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Abstract — this paper provides an evaluation of control
principles of power exchange modules used in industrial
robotics. There is presented a detailed analysis of MCU
computational time sharing between several time-critical
functional processes and a digital sensor performance is
experimentally validated. Measurements of overall
control unit performance drop are done and possible
system improvements are proposed.
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I. INTRODUCTION

Electrical energy consumption and respective costs are matter
of high importance. Different energy saving activities is
carried out in many levels of economical and geographical
organizations. Target of saving 20% of primary energy by
2020 in comparison to 2007 has been set by EU [1].
Therefore, energy saving actions are considered by industrial
energy consumers in EU. Automobile manufacturers in
Europe are organizations that try to increase automation
levels in their production lines as much as they can, which
forces them to spend electrical energy more and more. Single
car production chain including various production processes
such as welding, handling, gluing, painting lead to a relatively
large energy consumption [2]. Local research groups have
been analysing energy saving possibilities and have
concluded that great energy savings potential can be
achieved, if energy recuperation would be introduced at
factory level [3].

Energy recuperation system should eliminate braking
energy dissipation through braking resistances in a DC bus of
an industrial robot and save it in some sort of energy storage
device, from which the energy could be acquired back later
[4]. The proposed energy recuperation circuit consists of
power part and control part.

The main task of power part (PP) is to provide energy
transfer’s environment that enables regenerative energy
transfer to the energy accumulator and back to the robots. The
main task of control part (CP) is to enable and control
functionality of PP or disable it depending on system states.
Different controlling algorithms can be implemented by the
help of CP.

Although different topologies and variations of PP and CP
are possible, one implementation of each has been practically
built and used for experimental tests.

Experimental tests use a capacitor as an energy
accumulator. These tests have also been carried out by the use
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of 2 KUKA industrial robots. Based on real testing
environment requirements also CP of energy saving system
has been built.

The next sections of this paper will present very general
introduction in PP of energy saving system and deeper
explanation of CP program architecture and sensor data
processing mechanisms.

II. GENERAL DESCRIPTION OF POWER PART OF ENERGY
SAVING SYSTEM

Although a future target of this project is to build energy
saving system that is able to accommodate any electrical
energy consumer device with built in DC bus, this project at
its starting phase is focusing on KUKA type industrial robots.
Usually KUKA robots consist of a manipulator, typically 6
permanent magnet synchronous servo machines, drive system
and a controller [5]. Robots used in a project have a built-in
DC bus line which is used to power each inverter [2]. When
motors are accelerating they are taking energy from DC bus,
when they are braking, the energy is supplied back to the DC
bus due to machine recuperation. During the acceleration
process a voltage in a DC bus decreases and during the
braking process its voltage rises. When it reaches 688 V, a
braking resistance is connected in parallel with DC bus in
order to dissipate braking energy [4].

The PP of energy saving circuit basically is set of modules
that interface each robot in system with energy storage
capacitor (Fig. 1). PP mod n stands for n-th PP module. In
general more than 2 PP modules can be connected to C.

Fig. 1. Energy saving system and PP modules.

The version of PP modules that was used in tests does not
enable CP to limit energy flow from robots to C. But the
energy flow to the opposite direction can be limited.

Maximal voltage level in C can be greater than 688V, if
energy flow to the robots is never enabled. If it is enabled
constantly, than voltage level in C should follow voltage level
in both DC bus systems [4].
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III. DESCRIPTION OF CONTROL PART

CP is MCU based system that has voltage sensors on each DC
bus (between robot and PP module) and C. It has also the
industrial communication based inputs from robot controllers
that inform of robot internal states. A HMI interface is also
present.

Outputs are electrical signals that are driving IGBTs in PP
modules and PROFINET data packets that inform of energy
saving system and CP state. 16x2 symbols LCD is an output
for user that is operating CP (Fig. 2, 4).

Sensor 1GBTs

Profinet Profinet

Fig. 2 CP inputs and outputs.

An actual CP that has been used in the tests is built up as a
set of 3 modules:

1. Sensor input module (Fig. 3). This module
contains 3 optical and 1 all-effect sensors, which
enables voltage measurements of 2 DC buses, one
capacitor module. It enables also a comparison of
two sensor types.

2. A central data processing module (Fig. 4). This
module contains MCU PIC24EP512GUS810,
which executes the main application algorithms.
Part of user interface is implemented on it as an
LCD and 3 pushbuttons.

3. A communications- and IGBT-control module
(Fig. 5). This module has IGBT driver interfacing
buffer ICs and device to handle industrial
communication from HMS — Anybus Compact
Com. This module is meant to work with Profinet
IO communications protocol [6]. COM port
communication is also possible through this
module.

Fig. 3 Sensor input module.

Fig. 5 Communications and IGBT control module.

IV.PROCESSES OF CONTROL PART

CP has to implement 4 basic processes:
1. Sensor data processing
2. Communication with robots
3. User interface handling
4. Industrial process control (based on data acquired
from previous 3 tasks).

All of the processes have their dedicated interrupt service
routines which are executed at different frequencies and with
different priorities depending on their influence on the overall
algorithm. All of Interrupt Service Routine (ISR) handling
mechanisms are the ones which are supported by currently
used MCU PIC24EP512GP810 [8].

A. Separate process description

1) Sensor data processing

Due to the fact that CP’s algorithm had to be designed for a
quite noisy sensor input, digital filtering is present. Fact that a
target MCU does not implement DSP capability did not
initiate any use of Nyquist criterion for signal sampling and
reproduction .[8] Instead was chosen strategy by which the
ADC samples sensor inputs as often as possible and then
moving average algorithm is used to implement low pass
digital filtering.

CP that has been designed for the first tests implements 4
analogue inputs. Three of them are used to measure voltages
on DC buses of robots and capacitor module, but fourth one
was designed to enable comparison of different kind of
sensors that can be connected in parallel with capacitor
module’s sensor. So that, MCU is configured to sample all 4
analogue inputs in 38 ps.

This time is fast if comparison is done with the time that is
needed to apply simple moving average algorithm to 3 sensor
inputs - 162us (Fig. 6). Formula of moving average
algorithm is shown here:
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FV = FV + —(’SV;F"),

Q)
Where FV is a filtered value, JS is a sampled value and n is
number that states how many samples have to be averaged.

This type of moving average has some delay which
depends on n. But on the other hand, higher n results in a less
noisy averaged signal. Experimentally it has been tested that
in case when ADC interrupt is called with 5 kHz (which is
maximum possible frequency with target MCU and 4
analogue inputs) frequency than n with value of 400 satisfies
energy saving process requirements. Of course, optimization
should be done to get real value of needed n.

5 kHz makes ADC interrupt the most often interrupt in
CP’s algorithm, in comparison with rest of the ISRs. But this
interrupt has to share MCU resources with other interrupts
that are responsible for other processes, which reduces its
actual frequency, which also will be calculated later.

38 us

g 162 us

45-

o

5

£ > t

200 us
5 kHz

Fig. 6 ADC interrupt length and frequency.

2) Communication with robots

Communication with robots is done by the help of
communications module that is able to work in Profinet
network. Basically, the communication with robots is reduced
to communication with Profinet interfacing module which is
done by the help of UART module of MCU [6], [7].

This communication is done by the help of protocol that
requires data packet sending and receiving with the minimum
size of 19 bytes. Baud-rates can be adjusted to standard baud-
rate values. Tests have been done with baud-rate of 19200
bytes per second and proved to satisfy requirements of
industrial process. Of course, baud rate optimization can be
done [3].

MCU built in DMA modules enables interrupt generation
when full message of, for example, 19 bytes is received and
not after each single received byte. When a message from
communications module is received and interrupt bit has been
triggered, a processing of received message starts. Sending
and receiving is done by Direct Memory Access (DMA) and
Universal Asynchronous Receiver/Transmitter (UART)
modules [8].

Tests have shown that a message processing and response
generation takes about 150 ps. And it happens with frequency
of 33.67 Hz. That is because data sending to communications
module, communications module data processing and data
receiving takes about 29.7 ms (Fig. 7).
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Fig. 7 Length and frequency of communication ISR.

3) User interface handling

User interface handling includes 2 things:
1. Setting and displaying system states;
2. Button press reading.
Both of them are implemented as routines that are called
by some interrupt sources.
Setting and displaying system states is done about 2 times
per second. Counting and interrupt calling is done by
dedicated 16 bit timer. System states and display options are

changed by taking into account button presses and
dynamically changing data values.
& 155ms 440 ms
B
2
2
=
> i
455.5 ms
2.19 Hz

Fig. 8 Length and frequency of ISR which allows setting and displaying
system states.

As shown in Fig. 8, an “interrupt on” time is larger than in
previous 2 cases. That is mostly because of used
FDCC1602N-RNNYBW-16LE display delay requirements
after each command that has been sent to it.

Button presses are detected by dedicated interrupt and their
values are used by previously described routine.

4) Industrial process control (based on data acquired
from previous 3 tasks)

The interrupt of this process is called with frequency of about
3 kHz, because IGBT switches in power part of energy saving
circuit does not need to be switched more often to satisfy
industrial ~ process  requirements.  Although  process
implements main logic of industrial process control
algorithm, it is not doing too many calculations, only ready
for processing data are compared to each other, new values to
variables are given and signals are sent to IGBT and
connector driver pins. That is why the MCU time taken by
this process does not exceed 12.18 ps (Fig. 9).

c 12.18 us
o - 308.2 us
Iy |
o
(3
£
- t
321us
3.11 Hz

Fig. 9 Length and frequency of industrial process control ISR.
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B. Process priority and sequence analysis

Industrial process control algorithm has been given the higher
priority than rest of the processes that have been given lower
but equal priorities. User interface process is composed of 2
interrupts. And to give user fast response, button responsible
interrupt has been given the highest possible interrupt in
system.

That means that button press can interrupt any of interrupt
service routines that is being executed and industrial process
control interrupt can interrupt rest of the system interrupt
service routines (except button interrupts).

Rest of interrupt service routines are executed with their
frequencies and if one is called during the execution time of
the other, than it is executed immediately after previous
execution has been finished.

Let’s now consider 3 ISRs: Sensor data processing,
communication with robots and GUI display and system
variable responsible routine. All these routines have the same
priority. If sensor data processing ISR is followed by
communication ISR, than no delay in sensor data processing
sequence is introduced, because communication ISR can be
executed at 38 ps gap, which is used for ADC module to
physically acquire voltage level at each input and not for
sensor input data processing (Fig. 10).

Communication ISR Sensor data ISR

-

Interrupt on

t

Fig. 10 Time sharing between Communication ISR and Sensor data
processing ISR.

When a display-related interrupt is executed, a 38 us gap in
sensor data processing process is too short to fit in it 15.5 ms
large ISR. That results in delayed sensor data execution time.
Delay can be up to 15.5 ms + 150.2 us = 15.65 ms in case
which is shown in Fig. 11.

Display related ISR
Communication ISR l

\

Sensor data ISR

Interrupt on

15.65 ms

Fig. 11 Delay introduced by display related ISR.

As noted before, a display related ISR appears
approximately 2 times in one second. And by taking into
account this fact, minimum possible amount of sensor
processing ISR executions in one second can be calculated as

fadc(min) =(1- 2(TDr +Tcom)) x fadt:(set) =
=(1-2(0.0155+0.000152)) x 5000 = 4.84kHz ’

In the previous calculations fyyemin) 1S @ minimum number
of processed ADC ISRs per second, T, is a length of
communications ISR, Tp, is display related ISR execution
time.

Fademiny 1s directly related to moving average algorithm.
When 400 (practically tested and working value) values are
averaged, than frequency that is related to this averaging
period (fMA(min)) is Ol’lly

f B f e miny _ 4.84kHz
MA(min) — MAS - 400
amples

=12Hz 3)

MA - is short form of moving average.

When any of these processes is interrupted by any of the
higher priority interrupts than fyagminy still describes process of
averaging well, because it is rounded down value.

Iv. DIGITAL FILTER RELATED PROCESS CONTROL
DELAY

Data that is coming from voltage sensors is basically used to
enable the use of regenerated energy or disable it. Current
version of CP algorithm enables it when DC bus voltage of
central capacitor module is higher than some constant
predefined value (HIGHER LIM) and disables it when
voltage in capacitor drops below some constant predefined
value (LOWER_LIM).

Delay time between actual voltage signal appearance at
sensor input and detection time of it has to be measured in
order to describe response time of voltage sensing
mechanism.

Theoretical delay was measured by script written in
MATLAB that corresponds to the one in real MCU. This
script applies step signal to digital filter, with previously
described parameters (Fig. 12).

—Step signal
—Value to be detected and detection time|
——Signal image in MCU

Time, s

Fig. 12 Step signal applied to sensor input.

In the figure 12 step signal is green one. The length of it is
time period that corresponds to digital filter averaging

(2) frequency — 12 Hz. It is a bit more than 0.4 seconds.
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Black line shows how MCU “understands” step signal
input.

Horizontal red line corresponds to some predefined voltage
value, which detection delay time has to be measured.
Vertical red line just helps to indicate crossing point of
predefined voltage with MCU “understood” voltage level at
its input.

In the Fig. 12 a predefined voltage level (red horizontal
line) is set to 590 V. And output of the simulation shows that
it was detected with delay of approximately 0.4 seconds.

In the practical experiments was very important to detect
585 V, which was set as UPPER_LIM. Depending on actual
impulse length and amplitude this UPPER_LIM value can be
missed or detected by MCU sooner or later. Table which uses
impulse length of 0.4 seconds, shows 3 different
UPPER LIM detection delay times at 3 different impulse
amplitudes.

TABLE 1.

UPPER_LIM (585 V) DETECTION DELAY TIMES WITH DIFFERENT
STEP SIGNAL AMPLITUDES, BUT CONSTANT LENGTH - 0.4 S.

Pulse amplitude | UPPER_LIM detection time
(\4) (O]

590 0.40

640 0.20

688 0.16

If pulse amplitude would be 585 V, a more than 0.4
seconds of step signal width would be needed to detect this
voltage on sensor input. Furthermore, if a pulse with would
be shorter, than previously described impulses may not even
be detected.

Although delay times are long, and some of pulses can
even not be detected, industrial process, can be successfully
completed without any losses in energy savings.

The reason why this happens is that a central capacitor
works as an energy accumulator where braking energy is
being fed in until voltage in it reaches UPPER_LIM. Sensor
inputs are scanning just rising voltage in central capacitor
unit. And even if UPPER LIM is detected a bit later, than
nothing bad happens — regenerated energy can be used just a
bit later.

Long delay times in LOWER LIM detection may cause
some problems in system functionality, because one robot can
start to power the other even if it needs energy to itself.
Presence of this situation was not measured in practical
experiments that have been carried out. But even if it was
present, no error messages were generated by robots that were
connected to the system. That means that even if this situation
was present, than company that has developed these robots
have designed their systems to allow energy transfers in this
case [7].

V. CONCLUSION

Well functioning multi-process managing architecture has
been implemented on PIC24EP512GU810. Analysis and tests
has proven that it is adequate to use it for the implementation
of supervising algorithm in energy saving system.
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Designed program architecture still can be improved by
analysing possible effects on lower moving average sample
amount. This research may lead to possibility of Nyquist
criterion use and lower sensor input sampling frequency that
would leave more time to MCU for other tasks or sleeping
mode.

Important outcome is fact that amount of saved energy in
case of two test robots in system does not change even if
sensor delay time is 0.4 seconds. Such a delay time may
influence the amount of saved energy in case of more robots,
since voltage could change more rapidly in central capacitor.
Also smaller capacitance value of central capacitor unit could
reduce amount of saved energy when large delay times are
present during sensor data processing.

Less noisy sensor input would lead to reduced moving
average sample amount. Therefore optimization could be
done also in CP electronic design.
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Mircis Prieditis, Davis Meike, Armands Senfelds. Mikrokontrolera resursu sadali¥ana laika vairakiem procesiem un digitala filtra izpéte industriala
energijas taupiSanas iekarta.

Elektroenergijas taupiSana sak ienemt arvien lielaku lomu, ka majsaimniecibas ierices, ta arT industrialas razoSanas ietaisés. Eiropas plani 2020. gadam paredz,
ka velamais energijas ietaupTjums, sasniegs 20% no energijas pat€rina projekcijam 2020. gada, kas tika izstradatas 2007. gada. Lidz ar to par energijas
taupisanu sak domat arT automobilu raZotaji. Raksta ir aprakstits energijas taupiSanas princips, kas rada, ka uzkrat industrialo robotu bremzg&Sanas energiju
kondensatoros. Uzkrasanas un uzkratas energijas atdo$ana tiek vadita ar speciala vadibas modula palidzibu.

Vadibas modulis ir bazéts uz mikrokontrolleri. Ta ieejas signali ir sprieguma limeni uz katra robota lidzstravas kopném un energijas uzkrajéjkondensatora.
Vadibas modulis ir paredzéts darbibai Profinet 10 tikla, kas lauj tam sazinaties ar industrialajiem robotiem, vairaku robotu parvaldibas sistému, ka ari arT
lietotaju. Darbiba Profinet IO tikla ir galvenokart paredz&ta industriala procesa svarigu mainigo apmainai starp vadibas moduli, robotiem un lietotaju.

Vadibas modulim ir javar darbinat 4 paraléli procesi, kam katram ir savs uzdevums un prioritate sistémas vadiba. Visbiezak izpildamais process ir analogo
ieeju skeneéSana un noskenéto datu apstrade. Ta notiek apméram 4840 reizes sekundeé un no tiem ir atkarigs vai robotiem tiks atlauta regenerétas energijas
izmantoSana vai né. P&c tam ieejas datiem tiek filtréti ar digitalo filtru, kas lauj atbrivoties no trokSpiem. Digitalais filtrs ir viens no vienkarSakajiem
zemfrekvendu filtru veidiem, kas izmanto slido$as vidgjas vértibas principu (moving average). Slidosas vidgjas vertibas filtra aizkav&jums ir 0.4 s. Ta¢u, par
spiti tam, industriala procesa ietaupitas energijas daudzums nemainas, jo uzkrajgj kondensatora kapacitate ir pietiekami liela, ka ari sisttma darbojo$os robotu
daudzums ir pietieckami mazs.

Izmantotaja vadibas sisteéma, mikrokontrollera procesors ir noslogots gandriz nepartraukti, tacu iesp&jams, ka tas varétu tikt atslogots, ja vairak tiktu izpétita
digitala filtra kvalitates maina atkariba no slido$as vidgjas vertibas vidéjosanas intervala.

Mapuuc Ilpueaurtuc, JdaBuc Meiike, Apmanac Illendennc. Pacnpenenenue pecypcoB MHKPOKOHTPOJLIepa /ISl HECKOJBKHUX IPOLECCOB M
HCCJIEI0BAHHE JUTHTAILHOTO (pHIILTPa 1/ dHeprocdeperaoieii yCTAaHOBKH.

COepexkeHre PHEpruy 3aHUMaeT Bce 0ojiee 3HAUMMOE MECTO KaK IS JOMAIIHMX, TaK M MHIYCTPHAIBHBIX 3JIEKTPOTEXHHYECKUX yCTpoicTB. Ilo ruianam
EBpomnsl npeanonaraercs, uro 10 2020 roza xenaemoe coepexxeHre MoxkeT JocTHIHYTh 20% oT mianupoBarHoro B 2007 roxy o06bema notpednenus. B cBsasu
C 3TUM U NPOU3BOAUTEIN aBTOMOOHJIBHBIX CPEJICTB Hawalld PabOThI IO YMEHBIICHHIO PAcXoja dJIEKTPO’HEPruu. B cTaThe ommcaH NPUHIMI peaan3aluu
cOepexeHns] YHEPTUH B KOHJEGHCATOPaX IPH TOPMOXKEHHH MEXaHH3MOB HHIYCTPHAIBHBIX POOOTOB. YIIpaBIeHHE NPOLECCOM COSPEXEHHUS OCYIIECTBICTCS
CIEIMaIbHBIM MOJYJIEM , KOTODPBIi BHIIOJIHEH Ha 6a3e MHKPOKOHTpOIIepa. BXoiHbIe CUTHAIBI 3TOr0 yCTPOKHCTBA ABIIAIOTCS XapaKTEPUCTUKaMU HalpsHKeHUH
Ha OONIMX IIMHAX OTACNBbHBIX POOOTOB U LEHTPATLHOTO JHEPrOHAKAILIMBAIONIEr0 KOHJCHCAaTopa. MoOAynb YIpaBleHUS HpeIHa3HAdeH U CBSI3H C
uHaycTpransHoil cethio [Ipoduuer 10, 4TO MO3BOJAET peanu30BaTh CBsI3b MEXAY OTACABHBIMH POOOTaMH, CHCTEMOH YHpaBieHHUsI IPYNIoil poGOTOB U
monp3oBaTeneM. Momydb YIpaBIeHUs AODKEH KOOPAHHHPOBATh paboTy 4 mapaielbHBIX IPOIECCOB, KaKAOMY M3 KOTOPBIX YCTAHOBIEH pPa3JIMYHBII
TEXHOJIOTMYECKHIl aITOPUTM M NPHOPUTET IPU OCYIIECTBICHUH ympaBieHus. Haubosnee 4acTbM IPOIECCOM, BBIIOJIHSIEMBIM YHPABISIONMM MOJYJIEM,
SIBISICTCSI CKAHUPOBAHUE BXOJHBIX CUTHAIOB M 00paboTKa 3TUX MoKa3zaTenei. JTo mposoxutcs 4840 pa3 B CeKyHIy U OT MPABUIBHOIO (DYHKIMOHHPOBAHUS
3aBHCUT BO3MOXHOCTb PEKYIEpalMi OTACIbHBIM poOoTOM. BXO/HBIC NaHHBIE (QUIBTPYIOTCS JUIUTAIBHBIMM (QHIBTPAMH, YTO MO3BOJSACT W30ABUTHCS OT
Pa3IMYHBIX oMeX. JIUruTansHelil QUIBTP SBIIETCS OJHUM M3 IPOCTEHININX BUIOB HU3KOYACTOTHBIX (PUIBTPOB, KOTOPBII HCIIONB3YeT IPUHIUII CKOIB3SIIEr0
cpenHero 3HaueHus. 3ajepxka storo ¢uibTpa cocraBmser 0,4 c. HecMoTps Ha Takyio 3ajiepiKy B Iporecce pabOThl OHa HE OKa3bIBAaCT BIMSHHME Ha
mapaMeTphl polecca PeKyIepaniy, 4To 00bsICHIETCs 00NN eMKOCTh HAKAIUIUBAIOIIEr0 KOHAEHCATOPa H MaJIbIM KOJIMYECTBOM POOOTOB, HOAKIIOUSHHBIX
K MoJyJito. B jaHHO# cucTeMe MOy b yHpaBlIeHHs! HAarpy>KEH HENPEPBHIBHO, HO BO3MOJKHO, YCOBEPIICHCTBYS ITapaMeTphl (GHIIbTpa, Harpy3Ka MOJyJIs MOTJIa
OBITH yMEHBIIEHA.
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