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Abstract

The master thesis deals with the practical application of servo drives on the prototype of
the punch press machine called Dynapunch.

In the first part of the thesis the punching process, Dynapunch and its components are
described. Later on the state machine for driving Dynapunch is introduced, coded and
tested. It is followed by reprogramming the trajectory generator to the more useful form.

The next part of the thesis focuses on the implementation of the decision algorithm for
trajectory adjusting. It requires the programming of an effective solver of motion equations.
The next task is the creation of the method for axes motion anticipation. This results in
the implementation of the synchronization algorithm for horizontal and vertical axes of the
punch press. The algorithm is tested in various conditions. The following part of the thesis
describes issues with synchronization of two servo drives connected to the one shaft. The
proper solution is proposed and tested.

In the last part of the thesis methods for tuning controllers are described. The manual
tuning is used as well as off-line tuning with usage of the transfer function. The transfer
function describes the dynamic behaviour of Dynapunch. The transfer function is obtained
by system identification. Results of off-line tuning are compared with results provided by
manual tuning.

Dynapunch is turned into a machine capable of performing test patterns with a wide set

of configuration parameters. The thesis aims for results proved by tests on Dynapunch.

Key words

Punch press, servo drive, real time PC, state machine, cascade control, PID controller,

system identification.



Abstrakt

Diplomova préce se zabyva praktickou aplikaci servopohonti na prototypu vysekavaciho lisu.
V prvni ¢asti diplomové préace je popsan proces lisovani a lis samotny. Nasledné je navrzen,
naprogramovan a otestovan stavovy automat pro fizeni lisu. Poté je prepracovan generator
trajektorie do lépe pouzitelné formy.

Dalsi cast diplomové prace se zaméruje na implementaci rozhodovaciho algoritmu pro
prizptsobeni trajektorie vertikalni osy lisu. To vyzaduje naprogramovat efektivni algorit-
mus pro feseni pohybovych rovnic. Dalsim tkolem je vytvofeni metody pro predpovidani
trajektorie os lisu. To vede k implementaci synchronizacniho algoritmu pro horizontalni a
vertikalni osu lisu. Algoritmus je testovan v rtiznych podminkach.

V posledni ¢asti prace je popsana metoda pro ladéni regulatort servopohonti. Je pouzita
metoda rucniho ladéni a metoda ladéni pomoci prenosové funkce. Prenosova funkce, ktera
popisuje chovani lisu, je ziskdna pomoci metody identifikace systému. Vysledky rucniho
ladéni jsou porovnany s vysledky ladéni pomoci ziskané prenosové funkce.

Prototyp lisu je uveden do funkcniho stavu, kdy je schopny provadét zakladni testovaci
rutiny s sirokou volbou parametri. Vysledky diplomové prace jsou testovany na prototypu

lisu.

Klicova slova

Vysekavaci lis, servopohon, opera¢ni systém realného ¢asu, stavovy automat, kaskadni rizeni,

PID regulator, identifikace systému.
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1 Introduction Application of servo drives on the prototype of the
punch press machine

1 Introduction

The first punch presses were powered by fly wheels. Later on hydraulics were used. The
next step in development is the use of servo drives. Servo drives benefits are cost reduction,
easier maintenance and lower energy consumption compared to hydraulic systems. Servo
drives are becoming the domain of low tonnage punch presses while hydraulic is suitable for
medium and high tonnage presses.

The thesis discuses implementation of servo drive technology on the prototype of a punch
press machine. The prototype of the punch press serves as a test platform called Dynapunch.
Dynapunch is assembled by three servomotors which are driven by servo drives. Servo drives
are commanded by a real time embedded PC. The real time PC controls all actions of
Dynapunch.

The thesis consists of four main tasks. The first task is to create an algorithm for
performing axis movements. It requires the creation of a complex state machine which is
able to perform the testing pattern.

The second task focuses on synchronization of axes to achieve a better strokes per minute
ratio. Synchronization is done between two axes. The method for motion anticipation is
implemented. The third task aims for synchronization of two servomotors on the same
shaft. The Z axis is intended for punching and it is powered by two servomotors which are
connected mechanically. However motors do not have interconnected servo drives on the
hardware level. This leads to issues with proper motors coordination. The problem is solved
by placing part of the control loop outside drives into the real time PC. This allows the
control of both servo drives properly.

The last task aims for improvement of controller tuning. At first servo drives are tuned
manually. Than the work on the mathematical Simulink model of Dynapunch is started.
However, the Simulink model does not reflect the real properties of Dynapunch well, there-
fore the model is not used for controller tuning. Later on the transfer function describing
the dynamic behaviour of Dynapunch is obtained by the system identification technique.
Identification is based on the analysis of output signals from the system. The system is
excited by the sine sweep.

The transfer function is used for tuning the velocity controller as well as the position

16
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controller. The velocity controller is tuned with application of parametrization of the transfer
function. The tuning of the position controller is transferred to the optimization task. The
proportional gain of the controller is perpetually changed until the minimum value of the
criteria function is found.

It is important to mention that Dynapunch is a prototype in an early phase of develop-
ment. A lot of minor tasks have to be solved and many bugs have to be found and fixed or

reported.

17



2 Punching Application of servo drives on the prototype of the
punch press machine

2 Punching

Punching is a method of metal forming. It is the equivalent of shearing. The tool called
punch is forced into the material (workpiece). The workpiece is usually a sheet of metal.

Depending on the application, a slug or perforated sheet is the product.

N T~

Workpiece Punch
L~

N\ Vs

SIS

>| - Clearance

22
. \
Die Slug

Figure 1: Schematic of the die and the punch

As seen in figure [I] the opposite part of the punch is the die. There is a small space
between the punch and the die called clearance. The clearance is necessary to prevent the
punch from jamming in the die and also for better quality of hole edge.

According to (Serruys [1]), the force required for perforation of the metal sheet is defined
by equation [1l where R,, is tensile strength of the material, S is thickness and C' is circum-

ference of the hole.

F=R, S-C [N| (1)

For example the force required to cut the circular hole with diameter of 3 cm through thick

the steel sheet 5 mm thick with R,, = 450 N/mm? is: F = 450-10°-0,005-7-0,03 = 211 kN.

18



3  Dynapunch description Application of servo drives on the prototype of the
punch press machine

3 Dynapunch description

Dynapunch is the prototype of the punch press. Figure [2| shows the body of Dynapunch. It
consists of a bridge frame accompanied by two axes. The Z axis serves for punching. There
are two Mavilor BLS-115 servomotors connected to the Z axis. Torque produced by both
motors is transferred to the vertical movement by the gearbox and spindle. The theoretical
maximum press force is 226 kN. The X axis is for shifting the workpiece. Axis is powered by
servomotor Mavilor BLS-73. The momentum provided by the motor is transferred through

a belt and spindle to horizontal movement.

Leadscrew

Iy Spindle
Q P
s Q
3Q
Bridge frame
8 | 3 .
- ®
N : /Dle
|| - Fastener
= H— Table
y
Bed |
Belt

Pulley Motor

Figure 2: Dynapunch

All motors are driven by servo drives made by IRT SA company. They are custom made
for LVD, but very similar to drives in figures [f] and [6] Drives made for LVD have a USB
connector for debugging and an EtherCAT interface instead of serial and parallel ports seen
in figures. The X axis is driven by servo drive IRT 4009, the Z axis is powered by the pair of
stronger IRT 4025. Simple IO logic, such as end switches is implemented by Beckhof digital
input terminals [I1] with EtherCAT support.

19
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3.0.1 Z axis

The axis is shown on the simplified scheme in figure[3] The axis is assembled by the ram. The
ram is connected to the spindle, which is linked with the constant ratio gearbox. The gearbox
interconnects two Mavilor servomotors. The gearbox has ratio 21/133 and the spindle ratio
is 1/20 mm. It means that ten revolutions of the motor causes 10 - % -20 = 31,57 mm long
movement of the axis.

The motion profile of the Z axis is described in chapter 4.2l It can be characterised as

perpetual movement from top position called the hover height to the bottom position called

the die penetration. The motion has to be finished as fast as possible to keep good strokes

per minute (SPM)) ratio.

Servomotors

}\Gearbox

Spindle
Spindle
Servomotor.
“Ram
Figure 3: The Z axis scheme Figure 4: The X axis scheme

3.0.2 X axis

The X axis has a table for shifting the workpiece. The simplified scheme is depicted in
figure The axis is driven by servomotor Mavilor BLS-73. The servomotor is connected
through the belt to the spindle which moves the carriage with the table. The spindle has
ratio 1/20 mm. Pulleys have the same diameter.

The motion profile of the X axis is characterised as a point to point movement with
a standstill phase. The movement is done while the punch is above the workpiece. The
transition must be as fast as possible to achieve a good strokes per minute ratio. The
motion profile is described in chapter [4.2

20



3  Dynapunch description Application of servo drives on the prototype of the
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3.1 IRT servo drives

IRT servo drives are designed for the control of 3 phase brushless servomotors. Servo drives
are fully digital, allowing changes to various tuning parameters. They are equipped by safety
guards for prevention of motor or drive damage. There is also diagnostic tool which allows
to performance of the basic setting on-line through the USB port. Servo drives have [GBT]
output stage with digital module. It provides low ripple motor current. Drives are
controlled through the EtherCAT [3] field bus. The resolver feedback from servomotors is

supported. [ [

Figure 5: IRT drive 20 A, source in footnote 1 Figure 6: IRT drive 50 A, source in footnote 2

Servo drives series 4000 AT are used in Dynapunch. There are two driver versions. The
smaller version is called 4009 and is used for driving the X axis. It has rated RMS current
9 A. The bigger version is called 4025. It has rated RMS current 25 A. Two IRT 4025 servo
drives are used for driving the Z axis. Both versions have AC supply voltage 3x400 V and
DC output voltage 3x390 V. Drives are depicted in figure ol They support several modes
of operation.

The Cyclic Synchronous Position mode (CSP)) is used in Dynapunch. The CSP mode
does not have any trajectory generator, the target position is sent to the drive every 1 ms.
The drive is trying to reach target position with the effort defined by setting of control loops
and given limits for velocity, acceleration and torque. The control loop scheme is in figure [7]
Cascade regulation is used. The position control block consists of the P controller, velocity
and torque control blocks are equipped with PI controllers. CSP supports additional offsets

such as position offset, velocity and torque offset. It must be noted that Torque offset is

"http://www.irtsa.com/spip.php?article3&lang=en
Zhttp://www.irtsa.com/spip.php?article2&lang=en
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Torque Offset (60B2h)

Velocity Offset (60B1h)

Position offfset
(60B0Oh)
Target _ Position |/~ Velocity |/ Torque

&‘g};ﬁ;‘ g control control |+ control

+!

A A A

Torque actual value
(6077h)
Velocity actual value
(606Ch)
Position actual value
(6064h)

-

A

A

Figure 7: CSP control loop, Source [10]

actually current offset. Name Torque offset is used because torque is proportional to the
current applied to the motor by equation [7}

Other control parameters are present, but important ones are Maz current and Motor
rated current. The parameter Max current limits current applied to the motor. It is im-
portant to set the proper value according to the motor documentation, otherwise the motor
coil insulation could be damaged. Both parameters are also used for calculation of motor
overheating factor - I?T. There is documentation [9] for more details.

Torque and velocity control blocks (figures (8 and E[) are carried out as digital PI control-

lers.

PI Current controller

Current

ic + ! u
command ——> 2 o PWM
[A] Value

A

Real current

Figure 8: Current control block, source [10]

N
Ucm(N) = ky - teny + ki - Y _ (e - AT) (2)

i=0
PI controller of the torque control block is implemented in the form described by equation
and velocity controller is described by equation [3] The variable N is a sample number,
AT [s] is sampling time, Ucys [V] is voltage for PWM voltage source, k; and k, are gains,

ie [A] is current error and w, [rad/s] is angular speed error.
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P| Speed controller

Speed o, + e i
command —— —— Current commanc
[rad/s] N [Ap]
of
Real Speed

Figure 9: Speed control block, source [10]

N

1e[N] = Ky - we(wy + ki - D _(weiy - AT) (3)
i=0
Position control block (figure consists of proportional controller and feed-forward.
It is described by equation {4 where s. [increments] is the command position and s, is the
position error. Increments are equivalent of the position, they represent output of the resolver

built in the motor. However there is no information about the sampling time AT.

SC(N) - SC(N*l) (4)

We(N) = kp * Se(n) + AT

P Position controller

. . W,
Position _Sc X Se — »Position command
command
[inc] -
s]

Real Position

Figure 10: Position control block, source [10]

3.2 DMavilor servomotors
3.2.1 Mavilor BLS-115

Mavilor BLS-115 is the synchronous servomotor with 3 winding phases in the stator. The
shaft consists permanent magnets. The motor has brushless construction. Position feedback
is produced by the resolver. The motor is characterised by low inertia/torque ratio. It
provides very good acceleration characteristic needed for punching with the 7 axis. Peak
torque is 55,6 Nm, nominal torque is 13,9 Nm and moment of inertia is 0,93.10 3 kg-m?. Full

specification is in the datasheet [7].
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3.2.2 Mavilor BLS-73

Mavilor BLS-73 is same type of motor as Mavilor BLS-115, but smaller. Its peak torque is
10,8 Nm, nominal torque is 2,7 Nm and the moment of inertia is 0,74 - 1072 kg-m?. Full

specification is in the datasheet []].

3.3 Real time PC

Dynapunch is driven by the real time embedded PC. The real time PC runs on embedded
Linux. The Linux consists of kernel 2.4.24 and RTAI patch to make it a real time operating
system. There is more information on RTAI documentation [6]. The PC has AMD LX800
processor |5 and the size of memory is 256 MB. The operating system is stored on the
card.

One of the modules loaded by the system is the program which controls Dynapunch.
The embedded PC works with cycle time 1 ms. It means that all output-input actions are
performed each millisecond. The embedded PC supports EtherCAT [3]. [EtherCATlis a field
bus based on Ethernet. The whole infrastructure is depicted in figure

______________________________________________________________________________

EtherCAT network | |

Linux
real time
PC

Beckhof IO module

Servo drive
IRT 4009

Servo drive
IRT 4025

Servo drive
IRT 4025

Ethernet network

Resolver feedback
Resolver feedback
Resolver feedback

i %TEBH switches signals, |
t |hard stop button signall

Power line
Power line
Power line

User PC
with HMI

o
) S— . N —
‘ . : .

[=

Mavilor BLS-73

Mavilor BLS-115 Mavilor BLS-115

Figure 11: Dynapunch connection scheme

It is possible to command embedded PC via an Ethernet cable. The big advantage of that

solution is that Dynapunch is reachable all around the factory if connected to the Intranet
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network. A [HMI] for controlling Dynapunch is a Windows equipped PC with an application
called Touch-A developed by LVD. Touch-A is designed for control with a touch screen built
in the operator panel.

The module which drives Dynapunch is written in C language. It consist of several parts
which are executed sequentially in the specified order. Each part takes care of a specific task.
There are tasks such as communication via EtherCAT, control words generator for drives,
communication with the Touch-A, state machine implementation and trajectory generation.
The source code listed in the thesis is related only to the state machine and trajectory

generation. Other parts of the module are not subjects of the thesis.

3.4 DC motor equations

In the thesis are used [BLDClI motors. A simplified model of the BLDC motor is depicted in
figure [12l The model is described by a set of equations. Equations can be divided into an

electrical and mechanical part.

Figure 12: Scheme of a BLDC motor

The electrical part consists of equation

dl,
U: Um—i_Ra-[a—i_LaE (5)

where U [V] is source voltage, I, [A] is winding (armature) current, L, [H] is winding

inductance and winding resistance is R, [Q]. U, [V] is back electromotive voltage. U, is
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expressed as

U, =k.©

(6)

where © = Q,, [rad/s| is angular velocity of the rotor and k. [Vs/rad] is BEMFE] constant.

Relation between armature current I, and torque 7, [Nm] is described by equation [7| where

k; [Nm/A] is motor torque constant.

Electrical part Mechanical part

1 1

(7)

MY, LastRa Tasb

Um V]

Figure 13: Model of DC motor

Equation [f] can be combined with equation [6] into the form

dl,

U=k©O+R,1,+ L,
+ + Lo

Mechanical part is described by equation [0

0=k, —J,0—50-T

w [rad/s]

(9)

where T; [Nm] is output torque of the motor and J, [kg - m?] is moment of inertia. Coefficient

o] [l\i;nds] is motor viscous damping. Damping is hard to measure and can be nonlinear, but

for simplification it is stated as constant. Taking the Laplace transform of equation [§ and [9]

gives:

U(s) = kesO(s) + Ralo(s) + Lasly(s)

0 = kI, (s) — J,5°O(s) — BsO(s) — T(s)

(10)
(11)
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Equations 10| and [11| are rewritten to get I,(s) and Q,,(s):

_ —kesO(s) + U(s)

Iofs) = = (12)

_ keda(s) — Ti(s)
- sdy+

The Simulink model of the DC motor in figure [I3] is derived from equations [12] and [13]

Q(s) = sO(s)

(13)

The model is considered as an approximation of servomotors used in Dynapunch. Transfer

functions of BLDC motor scheme are

Qm(s) _ Las}l-Ra iy Ja;-&-b L ke (14)
(s) 1+ ﬁktﬁke Lo Jos? 4+ (Lgb + JuRa)s + Rab + kik,

Qn(s) i B Jai+b . B —Lqs+ R, (15)

Ti(s) 1+ higamgke  Ladas® + (Lab+ JoRa)s + Rab + kike

Transfer functions [14] and |15 can be combined to have (2, response on U,, and T}:

Ti(s) (16)
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4 Punch cycle

4 Punch cycle

Punch cycle consists of motions of both axes. Motions are described by set of equations

combined to motion profiles. Following chapter describes motion profile of the Z axis.

4.1 Motion equations

The motion profile of the Z axis is depicted in figure [14l It consist of 6 zones t1 - t6. The

motion profile is defined by jerk j [ms™3], maximum acceleration @,,., [ms~2] and maximum

speed Vpq, [ms™.

Zone t1 Zone t2 Zone t3 | Zone t4 | Zone tb Zone t6

J1=—J Jo=0 J3=1J Ja=1] Js =0 Je = —J
— Qmax __ Umaaz—2v1 — Qmazx i — Omax — Vs

t, = fmas ty = — ty = fmas tha=13 | t5 = ; te = p—

Table 1: Jerk and t, values for zones t1 - t6

Time t, [s] spent in n zone and respective jerk value j, is listed in the table[d.1] Actual

values of acceleration a,, speed s,, [ms™!] and position s, [m] for n* zone can be calculated

by equations [18] [I9] and 20| with initial conditions

ne{1,2,3,4,56} (17)
t € (th1,tn) [s]
to = 0,(10 = 0,’00 =0
t
an(t) = an_1(tn 1) + / G dt (18)
tn—1
t
U (t) = vp1 (1) + a, dt (19)
tn—1
t
Sp(t) = sp_1(tn—1) + vy, dt (20)
tn—1
For example equations for the zone t1 are
t
alt) = [ jar=—jt (21)
to
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t th
ui(t) = / a(t)dt = —72 (22)
to 2
t jt3
sit) = [ o)y ar =~ (23)
to 6
Equations for the zone t2 are
t . .
as(t) = ai(t1) +/t J2dt = —jty (24)
t it 2
va(t) = vi(ty) + [ ag(t)dt = —% — jtit + jt} = % — jtit (25)
t1
t gti® gt gt e gti® gtyd gt gk, gty
t) = t tH)dt = ——+—t—"—t— = — t—2—1% (26
s2() = si(t)+ | va(t) 6 273 2 T3 sttt (29

Motion equations can be characterised as polynomial functions up to the 3'¢ order.

The following lines describe properties of the motion in the figure [I4. When the motion
starts, acceleration is limited by maximum acceleration value and built in respect to jerk
in the zone t1. The ram goes downwards. Zone t2 has constant acceleration while speed is
rising to maximum allowed speed. Zone t3 serves for decreasing acceleration to zero with
respect of jerk value. Deceleration is built in the zone t4 with respect of the jerk value. Zone
tb has constant deceleration, speed is decreasing. Deceleration is decreasing to zero in the
last zone t6. The ram is in the lowest point of trajectory. The ram is returned to the top

position by performing movements through all zones in reverse order.

4.2 Trajectory generator

The trajectory generator generates a trajectory of the Z axis according to motion equations
described in the chapter

Trajectory generation is divided into two phases. There is an initial phase before the
movement starts. Input variables are jerk, acceleration and maximum speed. Generated
output is time, velocity and position at the end of each zone.

The second phase starts with the movement. Parameters generated in the initial phase
are used to cyclically generate points of trajectory. Which motion equation will be used is

determined by pre-generated times for the end of each zone.
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Figure 15: Motion profile of the X axis

Equations for pre-generating during the initial phase are listed in the shortened code

listing Code listing contains initial function init_punch _cycle movement where time

zone numbers correspond with zones t1 - t6 in figure |14}

void init_punch_cycle_movement (ttv_tgen_channel_data* p)

{

Listing 1: Initialization of the trajectory generator

//declare & initialise variables

debug_message (DEBUG_TAG, "init_punch_cycle_movement") ;

// initial values

float j = p->init_data.sfv_jerk/1000.0;
float a = p->init_data.sfv_acc/1000.0;
float v = p->init_data.sfv_speed/1000.0;

//time zone 1 - build up acc, limit jerk

float t1 = a/j;
//float al = a;

float vl = j*t1¥t1/2.0;
float sl = j*tl*t1*t1/6.0;

//time zone 2 - max and constant acceleration

float t2 = t1 +
//float a2 = aj;
float v2 = vl +
float s2 = s1 +

//time zone 3 -
float t3 = t2 +
//float a3 = 0;
float v3 = v2 +
float s3 = s2 +

//time zone 4 -

(v - 2%

ax(t2 -

vi)/a;

t1);

vikx(t2 - t1) + ax(t2 - t1)*(t2 - t1)/2.0;

acceleration decreases as speed gets higher

alj;

ax(t3 - t2) - j*(t3 - t2)*(t3 - t2)/2.0;
v2%(t3 - t2) + a*(t3 - t2)*(t3 - t2)/2.0 - j*(t3 - t2)*(t3 - t2)*(t3 - t2)/6.0;

constant speed
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float t4 = t3 + 0.0;

//float a4 = 0;

float v4 = v;

float s4 = s3 + (t4 - t3)*v;

//time zone 5 - build up dec, limit jerk

float t5 = t4 + a/j;

//float ab = -j*(t5 - t4);

float v6 = v4 - j*(t5 - t4)*(t5 - t4)/2.0;

float sb = s4 + v4*(t5 - t4) - j*(t5 - t4)*(th - t4)*(t5 - t4)/6.0;

//time zone 6 - max and constant deceleration

float t6 = t5 + v5/a;

//float a6 = -a;

float v6 = vb - a*x(t6 - t5);

float s6 = sb + vb*(t6 - t5) - a*(t6 - t5)*(t6 - t5)/2.0;
..... \\shortened

Pre-generated values for each time zone are forwarded to function set_punch cycle_
point_generation in the code listing[2l The function is called every 1 ms to get a new point
of the trajectory. Time ¢ is compared with the end time of zones t1 - t6 to choose which

zone will be used. Actual position, speed and acceleration is generated.

Listing 2: Original version of the point generator

void set_punch_cycle_point_generation(ttv_tgen_channel_data* p,float pfv_time,float* pfp_pos,float* pfp_spd,
float* pfp_acc)

..... \\shortened

float t = pfv_time;

if (pfv_time > t6) \\ if time is behind zone t6, zones are executed backwards
t = (2%t6 - t);

float j = p->init_data.sfv_jerk/1000.0;
float a = p->init_data.sfv_acc/1000.0;
float v = p->init_data.sfv_speed/1000.0;

// initialization
float jn = 0.0;

float an =
float wvn
float sn =

0.0;
0.0;
0.0;

>

if (t <= 0.0) // no motion zone

{
jn = 0.0;
an = 0.0;
vn = 0.0;
sn = 0.0;
}
else if (t <= tl1) // zones are chosen according to t1 - t6
{
//time zone 1
jn =33
an = j*t;
vn = j*t*t/2.0;
sn = j*t*t*t/6.0;
}
else if (t <= t2)
{
//time zone 2
jn = 0.0;
an = a;
vn = vl + ax(t - t1);
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sn = s1 + vix(t - t1) + ax(t - t1)*x(t - t1)/2.0;

}
else if (t <= t3)
{
//time zone 3
jn = -3;
an = a - j*(t - t2);
vn = v2 + ax(t - t2) - j*(t - t2)*(t - t2)/2.0;
sn = s2 + v2x(t - t2) + ax(t - t2)*(t - t2)/2.0 - j*(t - t2)*(t - t2)*(t - t2)/6.0;
}
else if (t <= t4)
{
//time zone 4 - constant speed
jn = 0;
an = 0;
vn = v;
sn = s3 + (t - t3)*v;
}
else if (t <= t5)
{
//time zone 5
jn = -3;
an = -j*(t - t4);
vn = v4 - jx(t - t4)*(t - t4)/2.0;
sn = s4 + védx(t - t4) - j*x(t - td)*(t - td)*(t - t4)/6.0;
}
else if (t <= t6)
{
//time zone 6
jn = 0;
an = -a;
vn = vb - a*x(t - tb);
sn = sb + vbx(t - t5) - ax(t - t5)*(t - t5)/2.0;
}
else
{
jn = 0.0;
an = 0.0;
vn = 0.0;
sn = 0.0;
}
if (pfv_time > t6)
{
jn *= -1;
vn *= -1;
}

*pfp_acc = -an*x1000.0;
*pfp_spd = -vn*1000.0;
*pfp_pos = p->init_data.sfv_s_start - 1000.0*sn;

The big disadvantage of this approach is that it is not possible to set distance between the
top and the bottom point of the trajectory. It is necessary to balance jerk, acceleration and
speed to get the desired distance. Therefore the function set_punch_cycle point_generation
in the code listing [2 is reprogrammed. The variable distance is added to specify desired
distance. However if the maximum speed is set too low, it is not possible to reach the desired
distance. Therefore the constant speed phase is added together with the decision algorithm

to keep trajectory as fast as possible. A shortened code of the new function is in the code
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listing [3] The new function generates trajectory with the following properties. If the desired
distance is longer than distance reached with motion profile without constant speed phase,
the constant speed phase is added (lines 61 - 84). If the desired distance is shorter than
distance reached with predefined jerk, acceleration and max. speed values, the constant
acceleration phase is shortened so as not to overcome the desired distance (lines 86 - 138).
If pre-generated speed exceeds max. speed, it is limited and the constant speed phase is

enlarged (lines 18 - 25). The new motion profile is depicted in figure [16]

Acceleration phase Constant Deceleration phase
Phase | Start of | Linear |Endof | speed |Startof | Linear |End of

jerk ace.| accel. jerk acc.| phase |jerk dec.| dec. jerk dec.
Zone _t1 2 3 t4 t5 t6 t7
<
@0,
9
c
S
©
KLU (T DU P SE— Y S PN
Q
Q
Q
<
2‘0 = L
S
o
(5}
>
c \
kel
‘@
o
o

\\

Time [s]

Figure 16: Motion profile of Z axis with constant velocity zone - the first half

Listing 3: Point generator with specified distance and max. speed limitation

void init_punch_cycle_movement_with_const_speed(ttv_tgen_channel_data* p)
{

//declare & initialise variables

debug_message (DEBUG_TAG,"init_punch_cycle_movement_with_const_speed") ;

float j = p->init_data.sfv_jerk/1000.0;

float a = p->init_data.sfv_acc/1000.0;

float v = p->init_data.sfv_speed/1000.0;
float distance = p->init_data.sfv_a_a/1000.0;

//time zone 1 - build up acc, limit jerk
float t1 = a/j;
//float al = a;
float vl = j*tl*tl/Q.O;
float sl = j*tl*t1*t1/6.0;

// max. speed will be reached during building up acc
if (vi>=v/2)

vl = v/2;
tl = sqrtf(2 * vi / j);
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a =3 * til;
sl = j*tixtlxt1/6.0;
// printf("time of building up acc limited\n");

// time zone 2 - max and constant acceleration

float t2 = t1 + (v - 2%vl)/a;

// float a2 = a;

float v2 = vl + a*x(t2 - t1);

float s2 = sl + v1*(t2 - t1) + a*(t2 - t1)*(t2 - t1)/2.0;

// time zone 3 - acceleration decreases as speed gets higher
float t3 = t2 + a/j;

if (vi>=v/2) // max. speed will be reached during building up acc

{

}

t3 = t2 + ti;

// float a3 = 0;
float v3 = v2 + ax(t3 - t2) - j*(t3 - t2)*(t3 - t2)/2.0;
float s3 = s2 + v2*(t3 - t2) + a*x(t3 - t2)*(£3 - t2)/2.0 - j*(£3 - t2)*(t3 - t2)*(t3 - t2)/6.0;

// time zone 4 - constant speed
float t4 = t3 + 0.0;

// float a4 = 0;

float v4 = v;

float s4 = s3 + (t4 - t3)*v;

// time zone 5 - build up dec, limit jerk

float t5 = t4 + a/j;

// float ab = -j*(t5 - t4);

float vb = v4 - j*(t5 - t4)*(t5 - t4)/2.0;

float s5 = s4 + v4x(t5 - t4) - j*(t5 - t4)*(tb - t4)*(t5 - t4)/6.0;

//time zone 6 - max and constant deceleration

float t6 = t5 + v5/a;

//float a6 = -a;

float v6 = v5 - a*x(t6 - t5);

float s6 = sb + vb*x(t6 - t5) - a*(t6 - t5)*(t6 - t5)/2.0;

if (s6<distance) // constant speed zone is added

{

debug_message (DEBUG_TAG, "Build constant speed zone");
float distance_missing = distance - s6;

//time zone 4 - constant speed
t4 = t3 + distance_missing / v4;;
s4 = s3 + (t4 - t3)*v;

//time zone 5 - build up dec, limit jerk

t5 = t4 + a/j;

//float ab = -j*(t5 - t4);

vE = v4 - j*(t5 - t4)*(t5 - t4)/2.0;

sb = s4 + v4x(tb - t4) - j*(t5 - t4)*(th - t4)*(tb - t4)/6.0;

//time zone 6 - max and constant deceleration

t6 = t5 + v5/a;

//float a6 = -a;

v6 = vb - ax(t6 - tb);

s6 = sb + vb*(t6 - t5) - a*x(t6 - t5)*(t6 - t5)/2.0;

if(s6 > distance) // we are beyond desired distance, acceleration zone is shortened

{

debug_message (DEBUG_TAG, "Shortening const acc phase");

//float real_s2 = s2 - si;

float ss3 = s3 - s2;

// desired s2

float desired_s2 = (distance - s1 - ss3)/2;
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//time zone 2 - max and constant acceleration
//t2 = t1 + (v - 2xvl)/a;
float c[5]={0%};
c[0] = - desired_s2;
c[1] = vi;
c[2] = 0.5 * a;
float tt2 = tgen_newton(c, 2, 1, 0, 9999); //usage of the Newton method to get t2

t2 = t1 + tt2;
v2 = vl + ax(t2 - t1);
s2 = s1 + vi*x(t2 - t1) + a*x(t2 - t1)*(t2 - t1)/2.0;

//time zone 3 - acceleration decreases as speed gets higher
t3 = t2 + a/j;
if (vi>=v/2) // max. speed will be reached during building up acc
{
t3 = t2 + ti1;
}
// a3 = 0;
v3 = v2 + a*x(t3 - t2) - j*(t3 - t2)*(t3 - t2)/2.0;
v = v3;
s3 = 52 + v2*(t3 - t2) + a*x(t3 - t2)*(t3 - t2)/2.0 - j*(t3 - t2)*(t3 - t2)*(t3 - t2)/6.0;

//time zone 4 - constant speed

t4 = t3 + 0.0;

//float a4 = 0;

v4d = v3;

s4 = s3 + (t4 - t3)*v;

//time zone 5 - build up dec, limit jerk

ts = t4 + a/j;

//float ab = -j*(t56 - t4);

vb = v4 - j*(t5 - t4)*(t5 - t4)/2.0;

sb = s4 + v4*(th - t4) - j*(t5 - td)*(tb - t4)*(t5 - t4)/6.0;
//time zone 6 - max and constant deceleration

t6 = vb/a + t5;

//float a6 = -a;

v6 = v5 - ax(t6 - t5);

s6 = sb + vb*(t6 - t5) - ax(t6 - t5)*(t6 - t5)/2.0;

.......... \\ shortened

4.3 Summary

The code for trajectory generation is rewritten in a more useful form. It is no longer necessary
to recompute jerk, acceleration and speed values to get the desired stroke length. If the
maximum speed or acceleration is limited or the distance from hover height to the bottom
is too long, constant speed phase is automatically inserted to the motion profile to achieve

the desired stroke length.
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5 State machine

The following chapter refers to the development of the state machine for driving Dynapunch.
The state machine started as a simple machine which was performing up and down move-
ments with one axis in an endless loop. The complex state machine is created. It is able to
perform the test pattern listed in figure [20] with various settings. A state machine is built
above [API] developed by the LVD Company. It is a single thread application running in an
endless loop as within a Linux system module.

The state machine is divided into three blocks. The initial block serves for axes referencing
with limit switches and puts axes to defined positions before the punching sequence starts.
The punching block performs the punch pattern and the termination block guides Dynapunch
to the initial state after the punch pattern is finished.

The source code of the state machine can be seen in the appendix [D.I because it is
too long to place it into the thesis. There is a simplified diagram of it in figure [19] It is
recommended to read chapter first for good understanding.

5.1 Example of the state machine

A simple state machine is described for understanding the complex state machine in the
appendix [D.1]

Implementation of the state machine has the following rules. Transitions between states
are allowed if the condition in the transition block is fulfilled. If the condition is not fulfilled,
transition is not made and the condition is tested periodically. Every action of Dynapunch
is triggered in the transition block after the condition is fulfilled. It is possible to connect
more than one transition block to the one state block. State and transition are depicted in

figure [17]

Transition -
State with condition Transition

Input node Input node Input node

Condition

Output node if condition
is not fulfilled, <~ 215€] Action
no action is performed Action

True

Output node if condition Output node

Output node is fulfilled, action is performed

Figure 17: Example of state and transition symbols
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Lets assume a state machine in figure It waits in the state 1 until condition 1 is
fulfilled. Than it waits in the state 2 until condition 2 is true, then cycles between states
2 and 3 if conditions 2 and 3 are fulfilled. If any condition is not true, the state machine
returns to the state 1. Transitions 1,2 and 3 are executed during transitions between states.
There can be transition block without a condition, its action is always performed. If there
is a node without transition block, transition is done, but no action performed. The source

code of the state machine is in the listing 4

Condition 1
fulfilled

Transition1

True ‘L

Condition 2
False fulfilled?

Transition 2

True

b

Condition 3
\_ False| fuifiled?

Transition 3

(True

Figure 18: Example of the state machine

Listing 4: Example of the state machine from figure

#include "../../stm/stm_mod.h"

// state functions prototypes
void SMachine_s_1Q);
void SMachine_s_2Q);
void SMachine_s_3();

// condition function prototypes
void SMachine_c_1Q);
void SMachine_c_2Q);
void SMachine_c_3();

// transition function prototypes
void SMachine_t_1Q);
void SMachine_t_2(Q);
void SMachine_t_3Q);
void SMachine_t_4Q);

//initialization of the state machine

int pattern_stm_initialise()

{
int liv_stm_idx = stm_register_state_machine(); // id of the state machine
if (liv_stm_idx == -1)
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{
debug_message (DEBUG_TAG, "stm_register_state_machine failed");
return -1;
}
// register states
int liv_state_1 = stm_register_state(liv_stm_idx,SMachine_s_1);
int liv_state_2 = stm_register_state(liv_stm_idx,SMachine_s_2);
int liv_state_3 = stm_register_state(liv_stm_idx,SMachine_s_3);
// test states registration
if ((liv_state_1 == -1) ||
(liv_state_2 == -1) ||
(liv_state_3 == -1))
{
debug_message (DEBUG_TAG, "stm_register_state failed");
return -1;
}
// register conditions
int liv_cond_1 = stm_register_condition(liv_stm_idx,SMachine_c_1);
int liv_cond_2 = stm_register_condition(liv_stm_idx,SMachine_c_2);
int liv_cond_3 = stm_register_condition(liv_stm_idx,SMachine_c_3);
int liv_cond_4 = stm_register_condition_combination(liv_stm_idx,STM_OPER_NOT,liv_cond_2,0);
int liv_cond_5 = stm_register_condition_combination(1iV_stm_idx,STM_DPER_NDT,1iv_cond_3,0);
// test conditions registration
if ((liv_cond_1 == -1) ||
(liv_cond_2 == -1) ||
(liv_cond_3 == -1) ||
(liv_cond_4 == -1) ||
(liv_cond_5 == -1))
{
debug_message (DEBUG_TAG, "stm_register_condition failed");
return -1;
}
// register transitions
int liv_trans_1 = stm_register_transition(liv_stm_idx,liv_state_1,liv_state_2,liv_cond_1,SMachine_t_1);
int liv_trans_2 = stm_register_transition(liv_stm_idx,liv_state_2,liv_state_3,liv_cond_2,SMachine_t_2);
int liv_trans_3 = stm_register_transition(liv_stm_idx,liv_state_3,liv_state_2,liv_cond_3,SMachine_t_3);
int liv_trans_4 = stm_register_transition(liv_stm_idx,liv_state_2,1liv_state_1,liv_cond_3,SMachine_t_4);
int liv_trans_b = stm_register_transition(liv_stm_idx,liv_state_3,liv_state_1,liv_cond_3,SMachine_t_4);
// test transitions registration
if ((liv_trans_1 == -1) ||
(liv_trans_2 == -1) ||
(liv_trans_3 == -1) ||
(liv_trans_4 == -1) ||
(liv_trans_5 == -1))
{
debug_message (DEBUG_TAG, "stm_register_transition failed");
return -1;
}
return 1;
}
//state functions

void SMachine_s_1()
{
}

void SMachine_s_2()
{
}

void SMachine_s_3()
{
}
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//conditions functions
int SMachine_c_1()

{
if (func())
return O;
return 1;
}
int SMachine_c_2()
{
return fun2();
}
int SMachine_c_3()
{
return fun3();
}

// transition functions
void SMachine_t_1()

{
do_something();
}
void SMachine_t_2()
{
do_something_else();
}
void SMachine_t_3()
{
do_something_completely_else();
}
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Figure 19: State machine for Dynapunch
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5.2 Test pattern

The test pattern for testing Dynapunch performance is described in the following chapter.
Pattern can have variable number of strokes, variable distance between strokes and also

variable motion parameters for both axes.

Figure 20: The test pattern

Holes are placed with distance L and respectively to numbers in figure 20} The diameter
of the hole is d [mm], than L = 2d+5 [mm]. It leaves 2,5 mm gap between holes. The fourth
hole is punched in the distance L/2 from the third hole. The direction of X axis movement
is reversed after fourth hole. Holes 5 and 6 are perforated in between existing ones.

The pattern multiplies potential errors in axes synchronization. If axes are not synchron-
ized well, distance between holes is not the same. The error is the most significant between
holes 1, 6 and 2.

The motion profile of the punch pattern can be seen in figure 21} At first the X axis
moves from its reference position to initial position. When the movement is finished, the
7, axis travels from its referencing position to hover height. The punch pattern is started

afterwards. The Z axis returns to the reference position after the pattern is complete.
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Figure 21: The punch pattern, the X and Z axis overview
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6 Motion anticipation

The punch cycle requires well coordinated motion of the X and Z axis. As seen in figure [22]
the ram is allowed to hit the workpiece in section 3 when the X axis is not moving. The ram
travels through the workpiece. Travelled distance is called clear height. Then it continues
under the workpiece into the die to reach desired die penetration. There is a space above

clear height called margin.

Section: 1 2 3 P 5

Z axis position [mm]

X axis speed [mm/s]

v '

PR SRS S S S N R SRS S N N R

2220 2230 2240 2250 2260 2270 2280 2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400 2410
time [ms]

Figure 22: The punch cycle

If the X axis is moving, the ram is not allowed to be lower than the margin. It prevents
collision of axes caused by tolerances in control process or uneven thickness of the sheet of
metal. The margin is formed in sections 2 and 4 where the X axis is at a standstill and the
Z axis enters or exits the margin zone. The X axis is changing position in zones 1 and 5
while the Z axis is reaching or leaving hover height. It is important to keep sufficient hover
height during movement of the workpiece, because the workpiece might flicker on the table
if a big sheet of metal was processed with high feed rate.

It is possible to wait until the X axis is completely in at a standstill and then starts the
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movement of the Z axis. This approach is very simple, however it reduces the number of
strokes per minute (SPM)) rapidly.

The solution is to start movement of the Z axis before the X axis reaches its position and
start the movement of the X axis right after the Z axis exits the safety margin zone. The
thickness of the workpiece is not the same all the time, also hover height, die penetration
and all other parameters such as speed, acceleration and jerk for both axes could differ from
application to application. It is necessary to anticipate the position of axes. This approach
is implemented into the state machine described in previous chapter.

There is a condition Pattern ¢ Time To Punch() marked by number 11 in the state
machine diagram (figure . The source code is in the listing . The condition has to be

fulfilled before the Z axis starts the stroke. The condition compares two time variables.

Listing 5: Condition 11

int Pattern_c_Time_To_Punch()
{
float pfv_time_to_move_ready = axis_get_time_to_move_ready(X1_AXIS);
float pfv_time_to_pos = gfv_zl_time_to_pos+gfv_time_to_position_down_correction;
if ((pfv_time_to_move_ready <= pfv_time_to_pos))
{
return 1;

}

return O;

The first variable is the time to finish the movement of the X axis, the second one is
the time to move the Z axis from the hover height to the margin zone. It was simple
to get time for the X axis, because the function for it has already been implemented
- axis_get_time_to_move_ready(X1_AXIS). Variable gfv_zl time_to_pos which stores the
time for the Z axis is obtained by calling function axis get time to_position(Z1_AXIS,
pfv_position) in the transition marked as number 14 in the state machine diagram. The
position to which the time is being calculated is called pfv_position. Source code of the

transition is in the listing [0}

Listing 6: Transition 14

void Pattern_t_PunchToAnticipating_Z1()

{
debug_message (DEBUG_TAG, "Pattern_t_PunchToAnticipating_Z1");
int pfv_position = gfv_zl_axis_start_pos - gfv_zl_clear_height;
gfv_zl_time_to_pos = axis_get_time_to_position(Z1_AXIS,pfv_position);
gfv_time_to_position_up = axis_get_time_to_position_up(Z1_AXIS,pfv_position);
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Function axis_get _time to_position(Z1_AXIS, pfv_position) triggers a set of calls.
The set of calls ends with the call of function
ecsrv_get_time to_position(liv_ecsrv_idx,pfv_position), which actually does the cal-
culation. The function can be viewed in the appendix [D.2]

The function calculates end time of each motion zone (lines 9 - 133 in appendix [D.2),
the same as during the initialization of the trajectory generator in the chapter 4.2l Then
pfv_position is compared (lines 165 - 181) with the end positions of time zones to detect
which zone pfv_position belongs to. If the end zone is found, the time between the start
of the end zone to the pfv_position is calculated (lines 165 - 278). Calculation is done by
solving motion equations.

Motion equations are polynomial functions up to the 3'¢ older in the form p = at® +
bt* + ct + d where a,b,c,d are real numbers, ¢ [s] is an unknown variable and s [mm)] is
pfv_position. Calculation of ¢ is done between lines 179 - 266. It is simple to get ¢ in zones
t1 and t4 where polynomial has form p = at™ + d. It can be solved directly. Also zones t2
and t6 have a simple solution, because the polynomial degree is 2. The quadratic formula
tio = %@ is used.

The solution in zones t3 and t5 is more difficult. The polynomial degree is 3, usage of
quadratic formula or direct solution is not possible. The speed of CPU does not allow to
use brute force - the cyclical increase of ¢ with small step and comparison of results with
pfv_position, it would be too slow. It is a good idea to use the Newton-Raphson method.
An example of usage for the zone t3 is in the listing Polynomial coefficients a, b, ¢, d
are saved in the field c[3] and forwarded to the function tgen newton(float c[3], int
power, float start, float max, float min). The function is described in the code

listing [§] The function tgen newton has its precision interval set to 0.0001 mm. The

maximum number of iteration is set to 20.

Listing 7: Usage of the Newton-Raphson method in the zone t3.

case 3: // zone t3
{
float c[3] = {0};

c[0] = s2 - pfv_position;
cl[1] = v2;

c[2] = a/2.0;

c[3] = -j/6.0;

pfv_time_B = tgen_newton(c,3,0.0001,t3,t2);
pfv_pos_B = s2 + v2*pfv_time_B + axpfv_time_B*pfv_time_B/2.0 - j*pfv_time_B*pfv_time_B*pfv_time_B/6.0;
break;
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Listing 8: Newton—Raphson method

float tgen_newton(float c[3], int power, float start, float max, float min)

{

// Newton-Raphson method

// cln] - coefficient of n-th order
// power - order of polynomial

// start - starting point

// max, min - interval borders

int i=0,count=0;

float c[5]={0};

float xl=start,x2=0,t=0;
float fcnl1=0,fcnl_derived=0;

do {

count++;
fcnl=fcnl_derived=0;
for (i=power;i>=1;i--)

{
fenl+=c[i] * (pow(x1,i)) ;
}
fenl+=c[0];
for (i=power;i>=0;i--)
{
fcnl_drived+=c[i]* (i*pow(xl,(i-1)));
}
t=x2;

x2=(x1-(fcn1/fcnl_drived));

x1=x2;

} while(((fabs(t - x1))>=0.0001) & (count<=20));
return x2;

When the stroke is triggered, the state machine goes to the state Anticipating of Z1

axis and waits until condition Pattern_c_Time_To_Move() in transition 10 is fulfilled. The

condition is listed in the code listing 0] If the condition is fulfilled, the X axis moves to

the next position. The condition compares actual time spent during movement of the 7 axis

with pre calculated time gfv_time to_position_up. It is the time to reach end of the margin

zone when the 7 axis is returning to the hover height. Time gfv_time to_position_up is

calculated in the same way as time gfv_z1_time_to_pos.

Listing 9: Condition 10

int Pattern_c_Time_To_Move()

{
float pfv_act_time = axis_get_act_time(Z1_AXIS);
if ((pfv_act_time >= gfv_time_to_position_up+gfv_time_to_position_up_correction))
{
return 1;
}
return O;
}
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Correction factor gfv_time to_position_up_correction is added to the
gfv_time_to_position_up in the condition 10. Similar factor gfv_time to_position correction
is added to the gfv_time_to_position in the condition 11. It is necessary to compensate

reaction times of drives and transport delays. It is discussed in following chapter.

6.1 Axis synchronization

As you can see in condition 10 (listing[9) and in condition 11 (listing[f]), the correction factor
is added to calculated times. It is necessary to do it, because there are transport delays of
the signal and response times of drives.

It takes two cycle times (2 ms) to send the command to the drive. The drive position
control loop is running on another frequency than real time PC. Cubic interpolation is used
to resample command signal to frequency used in drives. Sampling adds approximately 2 ms
of transport delay. Another delay is caused by signal processing inside drives. After that
drives start the commanded action. All this gives a total delay of 6 ms.

After the drive starts the action, there is another delay until the motors are really rotating
and an information about position is back to the real time PC. It gives approximately two

more cycle times of delay. The situation is depicted in figure

5.1
E 5 [ e
E Actual position
c «< ~
kel 8 ms N
'g4.9 - .
o Desired position

4 8 | | | | | | | | | |

’ 1990 1992 1994 1996 1998 2000 2002 2004 2008 2010
t [ms]

Figure 23: Delay between desired and actual position

It is important to know that delays are cancelled if times for desired positions of the X and
Z axis are compared. In the case of gfv_time _to_position_correction desired value for the
7 axis is compared with the desired position of the X axis. It means that 8 ms delay is can-
celled and only the delay dependant on the structure of state machine and deviation caused

by sampling remains. It is the same situation with gfv_time to_position_up_correction,
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but axes are commanded in reversed older. It is the reason for the negative sign of
gfv_time_to_position_up_correction.

Correction factors in the conditions 10 and 11 are adjusted to:
gfv_time to_position up_correction = —0,003 [s]
gfv_time to_position_correction = 0,002 [s]

Testing with various parameters of motion profile proved that correction factors do not
depend on the motion profile. There is a testing plot in figure 24 Tt consist of three graphs.
The first one contains the desired position of the Z axis (red line) and the real position of
the Z axis (blue line). The second graph shows the actual and desired speed of the X axis.
Colouring of lines is the same as in the first graph. The position of the X axis can be seen
in the last graph.

A closer look at figure 24 shows that the margin zone is set to 2,5 mm. The Z axis reaches
this point at the same time as the X axis reaches zero speed. There is a small overshoot, but
position change is less than 0,2 mm which can be neglected because the sheet is penetrated
after the biggest peek. When the Z axis goes up, the X axis is at a standstill until the Z axis
steps out of the margin zone. Other testing plots with different hover height, die penetration,
distance between strokes or punching speed are listed in the appendix

The plotting tool for investigation of motion graphs was created. It is written in Matlab
programming language. It is able to plot graphs from raw data provided by the real time
PC. It is possible to pick the particular time interval from the motion profile and it is also
possible to define which motion properties such as acceleration, speed or actual current will
be plotted. Plots are aligned vertically on top of each other with a common x axis which
represents time. The result plot is exported to PDF automatically. Source code can be

found in the folder Plotting tool in the attached CD (attachment [A]).

6.2 Summary

The method for motion anticipation is developed and tested. ratio is improved, because
the axes do not have to wait for each other. The method is independent of settings of axes
parameters. It does not require a lot of CPU time, because motion equations are not solved

by brute force.
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z_position [mm]
o
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Flgure 24 AXGS SynChI‘OIllzatlon teSt, Parameters of the Z axis: hover height h = 2.5 mm, die penetration d, = 1.2 [mm],

jerk 7 = 1.041 msf3, max. acceleration a,qz = 62.5 ms™

mm, jerk 7 = 3500 [ms_3], max. acceleration amqr = 35 ms_2, max. speed Uimmge = 0.7 ms™

2 1

, max. speed VUmaz = 0.179 ms™ *. Parameters of the X axis: stroke distance sg = 70

1
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7 Two motors

The Z axis is powered by two identical motors interconnected by constant ratio gearbox.
Each motor has its own drive. There is no possibility to command the first drive and copy
its motion directly to the second one, because drives do not have implemented any direct
drive to drive communication. The only option is to command motors simultaneously from
the real time PC.

It is also not possible to send identical position commands into both drives. There is a
backlash between teeth in the gearbox as it is depicted in figure If motors were position
commanded, one would propel the main wheel in the gearbox and the other would follow

with a backslash without even touching the main gear. |

Operating pitch circles

\\‘\‘\\ \\\

Backlash
(transverse operation)

Figure 25: Gear backslash, source in the foot note 1.

There is also a possibility that motors are unevenly synchronized. If one motor was
trying to reach the desired position, the other would already be in the position and push
back against the first motor. It would cause arguing between motors, which would lead to
oscillations and premature wearing of shafts and the main gear.

Figure [26] shows the detailed scheme of the control loops inside the drive. Blocks Ft, Fuv
and F'p are constants to convert values to ranges used in the drive. There are blocks marked
as Filter. They are low pass filters to suppress higher frequencies in the control scheme. It

is possible to send position commands to the drive and apply torque and velocity offsets.

7.1 Torque synchronization

The first option is to send position commands to the first drive (noted as Z1), read the value

of actual current (G25P08 in the scheme) generated by the command and apply current

"http://commons.wikimedia.org/wiki/File:Backlash.svg#mediaviewer/File:Backlash.svg
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Figure 26: Detail scheme of control loops

offset to the second drive (noted as Z2). However, due to transport delays between drives
and the real time PC it is not possible to synchronize motors properly. As seen in figure
current of the Z2 drive lags behind Z1. There would be no section with current values
around 0 A in the case of faster movement. Motors would attempt to turn in the opposite

direction.

7.2 Velocity synchronization

The second option is to control both motors by velocity commands instead of position
commands. It is possible to do it through the input called velocity offset. Proportional
gain of the position control loop inside drives is set to zero and feed forward is disconnected.
The position control loop is placed out of drives to the real time PC. Output of the loop
is sent to both drives. The value of actual position is taken from the Z1 drive and used
for both drives. Position of the Z2 motor is not important, there is only one requirement -
the velocity of Z2 motor must be the same as velocity of the Z1 motor. The whole control

scheme is in figure [28]
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Figure 27: Incorrect torque synchronization of drives
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Figure 28: Position loop outside the drive

The position control loop placed in the real time PC is implemented by the function

position_loop. Source code of the function is in the code listing It is executed every

1 ms, which is enough for good position regulation. Line 4 restricts usage of external position
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control loop only for the Z1 and Z2 axes. Lines 9 - 17 corrects proportional gain in low speeds
for better performance. This method is called gain scheduling. Regulation itself is located in
lines 24 and 25. The result is req_speed which is recalculated to req_speed_inc - velocity
in increments per second. Values used for recalculation are: gearbox ratio 21/133, spindle

ratio 1/20 mm and the number of increments per revolution 65536.

z1_position [mm]

force [kN]

1 1 1 1 1
20 40 60 80 100 120 140 160 180 200
t[ms]

Figure 29: Synchronization of drives

Motors are well synchronised as seen in figure 29, The force in the bottom plot is
proportional to current by the factor k; mentioned in the chapter (3.4l Force curves differ

slightly, but this is natural. Motors and drives are not identical copies of each other.

Listing 10: Position control loop

float i_part[5] = {0};

void position_loop(ttv_ecsrv_control* cnt_poi)

{
if ( (cnt_poi->axis_kind == 2) || (cnt_poi->axis_kind == 3))
{

float pos_p_gain = cnt_poi->init_data.sfv_positions[5];

// increase proportional gain in low speeds - gain scheduling
if (cnt_poi->move_data.siv_punch_cycle == 8)
{
if (cnt_poi->act_spd_mm < 10)
{
pos_p_gain = 3 * pos_p_gain;
if (pos_p_gain < 2000)
pos_p_gain = 2000;

23
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19 if ( pos_p_gain > 4000) // max. allowed value

20 pos_p_gain = 4000;

21

22 float pos_ff_velo_gain = cnt_poi->init_data.sfv_positions[6];;

23

24 float pos_diff = cnt_poi->req_pos_mm - cnt_poi->position_mm;

25 float p_part = pos_diff * pos_p_gain * pos_p_gain_factor;

26

27 float velo_feedforward = pos_ff_velo_gain * cnt_poi->req_spd_mm; // feed-forward is calculated from
required speed

28

29 float req_speed = ( p_part + velo_feedforward ); // [mm/s]

30 int req_speed_inc = (int) ((( -1 * req_speed * 133 * 65535) / 20.0) / 21.0); // conversion to
increments

31

32 cnt_poi->siv_vel_offset = req_speed_inc;

33

34 // to store required speed of Z1 axis

35 if (cnt_poi->axis_kind == 2)

36 {

37 giv_req_z1l_speed = req_speed_inc;

38 }

39 ¥

40 |}

7.3 Summary

Two methods for motors synchronization of the Z axis are tested. Torque synchronization
turned out to be impracticable due to transport delays between the real time PC and drives.
The velocity synchronization method is successful although it is necessary to transfer the

position control loop outside drives into the real time PC.
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8 Drives tuning

Tuning of drives can be achieved by many approaches. Methods can be divided into two
main groups. The first group represents on-line tuning methods and the second one off-line

tuning methods.

8.1 Manual tuning of the Z axis

Manual tuning belongs in the group of on-line methods. It requires some level of experience
and in some cases many attempts to reach good results. The advantage of manual tuning
is that it requires small or no knowledge of the internal structure of the controller. Manual
tuning is the easiest method of tuning controllers. Control loop gains are changed until a
satisfying result is obtained. Table[2|shows how the system responds if single value of control

loop gain is increased.

Parameter | Rise Overshoot Settling time Steady- Stability
time state error
k, Decrease | Increase Small change Decrease Degrade
k; Decrease | Increase Increase Decrease Degrade
signific-
antly
kq Minor Minor decrease Minor decrease No effect in Improve - if
Td small
decrease theory

Table 2: Effect of increased control loop gain

According to instructions in the IRT Instruction manual [9], the following tuning ap-

proach can be used:
e Set all gains to 0
e Send step current with maximum motor current value
e Set proportional gain k, according to figure

e Set proportional gain k; according to figure
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\ Current command

A - Current command @
Kp too high - 3

p too hig . _

Kp optimized 2 (1) Ki too high

Kb 100 | (2) Ki optimized
p too low .

o (3) Ki too low
Instant current (Ki = Kd = 0) Instant current

»
»

v

Figure 30: Current loop tuning k,, source [9] Figure 31: Current loop tuning k;, source [9]

Speed command Speed command

A © N

3 (1) Proportional gain too high
@ Proportional gain optimized
@ Proportional gain too low

(1) Integral gain too high
@ Integral gain optimized

(3) Integral gain too low

" Instant speed " Instant speed

\/

Figure 32: Speed loop tuning k,, source [9]  Figure 33: Speed loop tuning k;, source [9]

The same approach can be used for tuning speed loop, it is depicted in figures [32| and
Cyclically repeating current steps are applied into the drive through Torque offset input.
Steps have amplitude from -20 A to 20 A with a period of 200 ms.

3500

700——————
3000 00| —are ey i bt e —
2500 500 —— Reference speed
= s =—— Measured speed
E 2000 o 400
¥ x
h— el
g 1500 g)) 300
g &
@ 1000 200
500 100
0 0
0000 200 300 400 500 600 700 800 900 1000 0100 200 300 400 500 600 700 800 900 1000
t [ms] t [ms]
Figure 34: Speed loop tuning big step Figure 35: Speed loop tuning small step

After a few iterations, optimal setting was found. Parameters are listed in the table [f]
Current follows reference variable without overshoot and with a short rise time. Response

to step change of current is depicted in figure [36l Control loop gains are so high, because
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Speed loop kp k;

1 10000 | O

Position loop | £k, 2 20000 | 0

1 100 3 40000 | 0

2 200 4 60000 | O

3 400 5 50000 | 0O

4 1000 6 40000 | 0
5 2000 7 39000 | 300
6 800 8 39000 | 200
7 700 9 39000 | 100
8 750 10 39000 | 10
9 850 11 39000 | 50
10 800 12 39000 | 25
13 40000 | 25

14 40000 | 20

Table 3: Tuning position loop of Z1 axis

Table 4: Tuning speed loop gains of Z1 axis

Current loop | £k, k;
1 2000 | 0O
2 1000 | 0O
3 500 | O
4 600 | 100
5 600 | 150 k, ks
6 700 | 150 Position loop | 107 mgfnfﬁnt ;
7 750 | 150 Speed loop 10~ oy 102 W
8 750 | 140 Current loop 0.005 % 40
Table 5: Tuning current loop gains of Z1 axis Table 6: Conversion factors

they are multiplied by conversion factors inside the drive. Conversion factors are listed in
the table [6l

The same method is applied to the speed control loop. Tuning is done on two velocity
steps. The first one goes from 0 RPM to 3000 RPM and the second one goes from 0 RPM
to 600 RPM. Two steps help to validate tuned parameters for low and high speeds. Tuning
parameters are listed in the table [d Step responses are in figures [34] and [35

The position control loop consists of proportional controller with feed-forward. It is
placed in the real time PC and executed every 1 ms. The tuning sequence is in the table [3]
Tuning is done on punching profile, tuning on step position change does not give good results,

the motion profile described in chapter [4]is used. Graphs describing results of tuning are in
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| — Reference current
| |
10 | — Measured current

0 20 40 60 80 100 120
t [ms]

Figure 36: Z axis step response of current loop

the appendix [C| The first plot is in figure Red lines in the first and second plots mean
reference variable and blue lines mean measured variable. The red line in the third (force)
plot is the force produced by the Z1 motor and blue stands for force produced by the 72
motor. The tuned setting has a small overshoot at the end of the movement. Settling time
more than 200 ms is longer than it should be. The gain scheduling is used to improve the
shape of the position curve. Properties of the gain scheduling can be seen in the code listing
in the line 9. Motion profile with gain scheduling is in figure [77} Overshoot is reduced
and settling time is less than 20 ms.

A slow punch through 5 mm thick steel plate is depicted in figure [78] The force plot
shows that the press force required for perforation of the plate is F}, = 2 x 85 = 170 kN.
It can be compared with a faster punch through the steel plate with the same thickness in
figure 79, Although the press force is nearly the same, the peak lasts 10 ms. Peak duration
of the slower punch is 15 ms. It is caused by inertial force, which is bigger with the higher
impact speed.

Finally, the punch patterns with and without steel plate were tested. The results are in
figures [80] and [81] Press force is lower compared with previous plots, because a different die
is used. Force plot shows that acceleration requires more force than perforation of the sheet.
Peaks in the second and third stroke were caused by the misalignment of the tool which was

hitting the rim of the die. The tool had to be replaced after that.
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8.2 Manual tuning of the X axis

Tuning of the X axis has been done in the same way as tuning of the Z axis. There are
no points of interest to describe except the requirement for accuracy of positioning. The X
axis should be able to hold position with tolerance £ 0,05 mm. The result parameters are
listed in the table[7] Detail of tuned response can be seen in figure The motion is done
with maximum speed set to 80 mm/s. Position error is less than 0.02 mm. Accuracy meets
requirement and it remains in the desired tolerance with usage of higher or slower maximum

speeds.

Param. | Position loop | Speed loop | Current loop
k, 600 20010 8000
k; — 80 3000

Table 7: Tuned gains of the X axis

1012 B B —

1301+ . N B N N [ - B N oo

X_position [mm]

x_spd [mm/s]

- -

-1 S ) ) e S
231723192321 23292331 23392341 23492351 357 2359 2361 369 2371 3772379 2381 23892391 3952397

time [ms]

Figure 37: The X axis tuned
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8.3 Hit rate

Hit rates or ratio is highly dependant on the length of the stroke and also on the
distance travelled by the X axis between holes.

The punch pattern in figure [81|is considered as a worst case. The stroke length is 9 mm
and distance between hole centres is 35 mm. The stroke lasts 160 ms and the movement of
the X axis adds 60 ms. The hit rate is 272 SPM. It is possible achieve 500 SPM if the stroke
length is reduced to 5 mm. This hit rate is comparable with mid-class hydraulic punch

presses. If the distance between holes is reduced to 1 mm, the hit rate is reaching 600 SPM.

8.4 System modelling

Control loop gains were tuned manually in the previous chapter. It would be convenient to
create a model of the axis to perform tuning on it. If the model is precise enough, the time
required for tuning will be shorter and also the result should be more precise. There is a
risk that the model will have to be very complex for good approximation of the real plant.
It would be better to use other approaches in that case. The Simulink environment is used
for creation of the model.

Figure |38 shows the entire model of the Z axis. There is one motor connected to the
axis. The block on the right side of the scheme represents a model of the DC motor. The
block called ”Axis” represents the rest of the mechanical part of the axis. Blocks on the left
belong to the servo drive. There are position, speed and current controllers. It is possible
to disconnect controllers and apply constant values instead of them.

Constant torque load

L Torque [Nm]
- [mm/s]
Const. speed Const. Current [A] Const voltage w(rad/s] [mmisis]fp [mm/s]
4000 Manual Swit l\—: = :
Axs
Input current E J
- w [rad/s] [mm]
-0
v —-

}

-
10 [mm] [inc] Position [inc] _O/o—b Reference speed Current [A] Load torque
o—4lnput voltage
> | > P '

Speed [rpm] Current [A]

i it Avis converter °
DES”;_::_SSMDH Real position [inc] Manual Switch Real speed [rpm] Manual Swit Real | [4] Manual Switchd
P position Pl speed Pl current

winc/s]b——

wimm] ‘{EI

Input Votage [V]

urrent [A] —l w [rpm]
DC motor t » —d

Integrator Current [4]

:

Pasition [inc]

Figure 38: The model overview of the Z axis
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The DC motor is simulated according to equations presented in chapter [3.4] The simu-

lation scheme is depicted in figure |39,

(D
w [rad/s]

s ]

Figure 39: The model of the DC motor

Blocks representing controllers are in figures [0} [41] and [42]

du/dt

rpmviner Derivative  P3

Position
[inc]

Speed [rpm]

" Current [A]
Saturation

Real speed [rpm]

Real position [inc]

Figure 40: Position controller Figure 41: Speed controller

%IAls I

Real | [A]

Figure 42: Current controller

The block ”Axis converter” serves for converting the position of the axis [mm] to position
of the motor [increments]. The block "Axis” serves for the conversion of angular units back
to the transversal. Torque output of the block is not yet implemented. Function of the
motor and the controller has to be verified first.

To prove that the model is a good approximation of the real system, the measurement of
a standalone motor is made. The motor is disconnected from the rest of the machine and the
response to step change of current is measured. Current is applied to the regulator through
Torque offset input. The current regulator is set to values obtained by manual tuning. Step

response is in figure {44}
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Constart torque load

E lj{]
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Input current Load torque
wlincis] —yp
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M Input Vottage [V]
Real | [A] Current [A] w [rpe
Pl current DC mator
Integrator Current [A]
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Figure 43: Simulation scheme - step response
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Figure 44: Step response of the real system Figure 45: Step response of the model

Same steps, as described above, are done in simulation. Simulation scheme is depicted
in figure The result can be seen in figure 45 However the step response of the model
does not match the response of the real system. Some similarities can be found, but it is far
from a good match. The weak spot of the model is in the servo drive model. It is known
that PWM voltage source provides maximum voltage 570 V. That value is multiplied by
the percentage factor in the model. However no additional information about PWM voltage
source is provided. Even if steady state values would be the same, it would be complicated to
simulate small oscillation in the current curve. It is more convenient to simulate the system

in another way. All models and data are in the attached CD (attachment [A]).
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9 System identification

This chapter chapter describes the method for identification of the system model. System
identification is based on mathematical analysis of input and output signals from the ex-
amined system. Knowledge of inner properties of the system is not necessary. The result
of system identification is a mathematical model, in this case transfer function. Data is

processed by MATLAB System Identification Toolbox.

9.1 System frequency response

Frequency response of the system is obtained by application of a wide band signal into the
drive. Various types of excitation signal can be used, such as swept sine, multi-sine or white
noise. Sine sweep is the best choice, because it has the simplest implementation. Measured
output variable is velocity of the axis.

There is need to improve accuracy of measurement. A special type of sine sweep was de-
veloped. Sine sweep is characterised by amplitude, maximum frequency, minimal frequency
and time period. Frequency of the sine sweep rises from minimal frequency to maximum and
then decreases back to the minimum in the given time period. Each frequency is measured
twice. Once if frequency is rising and again if frequency is falling. Amplitude of the signal

is constant. It is depicted in figure [46]

| i

025 i \.HHI' | H" 1|\‘| |

Amplitude
s
g
1

Figure 46: Sine sweep signal

It is necessary to measure frequencies from 0,1 Hz to 400 Hz with sampling frequency
1 kHz. The frequency corresponds with the period cycle time of the embedded PC. There
are memory limitations which allow measurement only for a time period of 60 s. If the whole
frequency range was measured in one 60 s block, there would only be a few samples for each

frequency. The quality of measured data would be very low and it would be impossible
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Part | Frequency range
0,1 Hz to 0,5 Hz
0,4 Hz to 0,1 Hz
0,9 Hz to 5 Hz

4 to 10 Hz

9 to 20 Hz

19 to 50 Hz

49 to 100 Hz

99 to 200 Hz

199 to 400 Hz

—_

O 0| | O T b= W N

Table 8: Frequency ranges

to do proper system identification. Therefore the frequency range is divided into blocks
according to the table 8l There is a frequency overlap on sides of neighbouring blocks for

better continuity of measured data.

N
o
o

N
o

100

{
N
@

Output speed [RPM]
o

Output speed [RPM]
o

275 28 28 29 29 3 305 31 315 3.2
t [ms]

x10*

Input | [A]
Input | [A]
o

275 28 28 29 29 3 305 31 315 3.2
5 t [ms] x10°

t [ms]

Figure 47: Sine sweep Figure 48: Detail of sine sweep

The reference signal, current I [A], is applied to the current regulator and speed of the
axis is measured and recalculated to the speed of the motor w [RPM]. Measured sweeps are
in figure [47] Detail of the sweep is in figure

All models and data are in the attached CD (attachment [A]). Measured data blocks are
saved as a plain text in columns. It is necessary to convert them to the form processable
by Matlab. Matlab script load_scopes.m is used for that. Script loads all measured blocks
and connects them together. Then script bodes_tfestimate.m is launched. There is the
function tfestimate, which estimates gain and phase shift between input and output data

for frequencies in a certain range.
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Figure 49: Output of the system excited by sine sweep

Estimated gains and phase shifts are presented in the form of the bode plot (figure .
The magnitude plot —H— looks like a magnitude plot of the first order system. However
the phase plot is influenced by transport delay. It causes rapid phase drop.

Output of tfestimate is used for the creation of frd (frequency-response) object, which
is forwarded to the System Identification Tool. The tool is started by the command Ident
(figure . It is necessary to cut out frequencies higher than 300 Hz to get rid of noise in
the output signal (axis velocity). Data used for identification is in figure .

According to the magnitude response of the system, data is fitted to the transfer function
in the form H(s) = e~ - -2 (a,b,c) € R. Several estimations have been made as seen in

s+a’

figure 52 Amplitude of the best transfer function fits measured data with 81,36% accuracy.

The estimated transfer function is in equation [27]

438

_ 2
s+1.75 (27)

H(S) — 6—0.001~s .
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System Identification Tool - final_tf = | (5

File Options Window Help

Import data - Import models. -
Operations

I
E < Preprocess - \—{
SYys . tf1 tf2 tf3
" 1
]
N ‘ ‘

I:|I:| Vorkina Data H H H
|:||:| Estimate — e H ‘

Data Views Model Views
To To
[] Time plot Workspace | | LTI Viewer | [7] Model output [] Transient resp Nonlinear ARX

[] Data spectra [] Wodel resids. [] Frequency resp Hamm-Wiener
[] Frequency function '- [] Zeros and poles.

[ Noise spectrum
=t Validation Data
The character s not a valid hatkey

Figure 50: System Identification Tool
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Figure 51: Data used for identification

The transfer function H(s) is compared with the output of tfestimate function. The
bode plot is in figure 53] It can be seen that phases do not match in higher frequencies. It
means that delay 1 ms is not estimated correctly. As described in chapter [6.1], the delay of
the position command is 8 ms. 2 ms takes cubic interpolation. Only brief information about
inner functions of the controller were provided, but let us assume that the delay caused by
interpolation in the current loop is much shorter than the interpolation delay in the position
loop. Therefore the delay should be 2 ms shorter, which means 6 ms. The resulting transfer

function is described by equation [28]

H(S) _ 670.006-3 L P (28)
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Figure 52: Estimated transfer functions
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Figure 53: Bode plot of measured data and Figure 54: Bode plot of measured data and
transfer function [27] with 1 ms delay transfer function [28 with 6 ms delay

Comparison of transfer function 28 with measured data is in figure [54 Amplitudes and
phases match well. Estimated transfer function [2§] fits measured data adequately. The 6 ms
transport delay is caused by the real time PC and during transfer of the command through
EtherCAT to drives. The delay can be neglected, because regulation process takes place
inside the controller. The final transfer function used for tuning of velocity controller gains
is listed in the equation [29, Figure [55| shows the unit step response of the transfer function.
The transfer function H(s) contains physical representation of the 7 axis and both motors

including current controller.

438

= 29
s+ 1.75 (29)
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Figure 55: Unit step response of H(s)

9.2 Tuning of the velocity loop

L
4

Even if the transfer function of the controlled system is known, it might be difficult to

balance gains of the PI controller to obtain the desired transient response. In the following

chapter it is described how to substitute tuning of controller gains by two parameters. If the

proportional gain £, is changed, than integral gain £; has to be changed too.

According to (Astrém [2]), the better approach is to substitute both gains by parameters

describing the undamped natural frequency of the system wy and the relative damping (.

The parameter wy affects response speed and ( changes the shape of the response. In the

following lines it is described how to express the relation between k,, k; and wy, C.

The transfer function H(s) obtained in the previous chapter is connected to the closed

loop together with the PI controller C(s). H(s) is described by general equation [30]

d

r e u
—»@—» c(s)

I

H(s)

Figure 56: Closed loop with the velocity controller
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Parameters a and b are coefficients of the transfer function and s is the Laplace operator.
The PI controller has the form as seen in the equation |31, The controller is considered as a
continuous controller in the parallel form. It is obvious that controller is discrete, but the
sampling frequency and additional details have not been provided. The sampling frequency
is probably very high and therefore it is possible to take the controller as a continuous one.

ki
C(s) =k, + " (31)
The closed loop is depicted in figure 56| The closed loop is described by the transfer function

L(s) from r to y in the equation [32]

_Y(s)  H(s)C(s)  kpbs+kb b(kps + k;
R(s) 1+ H(s)C(s) s(s+a)  s*+ (a+ bk,)s+ bk;)

(32)

The characteristic polynomial of L(s) is compared with the normalized second order
polynomial (equation , where ( denotes relative damping and wy is the undamped natural
frequency. Values of ( < 1 stands for underdamped system, ( = 1 is critically damped system

and ¢ > 1 is overdamped system.

s* + (a + bk,)s + bk; = s* + 2Cwps + wp (33)

Parameters wy and ¢ are recalculated to the PI controller gains by equations [34] and [35]

2Cwy — a
b= =0t (34)
2
w
ki = =2
= (35)

Tuning of controller gains with parameters wg and ( provides good control over the
response speed and the overshoot. As a starting point are chosen gains k, = 0,04 and
k; = 0,2. Gains were obtained by manual tuning. Corresponding values are wg = 9,3595 and
¢ = 1,0268.

Tuning of controller gains is done in two steps. At first wy will be changed to get desired
rise time. Afterwards the overshoot will be compensated by changing (. The goal is to

achieve rise time as short as possible with overshoot less than 10%. It is known that control
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Figure 57: Step response with constant ¢ Figure 58: Detail of the step response
1 2 3 4 > 6 7 8 9 10
wo | 9.3595 9.859 10.36 10.86 11.36 11.86 12.36 12.86 13.36 13.86
¢ | 1.0268 1.0268 1.0268 1.0268 1.0268 1.0268 1.0268 1.0268 1.0268 1.0268
k, | 0.039 0.042 0.044 0.046 0.049 0.051 0.053 0.056  0.058  0.060
ki 0.2 0.221  0.245 0.269 0.294 0321 0.348 0.377 04075 0.438

Table 9: Velocity controller tuning with constant ¢

is too aggressive and motors become noisy if k, > 0,05. The only restriction is to keep k,
under that value.

Figure [57] shows effects of increasing wy by 0.5 steps while ( = 1,0268. A detailed view
is in figure [58. The rise time is decreasing, but overshoot is rising slightly. Corresponding
values of controller gains are listed in table 0] Undamped frequency wy = 10,35 is chosen,
because higher wy has £, values higher than 0,05.

Afterwards, ¢ is changed by steps of 0,05 from 1 to 1,35 while wg = 10,35. Plots of the
step response are in figure . Values of w,(, k, and k; are in table Value ¢ = 1,1 is

1 2 3 4 5 6 7 8
wo | 10.35 10.35 10.35 10.35 10.35 10.35 10.35 10.35
¢ 1.0 1.05 1.1 1.15 1.2 1.25 1.3 1.35
k, | 0.04326 0.04563 0.04799 0.05035 0.05272 0.05508 0.05744 0.05981
ki | 0.2446  0.2446  0.2446 0.2446  0.2446  0.2446  0.2446  0.2446

Table 10: Velocity controller tuning with constant wy
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Figure 59: Step response with constant wy
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Figure 60: Detail of the step response

chosen with respect of £, < 0,05. Result of tuning after recalculation is &k, = 48000 and

k; = 24,5. The final response is depicted in figure [61| and it has following properties:

1.4

Rise time: 0.0781 s

Settling time:  0.4848 s

Overshoot: 7.6602 %

Step Response

1.2

0.8

Amplitude

0.6

0.4

0.2

1

w,=10.35;7=1.1

1 1 1 1

0 0.1

0.2

0.3

0.4 0.5 0.6 0.7 0.8

Time (seconds)

Figure 61: Step response of the system with tuned velocity controller
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sa o] [ (057 | Gunae [057%] | Vinge [0571] | i [108]
6,19 | 104166 -10° | 625 | 0,179 | 133

Table 11: The punch parameters

9.3 Tuning of the position loop

The tuning of the position loop will be done with respect to the reference trajectory. The
main target is to track the reference trajectory as well as possible. The response to dis-
turbance represented by the impact to the sheet of metal is good even if control loops are
tuned poorly. Therefore it is not necessary to test it. The reference trajectory is in figure

Parameters characterising the slope are in table [T1]

0 0.02 0.04 0.06 0.08 0.10 0.12

Figure 62: The slope used for tuning

Tuning of the position loop is implemented in the Simulink model. The model is depicted

in figure . The transfer function H(s) = sﬁ?m of the tuned system is used as a description.

It covers the current controller, both motors and Z axis. The velocity controller in the block
PI speed is the same as the one in the chapter 8.4l It has gains obtained by tuning in the
previous chapter. The controller can be seen in figure [64, The only difference is presence of
Interpolation block which converts discrete output of the position controller to the continuous
signal.

The position controller in the block Real time PC is implemented as described in chapter|[7]

The source code of the controller is in the code listing It is executed every 1 ms. Discrete
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Transport Delay
WIRPV] ,—>.—> Ref erence speed [rrr[;;]] [ 4
Redl pasition [inc] Red sH1.75
Desired position [mm] | speed ] Transfer Fcn
Transport Delay1 Pl speed
Real time PC
1

Figure 63: Simulink model for position tuning

Figure 64: Velocity PI controller

sampling time in the Simulink is implemented by usage of Atomic subsystem with sample

time 1 ms. The controller is depicted in figure [65] The block called Azis converter serves

0

Real position [inc]
w[RPM]

[ pos i i)
Generated position Axis converter rprviner
2D

Desired position [mm]

Figure 65: Position controller inside the real time PC

only for conversion between units. Tuning itself is conducted as an optimization task. At
first the simulation is executed with initial setting of the proportional gain k,. The initial
value is set to k, = 800. It is the value obtained by manual tuning.

Then the Matlab script in the code listing calls the optimization function fminsearch.
The optimization function executes perpetually the function Criterion.m listed in the code
listing [E.2] The script Optimization.m starts the simulation. Output of the simulation is a
vector 7 = (J1,Jo, -, Jn). The vector 7 contains samples of differences between the real

and reference trajectory.
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The 7 is processed by the function f in the equation The result of f is passed back
to the fminsearch. The fminsearch decides how to change the k, and executes Criterion.m

perpentualy, until the minimal value of f is found.

N
F=30 (36)

The result of the optimization is in figure . The proportional gain k, is gradually
increased until instability occurs. Than k,, is decreased to get rid of the unstable behaviour.
The final value is k, = 3480. It is quite an aggressive set-up, oscillations in the steady state

phase are still present.

e initial setup
e target
final result

0 0.02 0.04 0.06 008 01 012 0.14 0.16 0.18 0.2
t [ms]

Figure 66: Optimization process

Therefore the equation [36is changed to the weighting function listed in the equation |37,
where k is the first sample of the steady state phase. Oscillations at the end of the trajectory
have 100 times bigger influence on the value f than the rest of the samples. The result of
optimization is in figure |67, The weighting decreased oscillations and the final value of the
proportional gain is £, = 2800. The overshoot at the end of the movement is 0,06 mm, which

is a negligible value.

SN T2 ifi <k

100-SN 72 ifi>k
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AN
/ NN

e initial setup
target
final result

e initial setup
s target
final result

IO 0.02 004 006 008 01 012 014 016 0.18 0.2-0.25 I i i i i i i i i
t[ms] 0.12 0.125 0.13 0.135 0.14 0.145 0.15 0.155 0.16 0.165

Figure 67: Optimization process with the Figure 68: Detail view of the optimization pro-
weighting function cess with the weighting function

However the k, does not correspond with the value obtained by the manual tuning. It
might be caused by insufficient knowledge of the inner properties of drives. The connection

between the real time PC and drives might be modelled incorrectly.

9.4 Summary

The transfer function of Dynapunch is obtained by analysing the frequency response. The
Dynapunch is identified as a first order system with the transport delay. The transfer function
is used for tuning velocity and position controllers.

Controllers inside drives are considered as continuous, although they are discrete. It is
assumed that the sampling frequency of controllers is high enough for considering controllers
as continuous. Proportional and integral gain values of the velocity controller correspond
with the values obtained by the manual tuning. It proves that usage of continuous controllers
in the tuning process does not affect the result of tuning.

However, the value of proportional gain &, = 2800 does not match with the value &, = 800
which is obtained by the manual tuning. It is not possible to analyse the issue in more detail,
because there is a lack of information from the side of the manufacturer of drives. Imple-
mentation of position controller outside the drive requires sending the velocity command to
drives through the Velocity offset input (figure . There is a low pass filter on the way

of the command. The filter is turned off according to the documentation, but it is possible
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that some unknown factors can affect the value of the velocity command. This conclusion
is deduced from the fact, that commissioning of the Velocity offset input is a matter of a
lot of changes in the drives firmware during placement of the position controller outside
drives. Proper implementation of the position controller outside drives will probably require
additional communication with the drive manufacturer.

Results of tuning have not been tested on the real system, because there are time schedule
related issues described in the following chapter. Even if testing is not done, controllers are

successfully tuned and tested during manual tuning.

10 Remark

Control loop gains parameters obtained in the chapter [0] are not tested on the real system
and compared with values obtained by the manual tuning. There was not enough time to
do it. The working schedule was continuously delayed by fixing bugs in the drives firm-
ware. Although the functionalities of drives were listed in the datasheet, they had not been
implemented properly and drives fell into an error state very often.

The drives were originally developed for driving industrial robots. That kind of applica-
tion did not push drives to the borders of their operational limits. However, application in
a punch press machine has different demands. Drives are required to switch rapidly from
minimal to maximum power and have to cope with large position errors during the impact
of the punch. It frequently results in the activation of safety measures in drives. Measures
provide protection against damage of servo drives or prevents the robot from movement out
of the defined trajectory.

These safety measures are not applicable to punch press machines. It is very common
to have sudden changes of required torque followed by a large position error during the
impact into the sheet of metal. Therefore it was necessary to change safety measures to a
less restrictive form. The only way how to do it was to report problems to the manufacturer
of drives. The manufacturer had to send new versions of the drive’s firmware which usually
took more than one week. This is the reason why the testing on the real system was not
finished completely. It is definitely not a mistake of the manufacturer. It is normal that

problems might appear if new technology is implemented for the first time.
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11 Conclusion

The work done during the thesis results in the functional implementation of servo drives on
the prototype of the punch press machine. Dynapunch is brought to the state where it is
able to make coordinated movements with both axes and perform testing patterns.

Several tasks are solved. The trajectory generator is rewritten in a more usable form. The
algorithm for the motion anticipation has been created. Completion of both tasks allowed
the synchronization of the Z and X axes together. Axis synchronization allows the start of
movements with one axis while the other is finishing movement. This leads to improvement
of the punching speed.

The second servomotor is connected to the Z axis and solution for motors synchronization
is implemented. The most significant issue is that servo drives are not supporting any
communication between drives. The communication problem is solved by moving position
control loop outside drives into the real time PC. This solution proves to be effective, but it
also exposes issues which appeared in the next stage of work.

Drives are tuned manually. Manual tuning gives sufficient results, but it requires a large
amount of time. Therefore the mathematical model of the machine is created in the Simulink
environment. However, the model does not approximate the real system well, because of the
lack of information about the inner properties of servo drives.

The method for system identification is applied instead of creation of the model. The
transfer function is obtained and used for the tuning of velocity and position controller.
The target of tuning is to have the fastest transient response with minimal overshoot. The
identification method is successful, because values of proportional and integral gains of the
velocity controller are very similar to the values obtained by manual tuning. It is not
necessary to tune drives for good reaction to the disturbance, because the punch press is
able to perforate steel sheets up to 6 mm without problems.

The tuning of the position control loop is done on the Simulink model. The position
controller in the real time PC is implemented as well as velocity controller inside drives. The
tuning is focused on the tracking of the reference trajectory. The appropriate value of the
position proportional gain is found as a solution of the optimization task. The trajectory

obtained from the simulation fits the trajectory obtained by the manual tuning. However
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values of proportional gains do not match. The difference of gains is major and could not be
caused by implementation of the model or by an error during system identification. As the
main reason is considered an undocumented element in the path of the velocity command.
Therefore it is recommend to use values obtained by the manual tuning from chapters [8.1
and [8.2] Values obtained by the manual tuning are sufficient for the control of axes.

Further work on Dynapunch should be focused on the examination of the difference
between values obtained by the manual tuning and system identification method. Especially
signal path of the Velocity offset command should be examined carefully. If the difference
between methods is eliminated, the system identification method will became more reliable
and precise than the manual tuning method.

It is not recommended to improve the model described in the chapter[8.4], because creation
of the model which is approximating reality well proved to be very difficult. Better results
gives the method of system identification.

The next step in the development of Dynapunch is to create an adaptive punching al-
gorithm which will lead to improved productivity and energy savings. The maximum speed
of the Z axis is 500 strokes per minute or 600 strokes per minute if reduced stroke length
is used. This result provides good base for further development. Servo drives proved to be

capable of powering the prototype of the punch press machine.
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Appendix B Axis synchronization tests
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jerk j = 1.041 ms_g, max. acceleration amqr = 62.5 ms_27 max. speed Umaz = 0.179 ms™ . Parameters of the X axis: stroke distance sq = 70

mm, jerk 7 = 3500 [ms73], max. acceleration amqr = 35 msf2, max. speed Vygqe = 0.5 ms~ !
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Figure 71 AXGS SynChI‘OHizatiOIl teSt, Parameters of the Z axis: hover height h = 5 mm, die penetration dp = 1.2 [mm],
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Figure 73 AXGS SynChronizatiOH teSt, Parameters of the Z axis: hover height h = 2.5 mm, die penetration d, = 1.2 [mm],

jerk j = 1.041 msfa, max. acceleration amqy = 62.5 m572, max. speed Umagz = 0.179 ms—!. Parameters of the X axis: stroke distance sq = 100
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mm, jerk 7 = 3500 [msf3], max. acceleration a,,qr = 35 ms™ “, max. speed Vg = 0.5 ms™
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Appendix C Manual tuning plots
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Figure 76: The motion profile of the Z axis without gain scheduling
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Figure 78: Slow punch through 5 mm steel plate
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Figure 81: Punch pattern with the 5 mm steel plate
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Appendix

Application of servo drives on the prototype of the
punch press machine

Appendix D Source code

D.1 pattern_stm.c

#include "../../include/touch_rt.h"

#include <rtai.h>
#include <rtai_sched.h>
#include <rtai_shm.h>
#include <math.h>

#include "pattern_stm.h"
#include "restart_stm.h"

#include "../../stm/stm_mod.h"
#include "../../servio/servio_mod.h"
#include "../../axes/axes_mod.h"
#include "../../tgen/tgen_mod.h"
#include "../../ldp/1ldp_mod.h"
#include "../../1dp/ldp_cmd.h"
#include "../../lut/lut_mod.h"

#define DEBUG_TAG "pattern"
#include "../../debug/debug_mod.h"

#include "../../include/gendef.h"
#include "../../include/axdef.h"

//state functions prototypes
void Pattern_s_Idle();

void Pattern_s_Init();

void Pattern_s_Referencing();
void Pattern_s_After_Referencing();
void Pattern_s_Z1_In_Pos();

void Pattern_s_X1_In_Pos();

void Pattern_s_Punching();

void Pattern_s_Moving();

void Pattern_s_Anticipating X1();
void Pattern_s_Anticipating_Z1();
void Pattern_s_Z1_Moving UpQ);
void Pattern_s_Z2_disabling();
void Pattern_s_Punching 2();

//condition function prototypes
int Pattern_c_AlwaysTrue();

int Pattern_c_NewCommand() ;

int Pattern_c_Z1_Ready();

int Pattern_c_Z2_Ready();

int Pattern_c_X1_Ready();

int Pattern_c_Z1_In_Pos();

int Pattern_c_X1_In_Pos();

int Pattern_c_Referenced();

int Pattern_c_Counter();

int Pattern_c_Z1_Above_Clear_Height();
int Pattern_c_Time_To_Punch();
int Pattern_c_Time_To_Move();
int Pattern_c_Z1_Goes_Up();

int Pattern_c_Z2_disabled();

int Pattern_c_Z2_enabled();

int Pattern_c_timer_elapsed();
int Pattern_c_timer_2_elapsed();

//transition function prototypes
void Pattern_t_DoNothing();
void Pattern_t_Enable_Z2();
void Pattern_t_Disable_Z2();
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void Pattern_t_IdleToInit();

void Pattern_t_InitToRef();

void Pattern_t_RefToX1Pos();

void Pattern_t_X1PosToZ1Pos();

void Pattern_t_PunchToAnticipating_Z1();
void Pattern_t_Anticipating_Z1ToMoving();
void Pattern_t_MovingToAnticipating_X1();
void Pattern_t_Anticipating X1ToPunch();
void Pattern_t_PunchToPunch();

void Pattern_t_PunchToZ1lup();

void Pattern_t_PunchToIdle();

//global variables
ttv_recv_cmd_data gtv_cmd_data_recv;
ttv_send_cmd_data gtv_cmd_data_send;

int giv_command = CMD_EVACUATE_TABLE;

// loaded from config.ini

float gfv_x1_axis_speed = 10;

float gfv_x1_axis_acc = 10;

float gfv_xl_axis_start_pos= 200; // axis X1 start position [mm]
float gfv_x1_axis_pos = 200; // axis X1 position [mm]

float gfv_x1_axis_delta = 1; // [mm] distance between two punches
int giv_x1_nr_punch_dir = 5; // number of one way movements

// loaded from config.ini

float gfv_zl_axis_start_pos = 50;

float gfv_zl_clear_height = 5; // mm distance above table

int giv_punch_nr = 1;

float gfv_time_to_position_up_correction = 0.0; //z1 time to position up correction [s]
float gfv_time_to_position_down_correction = 0.0; //zl1 time to position correction [s]
float gfv_zl_axis_die_penetration = -1; //default zl position for die penetration [mm]
float gfv_end_position = 56; // [mm] position reached when the punch pattern is done
float gfv_zl_ref_position = 56.3; // [mm] position after referencing

float gfv_punch_distance = 0.0;

int giv_move_direction = -1;
int giv_internal_move_count = 0;

// punch count

int giv_punch_count = 0;
// old punch count

int giv_pattern_moved=0;

//z1 time to position [s], axis goes from hower height to clear height

float gfv_zl_time_to_pos = 99.0;

//z1 time to position up [s], axis goes from die penetration height to clear height
float gfv_time_to_position_up = 99.0;

int pattern_stm_initialise()
{
debug_message (DEBUG_TAG, "pattern_stm_initialise");

int liv_stm_idx = stm_register_state_machine();

if (liv_stm_idx == -1)

{
debug_message (DEBUG_TAG, "stm_register_state_machine failed");
return -1;

}

int liv_state_idle = stm_register_state(liv_stm_idx,Pattern_s_Idle);

int liv_state_init = stm_register_state(liv_stm_idx,Pattern_s_Init);

int liv_state_ref = stm_register_state(liv_stm_idx,Pattern_s_Referencing);

int liv_state_after_ref = stm_register_state(liv_stm_idx,Pattern_s_After_Referencing);
int liv_state_zl_in_pos = stm_register_state(liv_stm_idx,Pattern_s_Z1_In_Pos);

int liv_state_x1_in_pos = stm_register_state(liv_stm_idx,Pattern_s_X1_In_Pos);

int liv_state_moving = stm_register_state(liv_stm_idx,Pattern_s_Moving);

int liv_state_anticipating X1 = stm_register_state(liv_stm_idx,Pattern_s_Anticipating X1);
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133 int liv_state_punching = stm_register_state(liv_stm_idx,Pattern_s_Punching);

134 int liv_state_punching 2 = stm_register_state(liv_stm_idx,Pattern_s_Punching_2);

135 int liv_state_anticipating_Z1 = stm_register_state(liv_stm_idx,Pattern_s_Anticipating_Z1);

136 int liv_state_zl_moving_up = stm_register_state(liv_stm_idx,Pattern_s_Z1_Moving_Up);

137 int liv_state_disabling z2 = stm_register_state(liv_stm_idx,Pattern_s_Z2_disabling);

138

139 if ((liv_state_idle == -1) ||

140 (liv_state_init == -1) ||

141 (liv_state_ref == -1) ||

142 (liv_state_zl_in_pos == -1) ||

143 (liv_state_x1_in_pos -1) ||

144 (liv_state_punching == -1) ||

145 (liv_state_anticipating Z1 == -1) ||

146 (liv_state_anticipating_X1 == -1) ||

147 (liv_state_moving == -1) ||

148 (liv_state_z1l_moving_up == -1) ||

149 (liv_state_disabling_z2 == -1) ||

150 (liv_state_moving == -1))

151 {

152 debug_message (DEBUG_TAG, "stm_register_state failed");

153 return -1;

154 }

155

156 int liv_cond_true = stm_register_condition(liv_stm_idx,Pattern_c_AlwaysTrue);

157 int liv_cond_new_cmd = stm_register_condition(liv_stm_idx,Pattern_c_NewCommand) ;

158

159 int liv_cond_z2_disabled = stm_register_condition(liv_stm_idx,Pattern_c_Z2_disabled);

160 int liv_cond_z2_enabled = stm_register_condition(liv_stm_idx,Pattern_c_Z2_enabled) ;

161

162 int liv_cond_zl_rdy = stm_register_condition(liv_stm_idx,Pattern_c_Z1_Ready);

163 int 1iv_cond_z2_rdy = stm_register_condition(liv_stm_idx,Pattern_c_Z2_Ready);

164 int liv_cond_x1_rdy = stm_register_condition(liv_stm_idx,Pattern_c_X1_Ready);

165 int liv_cond_x1_rdy_zl_ready = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,liv_cond_z1_rdy
,1iv_cond_x1_rdy);

166 int liv_cond_zl_in_pos = stm_register_condition(liv_stm_idx,Pattern_c_Z1_In_Pos);

167 int 1liv_cond_zl _not_in_pos = stm_register_condition_combination(liv_stm_idx,STM_OPER_NOT,
liv_cond_z1_in_pos,0);

168 int 1iv_cond_x1_in_pos = stm_register_condition(1iv_stm_idx,Pattern_c_Xl_In_Pos);

169 int liv_cond_x1_not_in_pos = stm_register_condition_combination(liv_stm_idx,STM_OPER_NOT,
liv_cond_x1_in_pos,0);

170 int liv_cond_x1_rdy_not_in_pos = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_x1_not_in_pos,liv_cond_x1_rdy);

171 int liv_cond_x1_rdy_in_pos = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_x1_in_pos,liv_cond_x1_rdy);

172 int liv_cond_time_to_move = stm_register_condition(liv_stm_idx,Pattern_c_Time_To_Move) ;

173 int liv_cond_x1_time_to_punch = stm_register_condition(liv_stm_idx,Pattern_c_Time_To_Punch);

174 int 1liv_cond_x1_rdy_zl_in_pos = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_z1_in_pos,liv_cond_x1_rdy);

175 int liv_cond_x1_rdy_zl_not_in_pos = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_zl_not_in_pos,liv_cond_x1_rdy);

176 int liv_cond_ref = stm_register_condition(liv_stm_idx,Pattern_c_Referenced);

177 int liv_cond_not_ref = stm_register_condition_combination(liv_stm_idx,STM_OPER_NOT,liv_cond_ref,0);

178 int 1liv_cond_counter = stm_register_condition(liv_stm_idx,Pattern_c_Counter);

179 int liv_cond_not_counter = stm_register_condition_combination(liv_stm_idx,STM_OPER_NOT,liv_cond_counter,0)

180 int liv_cond_x1_time_to_punch_counter = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_x1_time_to_punch,liv_cond_counter);

181 int liv_cond_not_counter_zl_x1_ready = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_x1_rdy_z1_ready,liv_cond_not_counter) ;

182 int liv_cond_not_counter_zl_x1_z2_ready = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_not_counter_zl_x1_ready,liv_cond_z2_rdy);

183 int liv_cond_x1_time_to_punch_zl_ready = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_z1_rdy,liv_cond_x1_time_to_punch);

184 int liv_cond_liv_cond_time_to_move_and_x1_ready = stm_register_condition_combination(liv_stm_idx,
STM_OPER_AND,1liv_cond_time_to_move,liv_cond_x1_rdy);

185

186 int liv_cond_not_counter_zl_x1_ready_z2_dis = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,
liv_cond_not_counter_zl_x1_ready,liv_cond_z2_disabled);

187 int 1liv_cond_x1_rdy_zl_not_in_pos_z2_disabled = stm_register_condition_combination(liv_stm_idx,
STM_OPER_AND,1liv_cond_x1_rdy_z1l_not_in_pos,liv_cond_z2_disabled) ;
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int liv_cond_x1_time_to_punch_zl_ready_z2_enabled = stm_register_condition_combination(liv_stm_idx,

STM_OPER_AND,1liv_cond_x1_time_to_punch_z1_ready,liv_cond_z2_enabled);

int liv_cond_not_ref_z2_disabled = stm_register_condition_combination(liv_stm_idx,STM_OPER_AND,

1iv_cond_not_ref,liv_cond_z2_disabled);

int liv_cond_timer_elapsed = stm_register_condition(liv_stm_idx, Pattern_c_timer_elapsed);

int liv_cond_timer_2_elapsed = stm_register_condition(liv_stm_idx, Pattern_c_timer_2_elapsed);

int 1liv_cond_x1_time_to_punch_z1_ready_z2_enabled_timer = stm_register_condition_combination(liv_stm_idx,
STM_OPER_AND,1liv_cond_x1_time_to_punch_zl_ready_z2_enabled,liv_cond_timer_elapsed) ;

if ((liv_cond_true == -1) ||
(liv_cond_new_cmd == -1) |
(liv_cond_z1_rdy == -1) ||
(liv_cond_x1_rdy == -1) ||
(liv_cond_z1_in_pos == -1) ||
(1iv_cond_z1_not_in_pos ==
(liv_cond_x1_rdy_in_pos == -1) ||
(1iv_cond_x1_rdy_not_in_pos == -1) ||
(liv_cond_x1_in_pos == -1) ||
(liv_cond_z2_rdy == -1) ||
(liv_cond_z2_enabled == -1) ||
(1iv_cond_z2_disabled == -1) ||
(liv_cond_not_counter_zl_x1_ready_z2_dis == -1) ||
(liv_cond_x1_not_in_pos == -1) ||
(1iv_cond_x1_rdy_zl_in_pos == -1) ||
(liv_cond_x1_rdy_zl_not_in_pos == -1) ||
(liv_cond_ref == -1) ||
(liv_cond_not_ref == -1) ||
(1iv_cond_counter == -1) ||
(liv_cond_time_to_move == -1) ||
(liv_cond_x1_time_to_punch == -1) ||
(1iv_cond_not_counter_zl_x1_z2_ready == -1)|
(liv_cond_x1_time_to_punch_counter == -1) ||
(1iv_cond_x1_time_to_punch_zl_ready == -1) ||
(liv_cond_liv_cond_time_to_move_and_x1_ready == -1) ||
(liv_cond_x1_rdy_zl_not_in_pos_z2_disabled == -1) ||
(liv_cond_x1_time_to_punch_zl_ready_z2_enabled == -1) ||
(1iv_cond_not_ref_z2_disabled == -1) ||
(liv_cond_x1_rdy_zl_ready == -1) ||
(liv_cond_timer_2_elapsed == -1))

{
debug_message (DEBUG_TAG, "stm_register_condition failed");
return -1;

}

int liv_trans_1 = stm_register_transition(liv_stm_idx,liv_state_idle,liv_state_init,liv_cond_new_cmd,

Pattern_t_IdleToInit);

int liv_trans_2 = stm_register_transition(liv_stm_idx,liv_state_init,liv_state_after_ref,liv_cond_ref,

Pattern_t_DoNothing) ;

int liv_trans_3 = stm_register_transition(liv_stm_idx,liv_state_init,liv_state_ref,

liv_cond_not_ref_z2_disabled,Pattern_t_InitToRef);

int liv_trans_3_1 = stm_register_transition(liv_stm_idx,liv_state_ref,liv_state_after_ref,liv_cond_ref,

Pattern_t_DoNothing) ;

int liv_trans_4 = stm_register_transition(liv_stm_idx,liv_state_after_ref,liv_state_x1_in_pos,

liv_cond_x1_rdy_in_pos,Pattern_t_Disable_Z2);

int liv_trans_b5 = stm_register_transition(liv_stm_idx,liv_state_after_ref,liv_state_x1_in_pos,

liv_cond_x1_rdy_not_in_pos,Pattern_t_RefToX1Pos);

int liv_trans_6 = stm_register_transition(liv_stm_idx,liv_state_x1_in_pos,liv_state_zl_in_pos,

liv_cond_x1_rdy_z1_in_pos,Pattern_t_DoNothing) ;

int liv_trans_7 = stm_register_transition(liv_stm_idx,liv_state_x1_in_pos,liv_state_zl_in_pos,

liv_cond_x1_rdy_zl_not_in_pos,Pattern_t_X1PosToZ1Pos);

int liv_trans_8 = stm_register_transition(liv_stm_idx,liv_state_zl_in_pos,liv_state_moving,

liv_cond_x1_rdy_zl_ready,Pattern_t_Enable_Z2);

int liv_trans_9 = stm_register_transition(liv_stm_idx,liv_state_anticipating_Z1,liv_state_moving,

liv_cond_liv_cond_time_to_move_and_x1_ready,Pattern_t_Anticipating_Z1ToMoving) ;

int liv_trans_10 = stm_register_transition(liv_stm_idx,liv_state_moving,liv_state_punching,
liv_cond_x1_time_to_punch_zl_ready_z2_enabled_timer,Pattern_t_Anticipating_X1ToPunch);
int liv_trans_15 = stm_register_transition(liv_stm_idx,liv_state_punching,liv_state_punching 2,

liv_cond_timer_2_elapsed,Pattern_t_PunchToPunch) ;
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int liv_trans_12 = stm_register_transition(liv_stm_idx,liv_state_punching_2,liv_state_anticipating_Z1,
liv_cond_counter,Pattern_t_PunchToAnticipating_Z1);

int liv_trans_13_0 = stm_register_transition(liv_stm_idx,liv_state_punching 2,liv_state_disabling_z2,
liv_cond_not_counter_zl_x1_z2_ready,Pattern_t_Disable_Z2);

int liv_trans_13 = stm_register_transition(liv_stm_idx,liv_state_disabling_z2,liv_state_zl_moving_up,
1liv_cond_z2_disabled,Pattern_t_PunchToZlup);

int liv_trans_14 = stm_register_transition(liv_stm_idx,liv_state_zl_moving_up,liv_state_idle,
liv_cond_z1_rdy,Pattern_t_PunchToIdle);

if ((Qliv_trans_1
(liv_trans_2
(liv_trans_3
(liv_trans_3_
(liv_trans_4
(liv_trans_
(liv_trans_6
(liv_trans_7
(liv_trans_8
(liv_trans_9
(liv_trans_10
(liv_trans_12
(liv_trans_14
(liv_trans_13
(liv_trans_15
(liv_trans_13

{

= -1 |
= -1
- -1

- -1

== -1)
== -1)
== -1)
== -1)

= -1)
== -1))

debug_message (DEBUG_TAG, "stm_register_transition failed");

return -1;

}

return 1;

//state functions

void Pattern_s_Idle()

void Pattern_s_Init()

void Pattern_s_Referencing()

void Pattern_s_After_Referencing()

void Pattern_s_Z1_In_Pos()

void Pattern_s_X1_In_Pos()

void Pattern_s_Punch

void Pattern_s_Punch

{3

ing()

ing_2()

void Pattern_s_Moving()
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Application of servo drives on the prototype of the
punch press machine

void Pattern_s_Anticipating_ X1()
{
}
void Pattern_s_Anticipating_Z1()
{
}

void Pattern_s_Z1_Moving_Up()
{
}

void Pattern_s_Z2_disabling()
{
}

//conditions functions
int Pattern_c_AlwaysTrue()

return ( fabs(axis_get_position(Z1_AXIS)-gfv_zl_axis_start_pos)<0.001);

return ( fabs(axis_get_position(X1_AXIS)-gfv_x1_axis_start_pos)<0.001);

{
return 1;
}
int Pattern_c_NewCommand ()
{
return ldp_cmd_ready(giv_command) ;
}
int Pattern_c_Z1_Ready()
{
return (axis_get_state(Z1_AXIS) == ST_READY);
}
int Pattern_c_Z2_Ready()
{
return (axis_get_state(Z2_AXIS) == ST_READY);
}
int Pattern_c_X1_Ready()
{
return (axis_get_state(X1_AXIS) == ST_READY);
}
int Pattern_c_Z1_In_Pos()
{
}
int Pattern_c_X1_In_Pos()
{
}

int Pattern_c_Z1_Above_Clear_Height ()

return (axis_get_req_position(Z1_AXIS)>=gfv_zl_clear_height);

}
int Pattern_c_Referenced()
{
return restart_is_done();
}
int Pattern_c_Counter ()
{
return (giv_punch_nr > giv_punch_count);
}

int Pattern_c_Time_To_Punch()

{

float pfv_time_to_move_ready = axis_get_time_to_move_ready (X1_AXIS);
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float pfv_time_to_pos = gfv_zl_time_to_pos+gfv_time_to_position_down_correction;
if ((pfv_time_to_move_ready <= pfv_time_to_pos))//&& lut_timer_elapsed(1))

{
return 1;
}
return O;
}
int Pattern_c_Time_To_Move()
{
float pfv_act_time = axis_get_act_time(Z1_AXIS);
if ((pfv_act_time >= gfv_time_to_position_up+gfv_time_to_position_up_correction))//&& lut_timer_elapsed(1))
{
return 1;
}
return O;
}
int Pattern_c_Z1_Goes_Up()
{
return ((0.1 <= axis_get_req_speed(Z1_AXIS)) || (axis_get_state(Z1_AXIS) == ST_READY)) ;
}
int Pattern_c_Z2_disabled()
{
return (("axis_is_enabled(Z2_AXIS)) | (axis_get_state(Z2_AXIS) == ST_IDLE));
}
int Pattern_c_Z2_enabled()
{
return axis_is_enabled(Z2_AXIS);
}
int Pattern_c_timer_elapsed()
{
return lut_timer_elapsed(1);
}
int Pattern_c_timer_2_elapsed()
{
return lut_timer_elapsed(2);
}

//transition functions
void Pattern_t_DoNothing()

{
debug_message (DEBUG_TAG, "Pattern_t_DoNothing");
}
void Pattern_t_Enable_Z2()
{
debug_message (DEBUG_TAG, "Pattern_t_Enable_Z2");
lut_timer_set(1,0.2);
enable_axis(Z2_AXIS);
axis_set_control_flag(l); // axis enabled, set act and req position same as Z1 axis
}
void Pattern_t_Disable_Z2()
{
debug_message (DEBUG_TAG, "Pattern_t_Disable_Z2");
disable_axis(Z2_AXIS);
}

void Pattern_t_IdleToInit()
{
debug_message (DEBUG_TAG, "Pattern_IdleToInit");
gfv_x1_axis_speed = axis_get_param(X1_AXIS, 28);
gfv_x1_axis_acc = axis_get_param(X1_AXIS, 29);
gfv_x1_axis_delta = axis_get_param(X1_AXIS, 30); // distance between strokes [mm]
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449 gfv_x1_axis_start_pos = axis_get_param(X1_AXIS, 40); // [mm]

450 giv_x1_nr_punch_dir = axis_get_param(X1_AXIS, 31); // number of one way movements

451 gfv_x1_axis_pos = gfv_x1_axis_start_pos;

452

453 gfv_zl_axis_start_pos = axis_get_param(Z1i_AXIS, 40);

454 gfv_zl_axis_die_penetration = -1 * axis_get_param(Z1_AXIS, 26);

455 gfv_z1l_clear_height = axis_get_param(Z1_AXIS, 29);

456

457 gfv_time_to_position_down_correction = axis_get_param(Z1_AXIS,28);

458 gfv_time_to_position_up_correction = axis_get_param(Z1_AXIS,27);

459 giv_punch_nr = axis_get_param(Z1_AXIS, 30);

460 giv_punch_count = 0;

461 giv_move_direction = -1;

462

463 axis_set_control_flag(0); // axis disabled, set point is beeing set

464

465 gfv_punch_distance = gfv_z1l_axis_start_pos - gfv_zl_axis_die_penetration;

466

467 disable_axis(Z2_AXIS);

468 1ldp_cmd_read(giv_command,&gtv_cmd_data_recv) ;

469 |}

470

471 | void Pattern_t_InitToRef ()

a72 | {

473 debug_message (DEBUG_TAG, "Pattern_t_InitToRef");

474 restart_set_restart_request();

475 |}

476

477 | void Pattern_t_RefToX1Pos()

ar8 | {

479 debug_message (DEBUG_TAG, "Pattern_t_RefToX1Pos");

480 axis_move_to_pos_w_spd_acc(X1_AXIS,gfv_x1_axis_start_pos,200,160);

481 disable_axis(Z2_AXIS);

482 |}

483

484 | void Pattern_t_X1PosToZ1Pos()

485 | {

486 debug_message (DEBUG_TAG, "Pattern_t_X1PosToZ1Pos");

487 axis_move_to_pos_w_spd_acc(Z1_AXIS,gfv_zl_axis_start_pos,80,150);

488 |}

489

490 |void Pattern_t_PunchToAnticipating_Z1()

191 | {

492 debug_message (DEBUG_TAG, "Pattern_t_PunchToAnticipating_Z1");

493 // calculate times to travel through hover height

494 gfv_zl_time_to_pos = axis_get_time_to_position(Z1_AXIS,gfv_zl_axis_start_pos - gfv_zl_clear_height);

495 // calculate time to travel back to maximal hover height

496 gfv_time_to_position_up = axis_get_time_to_position_up(Z1_AXIS,gfv_zl_axis_start_pos - gfv_zl_clear_height
)

497 |}

498

499

500 |void Pattern_t_Anticipating_Z1ToMoving()

501 | {

502 debug_message (DEBUG_TAG, "Pattern_t_Anticipating_Z1ToMoving");

503

504 if (giv_punch_nr > giv_x1_nr_punch_dir)

505 {

506 if (giv_internal move_count < (giv_x1_nr_punch_dir))

507 {

508 gfv_x1_axis_pos+=giv_move_direction * gfv_x1_axis_delta;

509 giv_internal_move_count++;

510 X

511 else

512 {

513 gfv_x1_axis_pos += giv_move_direction * gfv_x1_axis_delta / 2;

514 giv_move_direction = -1 * giv_move_direction;

515 giv_internal_move_count = 0;

516 ¥

517 }
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else
{
int piv_punch_half_nr = giv_punch_nr/2;
if (2%piv_punch_half_nr == giv_punch_nr)
{
if (giv_punch_count<piv_punch_half_nr)
gfv_x1_axis_pos-=gfv_x1_axis_delta;
if (giv_punch_count==piv_punch_half_nr)
gfv_x1_axis_pos+=gfv_x1_axis_delta/2;
if (giv_punch_count>piv_punch_half_nr)
gfv_x1_axis_pos+=gfv_x1_axis_delta;
¥
else
{
if (giv_punch_count<piv_punch_half_nr+1)
gfv_x1_axis_pos-=gfv_x1_axis_delta;
if (giv_punch_count==piv_punch_half_nr+1)
gfv_x1_axis_pos+=gfv_x1_axis_delta/2;
if (giv_punch_count>piv_punch_half_nr+1)
gfv_x1_axis_pos+=gfv_x1_axis_delta;
¥
}

axis_move_to_pos_w_spd_acc(X1_AXIS,gfv_x1_axis_pos,gfv_x1_axis_speed,gfv_x1_axis_acc);

void Pattern_t_MovingToAnticipating X1()

{

}

debug_message (DEBUG_TAG, "Pattern_t_MovingToAnticipating X1");

void Pattern_t_Anticipating_X1ToPunch()

{

}

debug_message (DEBUG_TAG, "Pattern_t_Anticipating_X1ToPunch");

giv_punch_count++;

axis_pos_loop_punch_cycle_with_const_speed_zone(Z1_AXIS, gfv_punch_distance);
axis_pos_loop_punch_cycle_with_const_speed_zone(Z2_AXIS, gfv_punch_distance);
axis_set_control_flag(2); // axis is not disabled between punches and position loop is executed

void Pattern_t_PunchToZlup()

{

}

debug_message (DEBUG_TAG, "Pattern_t_PunchToZlup") ;

axis_move_to_pos_w_spd_acc(Z1_AXIS,gfv_end_position,80,150) ;

axis_set_control_flag(0); // axis is disabled

void Pattern_t_PunchToIdle()

{

debug_message (DEBUG_TAG, "Pattern_t_PunchToIdle");

axis_set_req_pos(Z2_AXIS,gfv_end_position);
giv_punch_count = 0;

giv_move_direction = -1;
giv_internal_move_count = O;
gtv_cmd_data_send.siv_ok = 1;

gtv_cmd_data_send.siv_cmd = gtv_cmd_data_recv.siv_cmd;

gtv_cmd_data_send.siv_sn = gtv_cmd_data_recv.siv_sn;

ldp_cmd_done (&gtv_cmd_data_send) ;
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D.2 tgen_get_time_to_position_const_speed.c

float tgen_get_time_to_position_const_speed(int piv_idx,float pfv_position)

{

float j = gtp_tgen_data->channels[piv_idx].init_data.sfv_jerk/1000.0;
float a = gtp_tgen_data->channels[piv_idx].init_data.sfv_acc/1000.0;
float v = gtp_tgen_data->channels([piv_idx].init_data.sfv_speed/1000.0;

float distance = gtp_tgen_data->channels[piv_idx].init_data.sfv_a_a/1000;

//time zone 1 - build up acc, limit jerk

float t1 = a/j
//float al = a

B

i

float vl = j*t1*t1/2.0;
float sl = j*tl*t1*t1/6.0;

if (vi>=v/2) // max. speed will be reached during building up acc

/3

{

vl = v/2;

tl = sqrtf(2 * vi

a =3 * tl;

sl = j*tl*t1*t1/6.0;
}

//time zone 2
float t2 = t1
//float a2 = a
float v2 = v1
float s2 = si

//time zone 3
float t3 = t2

+

5
+
+

+

if (v1>=v/2) // max.

{
t3 = t2 + t1;

}
//float a3 = 0
float v3 = v2
float s3 s2

//time zone 4
float t4 = t3

//float a4 = 0;

float v4 = v;
float s4 = s3

+

>

+

max and constant acceleration
(v - 2%vl)/a;

ax(t2 - tl1);
vik(t2 - t1) + a*(t2 - t1)*(t2 - t1)/2.0;

acceleration decreases as speed gets higher

alj;
speed will be reached during building up acc

ax(t3 - t2) - j*(t3 - t2)*(t3 - t2)/2.0;
v2*¥(t3 - t2) + ax(t3 - t2)*(t3 - t2)/2.0 - j*(t3 - t2)*(t3 - t2)*(t3 - t2)/6.0;

constant speed
0.0;

(t4 - t3)x*v;

//time zone 5 - build up dec, limit jerk

float tb = t4 + a/j;

//float ab = -j*(t5 - t4);

float vb = v4 - j*(t5 - t4)*(t5 - t4)/2.0;

float s5 = s4 + v4x(t5 - t4) - j*(t5 - t4)*(tb - t4)*(t5 - t4)/6.0;

//time zone 6 - max and constant deceleration
float t6 = t5 + v5/a;

//float a6 = -a;

float v6 = v5 - a*x(t6 - t5);
float s6 = sb + vb*x(t6 - t5) - a*(t6 - t5)*(t6 - t5)/2.0;

if (s6<distance)

{

debug_message (DEBUG_TAG, "Build constant speed zone");
float distance_missing = distance - s6;

//time zone 4 - constant speed
t4 = t3 + distance_missing / v4;;
s4 = 83 + (t4 - t3)*v;

//time zone 5 - build up dec, limit jerk

t5 = t4 + a/j;

//p->init_data.sfv_a_a/1000.0;
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//float ab = -j*(t5 - t4);
vb = v4 - j*(t5 - t4)*(t5 - t4)/2.0;
sb = s4 + v4x(tb - t4) - j*(tb - t4)*(th - t4)*(t5 - t4)/6.0;

//time zone 6 - max and constant deceleration

t6 = t5 + vb/a;

//float a6 = -a;

v6 = v5 - ax(t6 - t5);

s6 = sb + vbx(t6 - t5) - ax(t6 - t5)*(t6 - t5)/2.0;
}

if (s6 > distance)
{
debug_message (DEBUG_TAG, "Shortening const acc phase");

//float real_s2 = s2 - si;

float ss3 = s3 - s2;

// desired s2

float desired_s2 = (distance - s1 - ss3)/2;

//time zone 2 - max and constant acceleration
//t2 = t1 + (v - 2*vl)/a;

float c[5]={0};

c[0] = - desired_s2;

cl[1] = v1;

c[2] = 0.5 * a;

float tt2 = tgen_newton(c, 2, 1, 0, 9999); //tgen_newton(float c[5], int power, float start, float
float min)

t2 = t1 + tt2;
v2 = vl + ax(t2 - t1);
s2 = s1 + vix(t2 - t1) + ax(t2 - t1)*(t2 - t1)/2.0;

//time zone 3 - acceleration decreases as speed gets higher
t3 = t2 + a/j;
if (v1i>=v/2) // max. speed will be reached during building up acc
{
t3 = t2 + t1;
}
// a3 = 0;
v3 = v2 + ax(t3 - t2) - j*(t3 - t2)*(t3 - t2)/2.0;
v = v3;
s3 = 52 + v2*(t3 - t2) + a*x(t3 - t2)*(t3 - t2)/2.0 - j*(t3 - t2)*(t3 - t2)*(t3 - t2)/6.0;

//time zone 4 - constant speed
t4 = t3 + 0.0;

//float a4 = 0;

v4 = v3;

s4 = s3 + (t4 - t3)*v;

//time zone 5 - build up dec, limit jerk

t5 = t4 + a/j;

//float ab = -j*(t5 - t4);

vb = v4 - j*(t5 - t4)*(t5 - t4)/2.0;

sb = s4 + v4*(th - t4) - j*(t5 - t4)*(t5 - t4)*(t5 - t4)/6.0;

//time zone 6 - max and constant deceleration

t6 = v5/a + t5;

//float a6 = -a;

v6 = vb - ax(t6 - tb);

s6 = sb + vb*(t6 - t5) - ax(t6 - t5)*(t6 - t5)/2.0;

}

float ss[7] = {0};
ss[1]=s1;
ss[2]=s2;
ss[3]=s3;
ss[4]=s4;
ss[5]=s5;

max,
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ss[6]=s6;

float tt[7] = {0};
tt[1]=t1;
tt[2]=t2;
tt[3]=t3;
tt[4]=t4;
tt [6]=t5;
tt[6]=t6;

pfv_position /= 1000;
if (pfv_position>ss[6])

{
debug_float (DEBUG_TAG, "Desired position is further than maximal reachable position, time_to_pos
calculation terminated. Returns -1. Position requested:
return O;
}

// Detects first incomplete time zone - index i
int i=1;

float pfv_time_A = 0.0;
float pfv_pos_B = 0.0;
float pfv_time_B = 0.0;

do
{
if (pfv_position < ss[i])
{
//debug_message (DEBUG_TAG, "Podminka") ;
break;
}

// Time is equal of duration till last complete zone
if ((pfv_position == ss[il]))

{
pfv_time_A = tt[il;
//debug_message (DEBUG_TAG, "Positions are equal.");
return pfv_time_A;

}

//debug_message (DEBUG_TAG, "Pricteni");

i++;

>

} while(i<=6);//(sizeof (p->s)/sizeof (p->s[s[0])))

// Calculates time
switch (i)
{
case 1:
{
pfv_time_B = pow(pfv_position/j*6.0,1.0/3.0);
pfv_pos_B = j*pfv_time_B*pfv_time_B*pfv_time_B/6.0;
break;
}
case 2:
{
float c[3] = {0};
c[0] = s1 - pfv_position; //c
cl1] = v1; //b
cl2] = a/2.0; //a

float x1 = (-c[1] + sqrtf( (c[1l*c[1]) - (4.0%c[2]) * (c[0]1) ) ) / (2xc[2]);
(-c[1] - sqrtf( (c[1l*c[1]) - (4.0%c[2]) * (c[0]) ) ) / (2*c[2]);

float x2

if (x1>=0)
{

pfv_time_B = x1;
} else
{

pfv_time_B = x2;
}

pfv_pos_B = sl + vi*pfv_time_B + axpfv_time_B*pfv_time_B/2.0;
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}

}

break;
}
case 3:
{
float c[4] = {0};
c[0] = s2 - pfv_position;
c[1] = v2;
c[2] = a/2.0;
c[3] = -j/6.0;
pfv_time_B = tgen_newton(c,3,0.0001,t3,t2);

pfv_pos_B = s2 + v2*pfv_time_B + a*pfv_time_Bxpfv_time_B/2.0 - j*pfv_time_B*pfv_time_B*pfv_time_B/6.0;

break;
}
case 4:
{
pfv_time_B = (pfv_position-s3)/v;
pfv_pos_B = s3 + pfv_time_Bx*v;
break;
¥
case 5:
{
float c[4] = {0};
c[0] = s4 - pfv_position;
cl[1] = v4;
cl3] = j/6.0;
pfv_time_B = tgen_newton(c,3,0.0001,t5,t4);

pfv_pos_B = s4 + vi4*pfv_time_B - j*pfv_time_B*pfv_time_B*pfv_time_B/6.0;
break;
¥
case 6:
{
float c[3] = {0};
c[0] = s5 - pfv_position; //c
c[1] = v5; //b

cl2] = -a/2.0; //a
float x1 = (-c[1] + sqrtf( (c[1l*c[1]) - (4.0%c[2]) * (c[0]) ) ) / (2xc[2]);
float x2 = (-c[1] - sqrtf( (c[1l*c[1]) - (4.0%c[2]) * (c[0]1) ) ) / (2xc[2]);
if (x1>=0)
{
pfv_time_B = x1;
} else
{
pfv_time_B = x2;
}
pfv_pos_B = sb + vb*pfv_time_B - a*pfv_time_B*pfv_time_B/2.0;
break;
}
case O:
{

debug_float (DEBUG_TAG,"Error. Calculated time is replaced by t5",t5);
pfv_time_B = t5;
}
}

if (i>1)
pfv_time B+=tt[i-1];

return pfv_time_B;
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Appendix E Optimization

E.1 Optimization.m

clc; close all; hold off; format long;

% load target positions
position

% initialization

global kp Tmax

Tmax= 0.2 % simulation time
dT=0.001; % simulation step time
kp=800; % initial condition

t = 0:dT:Tmax-0.001;

x0=[kpl; % passing parameter for fminsearch
sim(’position_controller_tune’,Tmax); % run simulation
position_controller_tune 7 open simulation window

% plots initial and ideal curve

figure(1);

hl = plot(Position.Time,Position.Data(:,1),’m’,’LineWidth’,3);
hold on;

h2 = plot(Position.Time,Position.Data(:,2),’G’,’LineWidth’,3);
hold on;

% starts minimalization
OPTIONS=optimset (’LargeScale’,’off’,’MaxIter’,10, ’Display’,’iter’);
x=fminsearch(’Criterion’,x0,0PTIONS);

% plots final result

kpopt=x(1)

sim(’position_controller_tune’,Tmax);

figure(1);

h3 = plot(Position.Time,Position.Data(:,1),’R’,’LineWidth’,2);
grid on;

legend(’initial setup’,’target’,’final result’)

break;
E.2 Criterion.m

function f=Criterion(x)

global kp Tmax
kp=x(1)

% run simulation
sim(’position_controller_tune’,Tmax) ;

% plot progress

hO = plot(Position.Time,Position.Data(:,1),’B’,’LineWidth’,1);
hold on;

drawnow

% supress legend

hsAnno = get(hO, ’Annotation’);

hsLegend = get(hsAnno, ’LegendInformation’);
set (hsLegend, ’IconDisplayStyle’, ’off’);

% minimalization criterion
J.Data = J.Data."2;
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ndix

Application of servo drives on the prototype of the

punch press machine

% increase the effect of resonance in the steady state

start =
endd =

J.Data(start:endd) = J.Data(start:endd)*100; % error is

crit =

f=crit;

length(J.Data)-640;
length(J.Data);

sum(J.Data) ;

multiplied
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