control Simulink Response Optimization Stateflow Coder
Model Predictive Simulink Parameter Estimation xPC Target
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Signal Processing SimHydraulics
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Simulink Fixed Paoint
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MATLAB Products (Toolbox) Simulink Products

Figure 1-1 MBD for control systems based on MATLAB product family



1.2 V-Process

The V-process showed in Figure 1-2 describes the development process of MBD for control systems. The
V-process consists of Design, Coding, and Test stage and each Test stages correspond to appropriate Design stages.
A developer makes plant / controller models in the left side of the V-process to improve controller algorithm

earlier. He reuses the models in the right side of the \V-process to improve code verification and validation.

Improvement of Code

Early Improvement of
Verification & Validation

Controller Algorithm

[ Module Design ]4 ------------ >[ Module Test ]

Controller Algorithm [ Unit Design ]"’[ Jnitest ] Verification

Design Static Analysis
Coding Rule Check

[ Coding ]

Code Generation for
Embedded Systems

Figure 1-2  V-process of MBD for control systems



1.3 Merits of MBD

MBD has the following merits.

Error detection about specifications in early stage of development
Hardware prototype reduction and fail-safe verification by real-time simulation
Efficient test by model verification

Effective communication by model usage

Coding time and error reduction by auto code generation



2 NXT SCARA System

This chapter describes the structure and the sensors / actuators of NXT SCARA.

2.1 Structure

Figure 2-1 shows the structure of NXT SCARA.

DC Motor 3
(manipulate pen)

DC Motor 1
(drive link 1)

DC Motor 2
(drive link 2)

Touch Sensor
(adjust angle)

Figure 2-1 NXT SCARA

2.2 Sensors and Actuators

Table 2-1 and Table 2-2 show sensor and actuator properties.

Table 2-1 Sensor properties

Sensor Output Unit Data Type Maximum Sample [1/sec]
Rotary Encoder angle deg int32 1000
Touch Sensor touch ON/OFF int8 1000

Table 2-2  Actuator properties

Actuator Input Unit Data Type Maximum Sample [1/sec]
DC Motor PWM % int8 500

The reference [1] illustrates many properties about DC motor. Generally speaking, sensors and actuators are

different individually.



2.3 Gear Trains and Backlash

NXT SCARA has the gear trains and turntables in order to convert motor angle to link angle and reduce
angular velocity. Figure 2-2 shows the magnified figure of gear trains between link 1 and link 2.

Gear 4 (8 teeth)

Gear 1 (24 teeth)

Link Rotation Motor Rotation

Gear 2 (12 teeth)

Worm Gear
Turntable
(56 teeth)

Gear 3 (24 teeth)

Figure 2-2  Gear trains and turntable

We can calculate the gear reduction ratio g between link angle ¢ and motor angle ¢ _ by using the
following equation. (9 =4,,/g)

worm gear ratio = gear3teeth =24 (2.2)
leteeth . 2teeth
:wxworm gear rat|o><w=§x24x£=84 (2.2)
gear4teeth gearlteeth 8 24

There is backlash, sometimes called lash or play, between the gears. The backlash has a negative impact on
tracking accuracy because it makes some lost motion when movement is reversed and contact is re-established.
It is necessary to compensate it for engaging the gears. Figure 2-3 shows a basic concept of backlash. Here, the

engaged state means gears are engaged and the disengaged state means they are not engaged.



Direction of Direction of Direction of
— «— —

Movement Movement Movement

TR LE = Uplp = il /-
I | I | I |
Engaged State Disengaged State Engaged State

Figure 2-3 Backlash (The upper side is drive gear and under side is driven gear)
The whole backlash of gear trains is larger than each backlash between gears.
2.4 Link Angle and Link Angular Velocity Limitation
There are some limitations on link angle and link angular velocity due to the structure of NXT SCARA.

Maximum Link Angle

The maximum link 1 angle is about 90 [deg] and the maximum link 2 angle is about 140 [deg]. Therefore, the

movable area of the edge of the robot arm is restricted.

Maximum and Minimum Link Angular Velocity

Figure 2-4 shows experimental results of motor PWM [%] and average angular velocity [deg/sec]. You should

note the motor does not rotate if the PWM value is lower than about 15 % due to the load of the link.

fdotor

AngularVelocity [deaims]

Py [%]
Mator2

Angularyelocity [degims]

Pt [%]

Figure 2-4  Experimental results of motor PWM and average angular velocity



We get the following equation by fitting the linear part showed in Figure 2-4.

pwm, = gain; x @, + offset, (i=12) (2.3)
gain, =107.5056 gain, =106.748
offset, =4.403 offset, =2.3918

where pwm, and @, are motor PWM value [%] and average angular velocity [deg/ms] respectively. We can
derive the maximum or minimum motor angular velocity by assigning 100 or 15 to pwm in Eq.(2.3).

Furthermore, we can calculate the maximum and minimum link angular velocity by dividing these values by the
gear reduction ratio g in Eq.(2.2).



3 NXT SCARA Modeling

This chapter describes a geometric model of NXT SCARA and inverse kinematics that determines each link

angles in order to achieve a desired pose / position. Please refer the reference [2] for more details.

3.1 Two-Link Planar Robot Arm

NXT SCARA can be considered as a two-link planar robot arm showed in Figure 3-1.

v

Figure 3-1 Two-link planar robot arm

The coordinate system of it is shown in Figure 3-2.
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Figure 3-2 Coordinate system of two-link planar robot arm



Physical parameters of NXT SCARA are the following.

[, =0.118 [m] : Link 1 length
[, =0.136 [m] : Link 2 length
g, =84 : Link 1 gear reduction ratio
g, =84 : Link 2 gear reduction ratio

3.2 Inverse Kinematics

Inverse kinematics is the process of determining each link angles in order to achieve a desired pose / position.
We frequently use a motion of the edge of the robot arm as a reference to a controller that can calculate the link
angles to achieve the reference motion of the edge. Therefore, inverse kinematics is important to derive the
unknown link motions from the known edge motion.

We introduce equations that enable us to calculate the link angles (¢,,0,) from the position of the edge

(x,y). (x,y) hasageometric relation with (g,,9,) as the following.

x=1,cosé, +1,cos(d, +86,) (3.1)
y=1,sin6, +1,sin(g, +86,) (3.2)

0, is derived from Eq.(3.1) and Eq.(3.2).

X2 +y® =12 +12 +2l1, cosb, (3.3)
2,2 12 |2
6, = +cost M (3.4)
211,

Also, the geometry of a two-link planar robot arm satisfies the following equations.

O, +¢= tanl(zj 3.5)

l,sin 6,

sing = (3.6)

We can derive ¢ and ¢, by using Eq.(3.5) and Eq.(3.6).

2 2 2 2
$p=+cos™ X ry 4l -l (3.7)
2l,4/x? +y?
2 2 2 g2
0, =Fcos™ oy 4l ol +tan‘1(y) (3.8)
2l,4/x? +y? X



(6,,6,) has two solutions because there are two poses at the same position of the edge shown in Figure 3-3.

v

x

Figure 3-3 Two poses at the same position of the edge

We adopt the pose that ¢ is negative in this document.

The arccosine function @ =cos™(---) is not numerically accurate when ¢ closes to 0[rad] or + [rad].
Therefore, we rewrite Eq.(3.4) and Eq.(3.8) as follows.

6, =atan 2(y, x) - atan 2(\/4If(x2 +y? )= (X y? 412 12f Xy 12 - Izzj 3.9

0, = atan 2(\/4I12I22 —(x2 +y? -1} —If)z,x2 +y? -7 —Izzj (3.10)

where atan 2(---) is the four quadrant arctangent function.

-10 -



4 Trajectory Making

This chapter describes how to make reference trajectory of the edge of the robot arm.

4.1 Making Procedure of Trajectory Function
We have to describe a trajectory as a time-varying function. There are two ways to do it as follows.

1. Use the position directly (for example, x(t), y(t) in Cartesian coordinate system)

2. Divide the whole trajectory to some basic trajectories 7(t) and concatenate them.

We often select straight line or circular arc as a basic trajectory.

® straight line : 7(t) means the length of the line
® circulararc: 7(t) means the angle of the circle (7(t)= ¢(t))

We can calculate the position x(t), y(t) corresponding the basic trajectory 5(t), and convert them to 4,(t),
0, (t) with inverse kinematics. The making procedure of reference trajectory by using basic trajectory is shown

in Figure 4-1.

Convert n(t) ) Convert x(t), y(t)

Select p(t) P Design n(t) —» to x(t), y(t) to 6,(t), 6,(t)

Figure 4-1 Making procedure of reference trajectory with basic trajectories

4.2 Basic Trajectory Calculation using 5-1-5 Polynomial

We now illustrate how to calculate basic trajectory function 7(t) using a velocity waveform. Here we adopt

the 5-1-5 polynomial waveform that is the improved version of the trapezoid acceleration and deceleration.
Please see Figure 4-2.

same area

R
=

Figure 4-2  5-1-5 polynomial velocity waveform
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The total distance of movement is « + p + y, and a=y if the acceleration time is same as the

deceleration time. There are two cases depending on g’ that is a subtraction of ¢+ from desired distance.

® Large Motion (S’ >0)

The constant speed interval remains. It is not necessary to modify the max speed or the acceleration /

deceleration time.

® Small Motion (5’ <0)

The constant speed interval does not remain. It is necessary to modify the max speed or the acceleration /

deceleration time so that the half of total time is same as the acceleration / deceleration time.

We can calculate the trajectory function of each interval shown in Figure 4-2 as follows.

Acceleration Interval

The function of position, velocity, acceleration are given as the following equations.

nt)=a;t® +a,t* +at® +a,t’ +at+a,

n(t) =5a.t* +4a,t® +3a,t> +2a,t +a,
7i(t) = 20a,t® +12a,t* + 6a,t + 2a,

(4.1)
(4.2)
(4.3)

We can derive Eq.(4.4) from these equations. Here t, is start time, t, is finish time, and 7., 7., 7,, 7,

n,, 7, are position, velocity, acceleration at t, and t, respectively. If the coefficient matrix is nonsingular,

we can calculate a,, a,, a,, a,, a,, a, by using Eq.(4.5).

_’70_ I t§
Mo | | 5ty
fio | | 20t]
m - t15
m 5t,
L7, ] |20t
fag] [t
a, 5t,
a, | |20t
a| |t
a, 5t,'
18, ] |20t}

Constant Speed Interval

to

4t}
12t?
t

4t}
12t?

to

a4t
12t?
t

a4t}
12t}

t, is start time, t, is finish time,

t;
3t
6t,
t
3t’
6t,

ty
3t
6t,
t;
3t}
6t,

ts

o =

N
O Ok O O -
[«}]
N

o -

t, 1 Mo
1 0] (7,
0 0] |7,
t, 1 m
1 0f |m
0 0| |7,

(4.4)

(4.5)

and n,, n,, #,, n, 1, 7, are position, velocity, acceleration at t,

and t, respectively. The function of position, velocity, acceleration are the following.
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n@)=n,t-t,)+n, (4.6)
i) =, =i, @1
ﬁ(t)=771 =772 =0 (4-8)

Deceleration Interval

We can calculate it by the same way as the acceleration interval.

The basic trajectory function of NXT SCARA is calculated in cal_eta.m.

4.3 CP Motion and PTP Motion

There are two motions of a robot arm called as CP (Continuous Path) motion and PTP (Pose To Pose) motion.

Table 4-1 illustrates the characteristics of the both motions.

Table 4-1 CP motion and PTP motion

CP PTP
. Consider initial and final pose & position and | Consider initial and final pose & position are
otion
intermediate motion are important. important but intermediate motion is not.
Coating, grinding by a robot Assembly by a robot
Example o o ]
Precision surface machining Tracking control of HDD head
Apply a basic trajectory for a drive axis that
) Make a desired trajectory or teach it to a | requires the much longest time, and set
Trajectory .
robot. appropriate speed to other axes so that all axes
can start and finish moving at the same time.

In the case of NXT SCARA, CP motion corresponds to draw with a pen, and PTP motion does to move a pen

without drawing. This demo presents four CP trajectories defined in cp_***.m respectively.

® Circle . cp_circle.m
® Spiral . cp_spiral.m
® Smile Mark : cp_smile.m
® MATLAB Logo : cp_ml_logo.m

PTP trajectory is calculated in cal_ptp.m, and total trajectory is derived from concatenating CP trajectory and

PTP trajectory. Please refer 6.3 Trajectory Calculation about the calculation flow of trajectory data.

-13 -



5 NXT SCARA Controller Design

This chapter describes NXT SCARA controller design for tracking reference trajectory.

5.1 Control System

The characteristics of NXT SCARA as control system are as follows.

Inputs & Outputs

The inputs to the actuators are PWM duty of DC motors and the outputs from the sensors are rotation angles of

the motor. The rotation angle of the links can be derived from dividing motor angle by the gear reduction ratio.

Pen Height

Figure 5-1 Inputs & Outputs

Backlash
The driving gear trains have some backlash explained in 2.3 Gear Trains and Backlash. It has a negative
impact on tracking accuracy because it makes some lost motion when movement is reversed and contact is

re-established. We need to compensate it for engaging the gears.
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5.2 Controller Design

Figure 5-2 shows general configuration diagram of motion control system.

Motion

Trajectory

Parameter

»

Planning

Trajectory
Making

Trajectory Control
(Reference) Input
» Controller >
7}
Feedback

Plant

Figure 5-2  Motion control system

In this demo, the motion planning and trajectory making is done with M-files, and we can simulate NXT
SCARA behavior with Simulink.
We adopt P control based on Eq.(2.3) for each link of NXT SCARA. Figure 5-3 shows a block diagram of

NXT SCARA tracking controller. There really are calculations for restricting link angles, but they are omitted in

Inverse
Kinematics

P control for tracking reference

Orres Backlashl + O Py
re acklas -
Compensation y @i -
r P Gain Saturation
Tablel
PWM2
Backlash2 N | %
Oy | COMPENSaLiON N " "
res
P Gain Saturation
Table2

Figure 5-3.
Xref
Position "
Reference _
yref
elm
NXT SCARA
‘92m

Figure 5-3 NXT SCARA tracking controller block diagram
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6 NXT SCARA Model
This chapter describes summary of NXT SCARA model and parameter files.
6.1 Model Summary

nxtscara.mdl and nxtscara_vr.mdl are a model of NXT SCARA control system. Both models are identical but

different in point of including 3D viewer provided by Virtual Reality Toolbox.

File Edit Wiew Simulation Format Tools  Help

O -HS i : b o= fis0 [Normal BB e BEE®

NXT SCARA Simulation Model (Virtual Reality Toolbox is not required)

This model consists of five parts : Environment, Button and Touch Sensor, NXT SCARA Controller, NXT SCARA Plamt, and Simulation Viewer.
Dizelaimer:

LEGO(R) is a trademank of the LEGO Group of companieswhich does not sponsor, authorize or endorse this demo.

LEZO(R) and hindst: R are stered trad ths of The LEGO Group.

thetat | thetat
srstern_slack P zestemn _clack
Erircnment —,—I theta
S I rotecars controller thetaz
enter_buttan > Plenter buttan
il L P ot pen_height
run_buttan > #{run_buttan
pen_height =
Tausht - - toucht N Chetalfty
[uz:) parré i C2C Ll i
taush2 i e touch: hetatr [ s ALCL Y
Button and Teuch Sensce o Sl T
N L pneatm
e " ! D > i o
Ctheta2ih - L] e o
N Va
Centraller T SChARA

## Trajectory Setting ##

Select Trajectory | click the annotations to selectiplot trajectory
[Plot Trajectary Reference | [Plot Comet-Like Trajectory|

Ready 100% odeds

Figure 6-1 nxtscara.mdl

Main parts of nxtscara.mdl and nxtscara_vr.mdl are as follows.

Environment

This subsystem defines a system timer.

Environment
The external environment and sensor charactaristics.

[ress || 1> | (D)

Cigital Clock Raund = Nearest system cock,

Figure 6-2 Environment subsystem
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Button and Touch Sensor

This subsystem is a signal generator of buttons and sensors. We can input ON / OFF signals of Enter / Run

button and touch sensors by using a Signal Builder block.

<) Swnal Bailder (nxtecara/Reference Generator/5Swnal Builder}
[l [d7 Qo Garal o Heb L]
@ I R@E s —TnEFRER o= R

rovck ing s J
f Toockine Vidinimed - Button and Touch Sensor

o pation ; : ; Signal generator of the buttons and touch sensors.

1 : : : :

Raound = Smplest enter button
’ : : ; : 3 run_buttan -uintS {2

Raund = Hmplast run_button

s |+ (D
d i : : : touchl
1 Raund = Simplest -
- fouch
b i ; : : ; : : Raund = Simplest touch?
7 (13 i 13 1 3 13 i Signal Builder
Tima (eac)
e
Indewr 1 -
Adurt segment ¥ pozkion ‘erver fustion @1H [ YMin TMax |

Figure 6-3 Button and Touch Sensor subsystem

Controller
This block is NXT SCARA digital controller and references nxtscara_controller.mdl with a Model block.

Please refer 8 Controller Model for more details about it.

=l nxtscara controller Q@IE\

File Edit Wiew Simulation Format Tools Help

DEES [i=] T > inf Hormal | BB RREE®

NXT SCARA Controller Model based on Rate Monotonic Scheduling
This model consists of four parts : Device Inputs, Device Outputs, Task Scheduler, and Application Task Subsystem.
Diselaimer:
LEGO(R) ¢ 3 tradem.ai of the LEGO Group of companias which doa not spansor, authorizs or snderse this damo
LE®O(R) and Mindsterms(R) are registered trademais of The LEGD Group.

— 4 nxtscara_contecller N
- N
— P{enter button PETT pwrl
peaTil | {
L U ## DSEK Tasks 4
taskinit: Init > » o
— e run_but ton P st
» . o
o Revclution Sanzer Interface! EvoF cnals Scheduer e e =
» Fori2 B Prarity=0
Ll touch1 Pristits = 1 RisctsoakS_ ADD
oeD P | oo f
» | touchz 2t pams

Touch Senscrnterfuce | ## Tlajectory Setting #=
51

EI Select trajectory I Click the annotations to selectpplot trajectory 2 j=
:ﬁ J '

[Plottrajectory reference ] [Plot comet-like trajectory | c.nimmemionce
Priorny = 1

g

cuchz
| Touch Senser Interfacel
Par - 52

m = thetalm
pwmis

s o e thetazm Prioms = =
.—b-\
\ / E—— enterbuttan #2 Requires only MATLAB products =2

¥

Contraller Enter Button Intarface
Priarity = ~1 SDO Usage : OFF | Click to change Simulink Data Object usage
2 I [ | [Generate code from nxtscara_app using RTW-EC ]
run button I PP g

fnDuHeINER 44 Requires additional 3rd party tools #

[Generate code and build the generated code ]

#wtapBeckinterkes [Download (NXT standard firmware] | [Download (SRAM) |
Click the annotations to generatehuild code and download it inte NXT

Ready 100% FixedStepDiscrete

Figure 6-4 Controller block (nxtscara_controller.mdl)
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The Controller block runs in discrete-time (base sample time = 1 [ms]) and the plant (NXT SCARA subsystem)
runs in continuous-time (sample time = 0 [ms]). Therefore it is necessary to convert continuous-time to

discrete-time and vice versa by inserting Rate Transition blocks between them properly.

O
.—>.—>. o (1)
TeT5 Discrete-Time (1 [ms])
= —_—
N = _
= —™ Pfenter button _— - } n TmHm—n
—» Pfrun butt Ts=0l
-
- — Pt cuchi =
bl oo P2 »{ Cec | 4
—* e =
Te=TE m Pe{thetaim . _El—
1 { D {3 )
m Petheta?m " m m
M m — /] Te=
TS . Controller
= Sampling Hold
(&) - (8D (Cont— Disc) (Disc—»Cont)
T=TE

Figure 6-5 Rate conversion between the controller and the plant

NXT SCARA
This subsystem is NXT SCARA plant model. Please refer 7 Plant Model for more details about it.

NXT SCARA Plant
The plant dynamics are approxi 1 with experi I results in "Link1" and "Link2".
It is necessary to remove backlash to display actual trajectory because the robot arm does not move
when the motor is not engaged.

2 ) B double | B ot Lo | inta2 (2
pwil Raund = Nearest Raund = Neaest thetalm
Link1
D P double LS thetaZm P int3z
P Raund = Neaest Raund = Neavest thetaZm
Link2
Pe{ thetalm
-
Pl . thetaim nati
flag engag=1 P flag engag=1
) | doutle | S P———— wear ratiod e
system_clock 5 Remowe Backlashi
Raund = Neaest Datect Engarel
- e thetaZm
- thessm nad M
flag engag=2 ) flag angage?
- . theta?
1 st _clack Eear ratic?
Remove Backlash2
Detect Eneape?
| e 1
| o flag stap_sim
1 st _clack Stop Simulation
Cal flag _stop_sim
4 F P double P o3 pan_height EEE
pT Faurd = Neaest pen_height

Fen

Figure 6-6 NXT SCARA subsystem
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Viewer

This subsystem includes simulation viewers. nxtscara.mdl includes trajectory viewer with a XY Graph block,

and nxtscara_vr.mdl does 3D viewer provided by Virtual Reality Toolbox.

Simulation Viewer

COrm—[ |
thetalm
o
thetaZm
Secopel

pen heicht

deegrads

EE |LLPL AEKE DAS o

0

m
o
=20
=40
-6

thta! [dee]

T
> pagitiant » D
W
=™
Ly pasitan2 L
"
Theta To Position Scope2

Figure 6-7

Simulation Viewer|

thetalm

3

thataTm
5 e

thetszm

e

(o

XV Grsph

HY Plot

Viewer subsystem (nxtscara.mdl)

O
thetal

theta?
theta?

m|
File Miew \Viewpoints Maviestion Fendering Simulation Regordine  Help
Eack View PR AN =ajdale W .
4 <)
I
i
d 5]
Back View T=1150 Fly Pos:[40.00 10.00 -5.00] Dir:(~0.00 0.00 1.00]
Eld
L > agitiant >
deg2radl i
oz
=™
» pasitianZ L
degZrad2 Rl
Scope

Theta To Position

3
pen height

W pen neight

D Visuslization

Figure 6-8

]

X Graph

Y Plot

10 15 20

Viewer subsystem (nxtscara_vr.mdl)

-19 -




Trajectory Setting

You can select a trajectory and plot the reference angles / positions corresponding to the trajectory by clicking

the annotations. There are four trajectories, namely circle, spiral, smile mark, MATLAB logo.

Select Trajectary Twpe :

Circle ~
Spiral m
Smile Mark

J[ Cancel ]

Select Trajectory

Plot Trajectory Reference | [Plot Comet-Like Trajectory

4 Figura 1

Bl G0 Yom et Ik Debip Wedom b ]
# £ NeEd& Lk ALMS ¥ 0 L=
- Wi / =
LB - / 1° AN 4 / /\:‘
E 3 ) /_ " ’,.-’/ A \\\
- & e i NN
- 5 12 o A\ “,
[ o ) A0 0 [Z F] E [l B [ | — ol \ \\\
tine fzec] time [sec] o \ \
~~ \
2 2 S T\ M,
. ! N7 NN
3 w i \\_ H & \\“,/
® E.. p P
t N o Wasl
x g l
003 :;h;’ ol T ® = “’- b‘; LT 0= L 7 R T R R S

Figure 6-9 Trajectory Setting
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6.2 Parameter Files

Table 6-1 shows parameter files for simulation and code generation.

Table 6-1 Parameter files

File Description
cal_cp_ptp.m M-function for calculating CP and PTP trajectory
param_controller.m M-script for controller parameters
param_nxtscara.m M-script for NXT SCARA parameters (It calls param_***.m)
param_plant.m M-script for plant parameters
param_ref.m M-script for calculating reference positions and angles
param_sim.m M-script for simulation parameters

param_nxtscara.m calls param_***.m (*** indicates controller, plant, ref, sim) and cal_cp_ptp.m that create all

parameters and trajectory data in base workspace.

% Load NXT SCARA Parameters

param_plant % Plant Parameters
param_controller % Controller Parameters

% Reference Parameters (Circle)
cp_ptp = cal_cp_ptp( Circle®, ts1, 11, 12);
param_ref

1 1
1 1
| 1
1 1
1 1
| 1
| 1
| 1
_SI1 (] imulacion an 1rdua eall arameters 1

! ? '
1

! |
1 1
| 1
| 1
| 1
1 1
1 1
1

param_nxtscara.m is automatically called when the model is loaded by using a model callback function.

To display model callback function, choose [Model Properties] from the Simulink [File] menu.
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6.3 Trajectory Calculation

Table 6-2 shows trajectory calculation files.

Table 6-2 Trajectory calculation files

File Description
cal_cp_ptp.m M-function for calculating CP and PTP trajectory
cal_eta.m M-function for calculating basic trajectory
cal_ptp.m M-function for calculating PTP trajectory

cal_time_data.m

M-function for calculating finish time and time of manipulating a pen

cat_cp_ptp.m M-function for concatenating CP and PTP trajectory
chk_limit.m M-function for checking limit of rotation angle and angular velocity
cp_circle.m M-function for calculating CP trajectory (circle)

cp_ml_logo.m

M-function for calculating CP trajectory (MATLAB logo)

cp_smile.m M-function for calculating CP trajectory (smile mark)
cp_spiral.m M-function for calculating CP trajectory (spiral)
ml_logo.mat MATLAB logo data

theta2xy.m M-function for converting rotation angle to position
xy2theta.m M-function for converting position to rotation angle

calculate CP and PTP trajectory.

cal _cp ptp.m

param_ref.m

D EEGEEECEEEPEEEEPEERE =

€

The calculation flow of trajectory data is shown in Figure 6-10. We use a basic trajectory (cal_eta.m) to

cp_circle.m

Calculate CP Trajectory f------- Cp_spt ral.m
cp_smile.m
l cp_ml_logo.m
Calculate PTP Trajectory t+--------- cal _ptp.m
Concatenate CP and PTP |--------- cat_cp_ptp.m

.

Calculate Finish Time and
Pen Manipulating Time

.

Check Limitations on
Angle and Angular Speed

__________ cal_time_data.m

__________ chk_limit.m

Figure 6-10 The calculation flow of trajectory data
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7 Plant Model

This chapter describes NXT SCARA subsystem in nxtscara.mdl / nxtscara_vr.mdl.

7.1 Model Summary

The NXT SCARA subsystem consists of the following components.

® Plant (Link 1, Link 2, Pen)
® Engage Detect and Backlash Remove
® Simulation Stop

It converts the data type of input signals to double, calculates plant dynamics based on double precision

floating-point arithmetic, and outputs the results after quantization.

NXT SCARA Plant o .
The plant dynamics are approximated with ~ DOuble Precision Floating

It is nececeansta ramma I\-.-arl.rl-.-ae-l-n ta diep); Point Arithmetic 5 ot move ]
whenthv |nteger _ Physical , Physical Integer
—> 53 —>
Value Value eeeersessmmsinneais O e O . Value Value
5 .
ETTTPTPTrrD -, ROTTPIPTPPTPS .
(a S X ey B Mot et o[
pweril * Raund= Neaest & * Raund= Neawst * thetalm
H H Lirki H H
R = deuble | parn2 theta?m e int3z
P * Raund = Neaest : % Raund= Newest - thetaZm
: H Llnkz ‘.' llllllllllll ”.
. P thztaim
- {1 - thetatm nab »
Do flag_angag=1 P flag =nigags 1
1} — dauble P zestem_clack eear ratiol el
systemcog . — H Remave Backlashi
% Raund = Nearest : Detect Engael
" | theta?m
S e — b—
- flag engage2 I flag engag=2 ) thetas
P zistam_clack gear_ratiof
Femove Backlash?
Detect Engage?
= porn 1
{2 flag_stap_sim 4>.
) ostam_clack Stop Simulation
Cial_flag_stop_sim
pumd  penheignt » 5 )
P2 Raund = Nearest pen height

Fen

Figure 7-1 NXT SCARA subsystem
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7.2 Plant

Link 1 and Link 2
Each link is modeled with Eq.(2.3).

— {1 thetalm ———

Lirk1

—— w2 thetaZm
Link2

1 =E|—>
il DataType = dauble
Pl <

DataTyps = dauble

¥

thetalm

h 4

-
it -
- oz 2
g
= -
Lt _| L DataTypes = dauble
=
*
puamil _offset
DuataTyps = dauble

Figure 7-2  Link1 subsystem

Pen
This subsystem calculates height of a pen for 3D visualization.

— 3 pan_he=ight ———

FPen

1
O—=F W L
T pen_height

Figure 7-3  Pen subsystem
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7.3 Engage Detect and Backlash Remove

The motor angle includes some extra angle due to backlash compensation. The link angle is derived from

removing it.

Regard backlash compensation
starts when the following
conditions are satisfied.

1. The sign of PWM is reversed.
2. The absolute value of PWM is
greater than PWM_BL.

systemclock,

flag_engagel

time_enl

DataType = dauble

\—b thetalm
pam thetalm_nabl
flag =ngag=1 | flag =ngazs 1 thetal
- .
P istam_clack Eear_ratiol
Ramoue Backlashi
Detect Engagel
.
" P theta?m
| 2 theta?m_nabi M
flag =ngag=2 P flaz =ngag=2 theta?
I .
] sistarn_clack eeat ratiod?
Remowve Backlazh?
Detect Ergage?
&,
flag_engagel
~aT
. Remove extra angle due to
backlash compensatign
- e T n
thetalm N tretatmaf— i et backaht -, > 1 )
- ! & thetal mnobl
Set_thetalmO Backlashl
Al
Tnitid = 0

Figure 7-4 Detect_Engagel / Remove_Backlashl subsystem
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7.4 Simulation Stop

Simulation stops when it takes TIME_STOP_SIM [ms] since both PWM1 and PWM2 equal to zero.

—P pamni
——Wpem2  fagstapsim
——— W sistem clack Stop Simulation

Cial flag_stop_sim

@

prril

%
g ¥

hnitd =10
ki
Il
] - clackd La L
swystemuciock o=
et clock )
b TIME _STOF-Sih flag ztop sim
DataTyps = uint32

Figure 7-5  Cal_flag_stop_sim subsystem
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8 Controller Model
This chapter describes control program, task configuration, and model contents of nxtscara_controller.mdl.
8.1 Control Program Summary

State Machine Diagram

Figure 8-1 shows a state machine diagram of NXT SCARA controller. There are tracking mode that NXT
SCARA tracks the reference trajectory and adjustment mode that we can adjust link angles and pen height.

!

/ Tracking Mode \ / Adjustment Mode \

Push Enter Link 1 Angle
Ready button Adjustment
A >
Push Touch Tracking is
Push Run button
Sensor 1 finished
\ 4 \ 4
Tracking Link2 Angle Push Run
Trajectory Adjustment button
Push Enter
button Push Run button
\ 4
- Pen Height
Data Logging J Adjustment

\ ) - /

Figure 8-1 State machine diagram of NXT SCARA controller

The link angles and pen height are adjustable by pushing touch sensors in the substates of adjustment mode.
Figure 8-2 shows the state machine diagram of the substates.

Push Touch I Push Touch
Sensorl ,——— Sensor 2

y
A 4

Left Turn
(Pen Up)

Right Turn

Stop (Pen Down)

» >
) )l

Release Touch ——— “ Release Touch
Sensor 1 Sensor 2

Figure 8-2  State machine diagram of substates in adjustment mode
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Task Configuration
NXT SCARA controller has three tasks described in Table 8-1.

Table 8-1 NXT SCARA controller tasks

Task Period Works

task_init Initialization only | Initial value setting

Trajectory tracking control
task_ts1 50 [ms] Link angles and pen height adjustment
Data logging

Operation mode change (tracking / adjustment)
task_ts2 100 [ms]

Motor change in adjustment mode

The controller described in 5.2 Controller Design is used for the trajectory tracking control.

Data Type
We use single precision floating-point data for the trajectory tracking control to reduce the computation error.

There are no FPU (Floating Point number processing Unit) in ARM7 processor included in NXT Intelligent
Brick, but we can perform software single precision floating-point arithmetic with floating-point arithmetic
library provided by GCC.
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8.2 Model Summary

nxtscara_controller.mdl is based on Embedded Coder Robot NXT framework.

nxtscara_controller

Data Store Memories are used as shared data between tasks.

operation mode
1: trajectory tracking mode
2 : adjustment mode

trajectory tracking timer

DataType = uint3?

motor number in adjustment mode
1: motor {to adjust link1 angle)

2 : motor? {to adjust link2 angle)
3 : motor3 {to adjust pen height)

index of time_table_pen

motor1 angle logging data

Shared Data

motor2 angle logging data

File Edit Miew Simulation Format Tools  Help
DS P finf Mol ~|| e @& REE®
NXT SCARA Controller Model based on Rate Monotonic Scheduling
This model consists of four parts : Device Inputs, Device Owutputs, Task Scheduler, and Application Task Subsystem.
Disclaimer:
LEGOR) is a trademark of the LEGO Group of companies which does not sponsor, authorize or endorse this demo.
. - gisterad tradematks of The LEGO Graup. .
Device Input Device Output
Task Subsystem
W Scheduler % 5
thetalm : Tasknit W taskcinit fo - o
Fevalution Senscr Interface Servo Moter Interfacel
Pa i OSEK Tasks  #iH Fart= o
Prigri 1 taskjnit: Init P . o1 4o Prigrits = 1
- task_tz1: 006 [sec] TR tazkizt T
@ » |W task _ts2: 01 [sec] % .,-
theta?m 2 - ud _ T
Revolution Sensor Interfacel EspFenCalls Scheduler taskksg | Seruo Mator Interface
rt = Harity = 0 Part=H
naxtscara_app Prigits = 1
Pg—>
toucht ) ) _ i
Touch Sensct Interface | B TTajectory Setting #= Servo “2?‘“ Interface?
= art =
Priarity = 1
Select trajectory Click the annotations to select/plot trajectory : ,j .
] T3
teuch? = = = d —.El
- T [Plot trajectory reference | [Flot comet-like trajectory | Seng Tore Tierce
Harity =
enter button — ## Requires only MATLAB products #
Enter Button Inferface -
Bratsst SDO Usage : OFF I Click to change Simulink Data Object usage
2 L L" |Generate code from nxtscara_app using RTW-EC |
run buttcn =
Fun Button Interfs
" F’riuriul;':n—f = ## Requires additional 3rd party tools ##
| o [Generate code and build the generated code |
Application Task Subsystems
Each function-call subsystems are drived by function-call signals of the task scheduler and
generated as OSEK task functions in the generated code using RTW-EC export function feature.
Ready - Discrete
task jnit_fi task tsl fiz task tsZ fo
¥ ¥ ¥
funatian(] functian() funstiani]
Ihitialization 50ms 100ms
tasknit task ts1 tazk ts2
Initialization Motion Comrol Mode Change
and Motor Change
Shared Data

Figure 8-3 nxtscara_controller.mdl
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Device Interface

We can make device interfaces by using the sensor and actuator blocks provided by Embedded Coder Robot
NXT library.

" (PWM)

Motor Input = [ Motor Output
. e o ?ﬁ" ‘ﬁ g—»{(1 )
(rotation angle) yom & & o

Rewdlution Sensor Interface Sero Motor Interfacel
Part= = Part= &

Dumvhe = -1 DOumvihe = 1

Figure 8-4 DC motor interface

Scheduler and Tasks

The ExpFcnCalls Scheduler block has task configuration such as task name, task period, platform, and stack

size. We can make task subsystems by connecting function-call signals from the scheduler to function-call
subsystems.

\
Farameters AN
\
Function-Call nametie. 'Fer', 'Fenl', 'Fon2': AN
‘tagk_init, “task_ts1', 'task _ts2' AN
\
Function-Call sourcelie. [0 -1 10]x \
[0, ts1, ts2] N
Sample time[zec]: > re——— task_init_fo
o ¥ OSEK Tasks  #HHE
) taskinit: Init

Platform: | LEJOS+OSER task teT: QU [sec] o task_ts1_fo
Task stack sizefie. [512 512 512]» task ts2: 01 [sec]
[512 512 512]

/" EspFenCallz Schediler Task tsz | et
Rezourcelie. resd, resB b Priatits = 0

’ ntsoara app
/7
Bluetooth device mode: [Slave //
Bluetonth device address(ie. '00° 16", ‘53" ‘04, 'F1", 'BS" 00,7/
/7
7’
/

Application Task Subsystems

Each function-call subsystems are drived by function-call signals of the task sched
generated as OSEHK task functions in the generated code using RTW-EC export fun

tachk init_f: task tsl _fir task ts2_fi
¥ ¥ h J
funztiani] functiant) functian(]
Initialization 50ms 100ms
taszknit task ts1 tazk tsl
Initialization Motion Control Maode Change

and Motor Change

Figure 8-5 Scheduler and tasks
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Priority

We have to set priority of the device blocks and ExpFcnCalls Scheduler block at root level to sort them in the
order 1. device inputs — 2. tasks — 3. device outputs. The low number indicates high priority and negative
numbers are allowed.

To display priority, right click the block and choose [Block Properties].

Computation Order

>

Priority = -1 Priority =0 Priority =1
O P
thetaTm & T I kit 2 & =

Revclution Senscr Interface Servo Motor Interface!
Part= G 4 DSEK Tasks Part = ¢
Prigrite = -1 task_init: Init - P Priarity = 1
" task ts1: OO [zec] T Rl bt
) » @‘?ﬁ Yask ts2: 0 [sec] * %s » 2
thetazm h P pmE
Revchution Senece Intarfacs! ExpFenDalls Scheduler Taskter 7|t Sarve boter Intarface
Part= B Priarity = 0 Part= B
Priarity = 7.1 ntscara_app Prigrity = 1
CO——rHijg Pyt—
toucht ) ) P
Touch Senser Interface | B2 TTajectory Setting == Seruo Maoter Interface?
=5 Part= A
Prafts = <1 ) _ ) gt 2 1
B Select trajectory Click the annotations to select/plot trajectory Fhq
L 4 (2] i e %
touch? - - -
- Touch S iarcer || POt trajectory reference | [Plot comet-like trajectory | | ., iTaemioie
Part= 52 Prarty = 1
Prigrits = -1
:
enter button - ## Requires only MATLAB products &
Enter E:I.lt_tm_lnten’ace -
Brantll SDO Usage : OFF I Click to change Simulink Data Object usage
2 ——m -
(e ) I y |Generate code from nxtscara_app using RTW-EC |
tun_button =
Fun Butten Interfa i i
"pm?v‘:"—? = ## Requires additional 3rd party tools #2
[Generate code and build the generated code |
Svstem Oeckntaae= Download (NXT standard firmware) | [Download (SRAM) |

Figure 8-6 Priority setting

Shared Data

We use Data Store Memory blocks as shared data between tasks.

Shared Data

Data Store Memories are used as shared data between tasks.

M operationmode - trajectory tracking timer
1 : trajectory tracking mode

DiataType = uintd z DiataType = wint2
2 : adjustment mode

m motor number in adjustment mode index of time_table_pen

DataTupe = uintd 1: motor (to adjust link1 angle) DiataType = uintd
2 : motor? (to adjust link2? angle)
3 : motor3 (to adjust pen height) hetal myefhl motor1 angle logging data

DataTyps = sings

thetaZmrefbl maotor2 angle logging data

DiataType = singe

Figure 8-7 Shared data
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8.3 Initialization Task : task_init
This task sets initial values.

Initialization Task
Set initial values and reset tracking timer.

"

aperation med:

DataTyp= = uintd

g
:
:

DataTyps = uintd

pen jds

DataTyps = uintd

intmasuint32) timer_tri

DiataType = uint32

Figure 8-8 task_init subsystem

8.4 50ms Task : task_tsl

This is a task including trajectory tracking mode and adjustment mode. operation_mode = 1 corresponds
to tracking mode and operation_mode = 2 does to adjustment mode.

Motion Control Task
Control motors to track trajectory reference or adjust link1:2 angle and pen height.
Tracking Mode & Adjustment Mode

@ Tracking mode : to track trajectory reference.
Adjustment mode : to adjust link 172 angle and pen height
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Figure 8-9 task_ts1 subsystem
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Tracking Mode

The tracking mode has state transition based on a timer timer_trj.

1. Theinitial state is ready state and initial value of timer_trj is maximum value of unsigned 32 bit data.

2. The state transits to run state and timer_trj is set to zero when pushing the touch sensor 1.

3. timer_trj isincremented by the period of this task (50 ms) in run state. The state transits to ready state

and timer_trj is reset to the initial value when it passes a finish time time_finish.

Tracking Mode

The inttial state of NXT SCARA is Ready State.
NXT SCARA transits from Readly State to Run State when pushing touch sensor 1 and
does the opposite transition when it finishes the tracking {tracking timer is greater than time_finish).

y
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—— W fthewim .
—— W fthetazm
o2 |———
—— W {ssstemn_slack
—— Wi tauchi o3 ——
Tracking hdode

DataTyps = uint32

Ready State
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flag_touchl
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Run State

Run State

Calculate pwm values to track trajectory reference and bring up/down pen.
Timer subsystem provides timers for tracking and manipulating pen {timer_trj and timer_pen).

PWM1 & PWM2 Calculation
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Timer Calculation PWM3
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Figure 8-10 Tracking mode (Tracking_Mode subsystem)
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Timer Calculation (Timer)

The timer subsystem calculates a trajectory tracking timer timer_trj and other timers. timer_enl and
timer_en2 are timers to be reset when starting backlash compensation of DC motor 1 and motor 2
respectively. timer_pen is a timer to be reset when starting to manipulate a pen. timer_trj is not
incremented in backlash compensation time (time_enl, time_en2) and pen manipulating time
(time_pen) to keep same position when compensating backlash and manipulating a pen. Figure 8-11 shows

time variation example of each timer.

timer_trj [ms] 4
: |
1 1
1 1
] ]
1 ]
1 1 ] |
1 1 1 1
1 1 1 1
] 1 1 1
] 1 1 1
| 1 1 1
| \ 1 1 ] 1
! ' : : : '
P > D .
— — — . P time [ms]
' time_enl . time_en2 . time_pen
| ]
timer_enl[ms] 4 E : :
! | |
N 1 1
' ] ]
| : !
' 1 |
. ! !
| ! '
i ! :
' | |
] 1
: : » time [ms]
1 : :
] 1
timer_en2 [ms] 4 Start backlash | i
compensation :
of DC motor 1 ' '
| I
| |
|
|
|
|
1
:
]
! » lime[ms]
1 :
1
timer_pen [ms] 4 Start backlash !
compensation !
of DC motor 2
y Y » time [ms]

Start manipulating a pen

Figure 8-11 Time variation example of each timer
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Figure 8-12  Timer calculation (Timer subsystem)
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PWM1 & PWM2 Calculation (PWM1 PWM2)
The pwm1 and pwm2 are calculated based on the block diagram shown in Figure 5-3.

Position Reference

Making trajectory data with timer_trj

e
timet b ol 1D TR
—| Lo J——pb 5
DisteType = uintd2 DitaType = single Trajectoryc
1D T
g
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P control gain table
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PWM1 & PWM2 Calculation

Calculation Steps :
Step1 : Make position reference from trajectory data.
Step2: Convert the position reference to motor angle reference by inverse kinematics.
Step3 : Add backlash compensation to motor angle in order to remove backlash effect in gear trains.
Stepd : Calculate pwin valie using the experimental omega-pwm table.
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Figure 8-13 PWM1 & PWM2 Calculation (PWM1_PWM?2 subsystem)
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Backlash Compensation (Compensate Backlashl & Compensate Backlash?)

The backlash compensation starts when a sign of reference motor angle variation is reversed and its absolute
value is greater than dthetam_bl [deg]. Here dthetam_bl is a threshold to suppress computation error. We
add / subtract some angle (backlash1/2) to / from reference motor angle in the backlash compensation.

Furthermore, an engage state of gear trains is recovered to an initial state after finishing trajectory tracking.

Add comj ion value if the ing all ¢ iti are
1. Direction of motor angle reference is changed.
2. Difference of motor angle reference is greater than dthetam_bl to avoid computation error.

h 4
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Figure 8-14 Backlash compensation (Compensate_Backlash1 subsystem)
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PWM3 Calculation (PWM3)
The pwma3 is calculated with timer_pen derived from Timer subsystem shown in Figure 8-15. The moving

direction of a pen (up or down) is determined by even-odd of pen_idx.

pwma3 [%] 4
pwm3_pen L_______. .
1
1
|
]
e >« >
time_wait time_pwm3 time_wait,
f » timer_pen [ms]
time_pen

Figure 8-15 Time variation of pwm3

Apply nonzero pwm during time _wait < timer _pen <=time_wait + time_pwm3.
{time_wait is waiting time between tracking and manipulating pen)

¥
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timer pen = I
.................................................................
.

DlstaType = uinti2 ..‘ """

: Determine Pen
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e :

H H
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Qans I= llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
2 »i

¥

¥
1
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|E|
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1

DataType = uint32

Figure 8-16 PWMS3 Calculation (PWM3 subsystem)
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Adjustment Mode

The PWM value is positive when pushing a touch sensor 1, and negative when a touch sensor

motor_number changes an adjustment motor.

Adjustment Mode

Change target motor dej ling on motor_ ber.
Apply positive pwm value when pushing touch sensor 1 and negative one when pushing touch sensor2.
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Figure 8-17  Adjustment mode
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8.5 100ms Task : task_ts2

This is a task for changing operation mode and adjustment motor in adjustment mode. operation_mode

corresponds to the operation mode and motor_number does to the adjustment motor.

Mode Change & Motor Change Task

Change the operation mode when pushing the Enter button if NXT SCARA is not tracking. . _
Change the mater number when pushing the Run button in adjustment mede (operation_mode ==2). O[]0 eratio n_mo de = 1, 2
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Figure 8-18 task_ts2 subsystem
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8.6 Tuning Parameters

Table 8-2 shows the tuning parameters for tracking control. You might have to tune these parameters because
the parts, blocks, sensors, and actuators are different individually.

Table 8-2 Tuning Parameters

Parameter Description
pwml_gain Gain in P control gain table for DC motor 1
pwml_offset Offset in P control gain table for DC motor 1
pwm2_gain Gain in P control gain table for DC motor 2

pwm2_offset Offset in P control gain table for DC motor 2

backlashl Backlash compensation value for gear train 1
backlash2 Backlash compensation value for gear train 2
time_enl Backlash compensation time for gear train 1
time_en2 Backlash compensation time for gear train 2
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9 Simulation

This chapter describes simulation of NXT SCARA model, its result, and 3D viewer in nxtscara_vr.mdl.

9.1 How to Run Simulation

It is same way as other models to run simulation. You can select reference trajectory from an annotation in
[Trajectory Setting]. Also, you can change the operation mode (trajectory tracking / adjustment mode) by using

a Signal Builder block in Button and Touch Sensor subsystem.

Select Trajectory Type

Circle A
Spiral
Smile Mark

## Trajectory Setting #&
Select Trajectory | click the annotations to selectiplot trajectory

v [Plot Trajectory Reference | [Plot Comet-Like Trajectory |

Figure 9-1 Trajectory Setting

FIE|X]
[l [dn Qrow Saral foss Heb i
R T TR T et N ISR g

Button and Touch Sensor

3
ne.

Signal generator of the buttons and touch sensors.
| I I ;
| g ; : : : anter baattan {1
! ] ; ' t Raund = Simpest enter button
e — : Sy
| Raund = Smpest run butten
' i - i et
[ e : : : : Raund = Smplest toucht
5 i i H H i Raund = Smpiest touch2
(i1 1 13 1 E] ag a5 Signal Builder
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—— enPom R i ree T
Hame: s luinie, Tt {iem)
e 1 pr Louchd {akown]
Adurt seement ¥ poakon ener_button &1+ [ 1M THax |

Figure 9-2  Operation mode change
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9.2 Simulation Results

Figure 9-3 is a simulation result of drawing circle trajectory and Figure 9-4 is that of drawing MATLAB logo

trajectory. We can see an effect of backlash compensation.
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Figure 9-3  Circle trajectory
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Figure 9-4 MATLAB logo trajectory
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You can watch a movie of NXT SCARA simulation drawing MATLAB logo at the following URL.

http://www.youtube.com/watch?v=kanmZErt4io
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with MATLAB/S imulink
YD AT

Q- © ¥R G Lo dewrmm @ 2 & O3
my b ? &y
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NXT SCARA : Simulation with MATLAB/Simulink
From: yyamakun e
Added: MNovember 04, 2008

MNAHT SCARA simulation with MATLABSimulink. NXT SCARA
URL |

somiatch i |

Embed |<object widih="426" height="344"><param name="may| |4
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Edit Video Insight
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b More From: yyamakun
~ Related Videos
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Views: 619
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Rate: Oratings Views: 2 04:4 From: yyamakun
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(] http:/Fwnyoutube.com/user/yyamakun

[£2
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Figure 9-5 Simulation movie

-44 -



9.3 3D Viewer

In nxtscara_vr.mdl, we can watch 3D simulation with the viewer provided by Virtual Reality Toolbox. We can

change the camera position by switching the view mode in Virtual Reality window. nxtscara_vr.mdl has four

view modes.

Top View

Front View
Back View
Vista View

Camera at overhead position
Camera at front position
Camera at back position

Camera at fixed position

Eile  View Viewpoints MNavigation Bendering Simulation Recordine Help

Top View AR N i ol da e B R

Po:[40 00 6500 40.00] Dir:[0.00 -1.00 0.00]

Eile View ‘Viewpoints Mavigation Bendering Simulation Recordine  Help

B slalda e B @l

‘met Wiew

Front Wiew Po:[4000 10,00 85.00] Dir:[0.00 000 -1.00]

Top View

View Viewgoints MNavigation PBendering  Simulation Recordine  Help

Back View RPN = 2

Back View

Po:[4000 10,00 -5.00] Dir:[-0.00 0.00 1.00]

Front View

Eile View ‘Viewpoints Mavigation Bendering Simulation Recordine  Help

B slalda e B @l

‘\;’\sta Wiew

Po=:[2500 1300 15.00] Dir[070 -017 0.65]

Back View

Vista View

Figure 9-6  View modes
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10 Code Generation and Implementation

This chapter describes how to generate code from nxtscara_controller.mdl and download it into NXT
Intelligent Brick. Also the experimental results are shown.

10.1 Target Hardware and Software

Table 10-1 shows the target hardware specification of LEGO Mindstorms NXT and the software used in
Embedded Coder Robot NXT.

Table 10-1 LEGO Mindstorms NXT & Embedded Coder Robot NXT specification

Processor ATMEL 32-bit ARM 7 (AT91SAM7S256) 48MHz
Hardware Flash Memory 256 Kbytes (10000 time writing guarantee)
SRAM 64 Kbytes
Actuator DC motor
. Sensor Ultrasonic, Touch, Light, Sound
Display 100 * 64 pixel LCD
Communication Bluetooth
RTOS LEJOS C/ LEJOS OSEK
Software Compiler GCC
Library GCC library

You can not download a program when the program size is greater than SRAM or flash memory size (you will
encounter a download error). Please note that a sum of control program and trajectory data must satisfy the
limitation on RAM size or flash memory size.
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10.2 How to Generate Code and Download

You can generate code from the model, build it, and download the program into NXT by clicking the

annotations in nxtscara_controller.mdl shown in Figure 10-1. The procedure is the following.

1. Set Simulink Data Object usage by clicking [SDO Usage]. Simulink Data Object enables us to assign user
variable settings such as variable name, storage class, modifiers etc. Please refer the reference [3] for more
details on Simulink Data Object.

2. Generate code and build the generated code by clicking [Generate code and build the generated code].

3. Connect NXT and PC via USB. Download the program into NXT by clicking [Download (NXT standard
firmware)] or [Download (SRAM)] in accordance with the boot mode of NXT (standard firmware or
SRAM boot).

mnxtscara_controller g@@'

File Edit “iew Simulation Format Tools  Help
O eEdE » irif Harmal - Eg Dk REEE
NXT SCARA Controller Model based on Rate Monotonic Scheduling
This model consists of four parts : Device Inputs, Device Outputs, Task Scheduler, and Application Task Subsystem.
Disclaimer:
LEGO(R) is a trademark of the LEGO Group of companies which dees netsponser, authorize o1 endarse this dema.
LEG0(R) and Mindstorms(R) are registered trademarks of The LEGO Group.
ol o B —
thetalm e Taskgnit | Estknitfs : ‘aQ il
Revclution Senscr Interface Servo Motor Interface!
Part= G ## DSEK Tasks # Part=C
Prarity = - tasknit: Init Py - Prigrite = 1
task.ts1: 006 [sec] R e
task sz 01 [sec] % E —»( )
thetaZzm s 102 52 k. e
Revclution Sensor Interfacat ExpFonCalls Scheduler task tz2 | - Sienio Moter Inferface
Part=H = Part=H
Prigvits = -1 naxtscara_app Prigrity = 1
L S —
touch p
Touch Senser Interface | B2 TTajectory Setting == Servio Motor Interface?
Part= E1 Part= A
Prigrits = —1 Prigrity = 1
= Select trajectory | Clickthe annotations to selectiplot trajectory .w = —@
]
touch? - - -
- Tosch Senser Iterface [Plot trajectory reference | [Plot comet-like trajectory | .. Tone taroce
oty =1
gnt; “hutton i ## Requires only MATLAB products #2
= " [5DO Usage : OFF Step.1 Set Simulink Data Object Usage
9 ick To chal
T L [Generate code from nxtscara_app using RTW-EC |
Fun E:-’::Ga?lnf?mce ## Requires additional 3rd party tools #=
[Generate code and build the generated code E_ Step 2 Code Generation
SvstemOleckintea2  [Download (NXT standard firmware) | [Download (SRAM)] & Build
Click the annotatfons to generateuild code and downlofd it into NXT
e Step.3a Program Download % Step.3b Program Download
(NXT standard firmware) (NXT SRAM)

Figure 10-1  Annotations for code generation / build / download

The generated code is shown in Appendix.
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10.3 Experimental Results

The experimental results are shown as follows. We have derived similar results as the simulation results.
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Figure 10-2  Circle trajectory
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Figure 10-3 MATLAB logo trajectory
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You can watch a movie of NXT SCARA control experiment drawing MATLAB logo at the following URL.

http://www.youtube.com/watch?v=7F2H19teyMY

A YouTube — NXT SCARA : LEGO Mindstorms NXT SGARA Plotter — Micrasoft Internet Explorer M=1E3]
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Rate: % % ® K K 1 ratings Views: 240 Lego Mindstorm NXT: Sound Control
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------------------------------------ Views: 57 v
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Figure 10-4 NXT SCARA control experiment movie

Preparation to Start NXT SCARA
You have to adjust link angles, engage states of gear train, and pen height before starting to run NXT SCARA

according to the following procedure.

1.  Start the program.

2. Push Enter button to transit to adjustment mode.

3. Adjust link 1 angle to 0 [deg] by pushing touch sensors. You have to adjust it in the order 1. right rotation
— 2. left rotation because of setting the engage state properly. The initial engage state is left side from a
viewpoint of NXT intelligent brick.

4.  Push Run button to change adjustment link. Adjust link 2 angle to 0 [deg] in the same way of link 1.

5. Push Run button to adjust a pen. Adjust pen height by pushing touch sensors. You have to set appropriate
pen height because it has a big impact on drawing result. You could need try and error.

6. Return to link 1 adjustment after pushing Run button. Repeat the adjustment work if needed.

7. Quit and restart the program after finishing the adjustment work.
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11 Challenges for Readers

We provide the following problems as challenges for readers. Try them if you are interested in.

Controller performance improvement (gain tuning, controller logic improvement, etc.)
Making new trajectory

Calculation and simulation of NXT SCARA motion equations

NXT SCARA hardware mechanism refinement
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Appendix Generated Code

This appendix shows a task implementation code generated from nxtscara_controller.mdl. The comments are

omitted for reducing papers.

#include ""nxtscara_app-h"
#include "nxtscara_app_private.h"

void task_init(void)

{
motor_number = 1U;
operation_mode = 1U;
timer_trj = MAX_uint32_T;
pen_idx = 0U;

}

void task_tsl_Start(void)

ud_thetalm_ref = thetalm_iv;
ud_engagel = engagel_iv;
ud_theta2m_ref = theta2m_iv;
ud_engage2 = engage2_iv;

void task_tsl(void)

{
real32_T rtb_DataTypeConversion3;
real32_T rtb_DataTypeConversion4;
real32_T rtb_TrigonometricFunctionl;
real32_T rtb_Divide;
real32_T rtb_gear_ratiol;
real32_T rtb_Sum2;
real32_T rtb_gear_ratio2;
real32_T rtb_Switch6;
real32_T rtb_Sum_j;
real32_T rtb_Sum7;
real32_T rtb_Switch2_j;
real32_T rtb_Switch2_1I;
uint32_T rtb_SystemClock_;
uint32_T rtb_Suml_h;
uint32_T rtb_Suml_k;
uint32_T rtb_Selector;
uint32_T rtb_DataStoreRead3 dz;
uint32_T rtb_Switchl_o;
intl6_T rtb_DataTypeConversion3_e;
intl6é_T rtb_DataTypeConversiond_f;
intl6_T rtb_DataTypeConversion2;
intl6é_T rtb_DataTypeConversionl;
int8_T rtb_Switch2_d;
int8_T rtb_Switch2_o;
int8_T rtb_Switch2_m;
int8 T rtb Product;
int8_T rtb_Switch3_d;
uint8 T rtb_DataStoreReadl;
uint8 T rtb_TouchSensor_S1;
uint8 T rtb_Switchl b;
boolean_T rtb_DataTypeConversion5;
boolean_T rtb_DataTypeConversionl_i;

rtb_DataTypeConversion3 = (real32_T)ecrobot_get_motor_rev(NXT_PORT_C);
rtb_DataTypeConversion4 = (real32_T)ecrobot_get _motor_rev(NXT_PORT_B);

rtb_SystemClock_ = ecrobot_get_systick ms(Q);

rtb TouchSensor S1 = ecrobot get touch sensor(NXT PORT S1);
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rtb_DataTypeConversion5 = (ecrobot_get_touch_sensor(NXT_PORT_S1) I= 0U);
rtb_DataTypeConversionl_i = (ecrobot_get_touch_sensor(NXT_PORT_S2) = 0U);
if (operation_mode == 1U) {
if (timer_trj > time_Ffinish) {
if (rtb_DataTypeConversion5) {
rtb_SystemClock_ = 0U;

} else {
rtb_SystemClock_ = MAX_ uint32_T;
}

timer_trj = rtb_SystemClock_;
pen_idx = 0U;
rtb_Switch2_m
rtb_Switch2_o
rtb_Switch2_ d
} else {

rtb_DataStoreRead3_dz = timer_trj;
rtb_Switchl o = timer_trj / 50U;

I n
[eNeoNe

uint32_T rt_uClip = rtb_Switchl_o;
rt_uClip = rt_MIN(rt_uClip,804);
rtb_Sum7 = y ref[rt_uClip];

}

uint32_T rt_uClip = rtb_Switchl_o;
rt_uClip = rt_MIN(rt_uClip,804);
rtb_Switch2_j = x_ref[rt_uClip];

}
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rtb_TrigonometricFunctionl = rt_atan232(rtb_Sum7, rtb_Switch2_j); '
rtb_Switch2_j = rtb_Switch2_j * rtb_Switch2_j + rtb_Sum7 * rtb_Sum7; '
rtb_Sum7 = 1.392399985E-002F; !
rtb_Divide = 4.0F * rtb_Switch2_j * rtb_Sum7;
rtb_Switch2_j -= 1.849600114E-002F;
rtb_Sum_j = rtb_Switch2_j + rtb_Sum7;
rtb_Switch2_1 = fabsf(rtb_Divide - rtb_Sum_j * rtb_Sum_j); !
if (rtb_Switch2_1 < 0.0F) { !
rtb_Switch2_1 = -sqrtf(-rtb_Switch2_1); !
} else { I
rtb_Switch2_1 = sqrtf(rtb_Switch2_1); i
3 !
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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rtb_gear_ratiol = (rtb_TrigonometricFunctionl - rt_atan232(rtb_Switch2_l1,
rtb_Sum_j)) * 5.729578018E+001F * 84.0F;

rtb_Sum2 = rtb_gear_ratiol + ud_backlashl;

thetalm_ref bl = rtb_Sum2;

if (rtb_DataStoreRead3_dz < (uint32_T)((int32_T)time_Ffinish - (int32_T)

time_wait)) {

rtb_Sum_j = rtb_gear_ratiol - ud_thetalm_ ref;
rtb_DataTypeConversion5 = (fabsf(rtb_Sum_j) > dthetam_bl);

if ((ud_engagel == -1) && (rtb_Sum_j > 0.0F) && rtb_DataTypeConversion5)
{

rtb_Sum_j = backlashil;
} else {

if (rtb_DataTypeConversion5 && (rtb_Sum_j < 0.0F) && (ud_engagel == 1))

rtb_Sum_j = -backlashl;
} else {

rtb_Sum_j
s

}
} else {
if (ud_engagel == engagel_iv) {
rtb_Sum_j = 0.0F;
} else {
if (engagel_iv == 1) {
rtb_Sum_j = backlashil;

0.0F;



} else {
rtb_Sum_j = -backlashl;
}

}
+

if (rtb_Sum_j == 0.0F) {
rtb_Switch3_d = 1;

} else {
rtb_Switch3_d = -1;

}

rtb_Product = (int8_T)(rtb_Switch3_d * ud_engagel);
rtb_Divide = rtb_Sum7 * 1.849600114E-002F * 4_.0F;
rtb_Sum7 = rtb_Switch2_j - rtb_Sum7;
rtb_Switch2_1 = fabsf(rtb_Divide - rtb_Sum7 * rtb_Sum7);
if (rtb_Switch2_1 < 0.0F) {

rtb_Switch2_1 = -sqrtf(-rtb_Switch2_1I);
} else {

rtb_Switch2_1 = sqrtf(rtb_Switch2_1);
¥

rtb_gear_ratio2 = 5.729578018E+001F * rt_atan232(rtb_Switch2_I, rtb_Sum7) *
84 _.0F;

rtb_TrigonometricFunctionl = rtb_gear_ratio2 + ud_backlash2;

theta2m_ref bl = rtb_TrigonometricFunctionl;

if (rtb_DataStoreRead3_dz < (uint32_T)((int32_T)time_Ffinish - (int32_T)

time_wait)) {

rtb_Divide = rtb_gear_ratio2 - ud_theta2m_refT;
rtb_DataTypeConversion5 = (fabsf(rtb_Divide) > dthetam bl);
if ((ud_engage2 == -1) && (rtb_Divide > 0.0F) && rtbh_DataTypeConversion5)
{
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rtb_Switch6 = backlash2; !
} else { !
if (rtb_DataTypeConversion5 && (rtb_Divide < 0.0F) && (ud_engage2 == 1)) !
1
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|
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|
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rtb_Switch6 = -backlash2;

} else {
rtb_Switch6

0.0F;
}
}
} else {
if (ud_engage2 == engage2_iv) {
rtb_Switch6é = 0.0F;
} else {
if (engage2_iv == 1) {
rtb_Switch6 = backlash2;
} else {
rtb_Switch6 = -backlash2;
}

}
}

if (rtb_Switch6é == 0.0F) {
rtb_Switch3 d = 1;

} else {
rtb_Switch3 d = -1;

¥

if ((rtb_DataTypeConversion3 < thetalm_max) && (rtb_DataTypeConversion3 >
-thetalm_max)) {
rtb_Divide = (rtb_Sum2 - rtb_DataTypeConversion3) / 50.0F;
rtb_Divide = pwml_offset * rt_FSCGN(rtb_Divide) + pwml_gain * rtb_Divide;
rtb_Switch2_1 = rt_SATURATE(rtb_Divide, -100.0F, 100.0F);

} else {
rtb_Switch2_1 = -100.0F * rt_FSGN(rtb_DataTypeConversion3);
¥

ifT ((rtb_DataTypeConversion4 < theta2m_max) && (rtb_DataTypeConversiond >



-theta2m_max)) {
rtb_Divide = (rtb_TrigonometricFunctionl - rtb_DataTypeConversion4) /
50.0F;
rtb_Divide = pwm2_offset * rt_FSGN(rtb_Divide) + pwm2_gain * rtb_Divide;
rtb_Switch2_j = rt_SATURATE(rtb_Divide, -100.0F, 100.0F);
} else {
rtb_Switch2_j = -100.0F * rt_FSGN(rtb_DataTypeConversion4);
}

rtb_Suml_h = rtb_SystemClock_ + time_enl;
if (rtb_Sum_j = 0.0F) {

timer_enl_0 = rtb_Suml_h;
}

rtb_Suml_k = rtb_SystemClock_ + time_en2;
if (rtb_Switch6 = 0.0F) {

timer_en2_0 = rtb_Suml_k;
}

rtb_SystemClock_ += time_pen;
rtb_DataStoreReadl = pen_idx;
if (pen_idx <= 1U) {
rtb_Switchl_o = time_table_pen[(int32_T)pen_idx];
} else {
rtb_Switchl_o = MAX_ uint32_T;
}

rtb_DataTypeConversion5 = (rtb_Switchl_o == rtb_DataStoreRead3_dz);
if (rtb_DataTypeConversion5 && (lud_flag_pen)) {

timer_pen_0O = rtb_SystemClock_;
¥
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rtb_Selector = (Uint32_T)((int32_T)rtb_SystemClock_ - (int32_T)timer_pen_0); '
iT ((uint32_T)((int32_T)rtb_Suml_h - (int32_T)timer_enl_0) >= time_enl) &&

(UiInt32_T)((int32_T)rtb_Suml_k - (int32_T)timer_en2_0) >= time_en2) && !

(rtb_Selector >= time_pen)) { !

rtb_SystemClock_ = 50U; !
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} else {
rtb_SystemClock_ = 0U;
¥

timer_trj = rtb_SystemClock_ + rtb_DataStoreRead3_dz;
if (rtb_DataStoreRead3_dz == rtb_Switchl_o) {
rtb_Switchl b = 1U;
} else {
rtb_Switchl_b = 0U;
}

pen_idx = (uint8_T)((uint32_T)rtb_Switchl_b + (uint32_T)pen_idx);
rtb_Switch2_m = (int8_T)floor((real_T)rtb_Switch2_I + 0.5);
rtb_Switch2_o = (int8_T)floor((real_T)rtb_Switch2_j + 0.5);
if (rtb_Selector <= time_wait) {
rtb_Switch2 d = 0;
} else {
if (rtb_Selector <= time_wait + time_pwm3) {
rtb_DataStoreReadl %= 2U;
if (rtb_DataStoreReadl == 0U) {
rtb_Switch2_d = pwm3_pen;
} else {
rtb_Switch2_d = (int8_T)(-pwm3_pen);

¥
} else {
rtb_Switch2_d = 0;
}

}

ud_backlashl = rtb_Sum_j + ud_backlashl;
ud_thetalm_ref = rtb_gear_ratiol;
ud_engagel = rtb_Product;



ud_backlash2 = rtb_Switch6 + ud_backlash2;
ud_theta2m_ref = rtb_gear_ratio2;

ud_engage2 = (int8_T)(rtb_Switch3_d * ud_engage?);
ud_flag_pen = rtb_DataTypeConversion5;

}
} else {
if (motor_number == 1U) {
if (rtb_DataTypeConversion5) {
rtb_Switch2_m = pwml_adjst;
} else {
it (rtb_DataTypeConversionl_i) {
rtb_Switch2_m = (int8_T)(-pwml_adjst);
} else {
rtb_Switch2_m = 0;

}
}
rtb_Switch2_o = 0;
rtb_Switch2 d = 0;

} else if (motor_number == 2U) {
rtb_Switch2_m = 0;
if (rtb_DataTypeConversion5) {
rtb_Switch2_o = pwm2_adjst;
} else {
if (rtb_DataTypeConversionl_i) {
rtb_Switch2_o = (int8_T)(-pwm2_adjst);
} else {
rtb_Switch2 o = 0;

}
}
rtb_Switch2 d = 0;
} else {
rtb_Switch2_ m = 0;
rtb_Switch2_o =

iT (rtb_DataTypeConversion5) {
rtb_Switch2_d = pwm3_adjst;
} else {
if (rtb_DataTypeConversionl_i) {
rtb_Switch2_d = (int8_T)(-pwm3_adjst);
} else {
rtb_Switch2_d = 0;
}

}
}
}

ecrobot_set_motor_mode_speed(NXT_PORT_C, 1, rtb_Switch2_m);
ecrobot_set_motor_mode_speed(NXT_PORT_B, 1, rtb_Switch2_o);
ecrobot_set_motor_mode_speed(NXT_PORT_A, 1, rtb_Switch2_d);
rtb_DataTypeConversion3_e = (intl6_T)rtb_TouchSensor_S1;
rtb_DataTypeConversion4_f (intl6_T)rt_MIN(timer_trj, 32767U);
rtb_DataTypeConversion2 = (intl6é_T)floor((real_T)thetalm_ref bl + 0.5);
rtb_DataTypeConversionl = (intl6_T)floor((real_T)theta2m_ref bl + 0.5);
ecrobot_bt_adc_data_logger(0, 0, rtb_DataTypeConversion3_e,
rtb_DataTypeConversion4_f, rtb_DataTypeConversion2, rtb_DataTypeConversionl);

}

void task_ts2(void)
{

uint8_T rtb_DataStoreRead2_p;

uint8 T rtb_RunButton_;

boolean_T rtb_DataTypeConversion2_g;

boolean_T rtb_lLogicalOperator2_a;

boolean_T rtb_DataTypeConversionl_e;

boolean_T rtb_lLogicalOperator2_e;

rtb_DataTypeConversion2_g = (ecrobot_is_ENTER button_pressed() != 0U);

rtb_LogicalOperator2_a = (rtb_DataTypeConversion2_g && (lud_flag_enter) &&

(timer_trj == MAX_uint32_T));

0; i



rtb_DataStoreRead2_p = operation_mode;

rtb_RunButton_ = (uint8_T)((uint32_T)rtb_LogicalOperator2_a + (uint32_T)
operation_mode);

if (int8_T)(uint32_T)num_mode + 1U) == rtb_RunButton_ ) {
rtb_RunButton_ = 1U;

}

operation_mode = rtb_RunButton_;
rtb_DataTypeConversionl_e = (ecrobot_is_RUN_button_pressed() != 0U);
rtb_RunButton_ = motor_number;
if (rtb_DataStoreRead2_p == 2U) {
rtb_LogicalOperator2_e = (rtb_DataTypeConversionl_e && (lud_flag_run));
if (rtb_LogicalOperator2_e) {
ecrobot_sound_tone(880U, 200U, 70);
}

rtb_RunButton_ = (uint8_T)((uint32_T)rtb_LogicalOperator2_e + (uint32_T)
rtb_RunButton_);

ifT (Wint8_T)((uint32_T)num_motor + 1U) == rtb_RunButton ) {
rtb_RunButton_ = 1U;

}

ud_flag_run = rtb_DataTypeConversionl_e;
} else {

rtb_RunButton_ = 1U;
}

motor_number = rtb_RunButton_;

if (rtb_LogicalOperator2_a) {
ecrobot_sound_tone(440U, 600U, 70);

¥

ud_flag_enter = rtb_DataTypeConversion2_g;

}
void nxtscara_app_initialize(void)

task_tsl_Start();
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