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Modelling of High-Speed Permanent Magnet
SynchronousMotor

M. Novak

Abstract — This paper presents specific issues of  Downscaling of a macro turbomachine for constant
modelling a high-speed permanent magnet motor (PMSM).  specifc speed and lower volume flow therefore leads to
Although the dynamic model of classic PMSM is well  gn increase in rotational speed.... The overall volume of
knows, high-speed machines have theirs specifics like alarge 1o ajectrical machines in the example above is also ¥ of
influence of bearing or air friction losses not covered by the the original one
Stfmdard m(?del' Those are di§cussed in this paper tog.ether From this cor.nes the idea to use high speed machines
:::gg'esfﬁ)ﬁzr;ﬁe?:fireviz;ﬁzﬁmnt‘;farzhge}ve?del' Finally also in other applications with size constraints. As it was

shown in [2] where the target maximum speed of the

Keywords — Mathematical modelling, permanent magnet ~ motor is 240,000rpm, rated output is 5kW and the stator
synchronous motor, high-speed motor diameter is 60mm, core stuck size is 40mm and rotor

diameter is only 20mm.
The paper is organized as follows. First a description
I. NOMENCLATURE of a standard PMSM model is given, that specifics of
Vi(t) — instantaneous voltage value in phase x [V] high-speed  model are discussed. Follows the
R. — stdor resistancecf] identification of real high-speed motor parameters and
. comparison with modeled data. Finally conclusions with
¥ — flux linkage [Whb]

S _ suggestion for future model improvement are given.
ix — instantaneous current value in phase x [A]
@ - rotor angle [rad]

L — inductance INl. PMSMMODEL

z _ﬂiﬁﬁgﬁ:csges%cégg ?rlzgj/s] ~ For the purposes of future FPGA controller
Tm_ electrical torque [Nm] implementation and verification we have created a
€ ber of pol . Simulink model of PMSM. The model was used during
Pp - number of pole-pairs [-] the designing phase of the controller for algorithm
verification, range checking, parameter setting etc. The
model is based on the information published in [3] - [7].

II. INTRODUCTION The PMSM model is based on the electrical properties

of the stator windings and on theirs interaction with the

IGH speed permanent magnet motors became a hpfior * The electrical dynamic equations of the phase
topic in the last years. It is due to improvements iN/oltagesva, Vi, Ve are

permanent magnets and motor design technology. The

reason for creating smaller, high-speed machines is theirs y, (t) = R + d/]a 1)
much higher power density. As it is shown in [1] one 2 dt
large turbocompressor can be replaced with 16 dA
compressors, each with a volume of 1/64 of the V(t)=R +—2 2)
conventional compressor, which together has the same dd;
output power but requires only a quarter of the volume of v, (t) = R +—Cc 3)

the conventional compressor. The diameter of the small

dt
units would be ¥4 of the original one and the rotational

speed would therefore increase by a factor of at least W_hereRs IS PM.SM stator winding resistance afylz, e
are coresponding flux linkages for phase a,b,c.

Under the assumption that mutual inductancgs=

This work was supported in part by the Czech ministry of educationl‘ba and peak flux Ilnkage of the permanent magnék,is

youth ad sport grant no. MSM6840770035 “The Development of(With components a, b, c) the flux linkagés 4, 4c in
Environmental - Friendly Decentralized Power Engineering”, internal(1) - are (3)
CTU Grant "Development of measuring, simulation and experimental

methods with focus on non-traditional energy source” and support of] =L | +L. i +L i +A (4)
EU Regional Development Fund in OP R&D for Innovations (OP ~ @ aa’a = —ab’b © Tac’c © “'ma

VaVpl) and Ministry for Education, Czech Republic, project # J =L | + i+ i +A 5
CZ.1.05/2.1.00/03.0125 Acquisition of Technology for Vehicle Center ° ab'a Lbb b Lb° ¢ mb )
of Sustainable Mobility. This support is gratefully acknowledged. /]C = |_acia + Lbcib + Lccic +/]mC (6)

M. Novak is with Department of Instrumentation and Control
Engineering, Faculty of Mechanical Engineering, Czech Technical

University in Prague, Prague, Czech republic (e-mail: Martin.Novak2 Flux linkages, voltages and currents can now be
@fs.cvut.cz). transformed from the three phase stator coordinate system
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to the rotor fixed dg coordinate system using R L |
transformation matrices [6]. The symbol S in those S q g
matrices represents voltages, fluxes or currents - Park 'é'  p— ~~—
transformation —

-+
S, cos(©) cogO- 12D cd©+ 130[S, % Vq wl—dld (.U)\mCD

S, |=(2/3)| sin(®) sn(©-120) sin@+ 120 S,

S 1/2 1/2 1/2 S, \* NM2012
° /
where § is a zero vector, in a balanced three phase
systemS;+§+& =0 g-axis
The inwerse transformation (inverse Park transformation) .
IS + RS Ld Id
S, cos(©) sin©) S, ° [ F—"
S |=|cos(©@-120 sife- 12p 1S, (8)
S| [cos(@+120 sifo+ 12p 1S Vd w L I
Using ransformations (7) and (8) the voltage equations in +/\q 9
dq reference frame becomes o N\
. dAa .
v, =Ri, +d_tq+ WA, 9) d-axis

Fig 1 - dq axis PMSM equivalent circuit diagram

. dA
Vy =Rig +—% -, (10)
dt Rotor nechanical speed and rotor angle is
—1 w
A, = L, W, =— O(t) = [t (15)
Po
A =Ly + A (12 _
Hence the space state model of PMSM is
wherew is electrical speed arig, is the flux linkage of i L
permarent magnets. %:_—Ri 4+ w+iv (16)
This model is shown in an equivalent circuit diagram on ¢ L, d ’ 4 ’ d
Fig 1. .
dlq_—R. _Ld. + 1 _/1m
The eletric torque produced by the PMSM is E _L_lq L_ldw L_Vq L_w a7
_3r . 1.3 . . a d q a
To= 5[l Vo J= 3 P [ Ao+ (L - )ide ] 39 g 32 P3P )i
The above described electrical model is completed withadt 2 J "¢ 2 g\ ¢ 4/ dd (18)
mechanical model p.B pK. . p
" _Mp w- p al\r]_fI’ICTIOI’] a)z _TPTL
Te :TL +id_a)+Ea)+ air _ friction CIJZ (14)
Py dt Py Py For sinplicity, the space state model can also be rewritten
where T, is torque caused by the loalljs monent of w&)a( matrix form
inertia, B is damping constant (friction), Jsiction IS 22 ADX +Bu+ N, X [o+ XT [N, [X (19)
dampingcaused by air friction ang}, is number of pole-  dt ! 2
pairs. whereA is system matrixB is input matrix,N; andN,

are notinear coupling matrices
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-R 0 0 [ dig | 2AML406B PMSM L = f(l)
L, dt
A=l o -R -A, X = % (20) 1200
Lq Lq dt 1100 * o
2 _ dw *
0 E&/]m P,F o - 1000 .o
L 2] J | - - S 900
_ - 800 @ .
1
- 0 o w0l **
d
Va 600
B=| 0 i 0 u=Ilv (21) 0 5 10 15
L, Tq 1A
L
~Py , ) .
0 0 T Fig 2 - PMSM Stator inductance as function of current
o L In method two, resistance was measured with Ohm's
0 i 0 methodwith a Diametral Q130R50D power supply, 2x
L Pro's kit digital multimeter MT1232.
d The inductance in method two was measured from the
_| Ly time constant of a transient characteristics with
N, = _L 0 O (22) oscilloscope GDS-806C with probe GTP-060A.
q As stator inductance is a function of current, the
0 0O O measurement was done up to the nominal current and a
little above it. The results are summarized on Fig 2. It can
L i bee seen that the inductance is changing some what with
r 3 2 7 current as it was expected. It is rising with increasing
0 _&(Ld -L ) 0 current. For nominal current, the inductance is 1,1 mH. It
2] a is also obvious that the measurement has a relatively high
N.=|0 0 0 (23)  error as the values are fluctuating. Nevertheless the trend
2 is visible. The obtained results from both methods are the
0 0 _ ppKair_friction fOIIOWing
J TABLE Il
- - PMSMRESISTANCE AND INDUCTANCE
Direct measurement Indirect measurement
Based on (20) - (23) PMSM model was created. with BM591
R(m2) | 310 210
IV. REAL MODEL PARAMENTER IDENTIFICATION L (uH) 880 800 (for I=1 A)
1100 (for = 4= 11 A)

To setcorrectly the PMSM model it was necessary to

estimate some model parameters. Some of them could beA b f h . in the table ab
determined directly from the manufacturer's data while, AS €an be seen from the comparison In the table above,

others required some experiments the values obtained from both methods are similar but
' with a relatively high error. The error in stator winding
resistance is large because the value of stator winding

TABLE resistance is small and its size is comparable with the
PMSM PARAMETERS contact resistance in the circuit. The inductance values
Motor type: Manufacturer: are comparable and it is expected that a more precise
2AMLA06B-090-10-170 | VUES Brno mp . (pectec p
— — — value is the one obtained with indirect measurement as
Vo= 560 V N = 25 000 mift el 1L A dh
1A T nominal current is used here.
T,=1,2Nm K_E = 7,3 V/ kRPM The permanent magnet flux linkagg is calculated from

the ba&-emf constant K_E = 7,3V/kRPM

To estimate other motor parameters two different _V _

methods were used and the results compared. An=—"=A1,=0,072 [VVD] (24)
Method one consisted of a direct measurement with w ) )

LCRG Meter Tesla BM591 where both winding Motor's moment of inertia was calculated from a

resistance and inductance was measured. THEOWOr startup on Fig 3. In this experiment where the
otor was powered with a given curregt< 9 A until

disadvantage of this method is that the measuring currehlld weakening started. The start time was 0,4 s and the
is not known and that inductance will be measured with 3., \haq speed was 572 Hz (34 340"mirThe’ startup
small unknown current. As inductance is a function O&rren 9 A corresponds to torque 0,98 Nm. Considering
current, it is expected that the real inductance value fahe relatively high current and torque, mechanical losses
nominal current will be higher. were neglected in the calculations [8].
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PMSM startup with Vdc =500 V

—_—d

_Iq O, (in.1)

50000

40000

30000

20000

10000

g (A*1000), Iq (A*1000), n (min-1)

0 01 02 03

-10000

04 o "‘,” iy 0,6

time (s)

Where ¢; is friction coefficient,p,; is density of air at
giventemperature and pressute|s rotor angular speed,

r is rotor radius andis rotor length.

Air friction torque is then

T & =GPyt w (27)
And thaefore the friction torque is a function af as it

is usedin the model.

The friction coefficient itself is dependent on the size of
air gap and air flow in the air gap given by Reynolds and
Taylor numbers. Unfortunately, none of those parameters
could not be measured or determined precisely
analytically.

Fig 3 -PMSM startup with Vdc =500 V, _Iqreq = 9 A

Momentof inertia is

J :Tﬁ = 0,98[—!0'—4 = 0,11010
Aw 2rrh72

friction losses in bearings.

[kgmz] (25)

time.
As can be seen from the model, air friction losses arg,;, (18)
considered. This is important for high-speed machines
the losses caused by air friction can have the size

For this reason an attempt was made to at least estimate
bearing and air friction with an experiment. It consists of
accelerating the motor to maximal speed and turning off
the inverter. The rotor will spin down naturally. The
deceleration of the rotor is measured as a function of

it is obvious that when the motor is un-
wered and unloaded, its mechanical speed will
crease with losses until a complete halt. This is
described by the following dynamic equation

According to [9], where speed was 500 000 RPM,

friction losses caused by air friction were 8 W, where as
bearing losses were 10 W for two bearings. d_
As the machine used for this research has maximalg J J

ppBa)_ ppKair_friction CUZ

(28)

speed 42 000 RPM, it can be expected that air friction
losses will be much lower. The reason for this is that

according to [9] power loss caused by are friction is given

It hasto be noted here that this equation does not
represent all losses in the motor.

_ 4
P _ar =C¢ TPy, T (26)
PMSM Deceleration
700 . ;
: : —rreasured
[ns] U W -
S
)
L)
A
\\ :
AY :
A Y : :
\ N N
A} : :
N :
\ N
_4mf- L% : |
£ N :
3 o |
= A\ :
g A :
: A S :
: h :
: - :
200+ : : ]
: o
: " :
: bl :
e
: oy
H L]
100 : P -
: T
: : i,
H : o T
: : T —
: : ---‘---__
: : -
o i i i L ]
0 5 10 15 20 25 30

tirne (=)

Fig 4 - Comparison between measured (blue, solid line) and modeled PMSM deceleration (red, dashed)
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The solution of (28) is should be considered in future model development.
wlt) = However it can be expected that if a system with

B 29 controller is used also some other components like the
_ BL(0) (29)  inverter has to be modeled to achieve a good agreement
- [g) [gj between the model and reality.
BI} ’ Kair_friclion m(o) + Kair_friclion B()(0) @ ’
Equatim (29) was used to find coefficient8 and REFERENCES

gaj'—frildion. fror?rheXperlmEntally (;neasur.eﬁ P'}ASM rotor 1] Krahenbihl, D.; Zwyssig, C.; Weser, H.; Kolar, JW.: A
ece eﬁ“?”- € search was 9”6‘ wit a. east squarfiniature 500000-r/min Electrically Driven Turbocompressor, In.:

method in Matlab. The comparison @iy 4 is a best Industry Applications, IEEE Transactions on, pp. 2459-2466, Vol. 46
match hat could be achieved by varying just parametersssue 6, ISSN 0093-9994, DOL.: 10.1109/TIA.2010.2073673

B andKar fricion - AS Can seen, the match is not very good.

The reaon is that other losses in the motor have beelgl ©Oyama J. — Higuchi T. — Abe T. — Shigematsu K. — Yang X. —
neglected ﬁatsuo E.: A Trial Production of a Small Size Ulta-High Speed Drive

’ System, In.: Electric Machines and Drives Conference, 2003.
One is the loss caused by eddy currents. As thgmDC'03. IEEE International, pp. 31-36 vol.1 , ISBN 0-7803-7817-2,
permanent magnet is rotating, it induces currents to theOl.: 10.1109/IEMDC.2003.1211239

stator windings and stator iron. Also there is an 3 5

interaction between the permanent magnet and thodd Simanek J.ReSeni napaje a regulani struktury pro synchronni

. rakéni motor s permanentnimi magnety, Ph.D. Thesis, University of
currents. Stator core losses could be determined by t rdubice, Jan Perner Transport Faculty, Department of Electrical and

Steinmetz equation [10],[11] Electronic Engineering and Signalling in Transport, 2009, in Czech

Pove =C, O “ (B} (30) -
[4] Quang N.P. - Dittrich J. A.: Vector Control of Three-Phase AC
Machines, Springer, 2008, ISBN 978-3540790280

WhereC,, a andp are material constari, is peak flux
densityandf is frequency of the current. It can be seerld] Zhang Z. - Shu J.: Matlab-based Permanent Magnet Synchronous

; ; ; otor Vector Control Simulation, In: Computer Science and
that losses are a function of frequency I.e. rotation nformation Technology (ICCSIT), 2010 3rd IEEE International

speed. The function is non linear. Unfortunately thisconference on, pp. 539-542, 2010, ISBN 978-1-4244-5537-9, DOI:
calculation is impossible as the stator material is Nnot0.1109/ICCSIT.2010.5563610
known for our motor.
Another loss that has been neglected is the interactidél Ohm D.Y.: Dynamic Model of PM Synchronous Motors,
between the permanent magnet and stator iron. In oth@yailable on <
P 9 . www.drivetechinc.com/articles/IM97PM_Rev1forPDF.pdf > [accessed

words, the permanent magnet is attracted to the statoy 1 5012
iron and is braked by it. This is visible when the rotor is
turned by a bare hand. It takes then preferably one of foys; pillay P. - Krishan R.: Modeling of Permanent Magnet Motor
positions. This effect seems to be significant for loweDrives, In: IEEE Transactions on industrial electronics, vol. 35, no. 4,
rotor speeds. november 1988, pp. 537 - 541, ISSN 0278-0046, DOI 10.1109/41.9176

Considering those simplification, the presented fit can

be considered an approximate model. The mOdélf]ope,;lt?evsé l;f I-wéh_sye()e\aéléleiirizoﬁlﬂiﬁg'r SZL.Jp_eCr:chr?/;rkgye’r JI;I:I)Dyrrc];g]ei:Eiings
parameters determined in this chapter are summarized &ﬁthe 2011 IEEE International Conference on Industrial Technology

table I1l. and 43rd IEEE Southeastern Symposium on System Theory.
TABLE lll Piscataway: |EEE Industrial Electronics Society, 2011, p. 153-158.
PMSM MODEL PARAMETERS ISBN 978-1-4244-9065-3.
Model Value and units note
parameter i [9] Zwyssig C. — Round S.D. — Kolar J.W.: Analytical and
R(mQ) 260 [0 Average from direct and Experimental Investigation of a Low Torque, Ultra-High Speed Drive
indirect measurement System, In.: Industry Applications Conference, 2006. 41st IAS Annual
L (uH) 1100 pH] forl=1,=11A Meeting. Conference Record of the 2006 IEEE, pp. 1507 — 1513, ISBN
Am 0.072 [Wh] 1-4244-0364-2, DOI.; 10.1109/1AS.2006.256729
J 0.11 . 16 [kgn7]
B 8.2. 10" [N/rad/s] [10] Venkatachalam K. — Sullivan Ch.R. — Abdallah T. — Tacca H.:
Kai_ficion | 1,3. 10° [N/rad/s]] Very small, could be Accurate Prediction of Ferrite Core Loss with Nonsinusoidal
significant for higher Waveforms Using Only Steinmetz Parameters, In.: Computers in Power
speeds Electronics, 2002. Proceedings. 2002 IEEE Workshop on, pp. 36-41,

ISBN 0-7803-7554-8, DOL.: 10.1109/CIPE.2002.1196712
VI. CONCLUSION
As it can be seen from the comparison between thgl1] Chen Y. — Pillay P.: An Improved Formula for
measured deceleration and modeled one, there is |@mination Core Loss Calculations in Machines

relatively large difference. For high-speed motors moreyperating with High Frequency and High Flux Density
parameters that just the ones present in a standard ID'\/'%\Ecitation, In.: Industry Applications Conference, 2002.
7

model have to be considered. It is the loss caused by t th IAS Annual Meeting. Conference Record of the, pp.

eddy currents caused by the permanent magnet rotati 9 .
: : -766 vol. 2, |ISBN 0-7803-7420-7, DOL.:
and the interaction between permanent magnet and Sta}%.1109/|AS.2002.104264

iron that comes into play for small speeds. All thos

10
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Lung Tumor Motion Prediction by static neural
networks

R. Rodriguez, J. Bila, I. Bukovsky, N. Homma

Abstract -- This paper presents a study of lung tumor-  trained with previously observed input-output patterns.
motion time-series prediction, first, with the use of Accordng to the above statements, feedforward neural
conventional static (feedforward) MLP neural network (with a networks have promising capabilities for implementation to
single hidden perceptron layer) and, second, with the static lung motion time series prediction, and lung motion

quadratic neural unit (QNU), i.e., a class of polynomial neural _ . . .
network (or a higher-order neural unit). We also demonstrate prediction with neural network (NN) is a subject of great

that QNU can be trained in a very efficient and fast way for interesf[ in medicine due to the possibility of capturing
real time retraining due to its linear nature of optimization = dynamics and structural aspects [5][3]. Some authors are

problem. The objective is the prediction accuracy of 1 [mm]  convinced that deep analysis is still needed [5][3][11][12].
for.l-.second p.rediction horizon. So it is well applicable for Regarding the above issues of neural networks and our
radiation tracking therapy. experience with higher-order nonlinear neural architectures
[13]-[16] we extend our study on a second order neural unit
so called quadratic neural unit (QNU). QNU can be
considered a standalone second order neural unit of higher
. INTRODUCTION order neural networks (HONN) or a class of polynomial
neural networks [17][18].

uring lung-tumor radiation therapy, the radiation must We study implementation of static neural networks (i.e
be maintained in the region of tumor and it should b(?\/l L

. . .MLP and QNU), we use the most popular learning
kept far away from the healthy tissue. However, this IS qorithm. i.e. the Levenbera-Marauardt (L-M) algorithm
a nontrivial task because of the body motion. The tumo 9 L 9 q 9

motion can be associated with internal movements causg%jg][zol that is powerful optimization algorithm and it is

by cardiac cycles, and respiration, and also with patientesa“:'y to be implemented. L-M technique is used for non-

. . . linear least-squares problems. When the solution is far from
stochastic movements and systematic drifts [1][2]. Th )
o : . . e correct one, the algorithm behaves as a steepest descent
respiration is dominant among them, thus resp|rator¥n

X : . ! ._method.
motion has been widely studied. The respiratory motion .
; ; Also, because of the nonstationary nature of lung tumor
becomes a complex non-stationary process (if the

o . , . motion in time, we implemented a sliding window retraining
respiration changes amplitude and/or period over time). - o . -
o ; [21] to capture temporal variations in time series validity of
In lung tumor motion it is well known to have amplitude

between 0.5 and 2.5 cm, even some times 5 cm [4]. Astge neu.ral model at every sample of prediction. .
In this paper, we propose a study of lung tumor motion

consequence, the dose distribution _mlght be deIIVeret‘ljme-series prediction, first, with the use of MLP neural
significantly different from the prescribed one, and the

L . . . network (with a single hidden perceptron layer) and,
radiation toxicity may increase dramatically [5][6][7][8][9] second V\Eith the QNUg We also depmonsE[)rate tha}[/ Q)NU can
[10]. ' ’

Several methods have been developed to model tr?ee tr_al_ned N a very _efﬁment and fast way for re_al time
rétraining. The objective of our study was to achieve the

respiratory motion gated radiation therapy or real time rediction accuracy bellow 1 [mm] for 1 second prediction

tumor tracking, but their use is still questlo_ned [1][3]. Threqﬂ?rizon with our approach and to study capabiliies of
general approaches have been achieved to predic

simplest yet powerful neural network models, i.e. static

respiration behaviour [3]. Biomechanical study of the . . L
breathing process is the basic approach. Other meth(I)\{IjLP networks and static QNU to achieve better prediction

. . . . accuracy than in published and comparable works. The
consists of a respiratory mathematical model usin

harmonic functions. The most promising method is an NU ‘was chosen for its high quality of nonlinear

aoproach based on learming aldorithms which need to aﬁoproximation and its excellence convergence [16] that is in
P g a9 l% is paper discussed in the light of its linear optimization

nature(a unique minima for training).
This work was supported grant No. SGS10/252/0HK2/3T/12 and
SGS12/¥7/0HK2/3T/12, and also by PROMEP Mexican grant number Il DATA DESCRIPTION
UTCJOO01. ’
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Rodriguez is also with Technological University of Juarez City, Mexico.

3. Bila is with the Department of Instrumentation and ControlJNiVersity Hospital [22][23]. The sampling period was
Engineering, Czech Technical University in Prague, Pragué, 188 07  30Hz, and the spatial resolution was 0.01 [mm]. The time

Index Terms—- Lung tumor-motion, time series prediction,
radiation therapy, MLP, QNU, retraining.

CZ?ChBREP“?:‘? (_e'mf';‘ﬂ: E“ag"c-c‘t’m-c?- st - 4 cont |series were preprocessed in order to reduce the noise and
. BUKOVSKY IS Wi e Department of Instrumental |0nvan ontro . . . .
Engineering, Czech Technical University in Prague, Prague, 188 07 aVQ'd abnormal data included in r(?th dalta (?f the t'm_e
Czech Republic (Ivo.Bukovsky@fs.cvut.cz). series [22][24]. The preprocessed time series is shown in

N. Homma is with Cyberscience Center, Tohuku University, SendaiFig_ 1.
980-8579 Japan (homma@ieee.org).

11



Proceedings of the annular meeting 28.-30.5.2012
New Methods and Procedures in Automatic Control, Instrumentation and Informatics Roztoky u Kfivoklatu, Czech republic

YR=[y1(k yak y3a0] 1) N
r 2 3 Q(epoch =3 )2, where ek)= Yk - (K. )
. o k=1
The vedory; (k) (eq. (1))”at discrete timek=1.2,..., and from trial searches we concluded the following
y1(K), y2(K) andys(k) are positions of marker on the lateral, gcheme

cephad)cauda_l, and ant_eposter_|or axes in _[mm]. The if Q(epoch> @ epochl) then w= /10
dominant periods of the time series are approximately about (3)
3 seconds. else  p=pu0l0
The LM algorithm for the perceptron-type network,
: requires computation of the Jacobian matfixat each
y.(K..laterd axis .o
2 1 epoch,so the matrix inverse has to be always calculated
1 according to the basic L-M formula in epoch-times
= [19][20]. The inverse matrix calculation for the network
é_l, results in slowing down the real-time computation.
_20 H‘JO l&D ]."'1']0 2(;(.0 2"1’1) :{;(D a‘m A sliding window with Ntrain input-output patterns for
yz(k)___ae;jrﬁo%ujd ans [rrih neural network retraining at every new measured sample
| \
— 0 k+ new
€ Ukt measured
E | o /\/ sample
_10 L L L L L L I
0 500 1000 1500 200 250 00 3500 / /
y{K)...anteroposterior axis \ /
2,
1+ ) ‘\
Eo ‘ n S Nirain P
E, ! Sample to
1F y(k) be
2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ (kD) predicted
0 50 1000 1500 2000 2500 00 30 X 5
k f D=9k
k_
Fig. 1. Preprocessed time series of the observed tumor marker position of y(yl((_n?]) 3
the lung. 1 > realtime
Time of the new
measured sample
lll.  PREDICTION METHODS
Fig. 2. A sliding (retraining) window for model retraining at every new
A. Sliding Window Retraining measued sample, the window slides ahead with each new measured

o ) . ~ sample.
Because the respiration time series are highly

nonstationary (with time varying frequency, mean and |n the QNU predictive model, the inverse during the
amplitudes), it is impossible to obtain a generally validcalculation of the Jacobian Matrix is calculated only once
model from a single training data set. Therefore, weefore the training in epochs starts, and then we also
investigate the effect of retraining of the MLP and the QNWg|culate the weight updates only with varyinthat is the
predictive models to their prediction accuracy. We retraine@nly vector that is recalculated at every epoch in the
the models with most recent history of measured values a{odified L-M formula [19][20]. Mareover, we concluded
every new measured sample, i.e. before each new sampi@t it was not necessary to implement increasing learning
prediction. This approach is sometimes referred in literaturgyte for QNU (as it was desirable for MLP and that can be
as a sliding window approach [21]. reasoned by the superior convergence of QNU during
For every retraining we choospochs= 30 (for MLP)  training due to its linear nature of optimization problem.
and epochs= 300 (for QNU) as we could notice that the  Also, we notice that with the use of least square method
mean absolute error was not improved with more number @fe could avoid the inverse during the calculation of the
training epochs into the window especially for long termjacobian matrix, so we highligh merely division for a single
prediction. After the current window training is performed,yeight. The computation time is much faster because the
the neural network predicts the unknompnsamples ahead jncrement of the weights can be calcualted in a for loop
from the new measured value. The training window for th)sing merely division rather than calculate all weight
predictive models is shown in Fig. 2. updates once by the original L-M formula with the inverse
We used the well known L-M algorithm for the weight of g large matrix. Thus, the only vector that is recalculated

increments of-th hidden neuron at every epoch of training. every epoch in the modified L-M formula is the ereor
In the L-M algorithm for MLP neural network, can be

automatically decreased or increased at every training epoch IV. EXPERIMENTALANALYSIS
depending on the convergence of the training performance
of the network, which is foN training samples given as A. MLP

sum of square errors Experiments were carried out for 30 Hz and 15 Hz
sampling. We investigated the effect of various setups of
ns, andNtrain to predict accuracy that was calculated as
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model. The configuration of the model was30 samples
1N back used as inputs to the netwariG2 neurons were used
MAE=—Z\/q2(k)+ Gg(k)"‘ é(k) (4)  for the prediction, andNtrain=360 were considered as
N i input-output training patterns for the sliding window. Thus,

where N is the number of testing samples, &nds, and  the MAE of the 0.5 [sec] prediction horizon was 0.75 [mm]
e; are the predicting errors of every axis 1, 2 and 3. For thgith computing time of 304 [sec] and the MAE of the 1
predictve model applied on 30 Hz lung tumor motion [sec] prediction horizon was 0.96[mm] with 303 [sec] of
recorded data, the prediction horizons and the differedfomputing time.
input configuration analysis are presented on Fig. 3 (a)-(b). In the case of MLP predictive model applied on 15Hz
Fig. 3(a) summarizes prediction errors at 1 [sec] (=30 stepghmpling data, the predicting results are presented on Fig. 4
ahead by sliding window technique during testing for thga)-(b). Fig. 4(a) summarizes prediction errors at 1 [sec]
time series. The results show prediction errors (MAE) fo(=15 steps) ahead by sliding window technique during
prediction horizon 1 [sec] when lengths of input vector wergrediction of time series. The results show prediction errors
n = (10,15,30,45,60,90) o¥(k). The number of input- (MAE) for prediction horizon 1[sec] when lengths of input
output training patterns of the window is settled abector configuration weren=(5,8,15,23,30,38,45) of the
Ntrain=360. time series signa¥ (k). The number of input-output training

According to our testing, the prediction performs morepatterns of the window is settledNitrain=180. In Fig. 4(a)
precise results with=30 samples back from the time seriesjs shown that according to our testing for 1 [sec] prediction
taken as input to the neural network that are present in thgrizon, MAE = 0.96 [mm] was the smallest prediction
current wave of the respiratory dynamics. For instancesrror, which was obtained witl=15 samples used as inputs
n=30 samples back of the time series includes usefyd the network.
information for the prediction, less or more inputs to the Fig. 4(b) shows the MAE for prediction horizons
predictive model can affect badly to the prediction error, agpred=[1/6, 1/3, 0.533, 1, 1.533, 2] [sec] for a single length
can be seen in Fig. 3(a). of input vectorx with n=15. The prediction MAE becomes

Fig. 3(b) shows the mean absolute error for predictiomrger as the prediction horizons increase as can be verified
horizonstpred=[1/6, 1/3, 0.5, 1, 1.5, 2] [sec] for a single in Fig. 4(b).
length of input vectox with n=30, see eq. (4). The number

of training samples for the windows were settledNtmain= Prediction for various input configurations
- . . - MLP ling 15 H
360. As it can be seen in Fig. 3(b), the prediction MAE 12 LP (sampling 15 Hz) ‘
becomes larger as the prediction horizons increase. el € tpred= 1 [sec] ]
T Ntrain =180 T
Elf--—----- n,=2 S —
Prediction for various input configurations S 108 ——————— n=(58,15,23,30,38,45) __——_—
MLP (sampling 30 Hz) T R e
B Sy s S g A s
_ I I tpred= 1[sec] I I R S P ——
= | Nwain =360 b 2 oo e Y e v
% * I n;=2 ! ! <:; e \77\7\ 77777777 T
g | | n=(10,15,30,45,60,90) | | é Sl I | MAE= 0.96 mm i A
w I | | | | | R 2 088+ - — - ___ e b [
ST S St P N SO Ry S . w w w w
2 ‘ [ i [ ‘ ‘ ‘ 0.84 ; | | ‘ | |
s o e s e e e e e
< | 7 | | | | I (a) Number of samples n used as input to the network
= MAE=0.96 [nm] ! [ [ [ [
2 \ \ \ | | | | | Prediction for various prediction horizons
| | | | | | | | MLP (sampling 15 Hz)
08 ! ! ! ! ! ! ! ! 12 T T . w
0 10 20 30 40 5 60 70 80 90 | | | *
(a) Number of samples n used as input to the network E Tt ‘T _’_’_’_’_T’_’_’_’_ T B _’_’_’_’_’_’T’_’_"_’_
Prediction for various prediction horizons S o8t -———— ‘f -———- f‘ B ﬂ‘ 7777777777 : 77777
MLP (sampling 30 Hz) ] | | | |
1.2 T T T T T L oel o __ Jr _ & _ Jr _ : ‘ _
| | | | | % | | tpred =1/6,1/3,0.533,1,1.533,2 [sec]
| | | | | a n=15
3 R e ek e -
= | | | | | S ! ! Ntrain =
5 081 — — — — o I s | | rain =180
I ARt EEEEEEECEEE R -
Q | | | | |
ER S T T pred=1/6,1/3,05.1,15.2 [sec] 0 1 1 1 1
2 : : n=30 e 173 0533 1 1533 2
R L - (b) Prediction horizon [sec]
é ® ! ! Ntrain =360 . - . )
02t -~ L - Fig. 4. (a)The smallest MAE of 1 second prediction was obtained with
[ [ [ [ [ n=15 input samples to a 2-hidden-neuron neural network, sampling of 15
0 1 1 1 1 f Hz). ())MAE is increasing with prediction horizdpred=[1/6, 1/3, 0.533,
1/6 1/3 0.5 1 1.5 2 l, 153, 2] [sec].

(b) Prediction horizon [sec]
Fig. 3. (a) Th lost MAE of 1 d oredict btained wit The time series prediction (15 Hz sampling) was carried
nl=g?;0 i.npa:Jt sa?nzln;sa t?)sa 2-hid§en-nseeucrg?1 nEL?a:CnEtr\:vc\;\;i,s s(;mar;lr;r?g c\)/¥| ut for k=500 to 1_150_ samples by MLP predlct|ve model. In
Hz). (o) MAE is increasing with prediction horizapred=[1/6, 1/3, 0.5, our results, we highlight the prediction fgared=0.5 [sec]
1,1.52] [sec]. (i.,e. n= 8) andtpred= 1 [sec] (i.e. n=15) prediction
horizors. The model was configured with=15 samples

The resilting time series prediction (30 Hz sampling) y5ck used as inputs to the netwoNkrain= 180 for the
was carried out fok=1000 to 2300 by MLP predictive
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sliding window, andh;=2. Accordingly, the MAE of the 0.5 V. TOWARDS AN STATIONARITY ANALYSIS OF THE LUNG
[sec] pediction horizon was 0.77 [mm] with 79 [sec] of TUMOR MOTION TIME SERIES

computing time and the MAE of 1 [sec] prediction horizonThe |ury-tumor motion time series¥{(k)} in 3-D axis is
was 0.96 [mm] with 97 [sec] of computing time. stationary if its statistical properties do no change over time.
B. QNU It means that all moments of all degrees (expectations,

variances, third order, fourth order, and higher) of the time

In the QNU predictive model applied on 15 Hz samplingsg jes are the same in any position. Thus, the time series can
data, the predicting results are presented on Fig. 5 (8)-(Je considered asstrictly stationary. However, this
Fig. 5 (a) shows prediction errors at 1 [sec] predictionefinition is too strict for lung-tumor motion real data, thus
horizon (= 15 steps ahead) by QNU adaptive model usingweak stationarityor second ordeis also adopted [25]. It
sliding window technique during prediction of time seriesis considered week stationarity when the mean and the
The results present prediction errors (MAE) for predictiorvariance of the lung-tumor time series are constant and the
horizon 1 [sec] when lengths of input vector configuratioryytocovariance betweel, and Y,_,only can depend
weren= (5,8,15,23,30,38,45) of the time series signg). on
The number of input-output training patterns of the window

T.
Thus, is covariance-stationary (weak stationary) if
is settled alNtrain=425. According to the prediction result ()E[Y,] {:;}1 Tk y( V)

rl K (5)

for 1 [sec] prediction horizon, the smallest prediction erro
was MAE = 0.90 [mm] when we useg15 as inputs to the (i)COV(Yy, Yi—;) = H(Y ~)(Yer — ] =V LK T
network. The mea is time-invariant, the covariance does not depend
Fig. 5 (b) presents MAE of prediction horizonson k, the varianceis Var(Yy)= y,is also constant. It is
tpr_ed:[1/6, 13, 0".533’ 1,1.533, 2] [s_eg] for a single lengthy ,\qjgered as week stationary because it only relates to the
of input vectorx with n=15. The prediction MAE becomes gt two moments. Higher moments can be time invariant.
larger as the prediction horizons increase (see Fig. 5 (b)). The idea is to select a window and calculate the covariance
The prediction using the QNU predictive model (15 Hzmatrix during the real-time tumor motion prediction. Then,
sampling) was carried out f&=500 to 1150 samples (43 compare the next window covariance matrix to know the
[sec]). The model was configured wiltrain= 425 input-  difference between both windows, and to analyze the
output patterns for the sliding window=15 samples back influence of such difference during the prediction in real
used as inputs to the network. Accordingly, the predictiotime.

results of 0.5 [sec] prediction horizon was MAE= 0.81
[mm] with duration of 18 [sec] of computing time for 43 VI. CONCLUSION

[sec] of treatment time, and MAE = 0.90 for 1 [sec] |n thispaper, we have developed a time series predictive
prediction horizon with duration of 26 [sec] of computing nodels for lung tumor radiation therapy. An MLP with one

time at 43 [sec] of treatment time as well. hidden layer and a QNU were developed as predictive
models. The adaptation rule for the models was the batch
Prediction for various input configurations optimization (L-M) implemented on retraining (sliding

QNU (sampling 15 Hz)

window) technique (i.e. a moving window for every new

_ i j i L i i sample as a retraining method). Then we demonstrated the
é e pedape L predictive capability of the models by the moving window
S YT T T 7T Nwain =425 T e on periodic and highly nonlinear respiratory time series for
] ! ' n=(58,15,23,30,38,45) ! - ..
@ MO oo o R s e prediction of real data of lung movement. The prediction
§ . T e P O results obtained by the predictive models satisfies the goals
§ T S Sy of our work for the prediction accuracy of 1 [mm] with at
£ 002 L MAE=0.90 [mm]‘\f‘ e most 1 [sec] prediction horizon. Also, study and comparison
! ! ! ! ! ! of the MLP and QNU predictive model performances were
| | | | | |
T e w a % = s presented. For the long term prediction horizon 1 [sec],
(2) Number of samples n used as input to the network MLP performed faster at 15 Hz sampling rate (97 [sec])
Prediction for various prediction horizons than 30 Hz sampling (303 [sec]) at 43 [sec] of treatment
12 | QNU (sampling 15 Hz) | time, and with the same MAE=0.96 [mm]. Accordingly,
_ ! e . QNU predictive model (15 Hz) achieved faster computing
E ¢ '““T““““‘”"’"T""“““ time (26 [sec]) at 43[sec] of treatment time comparing with
Bosl ol ______ 7 A . MLP (15 Hz). Also, the prediction accuracy was improved
i i * tpred =1/6,1/3,0.5‘33,1,1.533,2 [sec] for the QNU predictive model (MAE = 0.90 [mm])
R oo =425 . comparing with MLP predictive model (0.96 [mm]). L-M
2ol A e technique was used for non-linear least-squares problems
S D S for the QNU adaptive model in order to avoid the inverse
= ! ! calculation of the common L-M algorithm. Accordingly, the
0 | |

QNU predictive model became computationally faster than
the MLP predictive model and even faster than the
treatment time (43 [sec]). The lung tumor motion
Fig. 5. (a) The smallest MAE of 1 second prediction was obtained withpredictions were achieved by the proposed predictive
n=15 input samples to a 2-hidden-neuron neural network, sampling of 1§y0dels based on the adaptation to the time variant period

Tz)l.'gé)gMzA]E[slzc:]rTcreagng with prediction horizapred=[1/6, 1/3, 0.533, involved in the cyclic dynamics of respiration.

16 13 0.533 1 1.533 2

(b) Prediction horizon [sec]
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FPGA Based Controller for High-Speed
Permanent Magnet Synchronous Motor

M. Novak

Abstract -- This paper presents the development of a
controller for a high-speed permanent magnet synchronous
motor based on Field Programmable Gate Arrays (FPGA). The
controller was tested on a motor with maximal speed 42000
RPM, nominal speed 25000 RPM, nominal torque 1,2 Nm and

around 70 000 RPM [8]. For higher speeds and by
maintaning the advantages of FOC, we have developed a
novel FPGA based controller for high-speed permanent
magnet motors. It removes the limit presented by the

insufficient computational power of a DSP and allows

nominal current 11 A. The novel controller design shows much | . .
increasing the available speed by a factor at least 40.

promise to handle field-oriented control for higher speeds than
previously available with digital signal processors. According to

our tests, the controller is able to handle speeds at least 40x Ill. CONTROL OFPMSM

higher. o . . .

tgher As the principle of Field-Oriented Control of PMSM is
Index Terms- High-speed motors, Permanent magnet well known, it will be stated only very briefly. Vector control

motors in principle controls both the magnitude and phase of the

controlled currents. This allows to decouple torque and flux
(both are functions of current and frequency) and provides
faster transient responses [9]. This control structure, by
achieving a very accurate steady state and transient control,
leads to high dynamic performance in terms of response
times and power conversion [10]. The principle of field
oriented control is in recalculation of currents to an
equivalent 2 phase machine with direct (d) and quadrature
(q) axes for stator and rotor. The input values for FOC are
torque component (aligned with g co-ordinate) and flux
(aligned with d co-ordinate).

The electrical PMSM model in dg coordinate system is

I.  NOMENCLATURE

v,(t) — instantaneous voltage value in phase x [V]
R — stdor resistance(}]

¥ — flux linkage [Whb]

ix — instantaneous current value in phase x [A]

@ - rotor angle [rad]

L — inductance

w — electrical speed [rad/s]

wm—mechanical speed [rad/s]

T. — electrical torque [Nm]

Pp - NnumMber of pole-pairs [-]

di
v, =Ri, +L,— +al,i, + (N
Il.  INTRODUCTION o = Rlg*lg dt dla *
HE desgn and applications of high-speed motors are A did _ .
becoming a demanded topic in the industry. They can be Va = Rlq + Ly E qu'q @)

used as high-speed spindles, microturbine power
generators, blowers, pumps, hybrid electric vehicles, turbo

. . The electric torque produced by the PMSM is
molecular pumps, electrically driven turbo-compressors etc.

[1] - [4]. For systems with high dynamics and feedback T _3 p [[/, i +(|_d -L )idi } ®)
control, Field-Oriented Control (FOC) needs to be used. ¢ 2 PLTMa a/ea
Traditional permanent magnet synchronous motor The i and j, currents in (1) - (3) are controlled by two

(PMSM) controller systems are based on digital signghdepemient PI controllers either with or without decoupling.
processors (DSP). For systems with lower dynami¢ is well known, that the required Park and Clarke
requirements, V/f control can be easily employed [5]-[7}ransformations need information about instantaneous rotor
Those systems can be easily driven up to speeds of sev@f@dle. This can be obtained either with a position sensor or
hundredth thousand RPM. estimated with a sensor-less approach.

When FOC is used, the situation changes quickly. TheThe general block diagram of such controller system either
algorithm requires much more computational power and $§ DSP or EPGA implementation is shown in Fig. 1.
the maximal speed is usually limited to much lower speeds,

V. DESCRIPTION OF THEEXPERIMENTAL SYSTEM

This work was supported in part by the Czech ministry of education, ; ; il ;
youth ad sport grant no. MSM6840770035 “The Development of The desribed project was about building an experimental

Environmental - Friendly Decentralized Power Engineering”, internal CTS€tUp and testing a high-speed power generator. It is one of
Grant "Development of measuring, simulation and experimental methotise principles with good perspectives for micro energy

with focus on non-traditional energy source" and support of EU Region, ; ; ; ; ; :
Development Fund in OP R&D for Innovations (OP VaVpl) and Ministrygbneratlon with a micro turbine. This solution uses a

for Education, Czech Republic, project # Cz.1.05/2.1.00/03.0128liniature gas powered turbine powered e.g. with natural gas,
Acquisition of Technology for Vehicle Center of Sustainable Mobility. Thishiogas, gasoline etc. The turbine is coupled to a generator

support is gratefully acknowledged. roviding electrical energy. The advantages over a classical
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Engineering, Faculty of Mechanical Engineering, Czech Technic&RIStON ba_SEd generator are significantly higher efficiency and
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Fig. 1. Block diagram of field-oriented control system for PMSM

However there are also quite some technologicakobably of mechanical nature — would arise. As for the
challenges. The turbine is running at very high speedspoment we are not equipped with a motor for such speeds,
usually over 50 000 RPM and with temperatures around 8€e controller has been tested only to the maximal speed of
°C. To couple such a turbine with an electrical generatour motor.
normally means to use some transmission to reduce the spe€ethe controller is currently based on a Xilinx Spartan 3E
and only after the transmission to connect the generator. THisvelopment board with some modifications done. The test
however decreases efficiency and produces mechanibainch with FPGA, the power inverter (in the centre), rectifier
problems. One solution is to connect the generator directly gon the left) and the high-speed PMSM (on the right) can be
the turbine shaft. In this case the generator has to run at #een on Fig 2. It was first necessary to add some input and
same speed as the turbine. One promising implementationootput buffers to separate the FPGA from the power stage
the generator is to use a PMSM controlled with an inverteaind to convert voltage levels. As the FPGA is working with
There are some emerging PMSM allowing such high speedsternal voltages 2,5V, 1,2 V and I/O voltage 3,3 V and the
The main problems of those PMSM are presently mainly thmwer inverter and resolver board are working with I/O 5,0V
bearings and also the possible damage of permanent magietsl converters have been added.
with higher temperatures. Although significant, these issuesThe currents in two phasesdnd |, are measured through
are however not the scope of this paper. LEM LA55P current sensors. The rms value of current 50 A

The PMSM has the following parameters: typen sensor input corresponds to current 25 mA on the output
2AML406B-S from VUES Brno, nominal voltage 560 V,(rms). As the current can be both negative and positive as
nominal torque 1,2 Nm, nominal current 11 A, nominalell and the development board converter was working only
speed 25 000 RPM, maximal speed 42 000 RPM, maximaith positive voltages in the range 0.4 — 2.9 V it was
torque 7 Nm. As problems arise with coupling the motor tnecessary to add an amplifier and voltage converter.
the load, the experiments have been done with an unloadedhe amplified was calibrated with DC current from an
PMSM so far. external power supply to get the dependence of conversion

The system was initially controller with a TMS 320F2812esult on LEM current.

DSP. It was found out that it is possible to control a high- The maximal sensors current is 50 A rms. The external
speed PMSM with a DSP by maintaining vector control, bamplifier is powered directly from the development board.
the calculation requirements are significant and even for higfput current of 1 A corresponds to conversion results of
speed DSP's available today, the limit for this type of contrapproximately 760 decimal. The amplification and zero
is not far. For our 42 000 RPM motor and TMS 320F2812pltage of the external amplifier are adjustable. The signal
the limit was almost reached. then goes to the A/D converter input. Channel 0 is used to

For higher speeds or for induction motors where the motoreasure Iu current and channel 1 is measuring Iv current.
model has to be calculated, DSP would not be sufficient. For The A/D converter is a 1.5 MSPS device with
those reasons we have decided to prepare a nos@hultaneous sampling on two input channels. The
development platform for high-speed machines. Thigonversion result is read through a serial interface. The
platform a based on FPGA’s and should allow to increase@mmunication protocol is a non standard SPI like
significantly the speed limit of vector control. At he samgommunication. The result is a 14 bit signed 2's complement
time it should also allow future development of contronumber. So the result can be in the range -8192 to +8191.
algorithms for sensor-less control. Those algorithms aféie communication with the amplifier and A/D is hardware
model based; usually a simplified motor model is calculateBased an independent on other blocks in the design as will be
This requires additional computation power. The nearegxplained later. The conversion is started by the falling edge
goal is to achieve at least 70 000 RPM with an inductio?f the AD_conv signal. The data from the A/D converter is
motor. coming on the SPI_MISO line and is sampled on the falling

The replacement of the DSP by FPGA allows to remowdge of SPI_SCK.
the limitations caused by insufficient computational power
and to push the controller maximal speed to several hundreds
thousands RPM. It is clear that other problems — most
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Flg 2. FPGA controller, resolver board, external inductance and tested motor

The samle rate is set by the SPI_CLK signal frequency The error output is connected to a Picoblaze embedded
and is 2.7 MHz. This is a little below the A/D converteimicroprocessor. Here it is used to inform the user through an
maximal sampling frequency of 3.0 MHz. The PMSM rotot.CD display. Once the LCD is initialized, it provides
position and speed is measured resolver to digital circuibformation about measured currents Iu, lv, measured rotor
Opposite to the previously used DSP, the FPGA is using tpesition and speed from the resolver card, calculated values
parallel interface output from the resolver chip as we wewst currents Id and Ig and the error number. The display is
not limited by the number of input pins. The resolver signalgpdated with a period of 0.5 s, as only four signals can be
are separated from the FPGA by a level converter running @idplayed in a given time, the screen is switched with switch.
5.0 Vinput and 3.3 V input. The Picoblaze core also switches off the strataflash and

The requested input is given by a rotary encoder from thgatform flash on the board as they share the SPI bus with the
development board. The input is read independently on othghplifier and A/D converter and are not used in this design.
blocks and debounced. There is a limiter on the rotamhe microprocessor is used only to communicate with the
encoder internal counter. It is allowed to count from 1 to 25%ser it does not control anything else. The rest of the
without overflow so sudden torque, current or speed chang@sntroller is entirely hardware based to provide maximal

are eliminated. speed.
The amplifier is controlled with the corresponding block
V. FPGACONTROLLER in the diagram. It produces SPI data and clock to set the

The bbck diagram of the FPGA controller implementatiorboards internal programmable gain amplifier to gain 10. As
is shown on Fig. 3. It is implemented in Xilinx ISE 13.3 as the amplifier and A/D converter share the SPI_CLK signal
schematic representation. The individual blocks are hatie selection whether the amplifier of A/D converter is
coded in VHDL. We have also considered th&ccessed is made by the Picoblaze core with the
implementation in Xilinx System Designer for DSP inbTC6912_ce signal. This signal is held high during LCD
Simulink, but as we have figured out during the experimenigitialization and then held low. This takes about 50 ms. The
it is unable to generate correctly the implementatioimitiaﬁzation done the A/D converter takes control of the
constraints file when not in hardware co simulation mode. SPI_CLK and reads periodically the input channels. The

The whole controller is composed of many blocks. Theame signal also controls the reading from the resolver
description will start in the top left corner. Unless otherwisthrough the parallel interface.
noted, the hardware is clocked with a 50 MHz clock. The The resolver block is accessing the resolver hardware
block evaluate error is used to guard the controller fromthrough the parallel interface. The output position and speed
hardware and software errors. The error signal inputs, g.gid available on separate busses either in 16 or 12 bit. The 12
or I, are coming from the AD converter and containbit signal is used in the controller, the 16 bit signals are
measurd value of current lu and Uv. When a maximal valueéonnected to the Picoblaze core for user information through
is exceeded, the hardware is blocked and a reset is requiegiter blocks to 16 bits for convenient reading. They are not
This protects the motor from over currents. The same is truged for the calculations of controllers.
for currents Id, Ig and for saturations in the controllers.

Effort has been done to match the error numbers to error
numbers used in the DSP controller implementation for
easier maintenance of both systems.
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Fig.3. Implementation of FPGA controller

The principal part of the controller is placed around the The output of thegland |, PI controllers is fed through the
four PID controllers in the right side of the block diagram. invers Clarke and Park transforms to the PWM generator. It
The measured values of currentsahd |, go through the uses a saw tooth generator based on an up/down 8 bit counter
Clarke transformation and form currentg;d and e in the and three 8 bit comparators that are producing the control
stator reference frame. By adding the information abouignals for transistors in the power module. The module dead
position from the resolver block currentg &nd |, are time is not considered here but its including in the controller
calcubted in the Park transformation block. The Parkould improve its properties in the future. This block is one
transformation is created with a help of a sinus and cosinok the few in the design running of clock frequency of 5
ROM table with 8 bit output. This proved to be sufficient foMHz.
this application. It uses Xilinx IP Core multipliers and hand The output PWM signal frequency is set to 10 kHz for the
coded saturating adders. time being to be the same as the output frequency of the DSP
The latency indicated in the figures shows the number obntroller. It can be set to a higher value if necessary.
clock cycles needed to perform the operation. For all blocksThe higher level loop is the field weakening controller and
this latency is the basic without any optimization and it coulthe speed Pl controllers. The field weakening controller
be decreased further if required. The information aboutakes sure that the motor nominal current is not exceeded
latency will be later used to calculate the controllewhen higher speed is necessary. The requested speed is
performance and to compare it with DSP controllecoming from the development board’s rotary encoder and is
performance. Signals land |, the continue to theyland |, shown on LED LDO — LD7 as well.
PID cortrollers. Although called PID this is in fact only a PI The implementation results are the following. The FPGA
implementation as the derivative component is not requir@dntroller itself is running currently on 50 MHz but the speed
for this application. The PID controllers are protected againsan be increased to 150 MHz. The limiting factor is the
saturation, they signal it to the error block which can eith&icoblaze core that is capable to run only on 98 MHz.
take an action or ignore it as specified by its setting. Therefore the speed is kept on 50 MHz to the time being.
An example of implementation of the PID controller is oiThe calculation takes 22 clock cycles. For frequency 50
Fig. 4. Care was taken to synchronize clock cycles betwektHz (20 ns) this is 440 ns. The DSP implementation needed
the P and | components so that corresponding input & us. As can be seen the FPGA controller is significantly
calculated together. The clock cycle synchronization is tHaster, around 150 times. Considering that no optimization of
purpose of delay block. For the time being the controllehe FPGA implementation has been done, there is a good
constants are fixed during compilation time, but they coulchance that if required this could be increased.
be also entered from the Picoblaze core in the future.

19



Proceedings of the annular meeting 28.-30.5.2012
New Methods and Procedures in Automatic Control, Instrumentation and Informatics Roztoky u Kfivoklatu, Czech republic

delay adder

& k_minus_1(15:0)
ok autso) ki
ok ! * clk SATURATE Saturate_|

——louso) . mul_16_by_8_ful

latency 1 sis0 SO laso piso
constant
e ke
latency 3 Ki
o oK
o

subtracter
oK ok satuRaTE Saturate © delay iatency1 Latency 3
£ e ok agsof |
D150 mul_16._by.8 ful, adder
(150) . .
50— o * constant s pa1=) . clkc ok SATURATE Saturate_PID_sum
Latency 2 Kp @ b0
ok ak
delay iatency 1 L —amso
o o
Latency 3 ok i 59— {B(150) v(15:0 = u(i5:0)>
oo w0
P latency 2
Jouso)
delay  iatency 1

auso)

10015:0)

total latency 11

Fig.4. Example of PI controller FPGA implementation

Only by removing the Picoblaze core, the speed increadee DSP implementation and that in will allow us to reach
could ke of another 3 times making it around 450 timekigher speed with future motors. In fact, the FPGA is so fast
faster that the DSP. The above given data are valid ftivat even a sensor less control could be implemented as it
implementation of Id and Ig controllers only. When twaallows calculating a real time model of the motor. This could
other PI controllers are added, for flux weakening and spedst required especially for high speed induction motor
an internal loop is created slowing the design significantlgontrol. In fact when pipelining is implemented, there is a
The speed is then around 15MHz. Nonetheless this is stihlance to produce a controller result in every cycle and to

about 40 times higher that the DSP implementation. speed even more the design. The FPGA implementation is
using around 25 percent of the FPGA leaving plenty of space
VI. CONCLUSIONS for future development. One of the goals for the near future

The inplementation results are summarized in Table if t0 provide on-line signal output to allow capture of motor
where a selection of the compilation results is shown. Frofirrents and controller internal states for comparison with
those results it can bee seen that the FPGA impIementatBﬁP-
of the PMSM controller removes the limitations imposed by

TABLE |
SUMMARY OF FPGACONTROLLER IMPLEMENTATION

Logic Utilization Used Available Utilization
Number of Slice Flip Flops 1,683 9,312 18%
Number of 4 input LUTs 1,383 9,312 14%
Number of occupied Slices 1,161 4,656 24%
Total Number of 4 input LUTs 1,439 9,312 15%

Number used as logic 1,103

Number used as a route-thru 56

Number used for Dual Port RAMs 16

Number used for 32x1 RAMs 52

Number used as Shift registers 212
Number of RAMB16s 2 20 10%
Number of BUFGMUXs 6 24 25%
Number of MULT18X18SIOs 14 20 70%
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Selected Methods of Mounting Reflective
Optics in Vacuum

K. Macuchova

Abstract — Some of the applicable methods of mounting surface. This condition is very hard to fulfill, because
reflective optics are described. Selected design examples are  nowadays toleration of optical surface flatness reachi@®
aimed for use in vacuum and therefore have to fulfill all 5nq petter.
constraints posed by the specific environment. Means of (d) Setting of optical axes is available in four degrees of
mounting in vacuum are discussed. .

freedom (X, y, zy, 0, ¢ — see figure 1).
z

Index Terms—Optical design, Mirrors, Laser Beams, Design
for experiments, Precision Engineering

I INTRODUCTION

ETHODS of mounting optics depend on combining

proper design form and configuration. By

configuration the basic form of the system is meant,
which contains number of elements and theirs features [1].
Main features which we should consider in the opticalig. 1. Degrees of freedom
confi_guration are: field of view, performance and mounting:. Sructural Design
requirements.

The mehanical structure is affected by distortions due to
gravity, motion, and thermal effect. The weight of the mount
should be minimal while the sufficient rigidness is still
A.  Reflective Optics preserved. This leads to lightweight structures.

Reflective optics excels in high reflective surface which The assgmbly consists of mirror cap, opncs, bezel a.nd
can be well suited for multispectral applications. Higﬁpacers \_Nh'Ch are conne_cted ©a k_|nemat|c mount, which
reflectivity for various wavelengths is reached by speciﬁnables filting and trgnslaﬂon of the mirror.
metal or dielectric coating layers. Geometry of the surface is Selected mechanical types of mounts are:

. by th lcati d flat surf I (a) Gimbal (C_ardan jpint) _ _
gg’;t?eriz © application and cover up flat suriace as we E‘T’gure 2 shows a kinematic scheme of a gimbal mount which

Task of reflective transport mirrors is to change directio llows two.rotatlons of a mirror about single axés ¢.
of the laser beam. Flat mirrors shape the optical path. Th ves are independent (?n each other.

also can split the beam to allow diagnostics. Size of the w7 ¢
mirror is given by the beam size, power of the laser, damage !
threshold of the substrate and used coating layers. For
diagnose purposes, the mounting frame has to enable _,ﬁ___
transmission of some energy through the mirror substrate.

B. Mounting Methods

Optics in general, requires special mounting and adjusting
methods apart from other precision instruments. Mounts
should keep high precision. They should not under &flg. 2. Gimbal mount of a rectangular mirror
circumstances transmit stress into the optical surface,
because it may induce deformation of the optical surface and (b) Flexwe mount
thus distortion of the propagating wavefront. Few principlesigure 3 shows flexure mount based on a solid flexure made
have to be followed: of aluminum which allows two translations (y, z).

(a) Stress from the frame cannot transmit to the optical 1
surface. This can be solved for example by special material
combination, when spacers (between steel frame and optics)
are made of material with low Young’s modulus.

(b) Optical element has higher rigidity then the frame.

(c) Toleration of the frame equals tolerations of the

Il.  MOUNTING OFREFLECTIVE OPTICS

This work was supported by the Grant Agency of the Czech Technical
Universty in Prague, grant No. SGS12/052/OHK2/1T/12.

K. Maculchova is with Czech Technical University in Prague, Faculty of
Mechanical Engineering, Department of Instrumentation and Contrfig. 3. Flexure mount, 1 — mirror, 2 — flexure mount, whewen# F; are
Engineering, Technickd 4, 166 07 Prague 6, CZ (e-maiforcesinducting motion
karolina.vosatkova@fs.cvut.cz).

22



Proceedings of the annular meeting 28.-30.5.2012
New Methods and Procedures in Automatic Control, Instrumentation and Informatics Roztoky u Kfivoklatu, Czech republic

(c) Three-point mount (kinematic) components leading out of the chamber. In all cases, the best
Three-point mount is based on kinematic relation betweaolution is to eliminate the necessity of adjustment to
three supports. Changing distance of one of the outerinimum. One of the basic principles is to gain the highest
supports leads to rotation about the corresponding axis.  possible stiffness of the opto-mechanical system. The opto-

mechanical system is mounted to the breadboard inside the

vacuum chamber. The breadboard has to be mounted to the
+ laboratory base independently of the vacuum chamber.
Figure 5 shows the scheme of independent mounting of the
breadboard and the vacuum chamber.

0 |
{- = +
-0 10° mbar |-+—2
Fig. 4. Three-point mount
(d) Hexamd (Stewart platform)
Hexapod is a mechanism with six degrees of freedom. Each ] 1
of the six props supporting the platform contains variable-
length drive.
] /1] —— 43
T
5

Fig. 5. Scheme of the independent mount of the opto-mechanical system

on the vacuum chamber 1 —optical breadboard, 2 — vacuum chamber, 3 —
double bellow system, 4 — anchorage of the chamber , 5 — anchorage of the
opto-mechanics

Fig. 4. Three-point mount, drawing taken from [2]

The reason for this is different stiffness parameter of both
D. UseinVacuum systems under high vacuum. A combination of two

For special physical experiments with laser light, thecompensating bellows (see figure 6) can be used to connect
optics has to be placed in vacuum. Vacuum in principle helff two systems without transferring vibrations and spatial
to prevent collisions of atoms and molecules contained in tAisplacement induced, when the vacuum is being pumped.
air with the propagating laser beam.

The boundary separating atmospheric pressure from t
vacuum inside is a vacuum chamber. Vacuum chambers ¢
in most cases made from stainless steel EN X5CrNi18-1
(CSN 17 240). The flanges can be made also from aluminu
EN AW 6061 (AIMgl1SiCu). The mirror mounts are placed
inside the vacuum chamber.

Mirror surface is very sensitive to gathered dust an 4
adhered molecules. So with the less contaminant it gets ir
contact, the better. After the air is evacuated, the only sour
of contaminant is in form of outgassing molecules whicl
come from the devices and the mount itself placed within tr
vacuum chamber. For distribution of high power lasers th
use in vacuum is strictly necessary, because collision
incident laser light with some contaminant present on th ,
mirror surface lead to destruction of the mirror surface due f&f: & Two compensating bellows 1 — welded bellow, 2 — prop for

. - .. correcting the position and extension of the bellows, 3 — anchor to the floor,
high energy release during the collision. To reach the lowest fiange of the vacuum chamber
possible level of outgassing, we have to carefully select the
materials used for all components present in the vacuumThe vacuum chamber itself is mounted directly to the
chamber. Generally, the use of plastic materials is vef{por, wall, or ceiling of the laboratory. Because the proper
problematic, because many of them are known t@eometrical and spatial position of anchoring surface cannot
contaminate the mirror surface [8]. But many constructiofe reliable and sufficiently precise, an adjusting mechanism
materials are approved to be used in vacuum — aluminuténeeded to set up the position of the chamber. An adjusting
tungsten, platinum, phosphor bronze and many other [8], [9echanism takes place between the anchoring surface and

Mounting of optics in vacuum poses another seriod§€ chamber.
constraint to cope with. The adjustment of system can be Vacuum also make difficult heat removal. The optical
done either manually before the chamber is evacuated Sistem can be designed as athermal, when the whole system,
after it is evacuated but only by automatic adjustmegiven the mirror, is made of material with the same coefficient

components placed inside the vacuum, or again manually ® thermal expansion, for example aluminum. Then the
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whole system expands collaterally and so is in scale all the
time. When the application does not allow such solution, the

mirror can be made of zerodur. There are also means how to
conduct the heat away from the vacuum chamber using

vacuum feed-throughs.
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The Decree No. 50/78 Sh. of CR’s laws and

Mechanical Engineers

[. Uhlit, L. Novak

Abstract - This document provides information above the ever
recurring questions of our colleagues and students: . PROBLEM

how graduates or students of the Faculty of Mechanical Hlavni bl d bo absol inich fakul
Engineering may be qualified § 5 and § 10 of the Decree No. avni problem pro studenta nebo absolventa strojnich takult

50/78 Sb. of Czech Republic’s laws , much needed for research J:e uznatelnost odborného elekt.rOteChniCkéhOém1 které
and educational activities, business  activities, to obtain a je pfimo ve vyhlaSce doslo¥rdefinovano takto:
trade license, etc.

a) vyjmenované elektrotechnickéebni obory
Keywords: classification, safety of work, electrical training, b) dosazeni #edniho odborného vEthni nebo Upiného
decree, exceptions. sttedniho odborného vatni v oboru elektrotechniky
C) Uspsdné absolvovani vysoké Skoly studijniho&sm

. UVOD elektrotechnika

LEKTRICKA zatizeni jsou zvlastni tim, Ze mozna

ohroZeni Zivota a zdravi nejsou lidskymi smyslypodle § 18: Vyjimky z poZadatkna odborné vzdani a

postrehnutelna. Pracovntinnosti, i kterych je praxi uvedenych v této vyhlasce ibe povolit ve zvl4s
k zamezeni Urazu elektrick)'/m proudemha technickych Odl‘.’lVOdl'én),/Ch Fj’-ipadech p’s]uény orgén dozoru, a to na

znalosti nebo zkusenosti, musi byt pravgdosobami, které 7adost organizace, piipa na zadost iislusného
tyto znalosti a zkuSenosti maji, nebo pod dozoréehtd (stedniho #iadu nebo organu.

osob. Pro tyto prace je tedy vyZadovana kvalifikace, ktera je

tvorena elektrotechnickym vetanim, zkuSenosti s praci naTaxativre jsou tyto vyjimky povoleny v §11. Mylny je ale
elektrickém zdizeni, znalosti Zdzeni, na kterém se mayyklad, ze absolventi MFF UK, nebo dal3i vysoko3kolaci,
pracovat, znalosti o nahodnych poruchach, které moheiaji automaticky uznano elektrotechnické &adi pro
nastat a schopnqsti posoudit situaci, zda je mozné b@zpeysechny paragrafy. Maji jej povolenu vyjimku a to pro
pokratovat v praci. 811/1, jako ndhradu 87rizenicinnosti, kterd vSak plati jen

Vyhlaska Ceského tadu bezpenosti prace aCeského v Jaboratgich Skol. Jinde neZ préizeni vyuky nelze tuto
baiskeého @adu ze dne 19. ktna 1978¢.50/1978 Sb., 0 yyjimku pouzivat.

odborné zpsobilosti v elektrotechnice [1], ve znéni podle
zmeny 98/1982 Sb. stanovuje nutné podminky pro ziskapipdobr podle §11/2 pracovnici védeckych, vyzkumnych a

kvalifikace osoby znalé podle 85 az §10: vyvojovych Gstai, tedy i vyzkumni pracovnici na $kole,
. o kteti maji vysokoSkolské vzthni, v ramci vyuky slozili
1. elektrotechnické vzdani. zkousky z elektrotechniky, elektroniky nebo fyziky, nebo

sloZili zawre¢nou zkouSku z elektrotechniky nebo jaderné
2. minimalni délka praxe v elektrotechnickém oboryyziky na stedni odborné skole a kie vykonavaji
(Pozadovana praxe je odstopanad vjednotlivych experimentalni  praci  na  vymezenychideckych,
paragrafech podle stupmlosazeného vatni. VySSi  yyzkumnych nebo vyvojovych pracovistich, se povazuji za
stupei vzcklani = mensi minimalni doba praxe.) pracovniky pro samostatnowtinnost, alepravé jen ve
vlastnim vymezeném védeckém pracovisti.
3. znalosti osob musi byt ekeny pgezkouSenim ied
komisi, jejiz kvalifikace a vySe pe&keni roste s vysi . BUDOUCIRESENI
paragrafu. V sowasné dok, predevsim po fechodu z noreniady 34
xxxx nafadu norem 33 2000-xxx, nereflektuje tato vyhlaska
technicky rozvoj a spolenské zrény. Narst nar@nosti
pozadavk pro vyhodnocovani bezpeosti elektrickych

This article has been realized using the support of EUdRali 7{zenf je natolik odlisny, Ze jiz kvalifikace osob podle této
Development Fund in OP R&D for Innovations (OP VaVpl) and Ministry,

for Education, Czech Republic, project # Cz.1.05/2.1.00/03.0124YNIaSky nevyhovuje. iedevSim bezgmost zaizeni je
Acquisition of Technology for Vehicle Center of Sustainable Mobility. ThigN0Zné vyhodnotit az po provedenych vijiazh e|ekt”CkyCh_
support is gratefully acknowledged. parametil zatizeni, a porovnanim vysletlls pozadovanymi
Prof. Ing. Ivan Uhf, Dr.Sc. is with Department of Instrumentation andhodnotami je teprve mozné usuzovat na b&xpeprovoz.
Control Engineering, Faculty of Mechanical Engineering, Czech Techni |)'/p05ty je véak nutné provést v ramci dokumentace, na jej|'2

University in Prague, Technicka 4, 166 07 Prague, Czech republic (e-mﬁ A o . PV .
ivan.uhlir@fs.cvut.cz). valité zavisi fredevsim. Samostatnéizovani zaizeni (tzn.

Ing. Luka$ Novak Ph.D. is with Department of Instrumentation antbez dokumentace s vysledky vypi tedy neni i zajiS&ni
Control Engineering, Faculty of Mechanical Engineering, Czech TechnicgUpo\édného pistupu mozné.

University in Prague, Technicka 4, 166 07 Prague, Czech republic (e-m@bkud viak neexistuie dokumentace skufto provedeni s
lukas.novak@fs.cvut.cz). | P

4. musi byt télesé a duSeva zpisobili.
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uvedenymi vysledky vypitd, nejsou proveditelné ani revize dodavatelskym Zisobem; déle stanovi podminky pro
elektrickych zaizeni. ziskani kvalifikace a povinnosti organizaci a pracovniki v
Nové normy ngeSi detaild jednotlivé postupy b praci na souvislosti s kvalifikaci.

elektrickém z#izeni. Pracujici osoba musi technicky myslet

a konat a musi mit takové znalosti, zkuSenostitehlpd, (2) Za elektricka *@&eni se pro dely této vyhlasky
které ji umozni dostate¢ objektivr posoudit stav &ci se  novazuji zaizeni, u nichz rize dojit k ohroZeni Zivota,

znalosti ¥ci . o _ zdravi nebo majetku elektrickym proudem, &izeni ugena
Obstarozni vyhlaska 50/78 sb. neuvazuje vyvoj mezioboroy&, i ran pred (Einky atmosférické nebo statické elihy.
struktury v poslednich 40ti letech a struktury dalSiho

vzdlavani a rekvalifikaci. Striktnost omezujicich podminek; yo<iovného textu je patrno, e pozadovana odborna

prace na elektrickych Eaenich vyvolala jiz v roce 2008 zpisobilost pro praci na elektrickych fzzenich neni
jednani mezi Ministerstvem Skolstvi, mladeze a télovychovy

- - i o eEaE & MY odmiréna, jak se &kdy mylrg uvazuje gjakou spodni mezi
CR a’Mlnlsterstvem prace a SQC|aInJo§cwa NMAZENYM  hati, nar. 50V, nejde jen o ohroZeni osob, ale také
Ceskym dadem bezpmosti prace (UBP). FS CVUT  aiatqy. Za kontrolu odborné gmbilosti je zodposdny

v Praze, prosédnictvim @¢kana Hrdltky vstoupila do&chto pifmo vedouci pracovist

jednani s cilem, aby doSlo ke snizeni taxativiitved

stanoveného objemu 600 hod. vyuky elektrotechnickych

predn¥td pro uznani elektrotechnického w@hi ze strany VI. PODIEKOVANI - ACKNOWLEDGMENT

CUBP. '

Jednani v roce 2009 konvergovala k poZzadavku objemu 200 Vi,

- 300 hod elektrotechnickychiqumetd za dobu studia, ~ Clanek je ¥novan vSem vedoucim pracovnikim Fakulty
z toho by ¥ mla byt praxe (ze strany FS mysleno pracétrojni CVUT v Praze jako iniciace k poktavani tlaku na

v laboratgich). Tento objem sice neni dosazitelnyinovaci vyhlasky 50/78 Sh., tak aby jeji budouci uprava
standardnimi akreditovanymi programy (fyzika,pomohla zvysit atraktivitu studia na strojnich fakultach
elektrotechnické a automatird prednety), ale bylo by jej ziskanim pistupu k vySsi elektrotechnické kvalifikaci jiz
mozné dosahnout dalsimi dopseaymi gedméty a praxi studiem na fakudt

v elektrotechnickém provozu.
Tento ¢lanek byl realizovan pomoci podpory z EU fondu

BohuZel chystana novela vyhlasky 50/78 Sb. nebyla dospeo  regionalni rozvoj a inovace (OP VaVpl) a
dokortena, neni zatim ve stavu, Ze by mohla rgdfpzena Ministerstva Skolstvi  mladeze a ¢&ldvychovy CR,
k projednani a schvaleni vIAdOR. projekt CZ.1.05/2.1.00/03.0125 # Centra udrzitelné

mobility . Tato podpora je ogevana.

IV. SOUCASNERESENI
Proto zistavd jen tive pouzivana cesta k ziskani
elektrotechnické kvalifikace pro strojniho inzenyra: 5 §
absolvovani ekterého elektrotechnickéhasebniho oboru a [l Vyhlaska Ceskéio (radu bezpenosti prace aCeského baského
Ziskani V)'/ldniho listu. Radu ﬁedmétﬁ lze absolvovat Ufadu ze dne 19. ktna 1978¢.50/1978 Sb. , o odborné igmbilosti

o ey N | S v elektrotechnice, ve zni podle znény 98/1982 Sb.
uznanim, viad teoretickych pedn®ti sta&i sloZit jen [2] C¢SN 34 3108 Bezgeostni pedpisy o zachazenis elektrickymi

VIIl.  REFERENCES

zkousku. Avsak praktické vyuka - dl'Iny jiéelba absolvovat z;x“izenimi osobami bez elektrotechnické kvalifikace.
v plném rozsahu, coZ je nutné a rozunbd@sova narenost g:i':efi'gh%%lféésed'z (343100) Obsluha a prace na elektrickych

zdalezi i na benevolenci vedeni uciliStéiai 4 az 10 mssiai. [4] Novak, L.: Bezpenost elektrickych zdzeni. 1.vyd. Praha: 2009. 60 s.
ISBN 978-80-01-04350-9.

Podobi Ize ziskat maturitni vygdceni studiem na&které

elektrotechnické mgimyslové Skole, coz jgaso¥ nara:ngjsi.

Treti moznost je paralelni studium nebo Celozivotni
vzaklavani na fakult elektrotechnickeé,

V. ZAVER
Na z&¥¢r doslovnd citace 81 stavajici vyhldSky 50/78 Sb.,
kterd stanovuje kde je kvalifikace pebna:

(1) Vyhlaska stanovi stupnodborné zfisobilosti (dale
jen "kvalifikace")  pracovnik,  ktei se zabyvaji
obsluhou elektrickych z&eni nebo praci na nich (dale jen
"¢innost"), projektovaniméthto zdizeni, fizeniméinnosti
nebo projektovani elektrickych #aeni v organizacich,
které vyralsji, montuji, provozuji nebo projektuji elektricka
zaizeni, nebo provéagl na elektrickych zdzenich ¢innost
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Stepper motor and pneumatic cylinder
driven inverted pendulum

H. Havlis, T. Vyhlidal

Abstract — Mathematical modelling of technological m

problems is a usefull tool for problem analysis and for control

solutions design. However, a real plant control brings problems

which are not apparent during the theoretical solution, but have

to be resolved in order to implement the ideas on real

technological problems. In order to support the education of

such techniques authors constructed low-cost stepper motor l
driven inverted pendulum. The acquired experiences helped to

design and contruct a new plant, pneumatic cylinder driven

inverted pendulum/crane for educational and research

purposes.

\%

Index Terms — Inverted pendulum, stepper motor, - I
pneumatic cylinder, mathematical modelling M —

I INTRODUCTION O O

HIS doament shows the results of a design of v

laboratory plant for control algorithms design beginni%ig- 1. Inverted pendulum plant shown nearby its insecure stable position.
. - . . — actuating force, M - drive mass, | - pendulum length, m — ball mass,

with a low-cost version, that _served to get exXperiences 8. 4 jum angle, x — drive position

construct a general-purpose device for designing, testing and

tuning of control structures for static and astatic, oscillating . MATLABR /SIMULINK MODEL

plants, observer design, active damping design etc.

At the preliminary stage, we built the model (1) in
Matlab/Simulink (including vitrual reality visualisation) to

) ) verify basic ideas of real plant construction — measurement

device described for example in [1]. Such system can Bgccesfully tested very first control algorithms (linear
described (as for example again in [1]) by a set of equationggnrollers based, non-linear controller based, state feedback
X =% based etc.).

m+ M 1

Il.  INVERTED PENDULUM CONTROL

%=X T

o @
X3 =X

Constant2 ~ Slider
Gain

)'(4:— @+iu
M M

Where x; = ¢ (pendulum angle)x,=¢ (pendulum
angularvelocity), xs= X (drive position)x,= X (drive speed)
- see k. 1. Physical parameters are defined as follows—
mass of ballM — mass of the drivé — length of pendulung
- standard gravityy — actuating force.

This linearized set of equations is valid only within small
angle values. It is easily possible to show that the equatin
system (1) is not stable.

rotation

pro VR VR Sink2

Fig. 2. Matlab/Simulink model of plant according to (1).

- \_ _"i.;

This work was supported in part by the projects no. I N i
SGS11/50/0HK2/3T/12 and 1M0567 with the support by the Ministry of

education of the Czech republic. Fig. 3. Matlab/Simulink virtual reality model model connected to

Hynek Havlis is with the Czech Technical University in Praguegimulink model shown on Fig. 2.
Department of Instrumentation and Control Engineering, Technickéa 4, 166
07 Praha 6 (e-mail: hynek.havlis@fs.cvut.cz).
Tomas$ Vyhlidal is with the Czech Technical University in Prague,
Department of Instrumentation and Control Engineering, Technickéa 4, 166
07 Praha 6 (e-mail: tomas.vyhlidal@fs.cvut.cz).
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IV. STEPPER MOTOR DRIVEN PROTOTYPE
After succesfull model design and simulation we built ¢

angular decoder

very first prototype, constructed on a stepper motor drive gt with IRC angulr encader
linear drive form discarded HP Scanjet scanner wit b motor e —G,
removed original control electronics. \ég%m‘

This technological solution brought several problems,

Control computer with AD622 card

e.g. week and slow stepper motor (it is well known the
ordinary stepper motors are not able to reach higy ¢ prototype stepper motor driven plant
revolutions). An additional problem were clearances in the
drive mechanics.

For angle measurement was used industrial 12 bit
guadrature encoder Tigre TRME-2 was used with evaluating
unit based on programmable gate array [3], later on, it was
developed another prototype based on XC9572XL circuit.

For the prototype driver circuit diagram see Fig. 4, for the I
prototype angle measurement see Fig. 5. @

EISE
wo.
SR

-

101
ATMEGA32

B~oo

Fig. 7. Stepper motor driven prototype

c1d

By operating the real plant (Fig. 7) several experiments

Fig. 4. Prototype stepper motor driver circuit diagram based on MCijere peformed with control and observer design — see for
Atmega32 and two MOSFET H-bridges. example Fig. 8

+5V |

TxD
GND

I

XC9572XL

XC9536XL

2
S U}
C C3 C4 % g
=] a3 ok 8 3
-t
n—
C5 ] r 4
iﬁ. Eg%}der : :
+ = — =
Lcr oI5V i % .
T Bun.
oV ¢ ¢ oV

Fig. 8.Part of successfull PD angle control with FIR filter.
Fig. 5. Prototype angle measurement circuit diagram, based on CPLDs andFig_ 8 shows succesfull PD control of rod ang|e _

MCU Atmega8 for serial port communication . .
g P accordhg to used drive (weak, slow stepper motor) and

The st@per motor driver for two-coil type stepper motorangle meter better resulst are not possible.

(Fig. 4) is based on an Atmega32 one-chip microcontroller.
The microcontroller reads the desired drive state from
control computer (velocity, direction) and alternately switchs Final version of a laboratory plant model is based on a
both motor coils in proper order and polarity in order to turaneumatic cylinder — linear pneumatic motor. This solution
the motor. was choosen in order to reduce the drive price (approx. 20%
The angle meter prototype is based on commerciaf price of linear electric servo-drive) and to simplify the
replacement of 7183/7184 ICs, a XC9536 programmab¥éhole plant. In order to meet all targets (e. g. actuating force,
gate array with implemented quadrature decoder [3]. mrive length etc.) there was designed a plant based on a
another CPLD (lI03, see Fig. 3) is implemented up/dowpneumatic circuit diagram according to Fig. 9. All parts are
counter with parallel output. The parallel output i®rdinary industrial types provided by SMC Industrial
periodically checked and transmitted via RS232 port of I0&utomation CZ. There will be possibility of control of the
into the control computer. plant using Matlab/Simulink and later using of industrial
PLCs.

V. PNEUMATIC CYLINDER DRIVEN PLANT
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VI. CONCLUSION
567 1

m@ The low-cost prototype of a real inverted pendulum plant
I l— driven by a stepper motor was successfully constructed. The

1234 final version of pneumatic cylinder driven pendulum/crane

, plant is almost finished and will be used for educational and
1 12 _|_ _

—| ‘ research purposes.
% [
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Fig. 9. Circuit diagram (pneumatic part) of the linear pneumatic drive.
Cylinder CP96SDB-50-500 (upper part of diagram), control valve SY5120-
5LOU-C8F-Q and other accessories (SMC), working pressure 6 bar
(nominal).

The pneumatic cylinder (diameter 50 mm, stroke 1500
mm) in the upper part of Fig. 9 is controlled by 3 state 5/3
pneumatic valve. The piston head position and angle
measurement is performed by industrial incremental
encoders and evaluation unit. Angular measurement is
provided by original angular meter TRME-2 used in the first
stepper motor driven prototype (angular resolution approx.
0,1°), position measurement is provided by magnetic
incremental linear encoder TMLS-25B-02 with magnetic
tape (resolution better thar0,02 mm). Both linear and
angular encoders are connected to industrial interface PC-01-
XX with serial port connection to the control computer. The
drive is equipped with 2 rails with special cart and it is
possible to operate the plant as inverted pendulum or normal
pendulum, for example for design of oscillations damping
algorithms — see Fig. 10.

angular decoder
neumatic cylinder position decoder

cylinder driver 360° revolution possible

==

RS232

RS232

Control computer

Fig. 10. Scheme of pneumatic driven plant with angle and position
measurement controlled by PC.
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Different Approaches to Reactor Furnace Control

J. Mares', P. Doleielz, A. Prochazka'

Abstract — Paper deals with different techniques of nonlinear
reactor furnace control. The first part briefly describes the
real system (reactor furnace), which is a nonlinear system
because of different heat transport mechanisms. Then
different approaches to the system control are described.
Firstly standard technique using PID controller, and secondly
two predictive control strategies (Generalized Predictive
Controller and Neural Network Predictive Controller).

Key Words — Reactor Furnace, Predictive Control, GPC,
Artificial Intelligence.

I. INTRODUCTION

IFFERENT techniques of the reactor furnace
D control are described and compared in the paper.
Furnace is an equipment of Department of Physical
Chemistry (University of Pardubice) and is made for
chemical reactor heating. The reactor provides
measurements of oxidation and reduction qualities of
catalyzers in the different temperatures.
The temperature profile of the reactor is strictly defined.
It is linear increasing up to 800 °C, then keeping the
constant value of 800 °C till the end of the experiment. The
difference between the setpoint temperature and real reactor
temperature has to be less than 10 °C.
It is necessary to consider a nonlinear furnace behavior,
because of huge range of reactor temperature [1].

II. REACTOR FURNACE DESCRIPTION

The furnace base is a cored cylinder made of insulative
material. On the inner surface there are two heating spirals
which are powered by the voltage 230 V. In the middle of
the cylinder there is a reactor. Its temperature is measured
by one platinum thermometer (see Figure 1).

The system is a thermal process with two inputs (spiral
power and ambient temperature) and one output (reactor
temperature). Thus, controlled variable is the reactor
temperature and manipulated variable is spiral power.
Ambient temperature is measured error which is considered
constant.

Nonlinearity of the system is caused by heat transfer
mechanism. When the temperature is low, heat transfer is

'J. Mares$, A. Prochazka are with Institute of chemical technology,
Department of computing and control engineering

Technicka 5, 166 28 Prague 6, Czech Republic
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provided only by conduction. However, when the
temperature is high, radiation presents an important transfer
principle.

SPIRAL

REACTOR | g

Figure 1 — Reactor furnace chart

Nonlinear mathematical model (set of four differential
equations) and its linearization is described in [2] and [3].

III. PID CONTROL

The first approach how to control the reactor furnace is
the simplest way — PID controller in the form of (1), where
gain (rp) integral time constant (7;) and derivative time
constant (7p) were set according to Ty method, more in [4].
The method gives the PID control response slow but very
robust. Even nonlinear systems are possible to control quite
satisfactorily via Ty setting.

u(t) = r{e(z‘) + je(s)ds v T, de(’)] M

dt

:1\_.

The only necessity for the controller parameters
estimation is to measure the step response of the system.
Then gain and parameter Ty is calculated, see Figure 2 and
equation (2). Constants of the controller are calculated from
these parameters, according to table 1.
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Figure 2 —Ts method principle

TABLE 1
PID parameters calculation
To T[ TD
PI 0.5/Z 0.5Ts 0
PID 1/Z 0.66Ts, 0.167Ty

The step response was measured (step of the spiral
power 0 — 100 W) and the PI controller parameters were
estimated, table 2

TABLE I
PI controller setting
To T[ TD
PI 3.38 223 0

The control experiment was realized at the system.
Results are shown in the figure 3, where the first chart
shows the manipulated variable, the second chart shows the
set point and controlled variable and the third chart shows
the error between set point and controlled variable.

[
1 1
600 800 1000 1200 1400 1600 1800

|
1 1
0 200 400 600 800 1000 1200 1400 1600 1800

Figure 3 —PID control

IV. GENERALIZED PREDICTIVE CONTROL
Generalized Predictive Control (GPC) belongs to the
group of complex predictive controllers where
mathematical model is included to predict future behavior
of the system, the model is called prediction model.

Prediction model

We assume the model in the form of equation (3).

28.-30.5.2012

Az)y(k) = B yu(k—1)+ C(zﬂ% 3)

where 4, B, C are polynomials, y(k) is model output, u(k) is
model input, e(k) is output error, and A is described by A=
1-z . It is possible to convert (3) to the form of equation

4)
Az Yy() = Bz HAu( =1) + C(z He(r) )
where 4=AA4.

The model is necessary for calculation of the future
output prediction, more in [5]. Several different methods
how to calculate it are available. One of the simplest ways
(using the inverse matrix) is described in this chapter.

The prediction of N steps is possible to rewrite by the
set of difference equations (5).

Yk +1) = bAu(k) + byAu(k —1) +..
b by (k=) = ayy (k) = @y (k1) = ..~y y(k = m)

y(k+2)=bAu(k +1)+ byAu(k) +... (5
wet by Au(k—n+ ) —ayy(k+1)—ayy(k)—...—a,, y(k—m+1)

y(k+3)=bAu(k +2)+byAu(k +1)+...
vt b Au(k—n+2)—ayy(k+2)—ay(k+1)—--
"7am+ly(k7m +2)

y(k+N)=bAu(k+N-1)+b,Au(k+N)+...
wet b g Au(k+ N —n+1)—ay(k+N-1)—

—ay(k+N)—...—a, y(k+ N-m+1)

In matrix form it is possible to write

y@+1) Au(t) Au(t-1) y(t) (6)
A y(t:+2) _B. Au(f+l) +B. Au(t:72) +X y(t:l)
y(t+N) Au(t+N-1) Au(t —n) y(t—m)
where
! 0 - 0 by 0
—-a 1 - 0 b, b
A= . . . .|NxN; B=| ! X NxN
| —an —Aan- 1 by by, - b
7“1 Ay Oy by by -+ by
~ - o b 0
A= Ot Nxmel B|® P Oy,
L 0 0 0 0o - 0 0

Future output prediction of the system y(z+i) is
calculated by multiplying the equation (6) by the inverse
matrix A ', equation (7).

Y(+1) Au(t) Au(t—1) () @)
K| r gl D g 8D g 6D
y(t+N) Au(t+N-1) Au(t —n) y(t—m)

Last two terms describes only the system history,
therefore it is possible to put them together to the matrix F
and the vector of historical output and inputs h. Thus, the
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equation of prediction is written in the form of equation (8).

y=G-u+Fh ®)
where

w(t+1) Au(t)

y(E+2) | Au(t+1)

W(t+N) Au(t+N-1)

Au(t)
G=A"'B- A“(tzﬂ) F=[a"B A'A]
Au(t + N —1)

h=[y(6) y(-1) - yt-m) Au@t-1) Au(t=2) - Au(t—n)]

Control law

The aim of GPC is to calculate the vector of
manipulated variable by minimizing of the cost function

).

J=e¢-e +1-u'-u )

where e is vector of control errors (Iength N), u is vector of
manipulated variables (length N) and A is weighting
coefficient.

The cost function can be modified using prediction
model and set point vector w, equation (10).

J=[w=(G-u+F-h)"-[w=(G-u+F-h)]+1-u"-u(10)

Vector of manipulated variable u can be calculated
numerically (task for Quadratic Programming) or
analytically via square norm. Using square norm equation
(10) was rewritten to the form of control law, equation

(11).

u=GT"-G+4-D'-GT - (W=F-h) (11)

We usually need only one actual value of the
manipulated variable (the first element of the vector u)
therefore the final form of the control law is equation (12).

[ Au(t—1) ]
Au(t—2)
w(t) : (12)
Ju(t) =K. wierl) || Au(t=n)
: »(t)
w(t+ N) y(-1)
| y(t—m) |

where K is the first row of matrix (G'.G+A.I) .G

Linearized GPC

GPC theory is formulated for the group of linear
systems control but in the case of nonlinear systems it is not
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possible to use it because the linear model cannot describe
nonlinear process satisfactory. Nonlinear system control
needs nonlinear model or piecewise linearized model (this
case).

In the case of piecewise linearized GPC it is possible to
do the linearization of the model and formulate it in the
form of difference equation (3). Matrices G and F are
possible to calculate from this form for several points of
linearization in the whole range, see Figure (4).

1500
T.°C

s

1000}

600 700
EW

400 500

Figure 4 — Piecewise linearized model

Thus, the controller will switch between pre-calculated
setting during control experiment (according to reactor
temperature). Moreover, it is possible to interpolate
between two adjoining settings. Nonlinear behavior of the
system is substituted by piecewise linearized model.
Complex description of this approach is in [6].

The control experiment was realized too. Results are
shown in Figure 5, where the description of charts is the
same as in previous example.

The control algorithm:
1. Pre-control
calculate defined number of linear models

2. Control
a) measure actual temperature
b) choose  the two  nearest linear
models (above and below)
c) using interpolation calculate vectors K a F
for the control law
d) calculate the actual value of manipulated

variable u

1800

0
o
2
= |
I I
0 200 400 600 800 1000 1200 1400 1600 1800
ts
s -1 __ T __ T _ T _ T __J___T__T__]
o \ ! | | | { | | |
0 [hf 1 T T L T T
[1]
=T e e s sl Bl e A
ok
0 200 400 600 800 1000 1200 1400 1600 1800

t,s
Figure 5 — Piecewise Linearized GPC

V. NEURAL NETWORK PREDICTIVE CONTROL

Another approach to predictive control is described in
this section. Predictive controller here uses a neural
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network (NN) model of nonlinear plant to predict future ke T _C;);I:Fl_{(_)I:IjF:R_ _______ \\l
plant performance. The controller then calculates the ' '
control input that will optimize plant performance over a ' F - - — — — | '
specified future time horizon. ' u' | Ym

The first stage of NN predictive control is to design a wi [ opTIMI- [ — ] NEURAL '
neural network which represents the dynamics of the plant. _:_’ ZATION u MODEL '
The prediction error between the plant output and NN ' v X
output is used as the neural network training signal (see AN
figure6).  TETmmEmmmmAmesSTIEIRRRET

ubh PLANT &) " PLANT

Figure 7 — NN predictive control
~
Control experiment with NN predictive controller was

o NEUR MOI\IBE;;NORK ) - performed (Prediction horizon N = 20, 4 = 0.1, golden
4’(3 section search routine). Neural network model was trained

offline with Levenberg-Marquardt training algorithm and
\[ its topology is illustrated in figure 8. Control performance
[ can be found in figure 9.
! LEARNING
! ALGORITHM

Figure 6 — NN model identification

This neural network can be trained offline in batch
mode, using data collected from some experiments with the
plant. Any backpropagation algorithm can be used for
network training. Process of neural network model design is
discussed in detail in [7].

In this control technique, neural network predicts the
plant response over a specified time horizon. The
predictions are used by some search technique to determine Figure 8 — NN model
the control signal that minimizes the following performance
criterion over the specified horizon N

w7

J=e'e +Au'u z

Where e and u are the same vector as in (9) 0 200 400 BO0 800 1000 1200 1400 1600 1800

ts

The figure 7 illustrates the NN model predictive control
process. The controller consists of the neural network plant : ‘ :
model and the optimization block. The optimization block ¢ a0 @0 &0 &0 0 0 Hm T e
determines the values of u (k) that minimize the criterion J,
and the optimal u (k) is input to the plant.

It is obvious, that key part of block diagram below is v : ; ‘ ‘ ‘ ; i ;
optimization block or used search technique, more Wm0 E0 @ o v en e Em
precisely. Mostly, optimal u (k) is not found every sample 1e
time, because only fixed number of iterations is performed
per one sample time. VI. CONCLUSIONS

Whole control technique is included in Neural Network
Toolbox of Matlab.

Figure 9 — NN predictive control performance

Paper deals with different techniques of real system
(reactor furnace) control. The plant, which behavior is
nonlinear because of the heat transfer mechanisms, has
strictly defined temperature profile (control error has to be
less than 10 °C).

Three control techniques were applied. Firstly, PID
controller was used. Gain and time constants were set
according to Ty method. This technique gives the response
very slow and robust. Control performance seemed to be
good but error rose up to 50 °C.

Secondly, piecewise linearized predictive control was
applied. Advantages of this approach were
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- information about future setpoint behaviour is

included in control law

- information about nolinearty of the system is partly

included in the piecewise linearized model
This technique gives the control performance good.
Moreover, control error is less than 5 °C.

Thirdly, neural network predictive control was applied.
Advantage of this approach is neural network model which
can describe nonlinear processes well.

The control performance was rather good too but control
error was at the first part of the experiment above 10 °C.

As conclusion, it is possible to say, that all three
approaches gives satisfactory results and can control
nonlinear systems properly. But strict temperature profile
for this plant did not provide using PID controller and
neural network predictive controller.

The only possible technique was piecewise linearized
predictive controller.
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Optimization of Neural Network Input
Parameters Using Genetic Algorithm

J. Bila, I. Bukovsky, M. Mironovova

Abstract -- The purpose of this paper is to find optimal
input values for neural network used in evaluation of bio-signals L TmD-QNU
in order to achieve faster solution in adaptation process of a () ——| %,
continuous Time-Delayed Dynamic Quadratic Neural Unit
(TmD-DQNU). As optimization tool, a standard genetic
algorithm is studied and the method is tested on a certain - -
artificially generated waveform with a basic shape of ECG ' ' 7,00 m . (0 o)

signal. @f](t) — ” j — x Wx \ﬂ

u (| 1

Index Terms -- bio-signals, ECG, genetic algorithm, neural :
network, optimization, time delay u(n—+—| U,

I.  INTRODUCTION r-y"- -1, Q%(
ASIC cancepts of artificial neural networks were laid in N
forties of twentieth century. The then researchers draw _ _ _ _
an inspiration from neural structures of living organismg;|9- 1. ~ Schematics of continuous-time TmD-DQNU; a possible
redominantly of a human brain. that consists of more tha re@resetatlon of a biological neuron by a quadratic non-linear higher-order
p -~ y R . . . qn thematical model presented in works [2], [3], [4] and in [5] and [6].
hundred billion neurons — basic building units with ongoing

data processing. This mahematical model described in [7] poses better

A main motivation for this work is a creation of angnnroximation capabiliies and can be expressed by the
artificial neural system for evaluation and prediction of b'ofollowing equation:

signals, namely a non-conventional Time-Delayed Dynamic T

Quadratic Neural Unit (TmD-DQNU). Concept of this work Yn (t) = I("(t) W"(t))jt =

assumes that by studying a behavior of characteristic W u(t)+ w (t . )+ w u2(1)+ )
parameters of a TmD-DQNU during the adaptation process;| "0 o 02¥ d 1 dt

can reveal and predict unwanted states in bio-signals, i.e.{ 1y, _y t)y(t_Td)+W22y2(t_Td)

detection and prediction of arrhythmias in ECG signal.

1
Il.  PROCESSDESCRIPTION In (1) a column vectorx(t) =| u(t) represents
The wak consists of two parts, first one shows the Y(t_Td)
adaptation of Time-Delayed Dynamic Quadratic Neural Unieyral inputs and a triangular matrix

(TmD-DQNU) — the process of weights and time-delay
upgrade in each step of adaptation using RTRL method of a
back propagation (Real Time Recurrent Learning). Th&V =| 0 w;; W, displays weights that are
second part of the paper shows a use of genetic algorithm as 0 0 w
optimization tool. Genetic algorithm creates sets of random 22

values for weights and time-delays and takes typicadaptedn each step of the algorithm.

processes of elitism, elimination, cross-over and mutation toAdaptation process is based on RTRL method of a back
find the best solution. An evaluation parameter for thpropagation (Real Time Recurrent Learning) [7], [8], [9].
quality of the solution is a sum of squares of error for eadieights and a time-delay can be updated according to
solution. The error signal is represented as a differenf@lowing formulae:

between real values of the signal and values of the signgl (t +1) =W. (t)+AW. (2)
generated by a neural network. ! ! !

. T, =T, + AT, 3)
A. Adaptation of TmD-DQNU ) . . .
Biological neurons process and transmit information by S8 Equdion for a weight increment and time-delay
called synapses that connect individual neurons betweI crements, respectively, can be expressed using formula (4)

each other and then create complex structures [1]. Ve%[/?d ®) 71

WOO WOl W02

fundamental sketch of a continuous, time-delayed quadratw, = /je(t)M = ,ue(t)_‘-i(xTWx)dt =
artificial neural unit TmD-DQNU is displayed in Fig. 1. ow; ow; 4)
ox" oW ox
= pe(t)|| — Wx+x" —x+x"W— (t
Hel )J. ow, ow, ow,
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- W,,Y,(t-Ty) - N
AT, = pret) [| = w,u(t)y, (t = T,) = (O
— Wy, 2y, (t=Ty) Y, (t=T,) )

The algorithm adapts weights and time-delay in a way th >227
error between real values and values coming from the neu .|

o 1 1 1 1 |

network is minimized: = ! . ’ B
H = - 0 6 Fig. 3. Comparison of 34 and Yeural Signals during the adaptation of
Yrea ~ Yreura (©) weights and time-delay - Case 2

Dueto the RTRL technique and a convex nature of TmLC - ‘
DQNU neural system is able to converge to a solution fasi
than other conventional neural models and does not ¢
stacked in some less accurate local minima [10]. : !

However, in adaptation to a complex signal, such as EC: |
signal, it is not straightforward which initial values of the -
weight matrix and a time-delay should be set to start tt
adaptation. Different initial values of weights and time-dela = l i E
can influence adaptation process significantly and this leagi§. 4. comparison of s and Yieura Signals during the adaptation of
to different time periods to find the correct solution. Foteights and time-delay - Case 3
example, a test data in a basic shape of ECG signal were

loaded as y, and TmD-DQNU was set to adapt to theg  \ain Characteristics of a Genetic Algorithm

Slg'I[](ill explain the initial weight values and a time-dela Ge_netic algorithm is a_heuristic method inspired_by
problem, the adaptation ran under three different conditio Darwin's the.ory. of descent [11]. It uses a group of solgtmns
Input vaI’ues for each condition is summarized in Table 1 r‘l?;ti."[we_en which it selects the best ones. Selected solutions are
" combined between each other (so called crossover process)
that lead to newly incurred solutions. The week solutions
(worst ones) are being eliminated. In order to prevent the

group of solutions to be restrained just to combination of

AN
==

—

T
—— yReal
—— yNeural

|
bl ‘ faft A 2
A

TABLE 1.
INPUT DATA FOR THREE CASES OF ADAPTATION TO ONE PATTERN real)

Parameter Case 1 Case 2 Case 3 already existing ones, the mutation of selected specimens
Woc 0 0.3 0.2 occurs in every step of the algorithm with known probability.
Wos 0 0 0.05 The effort is to enhance the population in every step of the
Wo; -0.4 -0.4 -0.05 algorithm so that it leads to the retrieval of optimal solution,
W11 0 0 0.15 or solution close to the optimal one [12].
W15 -0.2 -0.2 -0.15
Wos 0.2 0.2 -0.05 C. Principle of Finding Optimal Input Parameters
Tq 0.05 0.05 1.05 Input values of weights and time-delay of a concrete

solution are for the purpose of algorithm coded into so called
A progress of adaptation is also shown graphically igenome, or chromosome. Such a chromosome contains of
Fig. 2 — 4. Blue waveform representgaydata that are genes and each gene represents one combination of input
periodc and purple curve displays the output of the neurparameters. At the beginning of the algorithm input data are
network. Eventually, all three cases shown will converge #elected randomly for each specimen. Together, data create
the correct solution and the error between ¥nd Yeusa a population matrix. The population matrix goes through
signalswill be minimal. However, each case with a differenfour phases in the algorithm, similarly as described in the
number of steps of adaptation, or with different timevork [12].
intervals. Plots show only the first 30,000 steps of adaptation In order to estimate the solution quality, the so called
and it is visible, that different initial values of weights anditness function can be used. This function can take arbitrary
time-delay influence the adaptation process. form and in this example it is represented as an error
The question that arose in this phase of research wastween y, and v aafter specified iterations of the neural
simple. Is there a possibility to find or estimate such inpufetwok. The aim is to minimize this function.
values of weights and time-delay, so that the neural network _ .
would converge as fast as possible? An option is a genelac Results from Genetic Algorithm
algorithm — a heuristic method used in optimization tasks During the estimation of optimal input values of the

[11]. neural network by use of a genetic algorithm, several
N S w > problems occurred. Firstly, because the fitness function
NWWW ‘“MWM’WWWN W WMWK represents an error between real and neural data, the part of

alr WV - calculation is actually run of the neural network itself in

—— yReal
——— yNeural

] (5 1

5

steps ]

2

25

x10*

Fig. 2. Comparison of ¥ and Yeura Signals during the adaptation

weights and time-delay - Case 1

of
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order to see, how weights and time-delay influence the
adaptation process of the neuron. Some values of weights or
time-delay lead the whole network to instability, causing the
output from the integrator block in the neural model (in
Matlab) to give out infinite values or not a number (NaN)
value. Such a situation leads to the stop of calculation in the
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neural model. Though infinite values in the integrator block Another problem that occurred with combination of neural

can be restrained to boundary values, NaN cannot hetwork itself and genetic algorithm was the fact that some
replaced. For such situations, the whole calculation includirgput data make neural network unstable. This situation leads
the genetic algorithm process is stopped. This situation ceminstability of the system and stops the whole calculation.
be eliminated by restraining integrator output to a certaifhis problem was removed by restraining outputs from the
values. For the given signal and based on the experimentgegrators in the neural network.

weights and time-delay shall not overflow +1, thus
integrators outputs can be restrained to +2 in case of weights,
and to 0+2 for the time-delay. 1]

In case that the random values for weights and time-delay
in genetic algorithms do not lead to the unstable system, 9&
the situation is secured by restrained values, the caIcuIati[o
proceeds. However, in a genetic algorithm the fithess
function (or a calculation of the error) has to run multiple
times. In the first part of the genetic algorithm it runs 3]
times, for each population (empirically, the size of the
population should be greater than 4, ne.= 10). In the
second part of the process, it runs twice in reproduction
(r=2) and once in mutation phasé £ 1). Together,
mutation and reproduction phase is dokdimes, for
k number of iterations. From experiments and empiric daté]
number of iterations for an efficient genetic algorithm should
be at least 100.

From the data above, total number of steps taken in té
neural network during the genetic algorithm calculation can
be estimated if a neural network calculation is taken on 6,000
steps § = 6,000) as follows: (6]
in phase Im x s= 10 x 6,000 = 60,000 steps
in phase 2k x (r +1) x s =100 x (2+1) x 6,000 = [7]

1,800,000 steps

From the calculation above a total steps in neural netwoyg
taken during the calculation of a genetic algorithm come to
1,860,000 steps.

From empiric data taken so far, one neural network &l
adapt to some acceptable value (with some certain error low
enough and good input data) in 300,000 + 500,000 stept]
Obviously, this value is much lower than value obtained
from the genetic algorithm and thus it is faster to selegi]
random input data to the neural network and run the
adaptation for more steps (300,000 + 500,000 steps to h&
waveform vy, displayed in Chapter II.A). However,
randonty selected weights and time-delay does not always
let the network to converge and the genetic algorithm can be
a good approximation tool when the input values need to be
estimated and is able to find better input data in a relatively
short time.

The main purpose of the work was to try to find optimal
input weights and time-delay values for TmD-DQNU in
order to speed up the adaptation process and to converge to
a solution in a shorter time. To find optimal input values,
a genetic algorithm was selected. However, some
applications find this heuristic algorithm useful, this
particular example proved that evaluation of possible
solutions (input data) takes relatively too many steps that
prolong the calculation times. This is the main reason, why
this method is not efficient for this particular signal.
However, by use of a genetic algorithm it is possible to find
good input values in a relatively short time that do not lead to
instability of the system. These input data can be then used
for the adaptation of the neural network in a much larger
number of steps with assured output.

DISCUSSION
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Small Sample Surface Tension Measurement
System

J. HoSek

Abstract -- This paper presents an instrument design for
small sample surface tension measurement. Such instrument for
small sample volume measurement is necessary for liquids
measurement at unstable states, like super cooled state. The
principle of the instrument surface tension measurement
method is based on Ferguson method [1], which uses
measurement of pressure difference across a liquid sample
placed into small diameter capillary under condition of one flat
meniscus of the liquid sample. Planarity or curvature radius of
the capillary tip meniscus has to be measured and controlled, in
order to fulfill this condition during measurement. Meniscus
shape determination uses an  optical confocal principle.
Different photo detectors were used for optical data acquisition.
The highest sensitivity of optical data to applied pressure was
achieved with image processing of high resolution CCD camera.

Index Terms-—- Meniscus, surface tension, measurement
instrument, capillary, super cooled liquid.

I.  UvoDp

OVRCHOVE naggti kapalin je materidlova vlastnost

vypovidajici o vnitni struktde tekutin a zrng faze
materidlu ¢ fadzovych slozek P jeho teplotnich
zmeénach. Proto je studiu povrchového #tpkapalin

vénovana velka pozornost, a iégtad hodnoty povrchového

napsti vody jsou tabelovany a publikovany spmiesti

chemicky pfimysl, a proto i metodika #&teni je velmi
rozsahla a propracovana titgad v [5]. Nicmérg pro
me&feni co nejmensiho mnoZzstvi kapaliny jsme se rozhodli
pouzit metodu vyvinutou Fergusonem[1] a pHzd
aplikovanou i Hackerem [3] pro jehogreni, kterd vyuziva
vzorek kapaliny o objemu do 1 mikapaliny.

A. Princip Fergusonovi metody

Uvedena metoda vyuZiva principu kapilarniho tlaku, jak
je schematicky zobrazeno na obrazku 1.

Ap

/ 7

XQ/

Y
% /

Obr. 1 Schéma #tieni parrchového nagti v kapilde dle Fergusona.

International Association for the Properties of Water and Malé mnoZzstvi kapaliny je umésto dotenké kapilary a

Stream - [APWS

12].

Nicmén uvedené hodnoty na okrajich kapaliny se vytyio menisky, kde na kazdem

povrchového naii jsou tabelované pouze pro teploty nadnenisku vznika tlakovy rozdil:

trojnym bodem vody, i@stoZze byla voda v kapalném stavu
experimentald pozorovana az do teplot 205 K. Existuji

historickd méteni hodnot povrchového n&p vody nerené
NACA [3] az do teploty 251 K. Ta vykazuji zmu
charakteru zavislosti hodnoty  povrchového

dap

Ap: i+i ,
r.1 r.2

1)

kde y je hodnota povrchového ngpa r a , jsou hlavni

prechlazené vody i teplo& 267 K, ktera by odpovidala _poloméry kiivosti menisku v kapilde. Za pedpokladu, Ze

fyzikalni interpretaci zemy vnittni struktury vody popsané

Hrubym [4]. Nicmér nowjSi msifeni povrchového naf

vody Floriana a Angella [4], diky svému velkému rozptylu
charakter fivodniho ngfeni nepotvrzuji. Proto cilem této

Py

prace je navrhnout experimentalnitizani pro mifeni
povrchového nafti podchlazené vody s dostateu
piesnosti pro potvrzeni nebo vyvraceni existenc&ngm
v charakteru teplotni zavislosti povrchového &iap
piechlazené vodyipteplot 267 K.

II.  METODIKA MERENi POVRCHOVEHO NARETI
Méteni povchového nagti kapalin je velmi dlezité pro

Jan HoSek *,
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jeden meniskus se bude dotykat konce kapilary, fefde

v rovinnou plochu, bude tlakovy rozdil dan pouze jednim
meniskem. Pro kapilaru kruhovéhaifezu plati f=r, =r se
Vztah po vypaet povrchového napi zjednodusi na:

"
=_Ap. 2
y=,8p (2)

Nezbytnou podminkou pro igsné sinoveni hodnoty
povrchového nafii je dosazeni igsnosti uteni tlakového
rozdilu pod 1 Pa a zarawvekiivost vrchliku menisku &si
nez 180 mm pro kapilaru ogmeéru 0,3 mm.

B. Konstrukce zdzenipro mefeni povrchového naf

V pribehu feSeni problému bylo otestovano nékolik
moznych feSeni mfeni polonru kiivosti menisku. Jako
nejlepsSi se ukazala metoda kombinujici konfokalni

Praha eUSpdadani osttlovaciho laserového svazku s obrazovym

ohniskem od menisku odraZzeného svazku dopadajici na
detektor. V této konfiguraci, zobrazené na obrazku 2 se
volny meniskus kapaliny chova jako deformovatelné zrcadlo,
které odrazi do konfokalniho ohniska vSechny zdrojové
paprsky, pokud je meniskus peaovinny.
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h Navic zdznam z jednotlivych snifhkkamery Ize po
objektiv A e e vyhodnoceni pouzit i k geni vyoseni optickych svaika
meniskus | \Nzdroj korigovat tak spravné nastaveni celéheériaiho za&izeni.
MM’“MM T 1 Ukézka zmn intenzit z&eni v konfokalni rovis v zavislosti
kapilara\] — :I, _& na tvaru menisku je zobrazena na obrazku 4:
— r<0 - J
— ] .

déli¢  clona| pp
Y
| Obr. 4 Ukazky ozéni kanfokalni clony v zavislosti na tvaru menisku.

Obr. 2 Konfokalni usp@daniméteni rovinnosti menisku ip meéteni
povrchového natii dle Fergusona.

2f

D. Kongrukce celého zgzeni

Uvedenéoptické schéma bylo realizovano objektivem s Konstrukce celého r&eni vychazi ze zawu mefit
ohniskovou vzdalenosti f= 30,53 mm ve 4F ugpani, Povrchové nafti podchlazenych kapalin, zejména vody.
zobrazujici laserem ognou clonu naelo kapilary a zging ~ Proto kapilara musi byt umésta ve specielni kontie, kde je
zobrazuijicicelo kapilary na detektorovou konfokalni clonu.mozné ji stiiday ochlazovat na teploty do -24°C artvat
Volba uvedeného objektivu dava fizeni dostainou Nad 0°C s periodou cca 5 s, aby dedeSlo zamrznuti
volnou pracovni vzdalenost od kapilary pro realizaci jejickapaliny a poskozeni kapilary. Tateést zaizeni byla

teplotnich zrin. vyvinuta v Ustavu termomechaniky AWR. Detektor
o menisku je pak samostatnou &asti tohoto celého &iciho
C. Volba konfokalniho detektoru systému, jehoZ uchyceni je zobrazeno na obrazku 5.

Pivodnim zamrem bylo jako detektor pouzit za
konfokalni clonou integralni fotodetektor, typu fotodiody se
zesilov&em, pro dosazeni vysokych vzorkovacich frekvenci
a velkéhocasového rozliSeni. Nicmértesty rkolika typi
fotodiod ukazaly, Zze pro dosazeni vyhodnotitelné (¥ovn
signélu je téba pouzit znmého zesileni doprovazeného
silnym Sumem pozadi, cozfippouziti dostupnych A/D
pievodniki dava malou citlivost &feni zn&ny intenzity
prochazejiciho svazku ve vztahu ke émh tlaku. Jako
nejlepSi se ukazalo pouziti CCD kamery a zpracovani
zdznamu integraci jednotlivych piXel Tento detektor
podava dostatmou citlivost, i vzorkovacich frekvencich
do 30 Hz, coz je pro #&eni dostatena frekvence. Srovnani
zaznamu fotodiody a CMOS kamery je na obrazku 3:

Fotodioda PDA3BA-EC
4.5 0,015
4
35 0,01
- 3
2,5 L N Ji I /| ooos Obr. 5ReSeni celé mechanickésti konstrukce temperagniho systému
s 2 J L_ L/l kapilary a optického detektoru tvaru menisku.
= 0
1 "/ fak
p— P
1 —napsti -0,005 . ZAVER
05 Clanek predstavil konstrukci optického detektoru tvaru
0 T T T T T T -0,01 1 ilA 1 A { 1
o 20 " A o 10 10 140 meanku karillary pro .Erienl povrchového n&f v,elm|,
€as (s) malého mnoZstvi tekutiny Fergusonovou metodouizZai
B CMOS Kamera DCCA645C roon0ms e v sE)léasne dob. zk,ompletovano, Jehq funkc.nost je
- - otestovana za pokojové teploty a v druhé polowishoto
. 20000000 TOKU_ bude pouzito k pro#reni hodnot povrchového nép
/ (\ vody v podchlazeném stavu.
35 P\ 19000000
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Extremum Seeking Methods in Process Control

History and State of the Art

C. Oswald

Abstract — This paper deals with approaches based on
extremum seeking methods used in acheiving optimal
operating conditions. The extremum seeking methods
represent a control approach falling into the group of the
adaptive control principles. In contrast to the other adaptive
control methods the extremum seeking methods do not
require any knowledge of the mathematical model of the
controlled plant. This property makes the extremum seeking
an alternative of neural networks. The 90 years long history
of the extremum seeking and state of the art are summarized
in this paper. Furthermore, this paper deals with elementary
principles of extremum seeking and several examples of
extremum seeking use are mentioned in this paper.

Index Terms — extremum seeking, operating conditions
optimization, adaptive control

.  Uvop

XTREMALNI piistup, v Geské literatufe &asto
oznacovany jako extremalni regulace, patii do skupiny
adaptivnich regulaci. AvSak na rozdil od klasickych
pfistupti adaptivni regulace neni extremalni regulace
zaloZena na nutné znalosti modelu fizené soustavy, ¢imz se
extremalni regulace stava alternativou metod fizeni
zalozenych na aplikaci neuronovych siti [1]. Vyuziva se
nejen k fizeni soustav za cilem optimalizace zvoleného
kritéria, tedy nalezeni jeho minima ¢i maxima, ale i k
ladéni parametrl zpétnovazebniho fizeni [1, 4].
Podminkami, které musi byt splnény k tomu, aby mohlo
byt vyuzito k fizeni, ¢i optimalizaci provoznich podminek
soustavy, extremalniho pfistupu jsou [1, 5, 7, 8, 9, 10]:

1. Danéd soustava ma minimalné jednu nelinearni
charakteristiku popisujici vztah mezi
ovladatelnym vstupem soustavy a pozorovanym
vystupem soustavy, ¢i hodnoticim optimaliza¢nim
kritériem.

Tato charakteristika dosahuje v nékterém bodé
svého extrému (minima nebo maxima).
Nelinearita zminéné charakteristiky muize vyplyvat
bud’to ze samotné podstaty dané soustavy [1, 7], nebo mize
byt dodana do fidiciho obvodu pozadovanym cilem fizeni,
tedy skrze hodnotovou funkci optimalizacniho problému

[1].

2.

II.

Prvni vyskyt navrhu pouziti principii extremalniho
pristupu [1, 8, 9] byl v ¢lanku ,,Sur D’electrication des
chemins de fer au moyen de courants alternatifs de
frequence elevee” [6], kde M. Leblanc popisuje
mechanismus k pfenosu energiec z troleji na tramvaj
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vyuzivajici genidlni bezkontaktni feSeni. Pfedklada v ném
feSeni fidiciho mechanismu, jehoz ukolem je dosaZeni
maximalni uc€innosti pfenosu energie, ktery vyuziva
zakladni mechanismy extremalni regulace (tato myslenka
nikdy nebyla vyuzita). [8]

Rozvoj této myslenky regulace nastal béhem druhé
svétové valky v Sovétském svazu [8]. Prvni vyskyt
extremalniho pfistupu v anglicky psané literatuie [8] je
pravdépodobné ,,Principles of optimalizing control systems
and an application to the internal combustion engine* [3] z
roku 1951.

Vyzkum okolo extremdalni regulace se stal velmi
popularni predevsim v 50. a 60. letech. VétSina vysledkd v
této dob¢é byla zaméfena zejména na popis algoritmi a
zkoumani jejich vykonu, avSak jasna definice a dikladna
analyza problému chybéla. [1, 2]

V obdobi mezi lety 1970 — 2000 vyzkum okolo
extremalniho pfistupu pokracoval, avsak vétSina hlavniho
vyzkumu okolo adaptivni regulace se piesunula k jinym
pfistupim adaptivni regulace. Vétsi narust praktického
nasazeni extremalni regulace v primyslu nastavd v 90.
letech. [1, 8]

Prvni  precizni  posouzeni  stability klasického
zpétnovazebniho schématu extremdlni regulace je
publikovano az v roce 2000 Wangem a Krsticem. Zda se,
ze zaveéry této prace obnovily zajem o teorii extremalni
regulace. Dle [8] narostl pocet publikovanych védeckych
praci (vcetné knih a patentll) indexovanych Google scholar
v posledni dekadé (2000 — 2010) o stovky procent oproti
celému piedchazejicimu obdobi (toto je ziejmé ovlivnéno i
nizsi digitalizaci historickych publikaci, i tak je ale nartst
ziejmy).

III. ZAKLADNI PRINCIPY EXTREMALNIHO PRISTUPU K

OPTIMALIZACI PROVOZNICH PODMINEK

Dva zakladni pfistupy fizeni pomoci hledani extrému
1ze rozd¢€lit na [7]:

Ovladani na optimalni hodnotu - Pary hodnot x a y
jsou pfedem znamé. Poté je mozné méfit jednotlivé
veli¢iny a z nich nésledné urcit polohu pfedem zméteného
optimalniho bodu vu¢i aktudlnimu stavu. Pfi odchylkach
od optimalniho bodu piestavuje ovladani ty veliCiny, které
jsou jeste volné.

Regulace na optimalni hodnotu - V tomto piipadé
neni poloha optimalniho bodu pfedem znama. Typicky zni
uloha této regulace dx/dy = 0 (napf. u regulace spalovani
na maximalni teplotu). Ak¢ni veli¢ina y se pak musi trvale
meénit tak, aby se zjistilo, zda a jak se soufasné méni
sledovana veli¢ina x.

Zékladni pfistupy extremalni regulace na optimalni
hodnotu lze pak rozdélit na [1, 7, 8]:

*  Pouziti spojitého budiciho signalu, pomoci néhoz
se prozkoumava prostor ustalenych stavii, z ¢ehoz
lze ziskat potfebnou informaci o pfiblizném
sklonu statické charakteristiky.
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*  Opakované pouziti sekvenci konstantnich zmén
na vstupu a nasledného vyhodnocovani dopadi
téchto zmén na optimalizovanou soustavu
(numerické optimaliza¢ni metody).

Casova naroénost obou piistupt je silnd zavisld na
dynamice optimalizované soustavy. Druhy jmenovany
pfistup je velmi Casové narocny, vyzaduje vyckani na
ustaleny stav po kazdé zmeéné testovaciho signalu
pficteného k vstupnimu signélu. Casova naroénost kazdého
vyhodnoceni dopadu zmény na optimalizovanou soustavu
se tedy blizi dynamice této soustavy. [1, 9]

V pfipadé pfistupu vyuzivajicitho spojitého budiciho
signalu se vétSinou snazime dosdhnout takového nastaveni
extremalniho regulatoru, pfi kterém je mozné dosdhnout
zvoleného optima v Case blizicimu se dynamice soustavy.
Vyuziti spojittho budiciho signalu je tedy z hlediska
Casové narofnosti mnohem vyhodngj$i nez numericky
optimalizacni pfistup [1, 8]. Z toho divodu je ziejme
pouzivanéjsi metodou a ¢asto je tento pfistup nazyvan jako
klasickd metoda extremalni regulace. [8]

IV. PRIKLADY APLIKACI

Extremalni regulace muze byt aplikovana v Sirokém
spektru prumyslovych aplikaci. Tim Ze neni zaloZena na
nutnosti znalosti matematického modelu soustavy, je
mozné ji aplikovat i na soustavy, u kterych je ziskani jejich
matematického modelu velmi obtizné, ¢i jsou jejich
matematické modely nespolehlivé nebo pfili§ slozité
(proudéni kapalin, spalovani, biomedicina) [1].

Nasledujici vycet prikladt aplikaci extremalni regulace
ukazuje skutecnou Sitku pole vyuzitelnosti extremalni
regulace v praxi:

*  fizeni systému brzd automobilti — ABS

*  fizeni bioreaktorQ

* optimalizace pozici letount pfi letu ve formaci

*  fizeni spalovani v plynovych turbinach

*  fizeni kompresori leteckych motort

*  Tizeni autonomnich vozidel a robotti

*  fizeni elektromechanickych ventil

*  optimalizace chodu spalovacich motort

*  fizeni proudéni

* optimalizace reguldtort zalozenych na principu
neuronovych siti ¢i fuzzy logiky

*  fizeni ¢asticovych urychlovacu

*  fizeni toku plazmy

* optimalizace fotovoltaickych systémui

V. ZAVER
Piistup k optimalizaci provoznich podminek vyuzivajici
metody vyhledavani extrému nevyzaduje ke svému provozu
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znalost matematického modelu regulované soustavy. Diky
této dulezité vlastnosti se stava tato metoda alternativou k
metodam zalozenych na principu neuronovych siti.

Prestoze rozvoj extremalni regulace zacal jiz za druhé
svétové valky a hlavni zdjem o ni byl hlavné v 50. a 60.
letech minulého stoleti, tak se zajem o vyzkum v této
oblasti v poslednich 10 letech prudce zvysil.

Nepotiebnost znalosti matematického modelu fizené
soustavy umoziuje aplikaci techniky vyhledavani extrému
k regulaci a optimalizaci provoznich podminek i u soustav,
jejichz  matematické soustavy jsou budto znaéné
nespolehlivé, ¢i piilis slozité.

Mezi takovéto soustavy bezesporu patii i kotle pro
vyrobu tepla k ohfevu otopné vody spalujici rozliéné druhy
biomasy, jejichz fizenim se zabyvame. Z toho divodu se
jevi extremalni regulace jako velmi nadé&ny piistup
vyuzitelny pro optimalizaci provoznich podminek fizenych
kotli na biomasu.

Navic sledovanim vice nelinearnich zavislosti v ramci
spalovaciho procesu biomasy a sledovanim jejich extrému
(at’ uz minim ¢i maxim) by mohlo byt potencialné funkéni
cestou k vyhodnocovani aktualniho provozniho stavu
zafizeni a k detekci pfipadnych poruch.

Jak zminénd optimalizace provoznich podminek kotla
na biomasu, tak vyhodnocovani provozniho stavu téchto
kotlt jsou cile, které jsou soucasti feSeni v ramci projektu
,»Vyzkum inteligentnich metod ekonomicko-ekologického
fizeni prototypu 100 kW kotle na zbytkovou biomasu®
v programu ALFA 2. vyzva , ktery je podporovany TA CR.
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The Course of Soil Diffusivity in Three Different
Environments

R. Petrova

Abstract — Changes in matter flux and in natural Where term
energetic processes, that actual development in the society
brings, are disrupting conditions of a natural dynamic balance A A
of ecosystems. For description of such balance a standard CQOZ I =a 3)
energetic balance equation can be used, where dominant
energetic effects are represented by a total net radiation,

evapotranspiration, apparent heat and a heat flux into the soil.  representshermal diffusivitya [m?.s’] andC = c[J.K'm?]
Thermal energy is being spread from the surface to the soil by  heagt capacity

conduction. By the heat influx into the soil, the temperature in Substituting term (3) into (2) the equation of heat flux is
observed volume of the soil increases by a unit of time and the

temperature difference can be, for a respective depth and time, transformed 10]

described with the aid of diffusivity a by a second Fourier's

law for one-dimensional heat conduction. The values AT A%T

of diffusivity was determined for three different environments =a (4)
in one location.

Solution of equation showing temperature behaViay

Index Terms — Diffusivity, ecosystem, energy balance, (4) for corresponding soil depth can be expressed by

Fourier’s law of a heat flux. equations (5) and (6)1]. For estimation of temperature
behavior in the soil surface € 0 m) following equation can
I. INTRODUCTION be used
NDUCTION has a ma!n portion of the heat, 'ghat i_s T(O, t)= Tp+ A(O)sin[w(t —to)] 5
ransferred into the soil — the heat conduction in (%)

consequence of the final temperature difference in
the solid phase of matt¢r]. The intensity of the vertical
heat flux in the soilG [W.m?] in interaction of the heat
conduction, i.e. the amount of the thermal energy, that due T(Zt)=T¢, + A(@exﬁ{—ljsin[w(t ‘to)‘l} (©)
to the heat conduction passes through vertically oriented D D
surface unit over the unit of time, is directly proportional to
the vertical gradierft'™ where

D=\/; (7

Due to the conduction influx of the heat in the observed
volume the soil temperaturé(z) increases by the unit of
time. The temperature change for corresponding depth a?d
time using so-called material characteristicor ¢ a p can
be estimated by the following equation

Temperature in depthis presented in the term below

damping of thermal wave propagation],
period of thermal changésd],
w  angular frequency of thermal changs§.

IIl. MONITORED LOCALITY SURFACE RADIATION

aT(z) _ A 2°T(z) @) TEMPERATURE

ot co 92,
During the verification of proposed model of solved
A thermal conductivity coefficied.m™.K™], dynamical problem (Fig. 1) input/output data (I/O) are
c specific heafJ.kg*.K™, necessary3]. Heat propagates into the soil from its surface,
0 specific weigh{kg.m?], thus the surface temperatuf€0) (not the temperature of
T(2) temperature in depth[K], so-called active surface!_) is taken as input data, andl output
7 depth[m], dataT(2) are measured in corresponding depth. Resistance
thermometers PT100 for temperature measurement in three
different environments (clay, peat, sand) are placed in
R. Petrova is with Department of Instrumentation and Control depths of 0.01 m up to 0.3 m under the surface. If the
Engineering, Faculty of Mechanical Engineering, Czech Technical temperature measured in depth of 0.01 m {i(8.01)) were

University in Prague, Technicka 4, 166 07, Prague, Czech Republic (e-

mail: Ruzena, Petrova@fs.cvut.cz) taken as input data, the result of identification would be
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distorted, because the temperature gradient is the highest in Data T(0) with measured values of temperatlng =

this upper layer. 0.04 m) were used for calculation of diffusivigyfor three
different environments in the observed area according to the
T(0) oT 92T T equation2].
—» —ca— —>
a 9%z
2
Zpp4
i Zg
Fig.1. Block diagram of identification of the heat transmittance through a= 243600 (9)
“one-dimensional“ half-massive using model (4). |n[Az
A

Temperéure on the half-massive surfag¢0) [7] was
deternined by a calculation using value of a Iong—wave;a‘O
radiation Ry, that is scanned by a pyrgeometer ;Q13
Kipp & Zonen company, placed in height of 0.3 m over the”
obseved soil layer and whose temperature is being The waer contained
measured. The soil surface emits radiant flux thatgd

temperature amplitude in depth of 0 m,
temperature amplitude in depth of 0.04 m.

in the monitored soil layer
ded b F | ¢ luences its physical properties. The value of diffusivity is
recorde y a pyrgeometer. rom values of measur anged in this context. The soil moisture sensors VIRRIB
radiant flux using recommended emissivities of surface [ re placed in each of observed environments (clay, peat
row of input dataT(0) of the model can be obtainedsand). The measured temperatures allowed calculate the

accordng to the term corresponding diffusivity values (9) and depict them in
dependence onvolumetric moisture of appropriate
Rodr environment. The data measured in the bore Domanin area
T(0)= 45 (8) in July 2011 was used for the calculations (9).

In Fig. 3 is shown that the sand volumetric moisture
was the lowest of all environments - in the range of 13 - 18
%. The volumetric moisture of peat was in the range of 32.4
- 37 % and the volumetric moisture of clay was in the range
of 25 - 37 %, in the same rainfall conditions. The values of
_ _ diffusivity a was ranged between 1 to 3.5 71@n’.s] for
Correhtion of the calculated data row(0) with the snd, and between 0.9 to 3.84pm%sY for the peat.

measured values of other temperatures is obvious from ngne chy showed an order of magnitude lower values of

Roar reflected long-wave radiatidiv.m?],
£ emissivity[1],
o Stefan-Boltzman constapV.m?K™].

2. diffusivity a then others environments, from 1 to 3.2°10
Temperature of soil surface T(0), temperature of sensor CG3 [mz_s'l] i
and temperature T(z)
in depth of 0.08 m in Domanin drill
a [m2.s-1] 1x 107
40
sand,
35
o ground, .| + 1
g ——T(0.04) peat -
g 20 e ——T(0.08) 3k = 4 4
‘é- 15 T o +
€ . 2.5¢ o © o + 1
s &
° 2t o907 T |
19:12 0:00 4:48 9:36 14:24 19:12 0:00 4:48 O [0} © ‘F# -
t [hh:min] 1.5F 5 + i
¢ +
. [oNe] +
L 0 J
eo © +++i+ ’
Fig. 2.Temperature values used in verification of model (4) for temperature 05 ++++ 1
behaviorT(z). o ot ﬁ*ﬁ%ﬁ@ +
010 15 20 25 30 35 40
I1l. DETERMINATION OF DIFFUSIVITY FOR THREE 6[%]
DIFFERENT ENVIRONMENTS Fig.3. The values of diffusivity for the three physically different

environments in dependency on volumetric moisture in bore Domanin area.

During determination of a suitable input r@@) of the
model (8) the influence of recommended tabular values of

emissivity £ in range 0.90+0.98 [4] on the value of heat flux into the soil computatio® (1) for each of

determined diffusivitya of the soil layer in measured area . orved environment and compare the computed values

was tested. Emissivitye values of noted range have i the values measured in corresponding depth by
significant influence on the input row data of the surfacg,yeflux sensor.

temperature (difference in degrees) determination, however
the calculated valua [2] (9) is not significantly influenced

by the denoted range. During identification the row of input
data calculated with emissivitg=0.97 was used.

IV. CONCLUSION
The determined values of material constatlow the
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Parameter assessment of Equilibrium Moisture
Content

I. Oswaldova, T. Vyhlidal

Abstract — Knowledge of equilibrium moisture content for
different types of materials is important for many aspects of
preventive conservation of culture heritage. Each material has
different moisture sensitivity. Equilibrium moisture content is
influenced by temperature and relative humidity and their
graphical representation of this relationship are isotherms. As a
representation of this phenomenon, Henderson model can be
considered. For the predicting of equilibrium moisture content
it is necessary to know the parameters of this mathematical
model. This paper deals with assessing the parameters of
Henderson model based on more complex models and available
data.

Index Terms — moisture content, humidity, temperature,
Levenberg-Marquardt algorithm, Henderson model, isotherm,

sensitivity coefficient, additive temperature parameter
Erelative humidity and temperature of surrounding air.

This relationship is graphical represented as isotherms,
where the temperature is a parameter and isotherm is plotted
in the coordinates relative humidity (x-axis) and EMC (y-
axis). The EMC increases with the increasing relative
humidity and decreasing temperature [1, 2, 3].

Equilibrium moisture content is very important to know
particularly in drying and storage process analysis. Low
EMC accelerates air drying of wood, which could be often
advantageous but for some kind of woods it can be detriment
especially for the species that is susceptible to surface
checking (e.g. soak which dries too quickly early in drying
process). Long-acting high EMC can cause regaining
moisture of the kiln-dried lumber and may lead to high
moisture content that will adversely affect the finish product
of wood. If we know the EMC of the future location of the
finish wood product, we can dry the wood to that dry
moisture content and comply with these conditions all the
time until production of the finished wood product. This is
not so often and possible in practice, but knowledge of the
ideal EMC may be useful to explain the bad qualities and
point out the need for a remedy [3, 5].

Equilibrium moisture content is different for each material
and for prevention of various materials must be complied
with adequate temperature and relative humidity rooms
where these materials are. The motivation for our interested
in EMC comes from the objectives of EU 7FP project
Climate for Culture'. Particularly, the EMC models are used

to assess suitable set-points of indoor conditions
(temperature and relative humidity) in interiors of historical

I.  INTRODUCTION
QUILIBRIUM moisture content (EMC) depends on

I. Oswaldova and T. Vyhlidal are with the Department of
Instrumentation and Control Engineering, Faculty of Mechanical
Engineering, Czech Technical University in Prague, Czech Republic
(ivana.krestynova@fs.cvut.cz).

The work has been supported by the Doctoral Grant Support of the
Czech Technical University in Prague, grant No. SGS11/150/0HK2/3T/12.

! www.climateforculture.eu

45

buildings so that the EMC in the material of exhibited
artifacts do not change considerably during annual cycle [1,
10, 11].

IL.

There exist a lot of models for the prediction of
equilibrium moisture content. Each model refers to sorption
isotherms of the specific products. Below, we provide some
of the possible models for the description of equilibrium
moisture content.

All this models consist in the balance at 100 % relative
humidity in total saturation of wood. All of them also predict
the shift of the isotherm curve towards the x-axis (relative
humidity) with the increasing temperature [2].

A.

MATHEMATICAL MODELS OF EMC

Day and Nelson model

The model proposed by Day and Nelson in [12] is given

as follows
1- ¢ =exp(AM®), (1)

where 4 = b, sz; B = b; TM; by, by, b; and b, are the
parameters for the evaluation, 7 is temperature in Kelvin and
@ is relative humidity expressed as dimensionless ratio, M is
equilibrium moisture content in dimensionless ration. This
model was derived from the basic Henderson’s model for
mathematical representation of the wheat desorption
isotherm for grain drying computation. [2, 12]

For the terms of moisture content (M) the model is
transferred as fallows [2]:

i 1/b,T™
Iy {ﬂ} |

RC 2
1

B.  Zuritz et al. model

The model proposed by Zuritz et al. in [13] is also in the
form (1), but the parameters are as follows:
A=—(c, IT)-(0=T/T, )" ;B=c,T; T,
absolute temperature of water (647.1 K); ¢y, ¢,, ¢3 and ¢4 are
the parameters for evaluation, 7 is temperature in Kelvin and
¢ relative humidity in dimensionless ratio. This model is also
derived from the Henderson’s model with the help of
empirical relation proposed by Wan den Vaal (1894). It is
usually used for desorption data for rice at different
temperatures [2, 13].

For the terms of moisture content (M) the model is
considered transferred as fallows [2]

1/csT

is the critical

—Tn(1-g)

cz(l—Tl)”

c

M= 3)
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C. Hailwood and Horrobin model
The model proposed by Hailwood and Horrobin [4] is
considered in the following form
D iKp)Y KK K,
_1800| Ko ]

M, | 1-K

M , 4

4 N :
1+ (Kp) KiK. K,
i=1
where M is equilibrium moisture content in dimensionless
ratio; ¢ is relative humidity in dimensionless ratio; n is a
number of hydrates formed; M), K, K, K, ..., K; are material
parameters [4].

D. Henderson model

This model describes influence of temperature on
moisture sorption isotherms [14].

l—gozexp(AMB), (%)

where 4 = -a; T, B = a,; ¢ is relative humidity expressed as
dimensionless ratio; 7' the temperature in Kelvin; M the
percent moisture content; a;, a, are the parameters for
evaluation (for sorption isotherms of agricultural products)
[2, 14].

In the terms of moisture content (M) the model is considered
as fallows [2]

:|1/az

M{—lna—(p)

aT
E.  Modified Henderson model

Zitek and Vyhlidal [1, 10, 11] refer to adapted
logarithmic Henderson model as the most suitable model for
the equal-sorption humidity control. The model is given as

{—lna—(p)}c

A(T-B)
where (pe(O,l) is the relative air humidity expressed as

(6)

(7

dimensionless ratio; 7 is absolute temperature of air in
Kelvin; M is EMC expressed as the mass ratio; 4, B and C
are the parameters of the model specific for each material: 4
is the sensitivity coefficient in K™, B (B <273.16 K) is the
additive temperature parameter in K, C is a positive
dimensionless exponent less than one. The model is not
applicable for humidity getting near to the state of saturation
(p— 1), where logarithm of (I — ¢) is not defined. [1]

III. CALCULATING OF MODEL PARAMETERS

For finding model parameters of adapted logarithmic
Henderson model from Zitek, Vyhlidal (7) we wused
Levenberg-Marquardt algorithm. The algorithm is the
numerical method for determining the minimum of nonlinear
function by minimizing the sum of the squares of the errors
between the data points and the function. Purpose of this
method is to reduce the sum of the square of the errors
between the function and the measured data points. This
method is a combination of two minimization methods: the
gradient descent method and the Gauss-Newton method. It is
an iterative method [7, 8, 9].

In fitting a nonlinear function f{x, p) (in our case: (7)) we
consider independent variables x = (p, 7) and vector of
parameters p = (4, B, C) to a set of data points. Input data
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vector is marked as y(x) = M and vector of the approximated

value of the measured data y(x, p) = M which is given by:

y(x,p) = f(x,p) (3
The vector of estimation errors is defined as follows
e(x, p) = y(x) = y(x, p). ©)

At each step the parameters are replaced by a new
estimate p+d, and for the linear approximation of the
function f{x, p) it applies

f(xi’p+5p):f(x’p)+J5pa (10)
where J is the Jacobian matrix:
Jl_:@f(x,p) (11
op

and 6, is the increment of each founding parameter in the
next step [7, 8].

By considering modified Henderson model (7) for our
application of Levenberg-Marquardt algorithm we have to
make the substitutions for our parameters 4 and B to ensure
that search parameters are always positive, i.e.

A=E?

A-B=D*.
The Henderson model is then considered in the form

PRpTEY

E°T-D

The Jacobian matrix is then as follows
oM oM oM
oC ©FE oD
oC ©OE oD

where individual partial derivations of M are

)

(12)
(13)

(14)

J= (15)

9
ac

C

(16)
In(1-¢)
- E’T + D?

¢

O |[=In(-9)
)

E*T-D?

]C+l
ZCD(

(17)

In(1- @)
— E’T + D?
In(1-¢)

0
oF

—In(1-9)
E*T-D?

(13)

In(1- @)
In(l - )
~E’T+D*
For the increment of each founding parameter in the next
step we consider
-1
! LJ }/T,

U

~E’T+D*
/)
2ECT(
- In(1-¢)
C+1
= j

Scp = [[JT J+ (19)

where L is the diagonal matrix of the diagonal elements of

J'Jand 1 is the damping factor [7, 8].
H
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Fig. 1 EMCs from adapted logarithmic Henderson model [1] for wood for different values of relative humidity (from 10 % to 95 %) and temperature 5 °C
(278,15 K) — a), 15 °C (288,15 K) — b), 20 °C (293,15 K) — ¢), 25 °C (298,15 K) — d), 30 °C (303,15 K) — ¢) and 35 °C (308,15 K) — f). The data of the
parameter values were used from [6] and found by using Levenberg — Marquart algorithm.

Small values of the damping factor result in a Gauss-
Newton update and large values result in a gradient descent
update [8].

In order to assess the parameters of Henderson model in
the form (14) as outlined above, we have used data from the
Wood handbook [6]. In the application, we needed 20
epochs. For each epoch i+1 will be the parameters:

Ci+1 = Cz + é‘iCED (20)
Ei+1 = Ei + 5iCED (21)
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S

Dy =D; + iCED"

l

(22)

Then we determine smallest error sum of squares. The
algorithm was performed 1000 times for different initial
conditions. And we set the parameters with the smallest
deviation.

With the application of the Levenberg-Marquardt
algorithm on measured data obtained from Wood handbook
[6] we can now compare the isotherms plotted for desired
temperature as shown in Fig. 1. The data were adjusted for
the desired temperature values (per five degrees Celsius —
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from 5 °C to 35 °C). The resulting parameters of the
Henderson model are shown in Table I. The results shown in

Fig. 1 indicate that Henderson model with assessed
parameters corresponds fairly well to all the measured data.
TABLE I
HENDERSON MODEL PARAMETERS FOR WOOD
4K B [K] Cl
0,0891 0,0610 0,6634

IV. CONCLUSIONS

As the main objective, we assessed parameters of

Henderson model using Levenberg-Marquardt algorithm.
The sorption data were obtained from the Wood handbook
[6] and adjusted to the desired temperature value (from 5 °C
to 35 °C per 5 °C). From the results (Fig. 1) it seems that the
Levenberg-Marquardt method provides the model which
approximates the measured data very well.
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Summary of recent results on design and
application of signal shapers

V. Kucera, T. Vyhlidal, M. Hromcik

Abstract—This article provides summary of our previous
work and applications of delay based signal shapers, which
are widely used for vibration control of light weight flexi-
ble structure, like robotics manipulators, cranes, or another
application in vibration control. Next to the analysis and
application of classical signal shapers with lumped delays,
completely original shapers with distributed delays are pro-
posed. The shaper design methods are first demonstrated
on a case study of flexible airplane, performed in the frame-
work of the 7TFP EU project ACFA2020 !. Feed-forward
shapers compensator are used as smart filter of pilot com-
mands as an alternative to classical Butterworth or Cheby-
shev filters. Further applications of signal shapers are shown
on laboratory experiments portal crane and a servo with a
flexible link.

Index Terms—Input shaping, Delay based input shapers,
Lumped delay, Distributed delay, vibration control ...

I. INTRODUCTION

nput shaping is a feed-forward control technique for re-

ducing vibrations in computer controlled flexible ma-
chines. Speaking in broad terms, the method works by
creating a command signal that cancels its own vibration.
That is, vibration caused by the first portion of the com-
mand signal (in time domain) is canceled by vibrations
induced by the rest of the command. Input shaping is im-
plemented by convolving a sequence of impulses, defining
the input shaper, with the reference signal (step, or any
other). The shaped command that results from the con-
volution is then used to drive the system. If the impulses
defining the shaper are arranged in a smart way, the flexi-
ble system will respond without vibration to the reference
command.

Significant filtering features of simple time-delay shapers
were first reported by [5], and an application for effective
manipulation and control of flexible systems was immedi-
ately proposed. The shaper is used to filter (shape) the
reference signal carefully so that it, on one hand, does not
contain frequencies of significant flexible modes which are
therefore not excited, and, on the other hand, retains re-
sponsiveness of the system’s response. Next, Singer and
Seering [6] and [9] re-visited the concept of delay-based
signal shapers. They developed alternative methodology
and time-domain formulas for the Smith’s posicast [5], giv-
ing rise to a new modification with improved robustness,
the zero-vibration-derivative (ZVD) shaper and extra in-
sensitive shaper (EI) [13]. Robustness analysis of classical
shapers is discussed [6] and also in a recent paper [10].

Department of Instrumentation and Control Engineering, Faculty
of Mechanical Engineering, Czech Technical University in Prague
email: vladimir.kuceral@fs.cvut.cz

Department of Control Engineering, Faculty of Electrical Engi-
neering, Czech Technical University in Prague
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Particular simple shapers are the starting point for multi-
modes shapers like ZV-ZV, ZVD-ZVD [12], Two-Hump EI
[10]. Multi-modal shapers[12], [14], [8] and [11], are in fact
convolutions of two isolated shapers, as their names in-
dicate, tuned to two or more selected flexible modes. A
recent alternative view on the shapers analysis and design
comes from the zero-poles diagrams approach [7]. Input
shapers have proved most useful in many projects related
to controls for flexible devices like reference tracking for
flexible manipulators and cranes [15] , vibration suppres-
sion of industrial robots by adaptive input shaping [16],
orientation and pointing of solar panels of satellites [17]
etc.

The paper provides a summary of the authors’ recent
results in the field of signal shaping. In Section II, pre-
liminaries on classical signal shapers and their design are
given, as reviewed in [3]. The third section provides some
remarks on spectral features of the signal shapers studied
in [1], [2]. Next, a completely original approach in signal
shaper construction and design, proposed in [1], [2] is high-
lighted in Section IV. In the following Section V, the ro-
bustness issues are addressed. The application case study
and laboratory examples in Section VI and VII demon-
strate the use and application of signal shapers. The last
section VIII provides short conclusions.

II. CLASSICAL SIGNAL SHAPERS AND THEIR DESIGN

Singer and Seering’s approach is based on analysis of
the response of a second order undamped system (1) to an
impulse sequence by means of the vibration ratio given by

(2)

w?

Gls) = 52 + 28ws + w?

(1)

V(& w) = e 5 /[0(E w)]? + [S(E,w)]? (2)

Cw) = ZAl-es“’“cos(w 1—&2t;)

i=1

S(¢,w) = ZAl-eg“’tism(w 1—¢&2t)

i=1

where ¢ is the damping and w is the natural frequency of
the system.A; is the amplitude, ¢; is trigger time of one
of the impulses defining the shaper, n is the number of
these impulses.The vibration equation (2) yields the trigger
times and amplitudes (3) of each impulse for zero vibration
response of the second order system in the shortest possible
time,
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where K is given by (4).

1 _K i
}—[HO 1$dK},Ai>O,;AZ——1 (3)

K:e(\/%) (4)

So far, the results correspond to classical posicast.
Singer and Seering’s formulation however allows adding an
extra equation (5) which gives rise to improved robustness
w.r.t. model uncertainty. Thus obtained ZVD shaper fea-
tures weaker dependency of performance on uncertain or
drifting frequency of the underlying flexible mode. Result-
ing shaper is defined by three impulses (compared to just
two for posicast or ZV shaper) defined by (6).

IV(Ew)
A, 1 2K K2
[ i } — | @R K7  ([+K)? (6)
t; 0 % T,

Further development of the vibration ratio concept (2)
led the authors to yet another robust variant - extra insen-
sitive shaper (EI, [13] , representing a trade-off between
robustness and nominal performance. If one admits some
tolerable low level of vibration (7) for the nominal system
model, equation (2) can be modified accordingly. Result-
ing EI shaper is slightly detuned for the targeted mode
with parameters given by (8) (and hence does not perfectly
suppress related vibrations), though, for a wider consid-
ered frequency band, its performance is superior in avarage
compared to ZV or ZVD.

V(6 w) = 5% (7)
Ai 1+V; 1-Vi 14V
R ®

In the application of a designed signal shaper, which is
in general in a form of difference equation

N
o(t) = ZAiw(t — ;) (9)

where w and v are the shaper input and output, respec-
tively, the shaper is linked to the system as shown in Fig.
1.

III. REMARK ON SPECTRAL FEATURES OF SHAPERS
WITH LUMPED DELAY

Consider a ZV shaper [6], [9]
Szv(s)=A+ (1 —A)e™ 7,
where A € RT, A < 1. It is easy to show that the zeros of
the function (10) are given as follows
1

=—=]
ok Tnl—A

(10)

402k +1),k=0,1,..,00. (11)
T
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2l S G315

Signal shaper System

Fig. 1. Shaper in the open loop

As can be seen, (11) constitute a chain of zeros that is
parallel to the imaginary axis. As it results from the ar-
gument of the logarithm in (11), ﬁ > 1 in order to have
the negative real part of the zeros. Thus, the parameter
A€ (3,1).

The aim of the ZV shaper (10) is to compensate the pole
r1,2 = —B £ j of a system that is in a serial connection
with the shaper as shown in Fig. 1. Placing the dominant
zero s1,2 of (11) at the position of 1 2, we obtain

1 A
iy = 12
L (12)
7T
— =w. 13
T (13)
From (12)-(13) the parameters of the shaper result as
e
A= —— (14
1+etm )
7r
=Z 1
r=1 (15)

IV. SHAPERS WITH DISTRIBUTED DELAY

Following the results presented in [1] and [2], distributed-
delay ZV shaper (or DZV shaper) - is formulated in this
section. Using the distributed delay instead of the lumped
delay, we define the DZV shaper as follows

szv(s) =B+ (1 — B) 1_;;“9 =
_ B9s+(1-B)(1—e~®Y)
- 51 ’

(16)

where B € R*, B < 1. As can be seen, the transfer function
of the shaper has a pole at the origin of the complex plane.
However, substituting s = 0 to the numerator of (16), we
can see that the transfer function has a zero at the origin
too. Thus, the pole and zero at the origin cancel each
other. Rewriting the characteristic function

Bids+ (1 —-B)(1—

e ) =0 (17)

into the form

('ﬂs + 71 _BB)e’&SJ’_% = 71 — Be%

D)

we can compute the zeros of the DZV shaper numerically
[4] or (16) using the Lambert W function as follows

1 1—-B i-B 1-B
SkT<W(kyBe B >B>7k1727

(19)
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: 1-B, =B\ _ 1-B
Obviously, as W <O7 e B | =57,

compensate a pole ry 3 = —f3 152 of a system that is in a
serial connection with the DZV shaper, the parameters B
and ¥ need to be determined from the following equation

—BEjQ= % (W <1, 1;361753) - 1j_BB> . (20)

After some manipulation, we can determine ¥ as the first
nonzero root of the equation

s1 = 0. In order to

QeP? — Bsin ) — QcosQY = 0, (21)

which can easily be solved numerically. The second pa-
rameter is given by

1 — e B%cosQ

B= .
B—14 e B9cosI

(22)

In [1] and [2], further details on spectral features are
provided. Next, the frequency response characteristics are
studied in the papers. It is shown that the shapers with
distributed delays have much better features in this aspect
compared to shapers with lumped delays.

V. ROBUSTNESS

Robustness of all introduced shapers in general, can be
visualized by the sensitivity curves [10],[12]. All classical
shapers (ZV,ZVD,EI) have well known properties of sensi-
tivity function, given by equation (2). Mainly focus is on
properties of the new one DZV and basic ZV shaper for
following example.

Vibration compensation of the second order system,
where compensated poles are placed at r; o = —( £ jQ,
where § =2 and 2 = 20 is nominal case used for shapers
design. Parameters of the shaper for that system are
ZV(A=0.5783, 7 =0.1579(s)) and DZV(B = 0.2175, ¥ =
0.2621(s)). Sensitivity curves in this example,see Fig.2,
which shows depencency of the vibration ratio on normal-
ized frequency at the time t5, where reference command
reaches a desired value(Measured by value of step response
at the time t;). DZV shaper has non-symmetric shape
and smaller vibration ratio on one side of the curve than
ZV shaper which is for higher frequencies than setting of
shaper frequency.

Bode plots of ZV and DZV shapers in this case are de-
picted in Fig. 3. One can see that the shapers feature
notches at antiresonant frequencies w, = (2i — 1) /t1,i =
1,2,... . The antiresonant holes "depth” is 20logi1g|As —
(1= Ap)| for ZV shaper (blue).Explanation is quite sim-
ple: input sinus of a given frequency is according to the
delay term ¢; decomposed into two sinus waveforms (with
amplitude A and A; =1 — As) and for the frequencies
(2 — 1)7/t; these waveforms are shifted exactly at T;/2.
Therefore during addition of these sine waveforms we ob-
tain minimal value of their amplitude.

Frequency responses of the shapers in Fig. 3 indicate
quantitatively their respective robustness properties. ZV
shaper arrives unsurprisingly as the most sensitive (least

51

28.-30.5.2012
Roztoky u KFivoklatu, Czech republic

Sensitivity curves
™ T T B

7| ——DzV shaper
\ ’ = = =2ZV shaper
.

o
IS
T

Vibration ratio [%]

o o o

= o N o w

G N w4
T T T T T

o
-
T

o

=

o
T

0.6 0.8 1 1.2 14 16 1.8
Normalised frequency m/mm -

Fig. 2. Sensitivity curves of ZV and DZV shapers
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Fig. 3. Magnitude bode plots of ZV (blue) and DZV (red) shapers

robust) one. In contrast, DZV is obviously much less sen-
sitive to frequency up-shifts (red). This is useful in many
applications where changes of physical parameters give rise
to increased undesirable flexible modes frequencies.

The effect is further demonstrated in time domain by
step responses on Fig. 4 and 5. The nominal (design)
frequency is 20 rad/s and the 20 rad/s to 40 rad/s band is
considered.

VI. CASE sTUuDY: BWB AIRCRAFT

Results of the previous chapters are further developed
and applied for the case study of large flexible blended-
wing-body aircraft [3]. Data come from the ongoing Euro-
pean project ACFA 2020. ACFA 2020 (Active Control for
Flexible Aircraft, www.acfa2020.eu) is a collaborative re-
search project funded by the European Commission under
the seventh research framework programme (FP7). The
project deals with innovative active control concepts for
ultra efficient 2020 aircraft configurations like the blended
wing body (BWB) aircraft. The Advisory Council for
Aeronautics Research in Europe (ACARE) formulated the
" ACARE vision 20207, which aims for 50% reduced fuel
consumption and related CO2 emissions per passenger-
kilometre and reduction of external noise. To meet these
goals it is very important to minimize the environmen-
tal impact of air traffic but also of vital interest for the
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Fig. 4. Robustness of ZV shaper. For controlled-system frequency
range (20-40rad/s).
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Fig. 5. Robustness of DZV shaper. For controlled-system frequency
range (20-40rad/s).

aircraft industry to enable future growth. Blended Wing
Body type aircraft configurations on Fig. 6 are seen as the
most promising future concept to fulfill the ACARE vision
2020 goals because aircraft efficiency can be dramatically
increased through minimization of the wetted area and re-
ducing structural load and vibration by active damping

Fig. 6. ACFA 2020 Blended Wing Body Design

ACFA BWB longitudinal dynamics models used in this
section contain 4 flexible modes, rigid-body dynamics, ac-
tuators and sensors models, and lag states (total order 30).
Input command shapers will be attached to a feedback
CAS, Fig. 7 (control augmentation system, pitch autopilot
in particular, w/o active damping system), and effectively
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reduce vibrations caused by the pilots commands (pitch
angle setpoint).

ATTCMD - CAS 55 I
rch/froll < o
oy B | (onaTAR) B2

Fig. 7. Control augmentation system and input shaper (”Filter”)

In Fig.8 the flexible modes of the aircraft for the (nor-
mal acceleration setpoint) to (wingroot bending moment)
channel is depicted in blue, for a set of mass cases, with
clearly visible wing-bending and hull-bending modes. The
red line corresponds to a ZV-ZV two-modes shaper, green
line to its Pade approximation of total order 8. Perfor-
mance of the Pade approximation of this relatively low
order (compare to order 6 per notch as recommended in
section 5) is clearly adequate and gives rise to comparable
resulting performence compared to the delay-based shaper.
Responsiveness of the overall control is demonstrated by
Fig. 10 (pitch-rate step response) while the flexible vibra-
tion treatment is evident from Fig. 9 (wing root bending
moment reaction).

Flexible modes

Magnitude (dB)

Frequency (rad/sec)

Fig. 8. Wingroot bending moment frequency response

VII. EXPERIMENTAL VERIFICATION

Two related experiments were conducted and are re-
ported further, proving the findings of the paper and bring-
ing up some additional subtle issues. The portal-crane is
an example of a system where the underlying servomecha-
nism is considerably faster than the targeted modes (sway
of the load). In this case, the slower overall response of
the DZV-shaped step reference, compared to the standard
ZV version, apperas therefore as rather remarkable. On
the other hand, in the flexible-link manipulator case, the
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Fig. 9. Wingroot bending moment step response

Response from command to pitch rate

Amplitude

time(sec)

Fig. 10. Pitch rate step response

proximity of flexible mode to the servo’s bandwidth results
in measured transient responses (in position) with almost
identical settling time, du to the fact that the ramp-like
DZV signal is considerably easier to follow for the involved
position servo. Increased robustness of the distributed-
delay variant is visible very nicely in both cases. This
section is adopted from preliminary version of[2], [1]

A. Portal crane

The 2-D crane on Fig. 11 is a laboratory model made of
aluminum frame on which the crane head is located. The
head is moving by two DC motor in two axes indepen-
dantly. Another DC motor is applied to alter the length
of the rope carying the payload. Physical dimensions are
- length= 1.60m width= 0.9m and high= 0.76m, see Fig.
11.

o crane arm engine potential u, [V] (actuating signal)

« crane wind engine potential u,, [V] (actuating signal)

» winding mechanism engine potetial u. [V] (actuating

signal)

e crane arm position x [m]

o crane wind position y [m]

o 4 senzors of outer limits (DS 1-4)

« 2 sensors of wire deviationg; [°], v2 [°]

Oscillation frequency of the load-sway mode is f =
i £, where L is the length of the cable and g is the grav-
ity constant. The head-position servo reaches the closed-
loop bandwidth w = 10rad/s an H., mixed-sensitivity con-
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Fig. 11. The 2-D crane experiment setup.
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Fig. 12. Measured step response of the crane head (x-direction) with
ZV shaper (blue dashed) and DZV shaper(red solid)

troller was designed, see [18], which is much faster then the
oscilatory mode of w = 3.87rad/s and damping ¢ = 0.008.

Fig. 12 refers to the reference tracking performance for
different feed-forward shapers. Although the DZV vari-
ant exhibits clearly visible slower settling time in this case
(on the negative side; compare to the flexible link experi-
ment below though), robustness with respect to changing
(increasing) length of the load-carying cable, see Fig.13for
ZV shaper and Fig.14 for DZV shaper, is increased many
times (note that for the extreme cases, the ZV gives even
rise to saturated sway-angle sensors, bloe dotted line) and
for nominal case on Fig. 15.

B. Flexible link model

The Quanser Inc. laboratory experiment ”Flexible
Link” [19] was investigated next, with a lighter home-
made link (C, L=35cm) attached to the original rotating
table (A) on Fig. 16 (strong coupling of the rigid-body
(B, r=35cm) and flexible dynamics (C) appears with the
original heavy metal strip, which is undesirable in our ap-
plication)

Position - angle of the table - is measured and actu-
ated by feedback servo (designed again using the mixed-
sensitivity H., approach, [18]). Vibrations of the light
weight flexible structure are measured by a video cam-
era and processed off-line using a appropriate video-
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Fig. 13.
lengths of the cable

Measured swing of the load with ZV shaper for different
(0.3m-0.6m)
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Fig. 14. Measured swing of the load with DZV shaper for different
lengths of the cable (0.3m-0.6m)

Vibration of the load
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Fig. 15. Measured swing of the load for nominal length of the crane
cable 0.6m. ZV - blue dashed, DZV - red solid.
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Fig. 16. Flexible link experiment setup.

Position of the servomechanism
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Fig. 17. Measured angular position, with ZV (blue dashed), DZV
(red solid) shapers, and without a shaper (green dotted)

processing software . The positioning servomechanism fea-
tures achievable bandwidth of w = 19rad/s while the vibra-
tions (first bending mode) lies at w = 19.9rad/s/.

Fig. 17 refers to the reference tracking performance for
different feed-forward shapers. Note that as the bandwidth
of the servo is very close to the flexible vibrations, com-
pared to the portal-crane example above, the overall re-
sponse time is not dominated just by the shaped reference
signal, but also by the ability of the positioning feedback
loop to track the shaped step input. In this regard, the
DZV ramp-like signal is much easier to follow, giving rise
to fairly comparable overall transient times in this and sim-
ilar cases.

Regarding the level of flexible-link vibrations, see Fig. 18
and Fig 19. The green line stands for no shaper engaged,
the blue one for the classical ZV shaper, and red for the
proposed DZV variant. In the nominal case, Fig. 18, re-
sults for ZV and DZV shaper are comparable in fact. For
the non-nominal case, though, with increased frequency of
the structural vibrations, the DZV shaper preserves its per-
formance, while the classical ZV shaper becomes worthless
- 19.
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Fig. 18. Measured vibrations of the flexible link for the nominal
case, with ZV (blue dashed), DZV (red solid), and without a shaper
(green dotted).
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Fig. 19. Measured vibrations of the flexible link for a non-nominal
case, with ZV (blue dashed), DZV (red solid), and without a shaper
(green dotted).

VIII. CONCLUSIONS

Signal shapers are presented in this article as an effi-
cient tool for vibration control in situation where en ag-
gressive action command excites flexible modes of system.
Presented well known methods of standard signal shapers
are extended of the new one called DZV shaper using dis-
tributed delay instead of lumped delay. Lumped delay
show natural action well explains in PosiCast approach
instead of DZV shaper with specific feature of action com-
mand. The main advantage of DZV shaper is robust com-
pensation of higher frequency than nominal (design) dis-
cussed in chapter Robustness.

Features of DZV shaper are verified in two different lab-
oratory experiments. Results on real systems are corre-
sponding with theoretical conclusions.

Demonstration on case study of BWB aircraft as an effi-
cient robust alternative to classical filters as a compensator
of flexible modes induced by aggressive command is intro-
duced. This approach can compensate bending of the hull
and wings for different flight condition.
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Smallscale Biomass Combustion Experimel
Base Development

V. Platek

Abstract — The article introduces special properties of  sources of excitation. It is also resistant to combustion
small-scale biomass combustion in comparison with full-scale proces qualitative changes due to ignored maintenance.
combustion. It also describes experimental equipment we built Common way of combustion process control is based on
for conducting experiments with small-scale biomass boilers. maintaining optimal air to fuel ratio using feedback from a

The problems that arose during the experiments and their . .
solutions are shown: elimination of variables peaks during and lambda probe (more on this topic in [4]). Although the

after grate sweeping and replacement of original on/off heat  1@mbda probe is not expensive equipment nowadays, it still

output control by continuous algorithm. has significant impact on the boiler automation costs. The
proposed algorithm is able to find optimal air to fuel ratio
Index Terms—small-scale, biomass, combustion, control. without a necessity of using the lambda probe (more on this
topic in [3]).
I.  INTRODUCTION
ONSTRUCTION of small-scale boilers used for [l. EXPERIMENTALARRANGEMENT ANDDEPLOYMENT

_residential heating has undergone severe development gasic arrangement used for the small-scale biomass

in the last decade. The development was also focusegbjlers combustion control is depicted in Fig. 1. It is based
on reduction of manual user handling. This demand led tgn 3 common market available biomass boiler intended for
requirement of a much smaller fuel to be able to be fed tsjdential and small enterprise heating. Its warmed water
the boiler in the mean of automatic feeding mechanismg,eat output is 25 KW when using a fuel in a form of wood
The automatic feeding allows feeding the fuel in a smallepellets. Original control electronics of the boiler was custom
batches and thus allows disturbing the combustion proceggade for its purpose and we could not use it for purposes of
in much lesser way than when the fuel is stoked in the fO”@xperiment control. Thus, we developed and installed a
of the whole logs. Feeding of the small batches also allowgyntrol unit in addition to the original control electronics.
combustion in much smaller combustion chambers and th4%e control unit is based on RexWinLab-8000 data
reducing the size of the boiler. [5] _ acquisition and control station developed formerly on the

On the contrary, the smaller combustion chamber leadgepartment of the authors. More information on the control

to issues with combustion process control. The sr_‘nall masgiit can be found in [2]. The boiler instrumentation was
of burning fuel leads to a much faster dynamics of §yrther extended by thermal measurements, flue gas
combustion process response demanding controllgfhalyzing unit, frequency changer for combustion air speed
parameters adjustment with faster reaction. Othegontrol etc.

differences of small-scale boilers in comparison with mid or |t was observed during early experiments with original

full-scale boilers are: _ o electronics control that in instants shortly after the grate
* notonly faster but also higher sensitivity of the sweeping all measured quantities vary quickly and thus
combustion process to external influences, disturbing steady trend (Fig. 2, on the left). Such quick

*  ignored maintenance of the boiler by many end-users, variations made automatic evaluation of signals trends very
* sensors are not periodically tested and their reliability difficult. Minor success was achieved using various low-
may be spoiled, . pass filters with longer time constants. However, such filters

* costs of the whole appliance must be kept low. also added unwanted dynamics to signals and thus made
We develop original algorithm with objective of control quick control impossible. Also identification of the process
the combustion process in a way to maintain the combustiagith such disrupted trends in signals would be very
process in the optimal conditions. The algorithm meets thgifficult. For these reasons it was important to eliminate the

requirements of the low acquisition costs and takepeaks before continuing with the research.

advantage of the combustion process sensitivity on external |t was supposed that the peaks are caused by strong
mixing of fuel pellets in various state of burning during the

Ing. Viktor Plagk is wth the Department of Instrumentation and grate sweeping. The length of the. grate sweeper movement
Control Engineering, Faculty of Mechanical Engineering, CzechWas therefore shortened from original 30 mm to 6 mm. Due
Technical University in Prague, Technicka 4, 166 07 Praha 6 (e-maito necessity of maintaining the original burning rate of the

viktor.placek@fs.cvut.cz). ; ;
This work has been supported by the Ministry of Education of the]cuel on the grate, the time period between the grate

Czech Republic under the project No. MSM68400770035 “DevelopmentWEEPING Was shortened five times — from original 10
of environmentally friendly decentralized power systems”, which isminutes to 2 minutes.

gfatTet:l_J”y acmow'%dge‘i ed by the Technology A e However, it showed that probably due to clearances in
is work has been supported by the Technology Agency of the Czec . . .
Republic under project No. TA0202836 “Vyzkum inteligentnich metodé1rate sweeping mechanism the travel speed of bummg fuel

ekonomicko-ekologickéhdizeni prototypu 100kW kotle na zbytkovou decreased significantly and burning fuel began to
biomasu”, which si gratefully acknowledged. accumulate on the grate preventing the primary air access to

The work of Ph.D. students has been supported by Doctoral Gran
Support of the Czech Technical University in Prague, grant Nol‘fpper layers of fuel. The length of grate sweeper run had to

SGS10/252/0HK2/3T/12. be lengthened again. It was experimentally found out that
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Fig. 1 — Process scheme of the experimental small-scale boiler

proper run length for grate sweeping with two minutesimilarly like grate sweeping peaks mentioned before,
period is 12 mm. unpleasant disturbances render any automatic evaluation of
After the mentioned changes of the grate sweepingteady state of combustion process difficult. We
algorithm and adjustment of the grate sweeping mechanisimplemented a PID controller algorithm for continuous
the peaks of quantities were practically completelycontrol of heat output. An extensive experimental work was
eliminated (Fig. 2, on the right). made in cooperation with Technical University in Tampere,
The original control electronics of the boiler use somd-inland while testing couple of methods of experimental
sort of for us unknown proprietary modulation for the heaPID parameters determination. Probably due to strong
output control. The heat output modulation is based on bumonlinear character of combustion process most of the
out and start up of the fire in combustion chamber, leadinmethods showed themselves as useless.[6]
to quite long transitions. During the transitions the boiler In the Fig. 3 on the left side is depicted an experiment
has considerably higher emissions of flue gases, arthrried out on the boiler with its original electronics. It

600 600
500 | 500 | T T e T et
400 400
300 300
200 200
100 100
. Rinaminshsaatitadn il
20 30 40 50 60 330 340 350 360 370

Time (minutes) Time (minutes)

Concentration of CO in flue gascs (vol. ppm), Grate sweeping time instants (binary)
---------- Temperature of flue gases beyond first heat exchanger (°C)

Fig. 2: Combustion disturbance after grate sweeping with original electronics (on the left) in comparison with new algorithm (on the right).
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Fig. 3 — Comparison of reaction on heat demand change. Original control electronics (on the left) and continuous control with PLC algorithm (on the right).

employs the on/off method for the water temperatur@ear future the situation probably changes. One and
control and does not affect the air flow during the operatiomprobably inevitable way of the emissions reduction will be
The only air flow change is made when the targetmprovement of the boiler control algorithms. The proposed
temperature is exceeded. In such a case, the control upiiper showed some of the issues that can arise when
switches the boiler into an afterburning mode where is thgyijiding experimental small-scale biomass combustion

air flow reduced. From the figure can be seen that when thatform such as elimination of grate-sweeping combustion

temperature of the water reaches the set point temperatuE(;OCGSS disturbances and implementation of linear
the original electronics turns off the fuel feeding to a level,qlier for controlling of heat outpuit.

just maintaining the combustion in the afterburning mode.
When the temperature of the heated water falls 10°C below
the set point temperature, the controller is switched into the
normal operation to raise the temperature again. During
such abrupt changes of the fuel feeding rate the combustibd Korpela T., Bjorkquist T. and Lautala P. Durable feedback control

. e . systen for small scale wood chip combustion. Bnoceedings of
process changes quickly and emissions of carbon monoxide 7~ 4 Bioenergy 2008, 224-230, [Jonkoping, Sweden], May 2008.

rise significantly. Thus, it was decided to apply continuougp] placek V., Sulc B., Vrana S., Hrdlicka J. and Pitel, J. Investigation in
control algorithm to eliminate the abrupt changes. Control of Small-scale Biomass Boilers. fnoceedings of the 2011
The RexWinLab-8000 Measurement and Control Station  12th International Carpathian Control Conference (ICCC), 312

was used to employ a Pl (proportional-integrative) g%)‘rc’;et[;/ezugellKarlov'ce]: IEEE - Systems, Man, and Cybernetics

ContrO”e_r- First, there was measured a working point typicak; oswald C. and 3ulc B. Achieving Optimal Operating Conditions in
for nominal heat output of 25 kW. Then, the PI controller = PI Controlled Biomass-fired Boilers: Undemanding way for

was used for adjusting fuel feed rate of the boiler heat input improvement of small-scale boiler effectiveness.Rroceedings of
and thus affecting the water temperature the 2011 12th International Carpathian Control Conference. Velke

: . Karlovice, 25.-28. May 2011. pp 280-285. ISBN: 978-1-61284-359-
A simple thermo mechanical steady-state model was g y PP

created and with help of data from previous experiments, [@ Pitel J. and Mizak J. Approximation of CO/lambda biomass
simple mathematical model in the form of linear differential ~ combustion dependence by artificial intelligence techniques. In
equations was estimated. Based on the estimated model the Anals of DAAAM for 2011 & Proceedings of the 22nd

. . International DAAAM mposium, . 0143-0144. DAAAM
parameters of the PI controller were determined using | icrmational Vienna. Y PP
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development in the national legislation shows that in the

58



Proceedings of the annular meeting

New Methods and Procedures in Automatic Control, Instrumentation and Informatics

28.-30.5.2012
Roztoky u Kfivoklatu, Czech republic

Design of a small lowcost tool for making
uEDM electrode

P. Sindel&

Abstract -- Making pnEDM electodes by using a solid
block electrode is quite slow and not capable of making
complex shapes. The use of a wirecutting tool increases
the speed and the versatility of the on-machine electrode
making process. The paper presents the design of a
small footprint, low-cost device for grinding pEDM
electrodes using small diameter wires. The paper
summarizes appropriate options of parts, that are to be
used for the design and shows the choice of such parts.
The paper shows electrode forming results of cutting a
cylindrical electrode.

Index Terms—- electrodes, EDM, WEDG, pEDM,
wire, wire-cutter, forming electrodes, electrode forming
tool, precision, tool

I.  UvoDp

YROBA nastrofi pro mikroobrabni je slozita hlave z

divodu malych rozrri nastrofi. Konvergni metody
obrak¥ni nejsou schopny dobd obralst malé dily (velikosti
nékolika desitek mikromet) z divodu giliSnych feznych
sil viigi tuhosti nastroje, a proto je nutné pouzit jiné metod
jako napiklad elektroerozivni obraini. Elektroerozivni

mikroni se proto pouziva ocelovych povlakovanych ilrat
Jako materidl menSich drati se pouziva mosaz pro své
dobré elektrické vlastnosti, mosaz ovsem neffi& welkou
pevnost. VySSi pevnost a bod tani ma wolfram, nebo
molybden. U &chto materidl je proto mozné pouzit vysSi
zatizeni a vySSi nap dratu. Draty pouzitelné pro
mikroobralgni maji pameér v desitkhch mikromeir a
nebyvaji povlakované. Napinaci sila simprem velice
rychle klesa ( plocha dratu se kvadraticky sniztjmz se
kvadraticky zvySuje napi v dratu ). U takto malych drati
jsou maximalni napinaci silyfédech jednotek Newtdn

Zakladnimi pozadavky na mnou konstruovaiijpravek
byla mala velikost, tak aby se dal bez prohlémpnout a
opst odebrat na mikroobrébi stroj na naSem Ustavu.

Pri konstrukci zéizeni jsem se inspirovatipravkem pro
stroj Smaltec EM203 (Obr. 1).

obrakEni odebira material bezkontaktnimizgbbem, tak Ze I
ve velmi kratkychtasovych intervalech zaZzehava a zhasin
elektricky oblouk mezi nastrojem a obrobkem. Diky
vyzaenému teplu se odeberdst obrobku i nastroje a
vhodnym posunovanim nastroje viéi obrobku ziskavam
pozadovany tvar obrobku. Pro vyrobu nastrojovych elektro
se na naSem Ustavu pouziva blokova elektroda okolo niz
polohuje vyrakny nastroj. Tato metoda je bohuzel dosti
zdlouhava a umditije pouze vyrobu valcovych elektrod,
nebo planZet. Proto jsme se rozhodli zhotovit dezioé
zaizeni, které by vyrobu elektrod zrychlilo , fepnilo a
umoznilo navic vyrobu elektrod jinych tvar

Obr. 1. Ripravek pro stroj Smaltec EM203

Tentoptipravek ma veelku malé rozmy. Cést pripravku
5 se nachazi uvrditvany stroje, druh&ast s motorem a
1. STAV ReseneProBLEMATIKY brzdou ve. Fripravek se dale sklada z kladek polohujicich

Pripravek pro vyrobu elektrod pomoci dratu musidrat a smrujicich ho na voditka.
sphovat nekolik zakladnich pedpoklad. Je nutné drat  Dalsi jiz slozigjsi
dostatén¢ napnout , tak aby sefipobrakeni nevychylil a  [1] @ vyobrazeno na obrazku (Obr. 2).
nedotykal elektrody, mezi elektrodou a obrobkem musi byt Tento stroj je jiz mnohemetsi a ma propracovajsi
totiz zachovana spravna mezera. Drat musi byt odvijeiizeni rychlosti a napinani dratu. Soustava ovladajici
dostaténou rychlosti, aby nedo3lo kigirzeni dratu po napinani dratu se sklada z odvijeciho motoru, z brzdy a
odebrani materialu argkrozeni meze jeho pevnosti. Dale tenzoméru. Drat je napinan pomoci elektromagnetické

musi byt zajidno presné vedeni, tak aby poloha dratu bylaPrzdy, vyvozujici silu nastavitelnou mezi 0,1 a 180 N, tato
nen¥nna \ici vyrabéné elektrod. brzda mé& velmi rovno#émny chod a je schopna vyvozovat

Dratovéfezani se pouziva prorgsné obr&i wtSich
dilt, kde je jednim z vyraznych fakfoproduktivita stroje a
fezna rychlost. Pro &Si piméry drati v fadech stovek

This work was supported by the Grant Agency of the Czech Technical
University in Prague, grant No. SGS12/052/OHK2/1T/12.

Petr Sindelfis with Czech Technical University in Prague, Faculty of
Mechanical Engineering, Department of Instrumentation and Control
Engineering, Technicka 4, 166 07 Prague 6, CZ

(e-mail: Petr.Sindelar@fs.cvut.cz).
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staly brzdny moment. DalSidlenem soustavy je motor s
promEnnym fizenim otdek nastavujicim rychlost odvijeni
dratu. Pro vylepSeni chodu je pouzit tenZgnktery snimé
aktualni napti v dratu.
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" Zaxis Wire supply v rozmezi cca. 0-6 m/min.
150 tuilisvel) B o g0l Pred zap@etim pokud s tvarovanim elektrod bylo nutno

ey navinout drat na oc_zlvijeci kIa_Fiku. Bylo nu'F_né drét. navijet
0- 250 mm/s) pokud mozno co nejrovnaimgji, aby bylo zaji&no klidné
! odvijeni dratu. Odvijeci kladka je b&mwh jednouduchou
treci brzdou. Pruzina tahne plastovy hranol proti kladce,
¢imz je vyvozovan brzdny moment. Nevyhodou této brzdy,
oproti brz¢& magnetické, je nést brzdného momenturip
rozbhu dratu. V dsledku toho je omezeno maximalni
pouzitelné nagti dratu pi fezani. Vyhodou této brzdy je
N jeji jednoduché vyrobitelnost. Brzda ma po rozjezdu
e gude 1 veelku Klidng chod a vyvozuje staly moment. _
. Nosny ram pipravku je tvéen d¥ma na sebe kolmymi
Left wire guide Machine base hIinikov;?r_ni deskami tlustky Smm a dvéma _malymi
(fixed) (granite) bo¢nicemi . Drat je veden od odvijeci kladky k navijeiEsp
Obr. 2. Ripravek pro stroj Smaltec EM203 soustavou kladek tak, aby se eliminovaly odchylky
zpisobené rgnicim se mistem odvijeni a navijeni dratu.
m. ViasTni Pripravex Hlavni prvky ugujici presnost vysledného tvarovani

Omezujicimi parametry pro tvorbu méhiigavkubyla  elektrod jsou fesna voditka. Meziémito voditky se
predevaim mala zastavbova velikost a pokud mozno nizkEchazi mistéezu. Voditek se vyrabickolik typi. Jsou to
cena. budto voditka s kruhovym otvorem, s jen o malo vé&tSim

Pro pipravek jsem zvolil wolframovy drat pmsru 50 ~ Primerem , nez je gimer dratu. Voditka se vyraji bud'to
um. Vyhoda wolframového dratu oproti rdigad dratu  diamantova, rubinova, nebo keramicka. Nevyhodohto
mosaznému je vysoky bod tani wolframu a také vyrazn¥oditek je fakt, Ze proieny piimer dratu jsou zapogbi
vy33i mez pevnosti wolframu. Tim padem je mozné drat iznd voditka. Vyhodou je jejich vysokaresnost a

S Zivotnost. DalSim typem voditek jsou prizmaticka voditka.

Tato voditka se vyrafi z uSlechtilé oceli a jsou
Navijeci kladka nastavitelna pro vSechny tpnéry drafi, jejich nevyhoda
pohanéna stejno- spaivad v mensi Zivotnosti fisobené odebiranim jejich
smemym'm."torem materidlu elektroerozi. Pro prvni pokusy s tvarovanim

elektrod jsem zvolil voditka ve tvaru drazkyiignuté do
ocelové struny. Ocelovou strunu UGp®ru 4mm jsem
nalisoval do spodni deskyipravku. Ripravek jsme poté
upli do EDM hloubéky a pomoci planzety jsme vyrobily
dw& drazky. Drazky maji na okraji velikost 20@n a zuzuji
se smirem ke stedu ocelové struny. Prohlubovani drazky
vlivem elektroeroze, by nefio byt ilis vyrazné, protoze
fezné podminky pouZzivanétipformovani elektrod jsou
velmi mirné. Na tato voditka Ize také pouzit drat mensiho i
vétSiho pameru.

Wire brake
0.1-180N) g

Odvijeci kladka s brzdou
a namotanym dratem

o e—

v.  PArameTRY A VysLepky Rezu

Primér fezadho dratu ukuje minimalni mozny radius na
profilu vyrakené elektrody. Tento radius je vzdy ndmetsi
nez vlastni pimér dratu, coz je zjsobeno fitomnosti
jiskrové mezery P obrakEni. Velikost jiskrové mezery
zavisi také na nastaveni zdrojgm VétSi je napti mezi
obrobkem a néstrojem, tin¥téi je i jiskrovd mezera.iP
pouziti dratu s &Sim ptimérem by se minimalni radius sice
zwv&tsil, spolu s nim by se ale takégidila rychlostiezani ,
protoze elektroeroze by probihala sV stykové ploSe.

Pri nékolika prvnich spughich dratdezného fipravku
vice napnout, coz by #wv sniit vychylku dratu v dsledku  jsme obrabli jiz ptipravenou valcovou elektrodu. Valcova
pritaZlivych sil mezi opané nabitou elektrodou obrobku a elektroda byla fedem obrobena nadmér 200um. Pomoci
dratem. dratadezného ptipravku jsme se v ni snazili kignout

Pro navijeni jsem pouzil stejnodmy motor s podélnou drazku (Obr 4.). Z gatku jsme pouzivaliiflis
jmenovitym naptim 24 V. Motor je zpevodovan silné nastaveni zdroje, které tgobovalo velice rychlé
dopomala, tak aby navijeci kladkaglm zadané otky.  pretrhavani dratu. Na obrazku jsou prvni pokusgtvidevo
Rychlost otéeni motoru jefizena pomoci pulznSikové  od drazky, drat serptrhl velice brzo po zageti obrakni a
modulace nafroveho zdroje Otky navijeci kladky se do elektrody se udal pouze velmi maly z&z. Rozhodli
pohybuji v rozmezi 0-200 /min. Po vynasobeni¢ekad jsme se tedy snizit pamzapnuti a vypnuti zdroje népa
obvodem navijeci kladky dostavame rychlost odvijeni dratmvysit rychlost odmotavani dratu. Po nastaveni gganon-

Vodici drazky

Obr. 3. Vlastni fipravek vyfobeny pro tvarovani elgktrod
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time/off-time na 10/1000 jsme jiz dostali lepSi vysledek.Pro zlepSeni vysledk a po mérg ¢asté trhani dratu bude
Poddilo se ndm viiznout drazku Sky 62 um do hloubky nutné zpesnit chod fipravku, rkteré kladky jsou

69 um. Rychlost dratu bylafplizng 2 m/min. Na (obr. 4) nevhod® vyrobeny a bude nutné jefqutlat. Déle bude
vidime vysledek fezani. Snimek byl p&zen ges nutné pidat fizeni rychlosti odvijeni se #mou vazbou,
mikroskop. Vysledna drazka je po celé své délcaby se dala nastavit rychlost v zavislosti na objemu
rovnomerng Siroka, coz zrd Ze drat je pomoci nami momentald odebiraného materialu. Drat se totiz

vyrobenych voditek vcelkuipsre veden. opotiebovavd mnohem vice pokud se nachazi blifelgt
x i T T obrak¥ného valce. Efektiw)si vysledky by se také mohly
, -‘_1. . dostavit @i pouziti kamery, kterd byifmo sledovala misto

r

fezu a upravovala rychlost a podmirtkgani.

Ae

| Drazka vyrezana dratorezem

V. REFERENCES
[1] Christopher Orino, and colab., DEVELOPMENT OF A

Sifka 62 m PRECISION, LOW-COST, SMALL FOOTPRINT WIRE
hloubka 69 um ELECTRON DISCHARGE MACHINE (WEDM), Precision
H Design Lab, Department of Mechanical Engineering,

University of Utah, Salt Lake City,USA, 2006

Obr. 4. Rezéani drazky do valcové elektrody
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The design, implementation and testing of the
device for measuring of tension distribution in
metal belts.

J. Cap

Abstract -- When metal strip is rolling, it repeatedly passes
through a rolling mill. Rolling process is influenced by many
factors that affect the quality of the final product. Besides
geometrical parameters such as thickness and its uniformity,
the internal tension in the metal strip is also important. It
affects the resulting deformation of sheet metal products that
are cut out from the metal strip. For process control is needed
to measure parameters of the rolled strip in real time during
the process. The proposed equipment shapemeter is used for
measurement of the internal tension in the metal strip.

Index Terms-- shapemeter, méii¢ rozloZeni tahu, valcovani

plechu, vélcovaci stolice.

P vznikl z iniciativy firmy UVB Technik z Hlu¢ina (Ing.
Tomas Bartdk a Ing. Pavel Vitoslavsky), kterd se

dlouhodobé zabyvd vyvojem a vyrobou méficich zatizeni

pro hutni pramysl, pfevazné pro valcovny plechu.

K nerovnomérnému taZeni v rtznych mistech Sitky
véalcovaného pasu dochdzi vlivem fady faktort proménnych
béhem vilcovdni, jako jsou nehomogenni vlastnosti
materidlu, nedokonaly tvaru polotovaru, teplotn¢ i jinak
nestabilni podminky védlcovdni. To se na taZzeném plechu
miliZze projevovat kolisanim jeho tloustky nebo vytvafenim
zvInénych ¢asti ¢i ubfhdnim plechu do strany. Tyto efekty
samoziejmé nepiiznive ovliviiuji vyslednou kvalitu plechu a
je tedy ucelné je pfi vyrobé eliminovat. Korekce procesu l1ze
provadét nastavenim parametri vdlcovaci stolice, kterd
umoziuje nastaveni nejen rozestupu valcl a tim tloustky
véalcovaného plechu ale i nakldpéni a prohybani valct tak,
aby mohly byt podminky v riznych ¢astech Sitky plechu
rozdilné a korigovali tak nepfiznivy pribéh vélcovani v
daném misté.

Ma-li naptiklad polotovar v riznych mistech rozdilnou
tloustku, dochdzi pifi prichodu mezi vélci stolice k
rozvalcovani rtiznych objemt materidlu, a tudiZ silngjsi
oblast se rozvélcuje do delsiho pdsu nez tenci oblast s
menSim objemem materidlu. ProtoZe ale pds plechu je
spojity, jednotlivé rizné rozvalcované ¢asti na sebe
navazuji a vznikd mezi nimi napéti. V dusledku tohoto
napéti se pak plech ma tendenci riizné vinit. Césti s mensim
objemem puvodniho materidlu rozvélcované do kratSich
¢asti jsou natahovdny a Casti s puvodné vétSim objemem
rozvdlcované do delSich ¢asti jsou stlatovdny a vytvafeji
zvinéni. Je-li jedna strana pdsu natahovdna a druhd
stlacovdna, md pak pds tendenci se zakfivovat, ubihat do
boku.

I. Uvop

%

rojekt vyvoje méfi¢e rozlozeni tahu kovového pasu

J. Cap, CVUT v Praze, Fakulta strojni, Ustav piistrojové a Fidici
techniky, Odbor piesné mechaniky a optiky, Technickd 4, 166 07 Praha 6
(e-mail: Jiri.Cap @fs.cvut.cz).
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IL.

VeétSina pouzivanych principli méfeni rozloZeni tahu je
mechanickd a spocivd ve vedeni vdlcovaného pdsu pies
vélec s thlem opdsani kolem tficeti stupnti. ProtoZe taZzeny
plech je pfedepnuty navijecim valcem, napéti v jednotlivych
castech plechu se projevi jako riznd sila na vilec v
normalovém sméru k pdsu v riznych castech Sitky plechu.
Tam kde je pas rozvédlcovan do krat$si délky (oblast s
menSim objemem matridlu) je pfedepnuti vétSi a sily
pusobici v daném misté na vdlec jsou pak veétsi nezZ v misté
kde je pfedepnuti mensi (oblast s vétSim objemem
materidlu). Tuto normalovou silu na valec lze méfit,
respektive prubéh této sily pies sitku pasu plechu. Pokud by
valcovany pds mél po své Sifce ve vSech mistech stejné
pfedepnuti, byl by pribéh sily konstantni dany pouze
celkovym pfedepnutim tazeného pdsu. Redlny prub¢ch sily
se vSak v pribéhu vilcovani méni a na zdklad¢ znalosti
pribéhu lze pak korigovat nastaveni valcovaci stolice.

PRINCIP MERENI

Fig. 1. Celkovy pohled na méfic rozloZeni tahu.

Fig. 2. Odkrytované zafizeni (¢dst méficich sekci nenf zobrazena).
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III. KONSTRUKCNI RESENI

Mgefici valec se pouzivd bud’ spojity, nebo déleny. My
jsme se pii vyvoji z fady didvodl rozhodli pro feSeni s
délenym vélcem. Ten je rozdé€len na jednotlivé sekce, coz
jsou krouzky $itky ptiblizné 30 mm, které se boky opiraji o
sebe a svym povrchem tvoii jednu valcovou plochu. Kazda
sekce ma vlastni uloZeni, které umoZiuje jednak jeji
otaceni, tak méfeni sily, kterou na ni pas ptsobi. Zasadnim
problémem byl volba vhodného snimace sily ptisobici na
sekci. DulezZité pozadavky na snimac¢ byly vysokd tuhost a
vysokd odolnost proti nepfiznivému prostfedi. Vysokd
tuhost je dulezitd proto, aby pfi zatéZovani sousednich sekci
riznou silou nedochdzelo k vyraznym posunim
jednotlivych sekci viici sobé, protoZe pak by hrany krouzka
mohly zanechdvat stopy na védlcovaném pdsu. Vysokd
odolnost je dulezitd vzhledem k pracovnimu podminkdm,
které jsou na vdlcovaci trati, tj. prach, olej, proménnd
teplota. Jako vhodny typ snimacti byly po prozkoumadni
nejriznéjSich mozZnosti vybrdny snimace zaloZené na
méfeni sily tenzometry, tedy pies méfeni deformace
néjakého  definovaného  télesa.  Tenzometry  maji
dostatecnou presnost a standardni vdhové snimace zaloZené
na tenzometrickém principu se doddvaji s dostate¢nou
nosnosti, pfesnosti a hlavné ve zcela zapouzdieném
nerezovém provedeni, které je vysoce odolné proti vnéjSim
vlivim. U méfeni l1ze dobie kompenzovat vliv teploty a
samotné snimace jsou konstruovdny, tak aby zvySenou
teplotu vydrzeli. Ddle je vyhodné, Ze snimace neobsahuji
7zadné pohyblivé soucdsti jako moZny zdroj problému pfi
provozu ve zne€isténém prostiedi.

8 ;:_’VA,

Fig. 3. Pohled na prototyp méfice pii instalaci.

vy o

Navrh méficiho zafizeni byl veden snahou o co nejvétsi
jednoduchost a robustnost, aby v provozné ndrocném
prostiedi bylo co nejmén¢ prvki, které by mohly byt
zdrojem poruch, zafizeni bylo co nejspolehlivéjsi a
vyzadovalo co nejméné udrzby. Méfici valec je tvofen
soustavou krouzkd o priméru 100 mm s brousenym
kalenym povrchem. Krouzky jednotlivych sekci jsou k sobé

pfitlacovany pruZinou. Pfitlak je proveden ptes kulickové
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lozisko, které zajistuje maly pasivni odpor mezi pruZinou a
rotujicimi valecky.

(% . L
Fig. 4. Pohled na méfic¢ instalovany ve vélcovaci trati.

KaZzdy krouzek je uloZen na samostatném télese s
nezavislym snimacem sily. Aby se védleCek mohl volné
proticet je uloZen na dvou kladkdch, ve kterych jsou
pouzita jehlovd loziska se zesilenym vnéjSim krouzkem.
Sila, kterou ptisobi v daném misté pas valcovaného plechu
na méfici krouzek je pak pfes kladky pfendsena na vdhové
¢idlo. Vzdjemnd poloha sekci je vjednom sméru
justovatelnd [1]. Necistoty z povrchu krouzkil jsou stirané
pruzn€ pfitlaovanymi planZetami. Aby se necistoty
nedostdvaly mezi krouzky, je vnitiek valce profukovan
stlacenym vzduchem.

Signaly z vahovych snimact z jednotlivych sekci jsou
zpracovdvany ve vyhodnocovaci elektronice mimo vlastni
mechanickou ¢ast pfistroje. Program na PC graficky
zobrazuje zatiZeni na jednotlivych sekcich a zaznamendva
jejich historii, didle mizZe doddvat informace pro fizeni
nastaveni vélcovaci stolice (ndvrh elektroniky a méficiho
SW zajistovala firma UVB Technik).

IV. ZAVER

vy o

Vysledkem projektu je hotovy prototyp méfictho
zatizeni, ktery byl po laboratornich testech letos v lednu
nasazen do zkuSebniho provozu na vélcovaci trati v KORO
Rokycany. Na valcovné barevnych kovti za studena je zatim
bez poruch ovéfovdna dlouhodobd cinnost a spolehlivost
zafizeni. V bfeznu letoSniho roku tspé$né probé&hlo
zavérecné oponentni fizeni grantu MPO, v rdmci kterého
bylo zafizeni vyvijeno.
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»MEFIC rozlozeni tahu valcového kovového pasu® pod
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Ellipsoidal Mirror Analysis

J. Rosicky

Abstract—Presented here are results of an analysis of an optical
system concept using elliptical mirror as the imaging element for
microscopy.

Index Terms—Imaging, stigmatic image, homocentric wave,
microscopy, optical system analysis, ellipsoidal mirror.

I. INTRODUCTION

PTICAL systems for microscopy usually assemble re-

fractive elements. Because of the aberrations of refrac-
tive elements such systems combine elements with different
properties in order to optimize the aberrations. Therefore
optical systems for microscopy usually result in complex
designs. The ultimate goal in a optical system design is to
approach the stigmatic image, where each point of the object
is imaged as its corresponding point in the image. There are
only a few cases where the stigmatic image is possible. The
ellipsoidal mirror is one of them. The properties of a concept
of an imaging system for microscopy with a single ellipsoidal
mirror will be analysed.

II. STIGMATIC IMAGING

Stigmatic imaging is the case where a point of a monochro-
matic object transforms into a point within the image. The
optical system capable of such a point-to-point imaging has
to transform the homocentric spherical wave (Fig. 1) again into
the homocentric spherical wave (Fig. 2). We will not assume
the wave properties of the light so we can work with rays as
normals to the waves.

Fig. 1. Homocentric spherical wave - diverging.

Let’s derive the shape of the meridian of the surface capable
of stigmatic imaging of point A into point A’ (Fig. 3). The
geometric distances s and s’ expressed in terms of e, y, z:

n/(z+e)2+y2+n'\(e—2)2+y2=2a

(D

This work was kindly supported by the grant SGS12/052/OHK2/1T/12.

J. Rosicky is with Czech Technical University in Prague, Depart-
ment of Instrumental and Control Engineering, Czech Republic (e-mail:
jiri.rosicky @fs.cvut.cz)
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Fig. 2. Homocentric spherical wave - converging.

, wWhere sn + s'n’ = const. = 2a. After some manipulation
we can write:

16a°n* [(e — 2)* +¢°] = [4a® +n” [(e—2)* + 7]

2

_n2((z _ e>2 _~_y2>} (2)
y
P/
: I

Fig. 3. Derivation of the stigmatic meridian [1]

, which is an equation of the 4th order.

In general it is very complicated to manufacture optical
elements shaped according to the 4th order equations. There
are specific cases when the equation 2 changes to the 2nd order
equation, which means more availability for manufacturing.

A. Ellipsoid or Hyperboloid (n' = —n)
If n© = —n and also n = 1 (a mirror in the air) the
equation (2) becomes:
2

a2

y2

- =1
a2 — e2

3)

If a > e, this is the equation of an ellipsis (Fig. 4) with
e=+va?—b%.

Points A and A’ are geometric focal points of the ellipsis.
The point A’ is a real image of the point A, which enables the
ellipsis as a standalone imaging element (similar to a positive
lens) and will be further discussed.

Roztoky u Kfivoklatu, Czech republic
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Fig. 4. Ellipsis - a case of the change of the equation (2) from the 4th to
the 2nd order [1].

If a < e the equation (3) becomes the equation of hyperbola
(Fig. 5):

“4)

Fig. 5. Hyperbola - another case of the change of the equation (2) from the
4th to the 2nd order [1].

The image (point A in Fig.5) formed by hyperbola is
a virtual image. This property does not enable the hyperbola
as a standalone imaging element (similar to a negative lens).
If one would need to record the image produced by hyperbola
additional elements would have been necessary.

B. Sphere

If 2a = 0 the equation (2) also becomes the 2nd order
equation (according to Fig. 3):

n?(2% 4+ 2ez +e? +y?) =n?(e? —2ez+ 22 +y%)  (5)

After some manipulation and introduction of new symbols we
can see that the meridian is a circle (Fig. 6) and the stigmatic
imaging holds for:

, n+n
b= 7
n
and ,
n+n
p:
n
so that

_n 11
—W:>pn—pn

2 ©6)
p

Distances p and p’ point to the same side of the meridian -
either to the left (Fig. 8) or right (Fig. 7).
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Fig. 6. Circle - the third case of the change of the equation (2) from the 4th
to the 2nd order [1].

Fig. 7. Circle - Stigmatic imaging via sphere according to the equation (6)
forr > 0,n <n’ [1].

C. Other cases

So far we have identified several cases of stigmatic imaging
for object and image located in the finite distances. There
are other cases when equation (2) produces a meridian with
stigmatic imaging. However these are the cases when either
object or image lies in the infinity.

We will focus on the case of ellipsoidal mirror for possible
application as a single imaging element for microscopy.

Fig. 8. Circle - Stigmatic imaging according via sphere to the equation (6)
forr < 0,n <n' [1].
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III. IMAGING VIA ELLIPSOIDAL MIRROR

The analysis of the equation (2) has shown that an ellip-
soidal mirror is capable of stigmatic imaging when the object
lies in one geometric focal point of the ellipsoid. The image
is then formed in the second geometric focal point of the
ellipsoid.

This property can be exploited for imaging system accord-
ing to figures 9-11.

Fig. 9. Ellipsoidal mirror. One box depicts the object and the second box
depicts its image (i.e. the image sensor).

Fig. 10. Ellipsoidal mirror - top view.

[ —

Fig. 11. Ellipsoidal mirror - front view.

Presented concept could possibly enable a contact 1:1 imag-
ing of small enough objects directly onto the image sensor with
stigmatic image according to the section II-A. The possible
image sensor would probably be one of those used in imaging
modules of available smart phones. Those modules resemble
sensors with a pixel size about 1.5 to 2 micrometers. So we
are looking for the size of the circle of confusion in the order
of 1 — 10 micrometers.

IV. ANALYSIS

The analysis of the imaging with an ellipsoidal mirror
according to Fig. 12 will estimate the quality of the image (at
the point A’) in terms of the size of the circle of confusion g.
The dimensions of the ellipsoid were set to be approximately
f =50 and b = 30.

The location (and shape) of the aperture will have a sub-
stantial impact on the imaging. We will start with the aperture
located centred around the point C' on top of the ellipsoid. This
symmetrical placement of the aperture should provide better
results than any other asymmetric placement.

For d = 0.5 and w = 30deg the circle of confusion is about
q = 1. This means that a single object point would get imaged
as a 1(mm) large spot.

The substantial factor influencing the size of the circle of
confusion ¢ is the aperture angle w. The wider the angle
the larger the size of the circle of confusion. If we set
a specific limit for the maximum value of g, say 0.01 (ten
times bigger that the pixel size), we can calculate the corre-
sponding maximal aperture angle 2w = 0.34deg (about 20 arc
minutes). This is a very small aperture angle. The diameter
of the corresponding aperture would have been approximately
0.3(mm).

Fig. 12. Raytracing the elliptical mirror.

So far the concept of a single element microscopy imaging
system with an ellipsoidal mirror seems problematic. How-
ever the calculations were done as a quick estimate using
a symbolic geometry software [2]. Another techniques for the
analysis could provide more accurate estimate. Tools like [3]
or [4] allow complex visualisations of aberrations of optical
systems and provide tools for optimizing the design.

Fig. 13. Raytracing the elliptical mirror - another arrangement.

V. CONCLUSION

The quick estimate of the performance of the proposed con-
cept of a single element ellipsoidal mirror imaging system for



Proceedings of the annular meeting 28. -30.5.2012
New Methods and Procedures in Automatic Control, Instrumentation and Informatics Roztoky u Kfivoklatu, Czech republic

microscopy shows that its properties make it not feasible. The
future work will be focused on more accurate analysis of the
concept using tools like [3] or [4]. Other possible arrangement
of the concept depicted in Fig. 13 will be analysed. This
arrangement could provide better performance because both
object and its image are located on surfaces lying in focal
planes of the ellipsoid. However this arrangement induces
problems with positioning the object and the image sensor.
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Research of High-Speed Permanent Magnet
Synchronous Machines Control

M. Novak, J. Novéak, J. Chysky, Zefovsky

Abstract -- This paper presents the development of a
research setup for high-speed permanent magnet synchronous
machines. It describes the development of the hardware, the
required components, controller and experimental results
achieved. The setup was tested with permanent magnet motor
up to 42000 min'l, nominal torque 1,2 Nm and nominal current
11 A. Results with two control algorithms are presented. It is
the control of instantaneous current values and control in d-q
frame. The two methods are compared with regard to
calculation power requirements; results for two DSP systems
used during development are shown.

Index Terms--
motors

High-speed motors, Permanent magnet

I NOMENCLATURE

V,(t) — instantaneous voltage value in winding or axis x[V]
o - ingantaneous angular frequency of resolver voltage
[rad/s]

@ - instantaneous rotor angle of resolver [rad]

@ - last measured resolver angle [rad]

w — flux linkage [Wb]

iq , iq — instantaneous current value in d or g axis [A]
Pp - NumMber of pole-pairs [-]

T — torque [Nm]

R — stator winding resistanc@]

L — inductance [H]

[I.  INTRODUCTION

IGH speed machines are about to become the hot top
of industrial applications. They have a wide usage i
electrically  driven|

many applications including

First of all it is the absence of brushes that usually causes
problems with maintenance for DC or universal motors. That
a construction of high-speed PMSMs is possible was shown
in [2][3]. The control of PMSM can be basically divided into
two algorithms, V/f or Field Oriented Control (FOC) [4].
V/f control is usually used in systems where lower dynamic
of the system is sufficient or the characteristics of the load
are well known e.g. fans. Field oriented control is used in
systems with higher dynamic requirements or when the
characteristics of the load are not so well known or are
variable.

The herein described experiments were made with two
controller systems. The system used initially was a
TMS320F240 system, the second system used in later stages
was a TMS320F2812 based DSP.

The preparation of the research test setup was composed
of several steps including hardware and software design.
Those steps will be described in this paper.

I1l. PMSM CONTROL SYSTEM COMPOSITION

The gaeral system for PMSM control is composed from
a power inverter, DSP controller and a position sensor. It is
also possible to use sensor-less position estimation in some
cases. In the development of the setup, it was preferred to
use sensors with the open possibility to switch to a sensor-
less solution in the future.

turbochargers in automotive industry, microturbine powe,
generators in the micro energy production industry, hig
speed spindles in machining tools or even as motors in ha
held drills and other tools. The advantage of high-speq
machines is theirs high power density. It can be shown, t
in the case of a turbocharger, one large turbocharger can
replaced with several smaller high-speed turbochargers w
the same output power, but occupying significantly les
volume [1]. The permanent magnet synchronous motg

(PMSM) has many advantages for high-speed applicatior|

| Fig. 1High speed test stand with asynchronous dynamometer (left) and
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synchronous motor
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system was also designed for this setup. Based on motonnection is assumed to transfer continuously the position
manufacturer recommendations the synchronous motoformation in the form of common incremental encoder’s
current ripple was decreased with serially connectegignals, this means in relative form. This incremental encoder
inductors with inductance 2.4 mH. A two pole resolver isimulation is often directly supported in DSP timer modes
integrated into both PMSMs. To measure the rotor positiand does not present an additional CPU load. After the DSP
an electronic unit with 12 bit resolution providing 4096start and at the predefined times the absolute position
positions per one revolution was developed. information for the initial and continuous synchronization is
transferred by a serial channel.
IV. MEASUREMENT OFINSTANTANEOUSROTOR POSITION —_————y

The information about instantaneous rotor position is |
essential for Field Oriented Control algorithms. It allows |
maintaining system stability by limiting the machines torque
angle within acceptable limits when the load is changing and
to set the correct current in all phase windings. For the
purposes of instantaneous rotor position measurement ar
electronic unit based on the Analog Devices AD2S1200
Resolver to Digital (R/D) circuit was developed, build and £
tested. Its principle is based on the evaluation of the two"
resolver output voltages, v, described by (1) - (2)

Fig. 2 R/D converter autonomous universal card

In addtion, the resolver or evaluation circuit fault is also
v, =V sin(w) 5ing (1) transferred to the microcontroller [5]. The phase error
_ . method and the use of a special integrated circuit reduced
Va =V sin(wli)Lcogp (2) significantly the unit’s circuitry complexity and costs. The
Where o is the instantaneous angular frequency daeveloped autonomous R/D card is build in a universal
resolver voltage, t is time an@ is the instantaneous rotor manner, allowing the use of different control units, fast and
angle. accurate angular position information.

Equations (1) - (2) are valid under the assumption, that the V. DESIGN OFPOWERINVERTER

voltage amplitude V is the same in both resolver secondaryjt wasrequired to design and build a power inverter for all
windings. The equations can be rewritten into another forfere described experiments with the PMSM. The use of a

shown in (3) - (4) commercial power inverter was not possible as it does not
allow different control algorithms. For this reason a custom

v, =V sin(w)Eingcop (3) power inverter has been build. The initial choice was
. ) between FET and IGBT technology. The advantage of FET

v, =V sin(w(i)[cospUsirp (4) s the possibility to achieve higher switching frequencies and
Where @is the last measured resolver angle. lower switching losses in the inverter. For high voltage

applications, with the components available at the
The voltage difference, described in (5) is then a measudrgvelopment tme, "F was required to use IBGT's. They allow
of resolver position vgltages in the desired range_around 600 V for the cost_ of
higher switching losses. This is a trade-off between device
Vi—V, = size, switching frequency and losses. The power inverter uses
=V sin(wd){singlcog — copl sig I 5) a Semicron SKHI61 Sixpack IGBT and MOSFET driver.
The rated parameters of this module are power supply
=V sin(wl)sin@g-¢ ) voltage 15 V, no load supply current 200 mA, input-output
turn-on propagation time 0,4Hs, input-output turn-off
The ouput voltagess, andv, are sampled by means of anpropagation time 0,4%:s, error input-output propagation
A/D corverter, processed through the above mentiondime 1,3us. The inverter design with this module can be seen
equations, the AC component V sit) is removed and the on Fig. 3. This part also handles current signal processing
differenceg- @ is computed. When a certain value of thidrom voltage and current sensors LEM LV25-P and LEM LA
55-P. A relay is available to control additional electronic
ncircuits from the DSP controller. The outputs of the module
"Sre signals U, V, W that control the main IGBT switching

difference is surpassed, a new actual valus computed.

This circuit contains also the voltage source for supplyi

the resolver and the position information is available i nsistor module

parallel, serial or incremental encoder simulation form. The main trans'istor module is a Semikron SKM 75 GD
We used this circuit for the construction of an autonomOLis23 D module with rated parameters 1200 V, 75A. Between

universal card shown on Fig. 2. This card converts tq ’ )

e L - T Re input terminals and the IGBT module capacitors are
position information into digital form, distinguishing 4096. S )

.. . : . inserted to suppress electromagnetic disturbances coming
position per one revolution. This card is composed of t

power source, the main R/D circuit and a current amplifier oo the DC link. The output of the module is equipped with

. ; . . . WO current sensors LEM LA 55-P.
amplify the resolvers’ excitation voltage. The maximal inpu
current of the used resolver is 50 mA with the rms voltage
value 7V and frequency of 10 kHz. The card — DSP
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, whereR and L are resistance and inductance of the stator
ety i, winding Ls=L4=L), vr is the phase proportional voltaggis

; it - the induced voltage, is the current andp is the phase
currentcontroller output.

As it is clear from (7), it is in principle an RL circuit
meaning we are controlling current in a first order system.
The described induced voltage compensation used for phase
current control has a similar effect as a decoupling block
used in the transformed co-ordinate system control.

35
2,54
24

—— Ibskut

—— lbzad

——|ljzad
|l|lskut

Fig. 3 Prototype of the experimental power inverter

1Al

VI. THEORY OFLINEAR TORQUEPMSM CONTROL

Methodk for linear torque control of synchronous motors
are based on basic equation:

t/ms/

T= 1.5[pp (l//d [ﬂq +l//q [ﬂd ) (6) Fig. 4. Reference current step from zero to 1,8 A (T=0,14Nm) at revolutions
n=10 0@ min? and actual current response.

whereyy is the magnetic flux linkage in the d axig, is the
magnett flux linkage in the q axisqiis the stator current

componat in the d axis,qiis the stator current component in 2'2 i
the g &is and g is the number of pole pairs. 151 T

The coeordinate system is coupled with the d axis to the o 1 : "” ! bk
rotor magnetic flux, i.e. its position is fixed by the rotor % 0,5 || m l] ’ _lns .
position. For the torque control, thedurrent componentis £ 0+ el M | ‘”L! :Illzad
zero asthe requested magnetic flux in the d axis, necessa z °°f 20 H" ‘”‘ ‘ i lllskut
to create the torque, is excited by the permanent magne ~ 1
For this reason, the current is controlled so that it i 1,_2:
advancing the magnetic flux by 90° and is therefore coaxi 25
with the induced voltage. tms/

VIl.  CONTROL OFINSTANTANEOUSPHASE CURRENTS Fig. 5. No load start up with torque 0,14Nm to 7680 “min

In ou work, we focused on increasing the quality of phase
current control by maintaining algorithmic simplicity. The
possibility to use on-off controllers was tested. For obvio

The eyerimental results from the control of instantaneous
hase currents are shown on Fig. 4. It shows the curves of

ference and actual current values after step change in

reason of_high _increage Qf controller calculatiqn frequen(E rque. Reference current curve is marked (Ibzad), actual
and resulting high switching frequency of the inverter an rrent curve is marked (Ibskut). Reference current

potential EMC problems, this approach was abandoned agdhyjide is marked [l|lzad, actual current amplitude is
we focused only on linear torque control. The main goal was, . aq ll|skut.

to mair_1tain the algorithmic s_implicity of this approac_h SO Fig. 5 shows curves of actual current (Ibskut, blue),
that this method could be implemented even on siMplgyerence current amplitude (Jljzad, red), actual current

universa! and cheap microcontrollgrs and that the algorithngg:np"tude (llskut, light blue) and speed (n, violet). It was

complexity would be low for the high speed motor [6]. The,easyred for acceleration with torque 0,14Nm to speed 7680
control of instantaneous phase currents is done for twgnt

currents. The voltages in two phases are calculated in therpe irstantaneous phase current control method was

current controllers, the third value of the voltage for thgnplemented on a TMS320F240 DPS. Switching frequency
PWM modulator is calculated from the conditions¥ \as 5 kHz. The calculation power of the used DSP has

VertVer=0. limited the motor revolutions on the test setup. It was

A sigrificant increase in control quality was achieved by,ossiple to control the motor up to 11 000 revolution”min
calculating the proportional voltage on the PWM modulat%ith good results

input as a sum of the current controller output Ri + Ldi/dt
and cal_culated first harmonic of the induced voltage in the VIIl.  CONTROL IND-Q REFERENCEFRAME
respective phase. The controller output represents then a

voltage meaning a drop on the resistance and inductance of The taque control structure of PMSM uses the controller
the stator winding described by the equation: based on a TMS320F2812 DSP. It works in d-q coordinate

— ; - (7)  system. Block scheme is shown in Fig. 6. Torque current
Ve =RO+LI/dt+V =V, +V, component (stator current component in axis q ) and flux
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current component (stator current component in axis d) areneasurd stator currents and rotor position anggeStandard
controled separately. Desired torque current compongst i equations are used:

calculaed from required torque and desired flux current

component 4 in full magnetic flux regime equals zero.

Actual current components; iand i,PIare calculated from

M 2 iy . / u, d Ug
» g a, .
3F,p, Reg L P 2
_iqacl u, o
u, §
. U,
R DA
MAX d 3 E
c
S
PI s
ULC>C el id” I Req i / Uy UB é
Pl w _IL + __/] =l _/] a,p u,v,w
w * (O3 317 3
PWM
\ 2 2 [€
JL | U+ Le
i Pl Sensor i, +
A
Reg |U| d, q Qe u O
+ ~ DC
U . = B. Sensor Sensor i, —
i o |B ) _em_ |:Uj_ —
d o B
dt (N u,vq AN = -O
Iuacl
T i INVERTER
UDC
Fig. 6. Torque structure control of high speed drive
PWM generates pulses to control IGBT with switching
I, =1y (8) frequency 10kHz. The described algorithm was implemented
i —i i +2 on a TMS320F2812 DSP and tested up to the maximal speed
i, = VW - v (9) 42000 mirt.
3 V3
iy =i, Ccosp+izsing (10)

Fig. 7 and Fig. 8 show waveforms for the highest tested
iq = —ia Sin¢ + iﬂ cos¢ (11) acceleration. The inverter was powered from a low internal
resistance power supply. It can bee seen that the start from
standstill to maximal speed (42000 s achieved in 0.5s.
In time 0.3 s, flux weakening mode starts as can be seen by
he negative value of curren and decreasing value of
urrentiq.

Outputs of current controllers of current components
iq are stator voltage componems, vq. These components
are trasformed in transformation blocks into referentia

phase voltages using instantaneous anfyelvalues by
12 4

standard equations
. 10 N
V, =V, cosp -V, sing (12) s Z
- —id
Vﬁ =V, Sin¢ +Vq COS& (13) z i: g 7iLCJ]DC
— | o tg a*1000
v, =V, (14) z § n
V3, -v, 2
v, =—2 2 (15) 4l
2 t[s]
VW = _VU _VV (16) Fig. 7. PMSM startup — low internal resistance power supply

The cortroller system then controlg and j, currents and
produce signal for the PWM. The pulse width modulator
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became recently available. Theirs employment would reduce

i 7";'\‘! |
i Mﬂ "
{ W
i

—id
7iq
I

i[A]

0

01 04

t[s]

Fig. 8. PMSM startup — low internal resistance power supply,durrent

componats and current absolute valilie

1
IX. CONCLUSIONS =

This paper summarizes the creation and experiments done
with a high-speed permanent magnet machine research seteip.
Two different PMSM have been tested. High speed machines
will become a hot topic in the near future as they have many
possible applications. They can be used in e.g. turbochargers,
micro-turbine power generators, hybrid vehicles, fuel cell§]
spindles to cryo-coolers or co-generation units. Two control
methods have been tested. It was the control of phase current
instantaneous values and control in d-q frame. It was foukd
out, that the control of instantaneous phase current requi
lower calculation power from the DSP, on the other hand it
provides lower control quality. It is therefore suitable for
application where this is not an issue. D-q frame control w
implemented on a more powerful DSP. The achieved
maximal speed was 42000 ninThis limit was caused by
the maimal speed of the available motor, the DSP itself
would be able to achieve higher speeds although nef
significantly. For even higher speeds a different kind of
controller would have to be developed.

The research setup described here uses a resolver sensor
The employment of the rotor position sensor also limits the
maximal achievable speed. As one of future steps a sensor-
less position estimator is considered. The most promising is a
Pl compensator type algorithm as it is able to work in a noisy
environment of an industrial application. The stator or rotor
flux estimator could be also used. Those methods require the
calculation of a simplified mathematical model of the
machine and it therefore remains an open question if the DSP
would be able to handle the calculation for such speeds.

The use of the signal injection methods remains
guestionable. The method is more suitable for salient pole
machines; permanent magnet machines have usually non
salient poles. Therefore the dependency of signal properties
on position will be less significant. Also for the high-speed
machine the injected signal would have to be with a very
high frequency. The usual frequency of the injected signal is
at least ten times higher that the usual PWM switching
frequency. For a high-speed machine, where the PWM
frequency is around 15 kHz, this would represent a
frequency about 150 kHz. For the reasons of switching
losses, this is hard to achieve with a current IGBT power
inverter, but it could be done with a MOSFET inverter.

The future logical steps are the improvements of the power
inverter so that it can sustain higher PWM switching
frequencies, at least 20 kHz. This is possible due to recent
innovation in the field of MOSFET semiconductors. Power
MOSFETs for high voltage applications up to 1.2 kV
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losses in the inverter and reduce its size and weight.
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Control System Development for Hydrostatic
Power Transmission

J. Novak, Z. Masek

Abstract — The control system development for the Hlavni parametry vozidla jsou:
hydrostatic power transmission is presented in the paper. The Uspdaadani dvojkoli Bo
hydrostatic power transmission is used in the traction drive for Spalovaci motor CAT C4.4

special two axle rail vehicle. The transmission system consists

from the hydrostatic generator and two hydrostatic motors. The Max!mfilln[ rychlost 7Okm/h

control method was designed, the computer model of engine, Max!me}lm, thOt,no,St 17,3t
hydrostatic power transmission and the control structure were Maximalni tazna sila 16,3kN
realized. The SW for real control system is designed. Legislating

questions are discussed too. II. HYDROSTATICKY PRENOS WKONU

Zakladn struktura hydrostatickéhotgnosu vykonu na

Keywords — hydrostatic power transmission, hydrostatic _ .
N y P - vozidle MUV 74 je na obr. 2.

motor, hydrostatic generator, control system

I. Uvop

PALOVACI motor je nejpouzivafisi hnaci jednotkou

v pozemni doprak¥ Pro trakci ma vSak spalovaci

motor nevyhodné charakteristiky a proto je vzdy nutn
mezi spalovaci motor a pohfird kola vlozit penosové
soustroji, které zajisti soulad vlastnosti spalovaciho moto
s trakénimi pozadavky. Renosy vykonu lze realizovat jako
mechanické, pro nizSi vykony, hydraulické, prdegdhi

N1

vykony a elektrické, pro nejvysSi vykony. Kazdyop, 2 struktura hydrostatickéhesposu ykonu vozidla MUV 74
z uvedenych princip pienosu vykonu ma svéigdnosti i
nedostatky. Spalovai motor pohani hydrogeneréator, ktery je ve
Predkladany fispivek se ¥nuje vyvoji systémutizeni funkci cerpadla zdrojem tlakového oleje pro dva
trakéniho hydrostatickéhoipnosu vykonu pro vozidlo MUV hydromotory. Hydromotory  jsou  k hydrogeneratoru
74 (Obr. 1), které vyrabi firma CZ LOKO a.s. Jedna se f¥ipojeny paraleld a kazdy hydromotor pohani jednu
dvounapravove specialni vozidlo, které jéamo pro udrzbu napravu vozidla. Aknimi ¢leny hydrostatického ipnosu
Zeleznihich trati. Vzhledem k vykonu spalovaciho motoruyykonu jsou proporcionalni ventily &wjici geometricky
ktery je 96,5 kW, byl zvolen hydrostatickjfgmos vykonu, objem cerpaného oleje hydrogeneratopli a hydromotak
ktery umo#uje dosazeni plynulé zmy prevodovych B2, Proporciondlni ventily jsotizeny elektrickym proudem
pomerd mezi motorem a dvojkolimi vozidla a ktery vynikag az 2 A. Velkiina geometricky objem je dana vztahem:

malym objemem a hmotnosti. Komponenty hydrostatického vV
prenosu vykonu se vyzdtaji (¢innostmi srovnatelnymi, B = 9 ,BD<O;1> @
nebo i lepSimi, ve srovnani s elektrickyiieposem vykonu. Vg max

Geometricky objem je tedy bezro#gma veléina dana
pomsrem aktudlniho pichoziho objemu oleje Vg a
maximalniho mozného fchoziho objemu oleje Vgmax
hydrogeneratoru resp. hydromotoru. Jedna se tedy o jakési
» otevieni“ hydrogeneratoru resp. hydromotoru.

Kli¢ovou nefenou velkinou grenosu je tlak oleje pskut na
vystupu z hydrogeneratoru.

Pozadavky na reguai strukturu hydrostatického
pienosu vykonu jsou dany zakladnimi vztahy, které
v systému plati. Teoreticky jiok Q v m3s-1 je dan:

V
Q=2—9DCUEB )
Vs

kde o je mechanicka uhlova rychlost spalovaciho motoru
J. Novék is with Department of Electrical and Electronic Engineerin@ hydrogeneratoru resp. naprav vozidtepmitanych pes
and Sgnalling in Transport, Jan Perner Transport Faculty, University %fevodovky a hydromottﬁr Teoreticky moment M na vstupu

Pardubice, Pardubice, Czech republic (e-mail:Jaroslav.Novak @upce.cz) d At st hvd t ie dan:
Z. MaSek is with Department of Electrical and Electronic Engineerin!j]y rogeneratoru resp. vystupu nydromotoru je dan.

and Signalling in Transport, Jan Perner Transport Faculty, University of V
Pardubice, Pardubice, Czech republic (e-mail:Zdenek.Masek @upce.cz). M = 2_9 [p w (3)
m

Obr. 1 MUV 74
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kde p je systémovy tlak. Teoreticky vykon je potom dan: pohonné jednotky — s rostouci rychlosti klesa tazna sila.
P=MIla=Qlp 4) Prizpisobeni pohonné jednotky - spalovaciho motoru —
¢ Pprabehu trakéni charakteristiky zajifije systém jenosu

" vykonu. Ri vicestugiovém mechanickémipnosu vykonu
neni peruSena mechanicka vazba motoru a kol. U
hBydraulickych a elektrickych fpnosi vykonu pevna
I@echanickél vazba neexistuje. Jedna se tedy v principu o
spojitou enosovou cestu, kdy lze p&m na motoru a
kolechftidit nezavisle na s@b To vytv&i prostor pro provoz

zanedbani ztrat roven moment spalovaciho motoru momeﬁf?ﬁdlfw?c'ho r_nc_)to,r:J v tal(;;vbtzm kf_x)d(dy :Je p_oté_b ny Ylylfolr:
hydrogeneratoru a momenty na vstupech népravovyglq .a'var\]n r(:)m!nlmlg ni Spotete paiiva r:e N f)hmmlmamc dl
prevodovek jsou rovny momemh na  vystupech emisich. Optimalizace provozu spalovaciho motoru podle

hvdromotofi. Pritok O a tlak b isou pro hvdrogenerator sPOtEby a podle emisi neni totoznd, je vSak velmi blizka.
hzdromotory spolméQ P P ydrog Zpravidla se postupuje s ohledem na minimalizaciiepgt

: . . . o Hydrostatické penosy vykonu se pouzivaji ve velkéreni
Je evidentni, Ze hydromotor je zdrojem a protétSyje- S , . . .
: ot 2 Y J ) P -I na specialnich zefdélskych a stavebnich strojich. Zde jsou
li se By, prispivd to ktistu taku p. Naproti tomu ¢ K 2. iiné posad . i h 7 il
hydromototy jsou spétbice a zvySovanip, prispiva vsak zcela Jine poza avky nezutra_ pohonu. ~pravidia
3%1 pozaduje regulace rychlosti zégigana regulaci

VySe uvedené hodnoty jsou ozeay jako teoretick
neba’ nezahrnuji vliv ztrat komponentgnosu vykonu.

Pri feSeni regukni struktury penosu vykonu jereba si
uvédomit, Ze mechanickd uUhlova rychlost spalovaci
motoru je rovna rychlosti hydrogeneratoru a mechanic
Uhlova rychlost na vstupu napravovydeyodovek je rovna
mechanické uhlové rychlosti hydromaiorStejré tak je [Fi

k poklesu tlaku. Z hlediska tlaku se tedy u hydrogeneratoru o 7 Y
hydromotoru lii charakter zesileni. v hydraulickém  okruhu i neoptimdlnim provozu

Na obr.3 je pro ilustraci znazam zakr na &ast spalovaciho motoru. Vifpac vyuziti hydrostatického

hydrogeneratoru na MUV 74 s instalovanymi sondanfirenosu .V)’/konu ytraﬂnim poh(_)nu, sev dosud provédi,
proudu proporcionalnich veril obdobré jako v gipad mechanického ignosu vykonu,

fizeni na diskrétnich fpvodovych stupnich danych
nastavenim pevné hodnoty geometrického objeBnwi
hydrogeneratoru a hydromotoru.

Pri aplikaci hydrostatickéhofpnosu vykonu na trgkim
kolejovém vozidle MUV 74 je vSak nutné zabedperenos
vykonu spalovaciho motoru striktwésouladu s fedepsanou
trakéni charakteristikou, spofit pii optimalozované sptghs
paliva spalovaciho motoru a nezavisle na rychlosti vozidla a
provoznich podminkach. Strojvedouci zaddidici pakou
pozadovany tralni vykon a tento vykon musi byt
automaticky penesen na kola aniz by se musel strojvedouci
starat o jakékoli provozni podminky. Jde tedy v principu o
spojité fizeni automatické hydrostatickérepodovky i
souwasné minimalizaci spigby paliva spalovaciho motoru.
Metoda optimalizace sp@by paliva spalovaciho motoru a
regulace hydrostatickéhoignosu vykonu byla navrzena,
Obr. 3 Hydrogenerator s instalovanymi sondami proudu proporcionalnigdsimulovana a je implementovana na  Kéted
ventiki na MUV 74 elektrotechniky, elektroniky a zabezpeaci techniky
v dopra¥ Dopravni fakulty Jana Pernera Univerzity
Pardubice.

Zakladn vlastnosti trakniho pOhOﬂU jSOU dény trahic Princip Optimaﬁzace spmby pa"va Vychézf Z ﬁbéhﬁ
charakteristikou, tj. zavislosti rychlosti vozidla na tazné silgalivové mapy spalovaciho motoru [6], [7], [8]iilad

I1l. OPTIMALIZACE CHODU SPALOVACIHO MOTORU

ptipadre tazné sily vozidla na jeho rychlosti — obr. 4. takovéto mapy je na obr.5. Osy grafech v obr. 5 a 6 nejsou
cejchovany, nehibse jedna o nevejné Udaje.
\/ T (@D lsokfivky mérné relativni spotfeby paliva []
s - _ ——Max. moment
/i/5 / /* ';‘ i TOp(imélnimoment
ZIE LW\
\ I T A A
max L LA f ot
fm{J/" y, / b e /‘& S b
He~y. = s s )
U e e e e
i \ N -
0 = F }
max

otatky

Obr. 4 Trakni chankteristika Obr. 5 Palivova mapa spalovaciho motoru

V optimdlnim pgipads ma trakéni charakteristika
v prevaznécasti rychlostniho rozsahu hyperbolickyipgh,
tj. pracovni bod pohonu se pohybuje po &rdkhyperbole.
Tato skuténost je dana pozadavkem na stalé vyuziti vyko

Palivovd mapa na obr. 5t@dstavuje zavislost momentu
spalovaciho motoru na jeho dkach.Cerna Kkivka v horni
nc“ffé\sti grafu pedstavuje momentové omezeni spalovaciho
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motoru a spolu se stadnicovymi osami a hodnotou s ugitou vykonovou rezervou, kterd eliminuje nejistoty
maximalnich oté&ek vymezuje pracovni oblast spalovacihaedlnych charakteristik motoru. Navic je nutno ¢ijet
motoru. Zbyvajicigary, jejichz odstin fechazi od sstle svykonovou rezervou na  pokryti  dynamického,
modré po tma¥ modrou, jsou kvky konstantni mirné urychlujiciho, vykonu, ktery je nezbytnyfiipzrychlovani
spoteby paliva. B optimalizaci spdeby spalovaciho spalovaciho motoru na vysSi ¢tg. Na MUV 74 pracuji
motoru je snhaha, aby se jeho pracovni bod pohybotial plalSi systémy, které jsou pokém spalovacim motorem,
promEnném vykonu po minimechiikkek konstantni spé¢by. napiklad kompresor brzdy nebo pracovni technologie
Chépeme-li tedy thvky konstantni spdeby jako jakési (hydraulicka ruka, sek&a). Spinani &hto systém je
~vrstevnice®, musi se ip promE€nném vykonu pohybovat nahodné atfizeni spalovaciho motoru musi zabedpe
pracovni bod motoru v ,udoli* vytdeném &mito dostatek vykonu pro pracovni technologie i pro trakci
~vrstevnicemi* palivové mapy. Kvka minimalni spaeby je v souladu s pitbéhem trakni charakteristiky.

v obr. 5 vyznaena vyraza zeler, jedna se aciaru, ktera

v pravé ¢asti obrazku splyvad &rnou Kivkou mezniho IV. REGULACE HYDROSTATICKEHO RENOSUVYKONU
momentu. N_a zaklad pop_saného ibéhu Ize snadno Rizeni g@ometrického objemup, se kterym pracuje
vypotitat zavislost otgek, i kterych ma spalovaci motor pyqrogenerator a hydromotory, musi vychazet tibghu
pracovat, na vykonu, ktery ma dodavai. pimeém Fepatu  raieni charakteristiky vozidla. # malych rychlostech
kiivky optimaini spateby na obr. 5 na zavislost 6&k na \ozjdla je tedy nutno fevadt vykon motoru na kola ip
vykonu by byla vysledkem rostoucitika. Hi malych \ysoké tazné sile a se zvy3ujici se rychlosti musi tazna sila
zménach zadaného vykonu by motor musel opakeVveinit  jesat tak, aby byl spalovaci motor &aivan stalym
hodnotu otéek. Palivove mapy, ze kterych sefip \ykonem odpovidajicim hodnotzadané strojvedoucim.
optimalizaci vychazi, jsou stacionarni zavislosti a Vlivygzna sila je Gmna celkovému momentu obou
transientnich je nezahrnuji. B téchto jevech dochazi hydromotof.

zejmena ke zvySeni kéiuosti motoru a zvySuje se speba Pri regulaci hydrostatickéhotenosu vykonu se istlaji
paliva nutna ke kryti urychlujiciho vykonu. Proto se reélnpezimy' kdy je akni veliinou nastavovany geometricky

optimalizovana zavislost aték na vykonu konstruuje jako objem hydrogenerator; s rezimem, kdy je nastavovan
schodovita funkce, kde &itému intervalu vykofi odpovida geometicky objem motoit B, [4], [5], [13].

jedna hodnota oték a gechody mezi otkami jsou Geometicky objem hydrogenerator, je fizen v oblasti
oSeteny vlozenim hysterezich pasem — obr.6. malych rychlosti vozidla. Jedna se o tzv. primarni regulaci.
Vykon vozidla nelze udrzovat konstantni od nulovych
= o I ot&ek, nebd by to vedlo jednak k enormnimu Batu tazné
i i — sily, kterou by nebylo mozno adhézmrenést, jednak by byl
Lj— alni vykon

prekroen maximalni provozni tlak oleje v systému. Proto je
trakéni charakteristika na obr. 4 omezena vV nizkych
rychlostech intervalem konstantni tazné sily. Tohoto omezeni
tazné sily, tj. momentu hnacich matpse dosahuje regulaci

5 y L tlaku na maximalni hodnotu,p. Regulace tlaku je zajita
I ] line&rnim regulatorem primarni regulace. V tétéasti
- — primarni regulace pracujefgnos s geometrickym objemem
Tr e hydromototi ,=1, s rostouci rychlosti vozidla se zvyspje
nulové hodnoty a podle vztahu (3) s& fonstantnim tlaku

0 .
e zvySuje moment, kterym hydrogeneratorézate spalovaci

Obr. 6 Optimalizované zavislost 8&k na ykonu spalovaciho motoru motor.
. Ce . Po dosaZzeni momentu motoru, ktery odpovidastradu
Na V(.)Edle ML,JV 4 1€ vidici jed,notce spalovvac!ho vykonu zadanémuidici pékou, z¥tSenému o pomocné
motoru, jiz od V)fl’(/)b,C_e |mplementovan, regulator c_eta spotieby, se pechazi do druhé&dsti primarni regulace.
y,StUpn,l hodnotomdlq jednotky spaloyamho motoru je tedyy, 4, ¢asti, kdy Aistava staly moment, kterym je spalovaci
Zadana hodnota jeho oek. Optimalizace spteby _motor zatZovan, se nadale zvySuje geometricky objam

spalovaciho motoru na MUV 74 je navrzena tak, Z€: tep : . 9 o <
. p e <2 ym pracuje hydrogeneréator, aviakse jiz nezvySuje
strojvedouci zadavédici pakou Zadanou hodnotu téakho ve spogni se zpnovazebni regulaci tlaku, ale je podie

vykonu. Z optimalizani kiivky podle obr. 6 vyberdidici vztahu (3) péitan jako:
systém vozidla odpovidajici hodnotu &l spalovaciho

motoru, kter4 je jako z&dana hodnota zadanaridéci - Mgy 277
jednotky spalovaciho motoru. Na tuto hodnotu nastavi* V Py
regulator idici jednotce skut@mé ot&ky spalovaciho ’
motoru. Tento jednoduchy princip je vSak v reélné aplikagi
komplikovantadou okrajovych podminek. Staticka palivov.
mapa, ze které sefipoptimalizaci vychazi, nemusi vzd
odpovidat realné palivové map konkrétni situaci. Rbghy
spotieby a momentu jsou zavislé hidgad na opdebeni
motoru, kvalit paliva, teplot motoru. Zejména
v intervalech, kde se fikka optimalni spdeby kryje
s kivkou mezniho momentu, je nezbytné kalkulova

©)

Msy je moment odebirany hydrogeneratorem ze
palovaiho motoru a g je zméfend hodnota tlaku oleje.
A/ této druhé casti primarni regulace se jiz pohybuje
Yv pracovni bod vozidla v trgki charakteristice po traki
hyperbole a s rostouci rychlosti vozidla klesa jeho tazna sila
v disledku poklesu momentu hydromatorPohon pracuje
s konstantnim tralim vykonem a podle vykonu, ktery
dodava spalovaci motor, je v optimalind jednotce ufena
Eédané hodnota aték spalovaciho motoru.
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Po vyerpani fidiciho rozsahu primarni regulace, tj. postrojvedoucitidici pakou. Vlastnosti ipnosu vykonu i
dosazeni hodnot$,=1, dochazi kfechoduna sekundarni zavedeni hodnoty vykonu zadavané strojvedoucim jako
regulaci. V tomto rezimuistavad hodnot#;, = 1 a trakni

vykon je pi rostouci

prostednictvim

rychlosti
snizovani

vozidla udrzovan

geometrického

nezavislé proknné vystihuji tirozmsrné grafy na obr. 9 a
10. Jednéa se o zavislostigpehu tlaku na zadané hodgot

objemwykonu a geometrickém objenfy v primarni regulaci. #

hydromototi B,. Ffi rostouci rychlosti vozidla klesa podle sekundarni regulaci se pracovni bod pohybuje po pravé
trakéni charakteristiky tazna sila vozidla a pokles momentararé plochy tlaku p i f;=1. Hodnota tlaku f,, na kterou

hydromototi podle vztahu (6)

regulaci tlaku na hodnoty.g:
B, = M 2T
27N,
Vg |:pmin

je zajidt zpEtnovazebni

©)

je tlak regulovan zrénou B,, se n&ni v zavislosti na zadané
hodnot vykonu. V grafech je rowZ dolie patrnd oblast
regulace na tlak v rezimu primarni ragulace.

Graf na obr. 9 odpovida situaci, kdy jsou ks
spalovaciho motoru nastaveny na maximalni hodnotu a

kde Myy je moment hydromotdr jemuzje Gn¥rna tazna z motoru je odebiran vykon, ktery jeeba. V tomto fipact

sila. Tlak pin je regulovan
regulatoru.

Zjednodusené blokové
regulace je na obr. 7.

proggdnictim linearniho PI

schéma popsanéhaisaip

sekundarni
regulace

primami
regulace

fidici ¢len
prim.
regulace

M=P/n

optimalizace
SM

regulator
Pmax.

regulator
prain.

Pskut.

I

Nskut.

spalovaci
motor

regulator
otacek SM

vstiikovani

hydrogen. hydromotory

Obr. 7 Blokova struktura hydrostatickéhi@posu ykonu

Na obr. 8 jsou pfibéhy vyznamnych vetin trakéniho
pohonu s hydrostatickym f@nosem vykonu v provoznim
rozsahu rychlosti vozidla. Jako nezavislé pfong jsou

stanoveny geometrické objemy hydrogeneratory

a

hydromdora B,. Na vodorovné ose grafu je v prvédsti
oblast, kde pohon pracujefipprimarni regulaci $,=1 a

s rosbuci rychlosti vozidla

se zvySuj@,. Druha cast

odpovida rezimu sekundarni regulace, kKol a B, klesa
s rostauci rychlosti vozidla na hodnofpi,. HodnotaBsmin

koresponduje s mezni rychlosti vozidla. Na svislych osa

grafu jsou vyneseny [ibéhy rychlosti vozidla v, tazné sily F,
tlaku p, a momentu spalovaciho motorgy

F J
\ J
Drax | | |
P,
Msu \
F | v/ \
\ B
‘ A \ ‘ - g Msm ‘
‘ B >\\ D min
0
= | T
Ri=min R — Ri=1 =1
Re=1 3e=1 B=1 — Re=min

Obr. 8 Piibéhy vyzmamnych veliin
pienosem vykonu

trakéniho vozidla s hydrostatickym

Graf na obr. 8 charakterizuje ttéh velicin trakéniho

pohonu

B

jedné hodnat vykonu,

kterou zadava
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neni optimalizovana sp@ba paliva spalovaciho motoru.
Obr. 10 wystihuje situaci se danénim optimalizace
spotieby paliva spalovaciho motoru podle kapitoly 11, kdy
jsou ot&ky spalovaciho motoru nastavovany v zavislosti na
zadané hodnstvykonu.

- vjkono 2 Vapf n = 2200 ol

Obr. 9 Piib¢h tlaku pii promgnném zadé:.ni vykonu trékiho pohonu bez
optimalizace spdeby paliva spalovaciho motoru

Zavislost tlaku na terotetickém vykonu P, a fidici veli¢iné beta, hy drogeneratoru

400

300
g 200
o

10
100

Obr. 10 Piibéh tlaku g promgnném zadani vykonu trakiho pohonu s
optimalizaci spdeby paliva spalovaciho motoru

Ridici g/stém trakniho pohonu zajidtie kronme vyse
popsanych Uloh funkci hydrostatickéhdeposu vykonu
vifad specifickych rezim a staw. Jedna se zejména o
feSeni pechodi mezi rezimy konstantni tazné sily a
konstantniho vykonu v primarni regulad¢gSeni pechodi
mezi primarni a sekundarni regulaci, omezeni maximalni
rychlosti vozidla a rychlosti v pracovnim rezimigSeni
diagnostiky a poruchovych stv soginnost trakniho
pohonu, pomocnych spgeb a spdeb pracovnich
mechanism, feSeni malého a velkého . Stav velky
vybéh odpovida situaci, kdy vozidlo jede nenulovou
rychlosti a strojvedouci zada nulovou pozadovanou hodnotu
trakéniho vykonu. Stav maly vy odpovida situaci, kdy
vozidlo jede nenulovou rychlosti a strojvedouci zada
pozadavek na snizeni teaitho vykonu.Ridici systémiesi
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rovréz prechody z obou drahvybéht do trakniho rezimu. vozidla @i zatazeném vykonovém stupni na ustélenou
Popis technickych detéikFeSeni t&hto specifickych rezifna rychlost.

stavi je jiz nad ramec tohotoffspevku a zarove se jednao /

neveejné know-how, vytviené i vyvoji systémurizeni.

5 0

25
eass]
0

V. SIMULA CNi MODEL TRAKCNIHO POHONU

Pro ovteni funkénosti navrzené reguiai metody byl na (}——/
Katede elektrotechniky, elektroniky a zabezpeaci -
techniky v dopra¥ Dopravni fakulty Jana Pernera Univerzity ’
Pardubice sestaven v prieti Matlab Simulink simulai
model technologie trakiho pohonu a jeho regula
struktury. Simuléni model sestava fady dildch blokd,
piicemZ mezi nejvyznangsi bloky Ize zéadit:
- model spalovaciho motoru orientovany na jeh&din £ ‘
vlastnosti a umaiijici zjiS&ni spoteby paliva ve —p
zvoleném jizdnim cyklu
- model regulatoru ot&k spalovaciho motoru ‘

- model bloku pro optimalizaci speby paliva :.

spalovaciho motoru /—\

- model hydrogeneratoru g e

- model hydromotar

- modely fidici struktury pro primarni a sekundarni £- //T '
regulaci —

- model rozhrani mezi trékim pohonem a obsluhou

) mOdel,OmeZO\m ryChlosu VOZIdl_a,' .. , Obr. 12 Simulace procégti zvySeni jizdnich odpérvozidla

- trakéni model vozidla respektujici jizdni odpory a
setrv&né hmoty

T
0 1 2
[
T T
i
10 1 2
T T
10 15
T T

J 5 10 5 £

25
zas[s]

Pfi rozjezdu vozidla z nulové rychlosti prochazi podle
obr. 11 hydrostaticky fievod postupé stavy rozjezd,
primarni regulace i¥{di se hydrogenerator), sekundarni
regulace iidi se hydromotory). \&ase 5 s je ovladam

‘—n.m‘

. P— s vykonu nastaven Zadany teoreticky vykon hydrostatického
pienosu pevodu na 80 kW. Geometricky objem

fo H/ hydrogeneratoru se pozvolna zvySuje z nulové hodnoty

(vozidlo stoji) az na maximalni. Geometricky objem
Wt T hydrogeneréatoru jéizen fidici veltinou B,. Ridici velkina

B; hydrogeneratoru zme nafistat, vliivem velké hmotnosti
vozidla (a tedy setrvmosti) roste rychle tlak v hydraulickém
systému, az dosahnéegnastavené maximalni hodnoty 300

. ‘ ‘ ‘ ‘ ‘ ‘ ‘ bar. Po dosaZeni této hodnoty zasahne omeztaku,
ktery zmeni B; na takovou hodnotu, kter4 zabedipemezai
P - tlaku na hodnotu 300 bar. Hodnota 300 bar byla zvolena s
a ohledem na nastaveni omezovacich véntilhydraulickém
systému, které jsou nastaveny na 400 bar. ckpta

§J::\ spalovaciho motoru pozvolna rostou po rar@p0 ot/min/s
- ] az na optimalni hodnotu cca. 1800 ot/min pro nastaveny

_, tlak olejo [bar),prito

vykon 80 kW. S #istem otéek spalovaciho motoru roste i
pratok hydraulického oleje a vykon hydromoioVozidlo
: zrychluje. V této fazi jetizen pouze hydrogenerator, na
T R S hydromotorech je nastaven konstantni  maximalni
Obr. 11 Simulace rozjezdu vozidlé gonsentnim zadaném vykonu geometricky objentidici velcinou B, = 1. Po dosazerfi,
hodnoty priblizné 0,7 je dosazeno hodnoty zadaného
Positasovy simulasni model umoznil principielni odladi  teoretického vykonu P* a momentusll hydrostatického
struktury algoritmutizeni. |1 kdyZ se jedna o vyznamnypievodu. Tlak z&ina klesat, omezovatlaku se vypina a
prostedek pro vyvojfidiciho SW vozidla, neposkytuje fidici vel€ina je nastavovana tak, aby byl Zadany teoreticky
moznost ziskani konkrétnich hodnot parafetegulace moment spalovaciho motorugM udrZovan na konstantni
v disledku nedostupnosti hodnot konkrétnich parainethodnot dle vztahu (5). Tim je udrZovan i vykon
komponent hydrostatického fgnosu vykonu a celého spalovaciho motoru P* na konstantni zadané haédried
vozidla. V tomto ohledu jsou nezastupitelné ozivovaci etapycerpani reguléni schopnosti hydrogeneratoru pohon
vyvoje SW na vozidle. piechazi do sekundarni regulace, kdy jstimeny oba
Na obr. 11 az 12 jsou uvedenyskteré vystupy hydromotory. To nastava vase fiblizné 12,5 s, kdyp;
simul&nich vyp@&ti modelu. Na obr. 11 jsou uvedenydosahe maximalni hodnotyf; = 1. V tento okamzik se
prabghy vyznamnych vedin trakéniho pohonu p rozjezdu zapinasekundarni regulace, ktera udrZuje tlak v systému na
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predepsané hodnop..* tak, ze nastavujéidici welicinu B,  hydrogeneratoru a hydromotoa signal pro zadavani ¢&k
obou hylromotofi. Hhaci moment hydromotibis nafistajici  spalovaciho motoru.
rychlosti vozidla klesa, hydrostatickyfgvod je fizen na

konstantni vykon. I A S

Na obr 12. byla simulovana reakce pohonu na zvySe
T , e o , = -
jizdniho odporu vozidla, tj. naiklad pi vjezdu vozidla do -

stoupani. Po rozjezdu vozidla je ve 20. sekumgvozen
skok zatizeni vozidla konstantni silou 15 kN, ktera odpovic o
momentu piblizné 1000 Nm na hydromotorech. Vozidlo [t :

zane zpomalovat. Regulator sekundarni regulace zvyst
fidici velinu B, za &elem udrzeni tlaku na hodiqt,.*. V

1% Al ] AxAlosy 26 PWMe, 4% POUT

¢ase cc&7 s dosahnp, maximalni hodnoty, = 1 a dojde k s

aktivad primarni regulace, ktera &ae iidit , tak, aby byl Riic pociat AT G >
udrzova teoreticky moment N, spalovaciho motoru a <:

hydrogaeratoru na konstantni Zadané hodrdt,, podle <: =

vztahu (5). Geometricky objemB; se postupf snizug,

vozidlo zpomaluje. Moment hydromoforse pozvolna oz :)
zvySuje. V simulaci bylo ve 40. sekuhdxterni zatizeni 15 — >

kN skokow vypnuto. Vozidlo opt zrychluje, priméarni
regulace pechazi ve 42. sekudddo sekundarni, tlak je » )
regulovan na Z&danou hodnoture€hody mezi primarni a Obr. 13 Struktura HWidicihosystému

sekundarni regulaci jsou plynuléieBhod je realizovan s i e 3 _ e ,
hysterezi. Primarni regulace je aktivni stale, sekundarniN@ urowifidiciho systému AMIT nebyesSiteiny problém

regulace se aktivuje pokyl] vzroste nad hodnofgs = 0,9 a generovani proud pro proporcionalni ventily v hodnotach

deaktiwje se pokud, klesne pod hodnotf = 0,85. fadow jednotek A. Pro tuto funkci byl vyspecifikovan
’ specialni modul Axiomatic [10], ktery komunikuje

s centrélnim procesorovym modulem po lince CAN a krom
fizeni proporcionalnich veniiljsou u ®&j vyuzity ¢itatové
vstupy pro vstup signélz ¢idel ot&ek naprav vozidla.

Na obr. 13 je uvedena blokova struktura H¥&sti
fidiciho systému vozidla MUV 74.

Pro efektivni vyvojiidiciho SW pro drazni aplikace
dodava firma AMIT SW podporu. Jedna se zejména o
knihovni moduly, konfiguréni SW a SW pro vizualizaci
Proceﬁ v centralnim procesorovém modulu [12].

VI. HW RESENI RIDICIHO SYSTEMU

Pti speifikaci HW fidiciho systému byl kladentchz

zejména na spémi téchto pozadavik

- HW provedeni fidictho systému musi vyhsyv
pozadavikm odpovidajicich norem pro drazni
zarizeni, zejména se jedna o nor@@N EN 50155 —
Elektronicka z#izeni draznich vozidel [1]

-  HW fidiciho systtmu musi byt uzivatelsky
orientovany, tzn. jeho vyrobce musi dodava
odpovidajici vyvojovou, knihovni a diagnostickou Ridici systém Koiitisics
SW podpory o ) ) AMIT <> Axiomatic

- je preferovana stavebnicova koncepce, ktera umozni AX020506
piizpasobeni HW konkrétni aplikaci

- dostupnostidiciho systému II ﬁ

- dobra dostupnost technické a servisni podpory
- reference v draznich aplikacich
- prijatelna cena

Méfici karta
National Instruments

Po provedeni pizkumu nabidky trhu byl zvolen USB 6341
modularnitidici systém od firmy AMIT [9]. V nejjednodussi
konfiguraci jefidici systém tvien centralni procesorovou Obr. 14 Blokové schéma sestavy pro¢ladSW tidiciho systému pomoci
. . P , P modelu v PC s laboratorni kartou
jednotkou a perifernimi vstupn vystupnimi moduly.

Komunikace mezi centralni procesorovou jednotkou, vstupn

vystupnimi - moduly a fpadnymi dalSimi _periferiemi se nékladnych zkouSekifmo na vozidle bylo na Univerzit

USk.UIéﬁuje prostédmctwm_hnek CAN OPEN. Y_mp?& Pardubice vybudovano pracovsts realnym modelem
apllkac_e na M,U}/,74 neni linka CAN OI,DEN POUZIta Jen Pricing systému a SW a HW simétécasti, ktera v realném
:?amngzlrl:jaécéosﬂgil\féll é?ggﬁgﬁ; Asép?g)ggg.'ho motoru, kde SQase modeluje chovani technologii vozidla. Laboratorni

. e ! X - . ... modelfidiciho systému je vybaven moduly stavebnicového
Ukolemfidiciho systému je zpracovani vstupnich signal, ! y e vy y

) A o ; ) - > X% Fidiciho systému AMIT, modulem Axiomatic, zdrojovou
a aktivace anich¢lend prostednictvim vystupnich signél casti  a interfejsovymi  obvody On-ine  model
M,e2| kllcov_e vsthpnl :5_|gnaly At vystupy cheI otasek hydrostatického ienosu vykonu a dalSiatésti technologie
nprav vozidla, vystupyidel tlaku hydraulického okruhu a vozidia je provadn v PC. Tento model je implementovan
vystupy zadavacich priukna panelu strojvedouciho — pak

davani posad <ho Wk weliEry fizdy. K prostiedi LabView a HW rozhrani profipojeni fidiciho
pr'(v) zadavani pozadovanenho vykonu a Gi, U jizdy. Ke systému AMIT je realizovano &ici kartou NI USB6341.
klicovym vystupnim signdm pati fidici proudy

ionalnich il urcuiici aktualni tricky obi Pres tuto kartu sefpnaseji veSkeré informace meidicim
proporcionainich ventifureujict akfuaini geometricky objem systétmem AMIT a PC modelem technologie se stejnou

Pro zeéktivréni vyvoje aplik&niho SW a minimalizaci
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strukturou signdl jako na realném vozidle MUV 74. proto vyvijeny vramci vyvoje aplikmiho programu.
V optimalnim gipack pracuje fidici systétm AMIT ve V kontextu skoncepci po@mych SW prostdki si
stejnych podminkéach jako na reédlném vozidle. FilozofieSechnycasti aplikace pedavaji informace prasdnictvim
sestavy pro laghi SW fidiciho systému s vyuzitim PC tzv. procesnich pro#mnych. Filozofie struktury procesnich
modelu technologie vozidla sdiiici kartou je #ejma z obr. promEnnych ma @mou vazbu na SW ladici podporu
14. Na obr. 15 je snimek laboratorniho mod#élliciho TrolView.
systétmu AMIT s modulem Axiomatic. Na obr. 16 je Pro zvySeni fehlednosti funkci SW a souvisejici
diagnosticky a ovladaci panel simidého modelu dokumentace jsou veSkeré fénksti programu usgadany
technologie vozidla s hydrostatickymiemosem vykonu, do tzv. gipadi uziti. Ty definuji detailnim zisobem
ktery je vytvaen v prostédi LabView. funkenosti, vstupni a vystupni podminky a obsahuji seznam
kroki, které jednotlivé fipady uziti vykonaji. Zakladnimi
piipady uziti jsou nafklad procesy P navoleni vykonu
strojvedoucim, fechod do malého nebo velkého ¥,
navoleni sréru jizdy, gechod do nouzového rezimu a dalsi.
Funkénosti programu jsou zajidvany b’ aplikainim
programem, nebo knihovnou TROL nebo kombinaci obou
piipadi. Architektura SW,¢leréni funik¢nosti a vyznam
procesnich progmnych jsou #ejmé z obr. 17.

s _—— g
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zpracovani | | zpracovéni
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Obr. 17 Architektura SW priizeni wozidla MUV 74

Pro tvabu algoritni fizeni, pro komunikaci mezileny
vyvojového tymu , pro zghled@ni owiovacich proces
SW a pro dely tvorby dokumentace sefipvyvoji SW
vyuziva prostedki dle standardu UML [3].

VIIl.  LEGISLATIVNI OTAZKY A TVORBA DOKUMENTACE

Aplikaéni SW profizeni hydrostatickéhorenosu vykonu
na vozidle MUV 74 spadd do kategorie SW pro drazni
aplikace. V této oblasti jsou podminky celého Zivotniho
cyklu SW, tedy od definovani pozadavkéa systém a SW
pies navrh, vyvoj a testovani SW, integrovani SW do HW,
owtrovani a validaci SW az po udrzbu SW,  striktné
VIl.  VYVOJ PROGRAMOVEHO VYBAVENI PRQRIDICI vymezeny legislativou. To je vynuceno enormnimi

SYSTEM pozadavky na bezpeost Zelezriniho provozu. .
APIkainl SW profizeni DOSEICKENITBNOSU WK g 50156 Dragni sizeni -~ Salovac a zabesevac
gir)cl)ik\a/é)r?ilhoo SW je zajl?)ig/nann\;Jfng?(&)\oriénto?/r;Cneépnie Sy s_tc?my a SySIéf:fly Zpr:’:tcovéni daF - ngtwgre' pro drazni
L ST idici a ochranné systémy [2]. Zakladni principy metod

programovani. V souladu s legislativnimi poZadavky na SVY. oje SW, které norma pozaduije, jsou zejména navrh shora

pro drazni aplikace je upfaivana dsledna modularita . . AN o .
aplikatniho SW. i tvorbé SW jsou preferovany techniky Fiolu, modularita, o¥fovani kazdé etapy Zivotniho cyklu,

, ; . h sna dokumentace a valiaé testovani.
podle standardu MISRA. Filozofie programu je ve vyznamrfa

mite formovana SW programovou podporou firmy AMIT © Vzavislosti na pozadované i bezpenostnich
. i . . ‘ukazateliSW rozliSuje norma 5 drovni integrity bezpesti
Jedné se zejména o knihovny TROL s funkcemi pro obslu h J grity n

§ . . . . 81L0-4). Nejvy3si Grove je pozadovana u zabezpeaci
vs'tupl a vystug, komunikace po ﬁnnlmph a c_ilagnqstlku, Itzechnikz/. AbJ;ynéI systém] udﬁtou Urovei SIL, muz;?gtuto
dale program TrolDatGen pro konfiguraci aplikace rovei sphiovat vSechny jeho séasti na HW i SW (rovni
program TrolView pro laghi a diagnostiku aplikace. . _. . T o ;

Knihovny TROL podporuji komunikace po lince CAchetm podpimych vjvojovych SW progedki. Z hiediska

g ) ) grovni SIL byla @i vyvoji fidictho SW na Univerzit
OPE,N.’ nepocjporup v§ak kom_umkace: po Ilnge CAN ‘!193 ardubice pro vozidlo MUV 74 zvolena strategie, kdy budou
kterd je pouzita pro ipnos diagnostickych informaci od

. . .20 " SW a souvisejici dokumentace koncipovany v maximalni
spalovaciho motoru. Knihovny pro tuto komunikaci jsou

Obr. 16 Diagnosticky a ovladaci panel modelu technologie vozidla
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SIL 1,2k potiebs vyvoje systému automatické primarni a sekundarni
regulace s plynulymi
vybaveni v drovni SILO neni mozno deklarovat u celéhdalSich specifickych stdy nap.

vzajemnymi fgchody a reSenim
omezeni rychlosti,

fidictho systému vySSi drowe nez SILO. Koncipovani soltinnost s pracovnimi mechanismy vozidieseni vybhi.

aplikatniho SW a dokumentace podle poZzadakladenych

Systém regulace, navrzeny a vyvijeny na Univérzit

na Urove SIL 1,2 vSak vytvi predpoklady pro snazSi Pardubice, je v s@asné dob ovéien simul&né a @ipravuji
potencialni budouci fpvedeni celého systému na vySSge zkouSky na realném vozidle. Tyto zkousky jsou planovany
Urovei SIL. V sokasnosti, pi arovnitidiciho systému SILO, v druhém pololeti roku 2012. \fipads GspmSnosti feSeni
je nutné veskeré bezfrostni zalezitostieSit mimo SW, pitad firma CZ LOKO s nasazovanim tohoto systému na

tedy zapojenim elektrick&sti vozidla.

Norma CSN EN 50128 definuje etapy Zzivotniho cyklu
SW a strukturu dokumentace SW pro drazni aplikace, ktera
vznika v jednotlivych etapach. Zdhto pozadavk vychazi i

dalSich specialnich vozidlech.

X. PODEKOVANI

Tento prispivek vznikl za podpory projektu MPO TIP

struktura dokumentace, ktera je vyeda vramci vyvoje ER-T|3/681 Vyzkum a vyvoj nadzenéhdizeni lokomotiv.

fidiciho SW pro vozidlo MUV 74 na UnivergiPardubice.
Etapy Zivotniho cyklu SW, které jsou zpracovavany na
Univerzit¢ Pardubice a snimi souvisejici dokument)fl]
dokumentace jsou znazeny na obr. 18 vtzv. V - [
diagramu. Vazby mezi etapami a dokumenty ve svislém
smeru  charakterizuji ¢asové navaznosti, vazby ve

vodorovném smru odpovidaji vztalm mezi navrhem a [3]
owéfovanim v jednotlivych etapach vyvoje SW. Normg4
rovnéz uruje moznou kombinaci kompetenci pracovnile
vyvojovém tymu. Pro Urovn SIL1,2 neni mozné stovat

; , S L (5]
navrhové a otfovacicinnosti v jednom pracovnikovi.

Etapa validace SW
Zorava o valdaci S

(6]

(71
(8]

SWHW
ni integrace SW/HW

Etapa architektury

Etapa integrace SW
a navrhu SW réva o testovani inte

Zpriva o testovani inisgra

= W

(9]

[10]
[11]
[12]

sW

Plan ov&fovani W

Etapa navrhu modulu SW ﬁ{ Etapa testovani moduld SW

Zpravao testouas W

[13]

Obr. 18 Etapy vyvoje SWeSené a Univerzit Pardubice a souvisejici
dokumenty

IX. ZAVER

Hydroshatické genosy vykonu spalovaciho motoru se

pouzivaji typicky ve specialnich stavebnich nebo
zenm¥délskych strojich, ¢asto pro pohon pracovnich
mechanism. V téchto aplikacich se vSak nepouzivaji ve
spojeni se  znovazebni  regulaci, nastavovani
geometrickych objein hydrogeneratoru a hydromotop, a
B, zde provani obsluhujici pracovniking, ¢asto rspojit,
v analogii sfazenim pevodovych stuipfi u mechanické
prevodovky. Optimalizace spety paliva spalovaciho
motoru se neuskut#tuje vibec, motortasto pracuje staleip
maximalnich otékach.

Pouziti hydrostatického ipnosu vykonu na kolejovém
vozidle neni Bzné, avSak vifipact specialnich vozidel, jako
je MUV 74, je vyhodné vzhledem k malému objemu
hydraulickych komponent, relativnédobré @innosti a
moznosti optimalizace speby paliva spalovaciho motoru.
Pozadavek na sjednoceni ovladani vozidla MUV 74 se
standardem u dieselovych lokomotiv, kdy strojvedouci
zaddva pozadovanou hodnotu tnalk® vykonu, vedl
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Study of Sine Filter High — frequency Losses

J. Chysky, M. Novak, J. Novak

N1

Abstract The paper presents sources and determination  takova, aby zcela eliminovaly vyS$Si harmonické slozky
quantities of high frequency losses in iron magnetic circuit in napsti a proudu, ale vyrazh omezuji strmosti néstu a
sine filters reactors. These filters are connected in L-element. poklesu nagti a tim zamezuji vznikuippstovych Spéek.

These filters are determined for high quality elimination of Nejdokonalej&im pasivnim prvkem pro odtin viivu

negative effects in circuits, where device with pulse width » p iicich p imi t it . . p
modulation are connected. Here are presented calculations and zaizeni pracujicich se spinacimi franzistory, JSou sinusove

experimental methods for determination of these losses. filtry. Pozadaka na Sh{'teanSt Yelkého_ paiu zdizeni se
spinacimi tranzistory si vynucuji pouziti sinusovych diltr
Keywords  Sine filter, pulse width modulation, high  ve stale ¥tSim patu piipadi. P odruSovani sivvé strany

harmonic parts, ferromagnetic losses, eddy currents zarizeni se sinusové filtry pouzivaji riidad ve spojeni
i s elektrickymi rekupekanimi pohony, které jsou vybaveny
l. Uvob vstupnim pulsnim uséniovatem, nebo ve spojeni se

ROZVOJEM techniky vykonovych polovodbvych sitovymi stidati fotovoltaickych zdrof. V souvislosti
meéni¢t se v elektrotechnickych systémech uplge s rozvojem elektromobility nabyvd na vyznamu pouZiti
stale ¥tSi mnoZstvi zizeni, kterd pracuji se spinacimi sinusovych filth na sibvé strad nabij€ek pro
tranzistory a se #owe pulsni modulaci (PWM). | kdyz elektromobily. Rikladem pouZiti sinusovych filir na
Sitkove pulsni modulace na zakkadsvého principu vystupni stra#é jsou elektrické frekveimé fizené pohony,
vyznamr ohranidije harmonické spektrum proud nagti, kde se filtr pipojuje na vystup frekvemiho nEnice
je pri ni stdle platna skuteost, Ze jsou ip ni prib&hy v pripadt pouziti dlouhého fivodniho kabelu k motoru.

napEti tvoreny sledem obdélnikovych ptls velmi strmymi Sinusové filtry jsou neépsgji zapojeny jako LC L-
hranami — az 5000VAL Ri sinusové &kové pulsni clanky, v ¥ifazovém provedeni se zapojenim kondenzéator
modulaci  gispivaji  k giznivému, mnohdy tédt do hwzdy nebo do trojuhelnika. fiRlad zapojeni
sinusovému, gibéhu proudu induénosti obvodu. ttifazového sinusového filtru je na obr. 1.

Negativni  vlivy n€ni¢t s vykonovymi  spinacimi Y Y
tranzistory se projevuji na vstupni i vystupni stragizeni.
Jedné se #adu vlivi, mezi nejvyznam¥Simi Ize jmenovat —_—Y Y
mozné galvanické, induktivni, kapacitni a radiové ruseni
okolnich elektronickych zé&eni, akustické vlivy, iidavné Y

ztraty, v ffipact vedeni s délkou &Si nez piblizné 10m L
moznost vzniku vinovych jév na vedeni spojenych se - —
vznikem nebezpmych prepsti, deformace pitbéht napti ==

sit, zhorSeni &iniku a cinitele vykonu (opravdového

teiniku) a dalSi vlivy, souvisejidiasto s aktualni aplikaci.

Vzhledem krostoucimu mnozstvi a  vykom
vyuZivanych zéizeni se spinacimi tranzistory @sta  opr. 1 zapojenittfazovéo sinusového filtru
potieba co nejdokonalejsi eliminace rusivych #litéchto
zatizeni. Nejjednodussi aipm &inné je odruSeni pomoci  Sinuso filtry se vzdy pipojuji k zaizeni se spinacimi
pasivnich prvie. Vtéto kategorii jsou kdispozicifit tranzistory stranou tlumivek. Zatimco pro zakladni
skupiny odruSovacich prdsdki: tlumivky, filtry du/dt a  harmonickou pedstavuji kondenzatory z&r@ou impedanci,
sinusove filtry. Sérioy fazené tlumivky pedstavuji pro vy3si harmonické idove vy3Si frekvenci fedstavuiji
zvySenou impedanci pro vy$si harmonické slozky proudu grakticky zkrat. Vzhledem k nutnosti dostatého zvy3eni
jsou nejjednodusSim odruSovacim pfedkem. Snizuji impedance pro vy3si harmonické slozky proudu jsou u
obsah harmonickych slozek zejména fighu proudu. sinusovych filté pouZity tlumivky na Zelezném jéel
Filtry du/dt jsou tvéeny LC¢lanky. Jejich impedance neni  OdruSovaci &nky sinusovych filth jsou velmi
vyznamné, z napi formovaného $kové pulsni modulaci

J. Chysky is with Department of Instrumentation and ControlVYtVOii prakticky Cisté sinusovy piibéh. Sinusové filtry se
Engineeing, Faculty of Mechanical Engineering, Czech Technicaldodavaji pro Siroky rozsah proudpriblizné od 1A do

University in Prague, Prague, Czech republic (e-mail:Jan.Chysk}/ednotek KA. B pouiiti sinusonch filtit je véak nutno
@fs.cvut.cz). ’

M. Novak is with Department of Instrumentation and Control UvaZit i nasledujici negativni skatesti:

Engineering, Faculty of Mechanical Engineering, Czech Technical - nezanedbatelné rozny

University in Prague, Prague, Czech republic (e-mail:Martin.Novak2 _ nezanedbatelna hmotnost

@fs.cvut.cz). . P . - o
J. Novak is with Department of Instrumentation and Control - ubytek napti na filtru az 10%

Engineering, Faculty of Mechanical Engineering, Czech Technical - cena

University in Prague, Prague, Czech republic (e-mail:Jaroslav.Novak . yznik ztratového vykonu.

@fs.cvut.cz). Ztratovy vykon sinusového filtru je daniedevsim
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ztratami v Zelezném magnetickém obvodu tlumivek. Naroudy jsou vyvolany indukovanim n#p casoe
téchto ztratach se podileji nejvyra&pnslozky frekvenci promEnnym magnetickym tokem ve feromagnetiku. Zde se
odvozené od spinaci frekvenceéksi€ pulsni modulace. U vifivé proudy uzaviraji prakticky dokratka a jejich &ne
filtra pro proudyfadow stovek A nabyvaji tyto ztraty kolmy na magnetickou indukci, ktera je vybudila. Situaci
velikosti az stovek W. Takovyto ztratovy vykon jednakznazotiuje obr. 3.

ovliviiuje celkovou dinnost zdizeni, ale zejména je s nim

nutno pgitat v celkové tepelné bilanci #aeni. To

komplikuje problematiku odvodu ztratového tepla.

Il. PROBLEMATIKA ZTRAT VE FEROMAGNETIKU

Pri studu otazky ztrat ve feromagnetickém iéd
sinusovych filth, které jsou zpsobeny vySSimi
harmonickymi slozkami proudu, se vychazi ze standardnich
postuph [1]. Ztraty ve feromagnetickém materialu séi da B
ztraty hysterezni a ztratyfislymi proudy.

Hysterezni ztraty jsou dany vykonem, ktery je nutny
dodat do obvodu pro ipkonani magnetické paitn
feromagnetického materiélu fip prichodu stidavého
magnetického toku. Velikost hystereznich ztrat je spojena
s piibéhem statické hysterezni sihy jako zavislosti
magnetické indukce B na intenzinagnetického pole H — B B
obr. 2.

Obr. 3 Sndr priichoduvitivych proud: ve feromagnetiku

Podle HRradayova induiniho zakona jsou nap
indukovana c¢aso¥ promEnnym magnetickym tokem
umerna prvni mocnit magnetického toku a prvni moc#in
B frekvence. Podle Ohmova zakona je velikostivyth
proudi Umeérna prvni mocnié indukovaného nafbi.
Vzhledem k zavislosti ztrat v rezistoru na druhé magnin
protékajiciho proudu, jsou ztraty fiviymi proudy ve
feromagnetiku Uugrné druhé mocnih magnetického toku,

A resp. magnetické indukce a druhé mocriekvence.

0 H Na zaklad vySe uvedenych Uvah Ize pro celkové ztraty

ve feromagnetiku psat nasleduji¢ilglizny vztah:

R = (K, OF 2% + K, Of %) (B? @

Ve vySe uvedeném vztahu jeykkonstantou udavajici
vliv hysterezich ztrat, kje konstanta udavajici vliv ztrat
vitivymi  proudy. Velikost obou konstant je déana
geometrickymi  rozry, hmotnosti a materidlem

feromagnetika. Vztah (2) setkdy uvadi ve zjednoduSené
formg. Jedna se o tzv. Steinmézvztah:

PM ~ kEB 2 [": 15az2 (3)
Pri magnetovani materialu od nulové hodnoty Velikost konstanty k ve vy3e uvedeném vztahu j&top
magnetické indukce B z bodu A na obr. 2 do maximalnfana hmotnosti, rozfry a materidlem feromagnetika.

hodnoty magneticke indukce B v o se do jednotky zavislost ztrat ve feromagnetiku na magnetické indukci je

objemu doda energie dana plochou OACD.i P naobr. 4. Parametrem jednotlivych zavislosti je frekvence.
odmagnetovani na hodnotu remanentni indukeeseB do P

elektrického zdroje vrati energie dana plochou CDB
Rozdil téchto dvou ploch, tedy plocha OAGCBje urgrny
energi, kterd se penmeni na ztratové teplo. Za jednu periodu
proudu se na teplor@neEni energie Urrna ploSe statické

hysterezni smiky: f
W, = [ HEB (@) T~

Podle [1] jsou hysterezni ztraty mé 1,4 az 1,8
mocniré magnetické indukce, v oblasti nasyceni az druhé
mocnire magnetické indukce. Z vySe uvedenych skubesti
vyplyva, Ze hysterezni ztraty jsou zarttivanerné prvni B
mocnirg frekvence.

Druhou slozkou jsou ztraty iwymi proudy. Viivé

Obr. 2 Hysterezni sniia feromagnetického materialu

Obr. 4 Piibéh zavidosti ztrat ve feromagnetiku na magnetické indukci
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I1l.  URCENI ZTRAT V JADRE SNUSOVEHO FILTRU VYPQGTEM f =k [T oo £ 21 Dfl (4)
i s

V nasledujicich — odstavcich — bude uveden jedenprg fiché nasobky frekvence Kaivé pulshi modulace gy
z moznych jednoduchychiasténs empirickjch, postub (k=1, 3 5, ...}, (=1, 2, 3, 4, ...). Pro sudé nésobkyyf

pro vypaet ztrat v jade tiumivky sinusoveho filtru. (m=2, 4 6, ...) maji frekvence vy3sich harmonickych slozek
Ze vztali (2) a (3) plyne, Ze pro &eni ztrat v jate hodnoty:

sinusového filtru je nutné vychazet z hodnoty magnetické _ + +

indukce, frekvence a z materidlovych  vlastnosti fi = My (2 +1)LF, ©)

feromagnetika, tj. v podstatz jeho ngrnych ztrat. Tyto Ve vztahu (5)je n=0, 1, 2, 3, ...), ve vztazich (4) a (5} je f
mérné ztraty jsou vSak frekveme zavislé — mocnina frel_<ve,rt:e 1. harmonické prqudu. Ze VZW) a(d) je ted){
frekvence i vypoctu ztrat ve feromagnetiku neni podle (2) ziejme, iev frekvence ,vy§§|ch harmonlclfych odvozené od
a (3) jednoznén¢ dana a proto je nutné jejich odpovidajicifrekvence Skové pulsni modulace fsou dany sotty resp
hodnotu zjisovat zvIa€ pro nejvyznamisi frekvence, rozdily I|chych nasohk frekvence §kowvé pulsni modulace
které se ve spektru proudu filtru vyskytuji. se sudymi nasobky frekvence z&kladni harmonické &ysou
Zavislost ztrat ve feromagnetiku na magnetické indukcfesp- rozdily sudych nasobkfrekvence skowve pulsni
je kvadraticka. Magneticka indukce zavisi v nenasycenBlodulace —slichymi  nasobky frekvence  zakladni
oblasti na intenzét magnetického pole, ta je zavisla naharmonicke. Nafiklad pro §=50Hz a pwy=6kHz budou
proudu tlumivky filtru. Proto se #p vyposetni metod  Mit tedy vy3Si harmonické sloZzky proudu filtru odvozené od
postupuje tak, Ze se denim uki meémé ztraty na frekvence §kowé pulsni modulace tyto hodnoty:
vyznamnych frekvencichipurcitém proudu. Poté se tyto 6kHz+100Hz, 6kHz+200Hz, 6kHz+300Hz.....,
ztraty pepaitou podle redlné  velikosti f{slusné 12kHz+50Hz, 12kHz+150Hz, 12kHz+250Hz...,
harmonické slozky proudu s kvadratem tohoto proudu a pb8kHz+100Hz, 8kHz+200Hz, 18kHz+300Hz...
soutu ztrat na vSech harmonickych slozkach a vynasobeni
postem fazi filtru ziskavame celkovou hodnotu ztrat.

Prvnim Ukolem je wiit vyznamné frekvence, na kterych Fsoncn
vznikéd dominantni¢ast ztrat ve feromagnetickém jfad L
tlumivky sinusového filtru. Celkay Ize frekvence, aon
vyskytujici se ve spektru proudu filtrifipojeného k manici E:
pracujicimu se $tbové pulsni modulaci, rozlit na -
frekvenci zakladni — prvni - harmonické proudu a | ==
frekvence odvozené od&dvé pulsni modulace. Vdinych iy

aplikacich se frekvence zékladni harmonické proudi [
pohybuji v hodnotach desitek Hz, frekvenaddi& pulsni

modulace se udinych IGBT méni¢i pohybuji v rozsahu 2nom
od jednotek kHz dofiblizné 20 kHz. Vzhledem k vyrazné o
zavislosti ztrat ve feromagnetiku na frekvenci podle (2) ¢ Wl.-
(3) a vzhledem KkKadow¥ vySSim hodnotam frekvenci i

00

odvozenych od Btové pulsni modulace oproti frekvenci
zakladni harmonické, se prodly této publikace orientujme
jen na problematiku ztrat #pobenych frekvencemi
odvozenymi od frekvenceikbvé pulsni modulace. Ztraty _ s
ve feromagnetiku od zakladni harmonické slozky proudv .
nejiastji s frekvenci 50Hz, Ize dit standardnimi postupy, ¥ 03-
které vychazeji ztechnickych parantetmaterialu jadra EE:
tlumivky. Navic ztraty vjate, zpsobené zakladni Hosd
harmonickou proudu, jsou, na rozdil od ztraisgbenych o
frekvencemi odvozenymi od &bvé pulsni modulace, §Ej
zavislé na zatizeni, tj. na velikosti efektivni hodnoty prvn 0,1-
harmonické proudu. .
Je-li teba wukit vyznamné frekvence vysSich
harmonickych slozek proudu civky, kterda spolupracujebr. 6 Beni pasma frekvenci vyssich harmonickych sloZék,p238Hz
s meEni¢em pracujicim se &ové pulsni modulaci, je prvni
myslenkou orientace na frekvencil&ive pulsni modulace, S rostaicim nasobkem frekvencepwy se velikost
pripadré na jeji nasobky. Tento postup vSak zcetasg  harmonckych slozek prouil vyrazré snizuje, stejé tak se
nevystihuje situaci. Ukazuje se, Ze filtruje-li tlumivka vyrazré snizuje velikost harmonickych sloZek s rostoucim
pribéh stidavého proudu generovanéh@nidem, ktery je  nasobkem zakladni harmonické ve spojeni s konkrétni
ddn prvni  harmonickou a vySSimi harmonickymifrekvenci fwy. Pro prakticky vypoet vysdofrekvergnich
vyvolanymi Sfkové pulsni modulaci, uplabuji se ve ztrat ve feromagnetiku zpravidla podtase omezit na
frekvertnim spektru tohoto proudu obecndasobky frekvence fwyt2f, a w4 f.
frekvence &kow¢ pulsni modulace v sétech a rozdilech Vlastrosti harmonického spektra vystupniho proudu
s frekvencemi z&kladni harmonické. Frekvence slozZeknénice, ktery je filtrovan induénosti, ilustruji obr. 5 a obr.
proudu, které se uplaiji, Ize vyjadit nasledujicimi vztahy: 6. Na obr 5 je spektralni mapa proudu frekvgrfizeného
elektromotoru @ jeho rozkhu po frekvetni ramg na

Obr. 5 Spektralni mapa proudu frekve&i¢izenéhopohonu pi rozbehu a
dobshu po frekvenni ramg

ta

T i | i | ' i ' ' ' |
4000,0 4200,0 4400,0 4600,0 4300,0 5000,0 5200,0 5400,0 5500,0 5800,0 6000,0
Frekvence [Hz]
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frekvenci 1. harmonické 238Hz a &pém dolshu po
frekvertni ramg. Frekvence Skoveé pulsni modulace ip
méteni obr. 5 byla 5kHz. Na obrazku jsotetelnd boni
pasma k frekvenci 5 kHz, dana stam a rozdilem této
frekvence s nasobky frekvence 1. harmonické.

Na obr. 6 jefez spektralni mapou z obr. 5 pro frekvenci

zakladni harmonické 238Hz. @pjsou zde vidt bosni
frekvence k frekvenci 5kHz, dana stem a rozdilem této
frekvence s frekvencemi 2x238Hz a 4x238Hz.
Vice informaci k této problematice Ize nalézt v [2],[3].
Po uckeni frekvenci, ze kterych budou diény
vysokofrekverini ztraty ve feromagnetickém jédtlumivek
sinusového filtru, je nutno &t métenim n&rné ztraty

28.-30.5.2012
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na objem resp. hmotnost jadra aktudlni tlumivky.

Celkova hodnota ztratového vykonu P ve
feromagnetiku od vSech uvazovanych harmonickych ¢ ur
soutem g@ispevkia od dildch harmonickych a zohle&nim
poctu fazi filtru:

Pu = J@Pwn

Ve vztahu (8) znéi j pocet fazi filtru.

Jak bylo uvedeno vySe, uvedeny vypb ztratového
vykonu jadra sinusového filtru, ktery je vyvolan
frekvencemi spojenymi se iko6w¢ pulsni modulaci, je
zjednoduSeny, nelice zpravidla omezuje pouze ngkolik
malo frekverinich slozek proudu gft2f; a frwvtdfy).

©)

platné pro tyto frekvence iAméteni se postupuje tak, ze se Navic \Wpocet nezohletiuje vliv povrchoveho jevu

na jadro z materidlu, ze kterého je i jadro studovanéSkinefekt).

Slozky ztratového vykonu {mmbené

tlumivky, navine civka napajena z oscilatoru s nastavitelnogovrchovym jevem rostou s druhou mocninou frekvence.

frekvenci. Ktéto civce je dopin kondenzator

Pres uvedena zjednoduSeni vSak metoda poskytujérpdm

s nastavitelnou kapacitou, obr. 7. Na oscilatoru se nasta§PPré vysledky, jak bude uvedeno nizéi srovnani
studovana frekvence a kapacita kondenzatoru se naladi tiPoctenych a nagtenych hodnot.
aby se LC obvod dostal do rezonance. Vtomto stavu

protéka tlumivkou dostate¢ velky proud, ze zdroje —
oscilatoru — je vSakifiom odebiran pouze vykon gebny

IV. MERENI ZTRATOVEHO VYKONU JADRA REALNEHO
SINUSOVEHO FILTRU

pro kryti ztrat, které jsou dany ztratami ve feromagnetiku na Pro owfeni postuf uréeni vysokofrekvetnich ztrat ve

nastavené frekvenci. Zaznamena se hodnote&komu

feromagnetiku tlumivek sinusovych filtrbyla na Ustavu

rezonatiniho obvodu a hodnota proudu, ktery protéképristrojové afidici techniky Fakulty strojn¢VUT v Praze

tlumivkou.Tim se ziskad hodnotaémych ztrat pro danou
frekvenci.
frekvence, které maji byt zohleghy pri
vysokofrekverinich ztrat ve feromagnetiku.

uréovani

Oscilator

Obr. 7 Meteni mérnych ztrat feromagnetického jadra

V dalSim kroku je nutno pro vytipované frekvencéitur
velikosti harmonickych slozek proudu. Tento vypb se
provede podle vztahu:

_ U

= (6)
J30ROr, 0@

Ve vztahu (6) je il efektivni hodnota i-té harmonické

proudutlumivky, L je induknost tlumivky, U je efektivni
hodnota sdruzeného vystupniho &apmeénice a f je

frekverce prvni harmonické proudu tlumivky. Ztratovy zjiSténi zrat vjade vySSimi

provedena sadadteni ztratovych vykoin na realném filtru.

Obdobna #teni se opakuji pro vSechny Data filtru jsou nasledujici:

Typ: SKY3FSM130-400

Vyrobce: Skybergtech s.r.o.

Paet fazi: 3

Zapojeni: L €lanek (podle obr. 1)

Jadro: slozena C-jadra,praskové zelezo
Jmenovity proud faze: 130A

Jmenovité nagi: 3x400V

Min. frekvence PWM: 4kHz
Indukénost jedné faze: 0,47mH
Odpor jedné faze: 0,93in
Kapacita kondenzatdr 65uF
Hmotnost: 53kg

Byla provadna ngfeni na dvou filtrech, které se liSily
konstrukci jadra. Prvni filtr ¢ standardni provedeni jadra,
jadro druhého filtru bylo podéinrozdileno na d¥ stejné
¢asti odalené nevodivou vloZzkou. U tohotdeSeni je
predpoklad dosazeni mensiho ztratového vykonu.

Pfi méfeni ztratového vykonu byly vzorkovanyipehy
proudu kondenzatoru a n#ptlumivky. Tato ngfeni byla
provadna postupé ve vSech fazich filtru. Cilem bylo
harmonickymi slozkami

vykon Ry jadra tlumivky se pro i-tou harmonickou slozku proudu. Miici technologie byla ti@na frekvetinim

proudu prepcite z hodnot ziskanych &wenim n&rného
ztratového vykonu podle vztahu:
2

l.
BI'—Z )

mi

Ve vztahu (7) je @ hodnota porrného zratového
vykonu zjiS€nd @ rezonagnim meieni a ), je proud
vinutim tlumivky pii rezonagnim neieni, @ kterém byla
zjiSténa hodnota . Provadi-li se rezon&ni mgten primo
na aktualnim jae tlumivky, neni nutny dalSitppaet,
jestlize je pi rezonaknim mefeni tvdeno jadro jen
vzorkem feromagnetika, je nutno provést lineaimpp:et

Ri = Pwi
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ménicem Sinamics, sinusovym filtrem a trojfazovym
asynchronnim motorem 5kW. Asynchronni motor biil p
méfeni provozovan ve stavu naprazdno, s proudem BA. P
takto malém proudu i jmenovitému proudu filtru jsou
zanedbatelné jak ztraty vj@ zpisobené prvni
harmonickou proudu, tak ztraty Jouleovy ve vinuti
tlumivky. V pripact potieby kompletni bilance ztrat jsou
tyto dw slozky jednoduSe yslitelné. Meieny prikon fazi
filtru v dané konfiguraci zohladije tedy prakticky pouze
ztraty v jade zpisobené vySSimi harmonickymi slozkami
proudu. To je dano navicdifeni proudu nikoli na vystupu
filtru, ale v kondenzéatorech. Kondenzatory totiggstavuiji
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pro vySSi harmonické slozky prakticky zkrat, takze tytotvaru sumy:
sloZky za sinusovy filtr nepronikaji. 1
Na obr. 10 je schéma zapojeni pracavigti méieni. P :—Zui 0 @0
Kromé sond nagti civky filtru a proudu kondenzatoru jsou N
vyuzity sondy proudu a n&p na vystupu filtru pro otteni
gasového pibshu tichto velkin. Ve vztahu (10) jsouu a i vzorky nagti tlumivky a
Vystupy sond proudu a nétp jsou zavedeny do &rici  Proudu filtru a n je peet vzorki za vypdetni periodu.
stedny NI PXI na bazi PC — obr. 8, program préeni a Ztratové ikony byly prongfovany pro hodnoty
export narﬁf-en)’/ch dat do forméatu .xls je Vytﬁm‘] frekvence Skowe pUlSﬂi modulace 6, 8 10 a 12 kHZ,

v prostiedi LabView verze 2011 [4]. casténé také pro frekvenci 4kHz, kter4 je z hlediska
Pro snimani proudu byla pouZita proudova sonda konstrukce filtru mezni.
Hallovym snimaem Fluke i30S, pro snimani rip Pro ilustraci jsou na obrézcich 11 a 12 uvedeirijpgbry

diferencialni sonda Hameg HZ115. Vzorkovaci frekvenceystupniho nagti a proudu sinusového filtru. Zdhto
byla nastavena na 200 kS/s délka zaznamu 100 000ivzorkribehi je Zejmé, Ze sinusovy filtr eliminuje vlivy Siove
Mgieni ztratového vykonu probihalo postupng  Pulsni modulace tédh beze zbytku.

jednotlivych fazich. Program byl dogim o blok, ktery '51_

padita vykon jako pimérnou hodnotu z 60 #fieni kEhem Lo | ™~

jedné minuty. Opakovatelnostieni je s rozptylem do 1%. o— AM
Pro neteni vykonu byly vyuZity 2 kanaly rychlého L3 - Gl
12bitového digitizeru PXI-5105 se vzorkovaci frekvenci na O_F-,emnm— -

kanal 60 kS na modulu rychlych analogovych vétup ménic

Métené piibéhy jsou zobrazovany v oknech na panelu pro
méteni vykonu — obr. 9.

onda |

Diferenciglnf
sonda U

Méfici ustiedna

Obr. 10 Zapojeni pracoviSpri promsiovani ztrat sinusového filtru

Vystupni napéti
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Obr. 11 Vystupni naiti sinusového filtru pi fpwm 4kHz a § 45Hz

Vystupni proud
10

P20l Ll

3

e I 1

Obr. 9 Panel pro #teni vykonu 01 w s naws o o

Ztratow vykon ve fazi filtru je vyhodnocovan jakinny _
piikon dané faze podle defini¢amného pikonu ze vztahu: il i

1 T
P= = j u 0 Coit )
0 Obr.12 Vystupni proud sinusového filtru pdwm 4kHz a f 45Hz

Pti zpramvani v islicové fornt prechéazi vztah (9) do
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Obr. 13 Pibéh okantité hodnoty elektrického vysokofrekw&riho
piikonu sinusového filtru

Na obr. 13 je znazorn pribéh okamzité hodnoty
piikonu filtru dany sotinem vzorki nagti na tlumivce a
proudu kondenzatoru filtru. Ztohoto umhu je
vycislovana hodnota ztrat podle vztahu (9) resp. (10).

V. NAMERENE HODNOTY ZTRAT

Ztratové vykony sinusového filtru ssdélenym jadrem i
s dtlenym jadrem podle postupu uvedenéhoiedghozi

28.-30.5.2012
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tabulkach | a IlI, probihala na vySe popsaném pracovisti p
napdjeni trojfazového asynchronniho motoru naprazdno
s proudovym odérem v tomto stavu 5A.

Z vySe uvedenych tabulek jsodepmé rékteré zasadni
zawry. V prvnifads Ize konstatovat relatiendobry soulad
méreni a vypotl, s uvazenim, Ze ip vypoétu jde o
maximalré zjednoduSeny postup &ipmnéreni se jedna o
vzorkovani pulsnich n&f a proud, vyrazré formovanych
frekvencemi vysSich harmonickych slozeke&hé nifeni
takovychto péibéhi je rovrez velmi obtizné. | vzhledem
k ptedpokladanym népsnostem vypdu a ngfeni jsou
vysledky v relaci a pouze ve dvotiadech relativni chyby
prevySuji mirg 10%.

Dalsi zajimavou skudmosti je zjisni, ze filtr s élenym
jadrem vykazuje az o 10% nizSi ztraty. To je dano
rozélerénim magnetického obvodu filtru na viggésti a
omezenim wivych proudi.

Z tabulek | a Il je rovéZ Zejmé, ze ztraty v j&eé filtru
klesaji srostouci frekvenci rEové pulsni modulace.

S rostouci hodnotou této frekvence totiz roste impedance
tlumivky pro frekvence odvozené od frekvencekdveé
pulsni modulace, klesa tedy velikost vy$Sich harmonickych
slozek proudu a tim i velikost magnetické indukce&atito
sloZzek. Podle vztah(4) a (5) zavisi ztraty ve feromagnetiku
na magnetické indukci kvadraticky, na frekvenci vSak

kapitole byly prontfeny ve vSech fazich. Celkova hodnotag nizsi mocninou. Protaipvzrisstu frekvence kove pulsni

ztratového vykonu byla gena sottem dildch vykoni ve

modulace pevazi trend poklesu ztrat v ji&d Trend poklesu

vsech fazich. Ve fazi filtru, ktera byla navinuta najyaty jade s rostouci frekvenci je zachycen v grafu na obr.

prostednim sloupku jadra, byly ztraty vzdjilgizné o 10%
nizsi. To koresponduje se skinesti, Zze induénost faze na
prostednim sloupku je vzdy vySSi oproti indulostem fazi
na krajnich sloupcich a widledku toho t&e fazi s ¥tSi
indukénosti mensi proud.

V nize uvedenych tabulkach | a Il jsou pro frekvence
Sitkové pulsni modulace 6 az 12kHz uvedeny pro srovnan

hodnoty celkového ztratového vykonu filtru ziSé

vypostem podle kapitoly Il a gfenim podle kapitoly IV.
V tabulce | jsou uvedeny hodnoty z§igé pro filtr

s nedlenym jadrem, vtabulce Il hodnoty pro Afiltr
s cklenym jadrem.

TABULKA |
SROVNANI NAMERENYCH A VYPOCTENYCH ZTRAT FILTRU SNEDELENYM
JADREM

6KHz
NAMERENO VYPOCTENO
157 154
ODCHYLKA -2,1%
10kHz
NAMERENO VYPOCTENO
114 121
ODCHYLKA 7%

8KkHz

NAMER ENO VYPOCTENO
136 127
ODCHYLKA -7%
12kHz

NAMER ENO VYPOCTENO
100 111
ODCHYLKA 11%

TABULKA I
SROVNANI NAMERENYCH A VYPOCTENYCH ZTRAT FILTRU S DELENYM
JADREM

6KHz 8KHz

NAMERENO

VYPOCTENO

NAMER ENO

VYPOCTENO

146

146

110

114

ODCHYLKA 0%

ODCHYLKA 3%

10kHz

12kHz

NAMERENO

VYPOCTENO

NAMER ENO

VYPOCTENO

99

102

92

94

ODCHYLKA 3%

ODCHYLKA 2%

VSechna nieni,

jejichz  vystupy jsou uvedené v
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14, ktery je vynesen prdipad hodnot nastenych na filtru
s nedlénym jadrem.

250

200

PM/W/

100 q

2 4 6 8 10 12 14

fPWM/KkHz/

Obr. 14 Nanifena zaislost ztrat jadra sinusového filtru na frekvenci
Sitkové pulsni modulace #mice

VI. URCENI ZTRAT JADRA FILTRU Z OTEPLOVACI

CHARAKTERISTIKY

Ztraty v sinusovém filtru lze orientaé a velmi
jednoduse zjistit prostdnictvim ndieni oteplovaci
charakteristiky tlumivky filtru. Na Ustavu ifstrojové a
fidici techniky Fakulty strojniCVUT v Praze byly
prongtreny oteplovaci charakteristiky filtrspecifikovanych
v kapitole IV s nedlenym a @lenym jadrem. Byla gfena
teplota jadra, teplota vinuti a teploty dalSich konstnigh
¢asti. Pro uteni ztratového vykonu je klbva teplota jadra,
v nize uvedenych obrézcich je jevedena teplota vinuti.

Teploty byly ngfeny pomoci termdanki a jejich
hodnoty byly automaticky digitalizovany éstinou NI PXI
se specialnimi termdtAnkovymi vstupy. Pro #feni
oteplovaci charakteristiky byla pouzita temtiémkova
32vstupova jednotka PXle4353 osazena 9 tékanméy typu
T s interni kompenzaci studeného koncetid Ustedna
byla vyuzita i pro vySe popsanéitani ztratového vykonu
z elektrickych vellin. Na obr. 15 je znazo¥n panel
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vytvofeny v prostédi LabView pro n§eni oteplovaci zapojeni filtru na vystup frekvéniho nenice napajejiciho
charakteristiky, na obr. 16 je odpovidajici blokové schémasynchronni motor. Frekvencefl&ivé pulsni modulace
méteni. méni¢e byla pi méfeni oteplovacich charakteristik 4kHz.
s . Stejre jako pi meéieni ztrdtovych vykol z elektrickych

veligin byl pouzit asynchronni motor 5kW ve stavu
naprazdno. Motor odebiral proud 5A. Vzhledem k tomu, ze
tato hodnota proudu jefiplizné jen 3,8% jmenovitého
proudu filtru, jsou vtomto iffpack, stejrt jako i
vyhodnocovéani ztrat filtru z elektrickych véh, ztraty
filtru dany prakticky jen magnetizaimi ztratami v jate
= tlumivky filtru od vy3Sich harmonickych slozek proudu.
Ztraty v jade zpisobené prvni harmonickou proudu filtru a
e = o o = Jouleovy ztraty jsou v tomtaipads zanedbatelné.
| RN o T o [N Pfi meéfeni oteplovacich charakteristik byly vzorky

B ' 1 teploty snimény kazdych 20 sied uloZzenim jsou naffené

F ; hodnoty filtrovany jednoduchym filtrem typu dolni propust,

fe — i ktery pcitd klouzavy pimér z psti poslednich r&eni.

Méteni byla provagha az do ustaleni teploty. Na obr. 17 je

Obr. 15 Panel pro dieni oeplovacich charakteristik znazorgn pohled na filtr s umishim snimad teploty.
T Vyhodnoceni ztratového vykonu v tlumivce filtru bude
== prezentovano na vyptu u filtru s nedlenym jadrem.
Oteplovaci charakteristiky ziskané éfanim za vySe
uvedenych podminek jsou na obr. 18.
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Obr. 16 Blokové schéma prosteni oeplovaci charakteristiky

Obr. 18 Oteplovaci charakteristiky jadra a vinuti sinusového filtru
s nedlenym jadrem

Podle obr. 18 ma oteplovaci charakteristika jadra
(fialova kivka) charakter pibéhu odezvy soustavy fadu,
oteplovaci charakteristika vinuti (modra ikia) ma
charakter pibéhu odezvy soustavy Zadu. Tyto pitbéhy
koresponduji se skuteosti, ze za vySe uvedenych
podminek vznikd dominantniast ztrat v jate tlumivky,
vinuti se oliiva pevazre jen zprostedkovag ztratovym
teplem z jadra.

Pro vyhodnoceni ztratového vykonu z oteplovaci
charakteristiky je nutno nejprve natany pfibéh prolozit
istou exponencidlni odezvou soustavy ihdu. Toto
prolozeni bylo provedeno v pristi Matlab a vysledek je
na obr. 19.
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Obr. 17 Sinusovy filtr sumigymi siimai teploty @i mereni cas/s/
oteplovacich charakteristik . o . ) 3 )
Obr. 19 Oteplovaci charakteristiky tlumivky sinusového filtru s

. . .. . o nedslenymjadrem po prolozeni odezvou soustavyatiu
Méteni  oeplovacich charakteristik probihalo fi p yml pop
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Vobr. 19 je exponencidlou, tj. ikkou 1. fadu,
prolozena i oteplovaci charakteristika vinuti, nicegmo
vyposet ztratového vykonu je kibvy pribéh otepleni jadra.
OtepleniAb je rozdil mezi kongou, ustalenou teplotou
Omax @ teplotou okolif, (tedy p@ateni teplotou) podle

vztahu:
AG=6,_. -6, Ly

Pro ot@lovaci charakteristiku

pripact, kdy soustavu povazujeme za homogerihésb
s rovnonérné rozlozenymi zdroji tepla, psat vychozi rovnici

ve tvaru:
A POdt= C, [H(AS) + AMOT w2

V rovnici (12) je AP ztratovy vykon, G je tepelna
kapacia dana satinem m.g, , tedy sodinem hmotnosti m
a nmeErné tepelné kapacity, t f@s a A je sotinitel prestupu
tepla do okoli. Rovnice (12) tedy popisuje skatest, kdy
se déast ztratového tepla spgebuje na ofati tlumivky filtru

Ize v nejjednodusSim

28.-30.5.2012
Roztoky u Kfivoklatu, Czech republic

k jednoduchosti metod a di® mire neutitosti a
zjednoduSeni je pro praktickécaly shoda vSech iti
vysledki velmi dobrd Odchylka mezi krajnimi hodnotami,
t. mezi hodnotami zjighymi méfenim z elektrickych
veli¢in a mefenim oteplovaci charakteristiky, je zhruba
12%.

V nésledujici ¢asti bude jest vyhodnocena hodnota
ztratového vykonu z oteplovaci charakteristiky u filtru
s délenym jadrem. Podminky &teni byly stejné jako ip
méteni oteplovaci charakteristiky s rdshym jadrem. Na
obr. 20 jsou zr¥ené ptibéhy oteplovacich charakteristik
jadra a vinuti u filtru sé&enym jadrem, na obr. 21 jsou
odpovidajici oteplovaci charakteristiky ziskané
z charakteristik na obr. 20 prolozenimivkou 1. fadu —
exponencielou. Z obr. 21 byly &purcena hodnoty 14 =
6908 aAf,. = 49°C pro jadro. Vypiem pode vztahu
(17) dostavame pro filtr sstenym jadrem hodnotu
ztratového vykonu 166W. Stejrjgko z tabulek | a Il je

a ¢ast se odvede do okoli. V daldim kroku se zavede vztaiejmé, Ze filtr s dlenym jadrem vykazuje vyragnnizsi

pro tepelnowasovou konstanty, a ustalené oteplefjayx

Cm
e a3

Iy, =

_AP

NG, i @4
Po dosazeni vztéh(13) a (14) do rovnice (12) dostavame:

P80 5o g 9

Rovnice (15) popisuje pbéh oteplovani a jejinteSenim
je analytické vyjateni oteplovaci charakteristiky:
t t

[(l-e ™)+Ag,[& " @16)

Vztah (16) je analytickym vyj&ddnim exponencialniho
priabéhu, coz koresponduje s n&ifanymi pibéhy na obr.
18 a 19. Ve vySe uvedenych vztazichA@.,,, ustalené
oteplani a Afy je paiateini otepleni.

Jsouk z nanmgreného pitbéhu oteplovaci charakteristiky
znamy hodnoty, aAf . a je-li znama tepelna kapacitg,C
Ize zevztahi (13) a (14) snadno vyjéitl ztratovy vykon:

AP =A6_., Elcz;m a7
o

Pro ptipad filtru s nedlenym jadrem, ktery je ifpojen
na vystupu rénice, ktery pracuje s frekvencii&bve pulsni

AG =176

max

ztratovy vykon od vysokofrekvénich slozek proudu oproti
filtru s nedtlenym jadrem.
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S
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5000,00 10000,00 15000,00 20000,00 25000,00

cas/d
Obr. 20 Zndtené oeplovaci charakteristiky jadra a vinuti filtru 8ehym
jadrem
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Obr. 21 Oteplovaci charakteristiky jadra a vinuti filtrusedym jadrem
proloZzené kivkou 1.tadu

VII.  ZAVER

modulace 4kHz, Ize z oteplovaci charakteristiky jadra na

obr. 19 odeg&ist 1y = 5358s aAf = H4°C. Podle uddj
vyrobcefiltru je hmotnost mdéného vinuti tlumivky 6,1 kg,

V ¢lanku  byla  shrnuta  problematika  ztrat  ve
feromagnetiku tlumivek sinusovych filtr zpisobenych

zbyvajici ¢asti filtru jsou Zelezné s celkovou hmotnostiVySSimi harmonickymi slozkami proudu, jejichz frekvence

46,9kg. Merna tepelné kapacita Zeleza je 450 J/kg/Kinaé
tepelna kapacita &i je 383 J/kg/JK. Hodnotu tepelné
kapacity filtru G, pak Ize vyjadit:

C 450 469 383 6F 2344131 /K @as)

m

jsou odvozeny od frekvence #&ve¢ pulsni modulace
meénice. Tyto filtry nachazeji stalecasgjSi uplatréni
v aplikacich s rnic¢i pracujicimi se $kové pulsni modulaci
a to jak na stran zat&Ze, tak na stran sité Byly
prezentovanyii jednoduché, prakticky pouzitelné metody

Po dosazeni do vztahu (17) dostavame pro ztratovy vykQitceni &chto ztrat, picemz bylo owteno, Ze jednotlivé

jadra filtru hodnotu 236W. Tato hodnota velmi #®b
koresponduje s hodnotou ztratového vykonu éizmou
z elektrickych veltin v grafu na obr. 14 pro frekvenci
Sitkové pulsni modulace 4kHz, ktera je 210W. Vypmm
podle postupu v kapitole Il byla pro stejnyigad utena
hodnota ztratového vykonu 228 W.
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metody zjiStéi ztratovych vykofi poskytuji srovnatelné
vysledky.

Zajimavym zji&nim je vyrazné snizeni ztrati ppouziti
déleného jadra. Tato skuteost je teoreticky jfedvidatelna,
avSak ndfeni dala podklady pro kvantitativni zhodnoceni.

Vzhledem ja pylo zjisno pi meeni oteplovacich charakteristikii p
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spinaci frekvenci 4kHz dosSlo vlivengléni jadra ke snizeni nasobny oproti sdtu ztrat vjade a ve vinuti od prvni
ztratového vykonu o vice nez 30%, ustdlené otepleriarmonické prouduipfrekvencich Skové pulsni modulace
vychazi i déleni jadra tér o 10°C niz8i. B vySSich okolo 10kHz a aZz dvojnasobnytipfrekvencich dkowvé
frekvencich §kové pulsni modulace, jak vyplyva z tabulek pulsni modulace okolo 5 kHz.
| a Il, doSlo élenim jadra ke snizeni ztrat v okoli 10%. Provedené prace potvrdily, Zze ztratové vykony
Podle vztahu (14) je relaci mezi ustalenymi oteplenimsinusovych filti se jmenovitym proudem v okoli 100A se
umgrna relace mezi ztratovymi vykony. pohybujitddow v hodnotach stovek W. Jedna se o takové
Vyznamnou skui@nosti, na kterou bylo cilemdanku  objemy ztratového tepla, které nelze pomindutplkovém
poukazat na ifjpadu sinusového filtru je to, Ze odruSovacitepelném navrhu &eni ani pi navrhu chladici soustavy.
prostedky jsou zdrojem nezanedbatelného ztratového tepla,
zejména pokud se jednd o obvody s hodnotami groud VIIl.  PODEKOVANI

desitek az stovek A. ¥anku byla ¥novana pozomost  Thjs research has been realized using the support of EU
zmapovani ztratovych vykanjadra tlumivky spojenych Regional Development Fund in OP R&D for Innovations
s harmonickymi sloZzkami proudu, které jsou odvozeny O‘éOP VaVpl) and Ministry for Education, Czech Republic,
Sitkové pulsni modulace emice. Krome toho je pro weni  project  # C€Z.1.05./2.1.00/03.0125  Acquisition  of
celkového ztratoveého vykonu filtru nutné &mto ztratam  Technology for Vehicle Center of Sustainable Mobility.

pripocitat  ztraty v jade tlumivky vyvolané zakladni Tpig support is gratefully acknowledged.
harmonickou sloZzkou proudu a ztraty ve vinuti — Jouleovy

ztraty. Vypditu téchto slozek ztrat sélanek newnuje, IX. LITERATURA

neba pro JeJICh Uﬁ,er," s.e pouz”.l, Stz.i,ndardm ].edHOdUChe%] Ciganek, L.: Elektrické stroje, ddeckotechnické nakladatelstvi,
vzorce a katalogové Gdaje materialu jadra tlumivky. Jen pro” 1g5q

Uplnost je vSak zde mozno uvést, Ze fildpd u  [2] Novak, J., Doleek, R., Cerny, O., Svanda, J.. Vydevani

8. ISSN 1210-0889

sowet ztrat Jouleovych a ztrat vj&d od zakladni |31 Novak, J. Doleek, R., Cemy, O., Svanda, J.: VySevani
harmonické prouduipjmenovitém proudu fiblizné stejré harmonickych v trakci — Zast, ELEKTRO 2010, &0 20,¢.7, s. 6-
velky jako jsou ztraty od vySSich harmonickych slozek ~— 9.I1SSN1210-0889

proudu, které jsou ale na velikosti prvni harmonické proudfl Firemnt literatura National Instruments

nezavislé. Pro nejhrubSi odhad Ize tedy uvazovat, Ze

celkovy ztratovy vykon filtru je $ jmenovitém proudu 1,5
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Instrumentation

From the Wundt’s laboratory to artificial intelligence

J. Jura

Abstract This article describes some means of
psychological instrumentation. Shows historical devices like a
tachystoscope, kymograph, tremometer, mnemometer and
association machine. It also presents methods like a reacting
time measuring, Rod and Frame Test for cognitive style
estimating or polygraph and current methods and devices like
a system BioCyS/NUROBIO for engineering psychology or

computer aided psycho diagnostics for transportation
psychology check.

Index Terms - Instrumentation and Measurement,
Computerized instrumentation, Electrophysiology, Industrial
psychology, Psychometric testing, Psychological
instrumentation, Psychofysiological measuring, Fine
mechanics, Artificial intelligence.

l.  Uvop

P podobny vyvoj jako fistrojova technika pouzivana v
jinych oblastech lidskéginnosti. Z&ind pgevazr
mechanickymi  zézenimi  prvnich  psychologickych
laboratdi (predev&im pak znadmé laborigoWuntovy}.
S postupujicimiasem je fistrojové vybaventim déal tim

vice zalozeno na elektrotechnickych a elektronickych

realizacich, v saiasnosti je vyuzivano v maximalni imi
vypocetni techniky a fvodni gistroje se talkasto stavaji
jejimi periferiemi. Vyuziti vypdetni techniky v3ak také
umoiuje vysledky mifeni gimo, ¢asto automatizova&n

vyhodnotit a to i pomoci metodfigde nedostupnych —
napiiklad un¢lé inteligencé.

Il.  HISTORICKE RRISTROJOVE METODY

Nejstarsi uvadné pistroje pati do vybaveni
psychologickych laborato a slouzily kvyzkumu. AZ
posléze byly #které, mivodns laboratorni, fstrojové
metody vyuzivany téz k personalni diagnostice
v sowasnosti napklad k psychologickym  vySgnim
v dopraw, pramyslu¢i armac.

Velka skupina psychologickychfiptroji také pochazi
z laboratéi fyziologickych, které by byly miniméth na
samostatny¢lanek. Paf sem pletismografy, #&zeni na
zjistovani kozni citlivosti, realich ¢adi, elektrickych
potenciél a vodivosti kZe, citlivosti a rozsahu smyslovych
orgarni atp.

Vyjma zdroji uvedenych u jednotlivych popisovanych
zaizenich je mozné zajerinm o dalSi informace dopatit
on-line dostupny katalog muzea psychologickéstmjové

techniky v Montclair v New Jersey [1]. Nasleduje ukazka

vybranych historickych psychologickych figtroja a
piistrojovych metod.

1 Wundtiv Institut fur experimentelle Psychologie na Univerzit
Lipsku zalozZeny v roce 1879.
2 Napiklad expertnimi systémy, vyhodnocuijicimi ziskana data.
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fistrojova technika v psychologii zaznamenala v zasad

A. Tachystoskopy

Tachysoskopy jsou zidzeni, kterd umailji mzikovou
expozici podstu a tyto pistroje byly nedilnou saasti
prvnich psychologickych laborafo zZakladnimi prvky
vétSiny tachistoskolp jsou ¥ sowasti: a) zdroj sktla, b)
snimek obsahujici prezentovany péidwy material a c)
zawrka [2].

Obrazek 1 - Kolovy tachystoskop J. Mc. Cattella
(pfevzato z [3]).

Tachyskopy je mozné dle konstrukcélidna padové,
rotatni, kyvadlové a zrcadlové [2]. Pomoci tachistoskopu
zkoumal napiklad Georgie Sperling ikonickou p&th

Obrazek 2 - Wundtiv padovy tachistoskop (pievzato z
[2]).
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organi. Proto obvykle obsahuji zdznamovérizeni —
nejastji bubinek — které bylo v psychologickych
laboratgich vyuzivano velmi univerzaln a pojem
kymograf se stal oz&anim zaznamového #aeni.
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Obrazek 5 - Elekfrické schéma ruského tremometru®.

D. Asociani prstroj

Asocigni pistroj je zdizeni usnadiujici vyzkum
pantti, respektive zapamatovani si asociaci — tedy spoju
mezi dvéna podnty. Pra¥ tyto péry poditi jsou

Obrizek 3 - Bubinkovy kymograf (pfevzato z [3]). asoci&nim pifstrojem prezentovany. Nasleda&zkoumané
osol® prezentovano vzdy jedno slovo z paru a ta si ma
C. Tremometr vybavit to druhé.

Tremometr je zdzeni ngfici ttes hornich kofetin. Na
naSem Gzemi byl vyroben a vyuzivan tiklpd Baovymi
strojirenskymi  zavody ve Zlg kde ve spolupraci
s Ustavem pmyslového zdravotnictvi byl tremometr ‘ '
vyuzivan pro studium dnavy zaéstnané (v ramci
zdravotni pée o zanistnance a prevence pracovnich Gyaz
[4]. Je a byl téZ sawdsti dopravér psychologickych
vySeteni, ktera tive zajifovala psychologicka pracowst ... \
velkych dopravnich spaleosti.

Tremometry maji #znou konstrukci a jednou W!
z nefasgjSich je tremometr zaloZzeny na projeti definované ’
drahy hrotem v $tbin¢ bez doteku shy.

Obrazek 6 — Mechanicky asocia¢ni pristroj (pievzato z

[5D-

E. Mnemometr

Jak nazev napovida — jedna se o fickn pro ngieni
pangti, principielnt nikoliv nepodobnou asociaimu
piistroji, atkoliv technickd realizace je v piipadzde
piedstaveného Ranschburgova mnemometru
elektrotechnickd. Mnemometr prezentuje zkoumané osobé¢
sadu podétt (zde slov) k zapamatovani. Slova jsou
Obrizek 4 — Naértek piedni strany tremometru’ prezentovana fesr¢ definovanou dobu. V séasnosti je
snadné zobrazovat slova na obrazovceitpi® Stale
oteviena je vSak otazka nakolik ma mechanicka,
poditatova realizace testu vliv na celkovy vysledek.

3 obrazé prevzat z: 4 obrazé prevzat z:
http://www.gelezo.com/radiofans_circuits/803000/803005/tremohtet! http:/Mww.gelezo.com/radiofans_circuits/803000/803005/tremohtatl
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chronoskop se tim zastavil [6]. Reakdobaje tedy doba
od podrazdni smyslového organu do prvniho svalového
zachvyu.

Obrazek 7 - Elektricky mnemometr (prevzato z [5]).

F. Rod and Frame Test

Rod and Frame Test (RFT) je metoda vyvinuta
Hermanem Witkinem pro testovani kognitivniho stylu
nazvaného zavislost/nezavislost na poli.

Podle Witkina se jedincigi na ty, ktéi se g vnimani
orientuji spiSe podle kontextu (rdmce, situace atp.) a na ty,
kteti se orientuji predevsim podle objektu vnimani. Prvni
z nich Witkin nazyva zavislymi na poli a ty druhé Tk 2 ; i
nezavislymi na poli (rozusmo podn&ovém poli). Rod and  prazek 9 - Brov'vnuxv— zvukovy chronoskop (pro méFeni
Frame Test je zaloZen na tom, Ze zkoumand osoba v tem\§mi kratkych asii) (pFevzato z [3]).
mistnosti udava polohu sviticiyk jejimu ramu. Ftom se
meéni poloha tye, ramu i samotné zkoumané osoby Reakni doba ma fyziologicky i psychologicky vyznam.
(respektive kiesla). Naslednfe jeSt pozadana, aby Jednoducha reaké doba (zkoumand osoba reaguje na
nastavila ty do vertikaini pozice. Osoby nezéavislé na polijeden znamy signél jednim danym zpiisobem) je zaleZitost
se lépe orientuji. Osoby zavislé na poli se lepe $pokky primarng fyziologicka. Zavisi tedy nafklad na Unag,
adaptuji. Osoby nezavislé na poli také Iépe pristavaplkoholovém opojeni atp. Naopak reakéni doba s volbou
v mize. (zkoumana osoba musi zvolit typ reakce) je vice
E ' b psychologicky podmim. Metime-li reak&i dobu, tak tim
R bud’ v kontextu psychodiagnostiky testujedievéka, nebo
tim v kontextu inZzenyrské psychologie testujeme HMI
(rozhrani ¢lovek/stroj), pifpadné vyuzivame obecnych
znalosti o reak# dob¢ ¢loveka, naptiklad v kontextu
navrhu systému c¢loveék/stroj nebo ve  forenzni
biomechanice.

H. EDA - elektrodermalni aktivita

Elektrodermalni aktivita (starSi termin kéZgalvanicka
reakce KGR / Galvanic Skin Reaction GSR) je v podstat
mérna vodivost kze. Jako prvni ji do vztahu s aktualnim
duSevnim stavem dal Charles Fere vroce 1888, takze je
opravn®é ji povazovat za metodu historickou. Jako takova
je elektrodermdlni aktivita zavisl&g@evSim na otevienosti
pori (zjednoduSehina tom, jak se zkoumana osoba poti) na
- : dlanich a chodidlech, kde jsou pory em& k udrzeni

Obrazek 8 — Rod and Frame Test’ ptimétené vlhkosti kiZze a citlivéeaguji na psychogenni
podréty (na rozdil od méh psychogenné citlivych
termoregulénich péra na zbytkwéta). Zaizeni pro nifeni
EDA  (respektive  fivodré GSR) se nazyva
psychogalvanometr. iP méieni se pouzivaji Ag/AgCl a
Zn/ZnSQ elektrody a elektrolyt NaCl a KCI [7]. ZvySené
EDA® odpovida predevdim emmitnu stavu a je kibvou
velicinou tzv. detektoru IZi. Zaznamenany signal vSak

G. Megreni reakni doby

Max Friedrich nechaval dopadnout kit na ploSinu,
tim vyvolala ostry zvuk a séasrgé spojila kontakt, ktery
uvedl do chodu chronoskop &t kratkych¢as). Jakmile
zkoumana osoba uslySela zvuk, stiskla telegrafrd &li

5 obrazé prevzat z:http://www.jasonpatent.com/2009/09/18/eye-of-
the-behadler/ ® Piesnji feceno xySena mina vodivost kze.

92



28.-30.5.2012
Roztoky u Kfivoklatu, Czech republic

Proceedings of the annular meeting
New Methods and Procedures in Automatic Control, Instrumentation and Informatics

poskytuje mnohem SirSi moznosti analyzy. Bylo &jist ze [ll.  MODERN PRISTROJOVEMETODY V PSYHOLOGII

na,p“iklad ,Zp_Oid”', tElesné reakce na podnoreluje Sou@sné pistrojové metody obvykle vyuZivaji
s (tlumovymi procesy (ndp Unavou). Zanalyzy signalu y yyhodnoceni vypagtni techniku a tato automatizace

vznikaji dalSi velliny jako naptiklad elektrodermalni
labilita vyjaditjici nepravidelnost odezvy.

N

Obrazek 10 — Jednoduché zafizeni na méfenmi GSR’

Méreni velikosti zornic

Pro zn&teni velikosti zornic existuje specielni pristroj —
pupilometr a na platfortn sowtasné vypéetni techniky
miZe byt toto mifeni snadno realizovano i softwarfvs
Velikost zornéek je primarné fyziologicky ovlivnéna
intenzitou osvileni sledovaného objektu. Tento vliv je
potteba pi psychologickém sledovani eliminovat.
Sekundaré je velikost zorniek ovlivnéna autonomnim

nervovym systémem (sympatikus a parasympatikus) a na

tomto podklad je moZné psychologicky interpretovat
rozSieni zornkek (mydriazu) jako projev zajmu a vzruSeni
(aktivovano sympatikem). Kome® byly toto poznatky
vyuzivany (az zneuzivany) iptharketingovych vyzkumech
a mefeni velikosti zorriek je téZz sokasti nkterych
polygrafi

J. Polygraf

Jak nazev napovida, je polygrafizeni registrujici v&i
mnoZstvi prominnych — nicmé& je to také ustaleny
odborny nazev pro detektor Izi. Obvykle zachycovan
veliciny jsou GSR (EDA), okhové indikatory (elektricka
aktivita srdce, krevni tlak, srdhei puls), velikost zornice
oka, tlesna teplota, dychani a podébn

Obriazek 11 - Polygraf’

7 obrazé prevzat zhttp:/Avww.wikid.eu/index.php/File:Setup.jpeg
8 nagriklad: http:/Avww.specsonthenet.com/pupillometer.jsp
9 obrazek pevzat z:
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vypoétt a vyhodnocovani vede k podstatetnsjSimu

vyuzivani &chto metod, neZz tomu bylo ige a také
v oblastech, five ®Zko pedstavitelnych. Pokud byl
polygraf doménou kriminaliét nyni se jeho prvky stavaji
soudsti systérin automatického fizeni s prvky uréé

inteligence.

A. BIOCYS a NUROBIO

BIOCYS (BioCybernetic analysis system) je japonsky
projekt v&dch z Kyota s aplikaci v oblasti operatorského
tizeni (referovano votn dle [8], [9]). Jeho jadrem je
expertni systétm NUROBIO pro estimaci kognitivnich &tav
operatora na zakladgmerenych fyziologickych vetin
(podobnych jakych vyuziva detektor 1Zi):
Velikost anich zornkek, frekvence mrkani a
rychlost pohybu &i.
Elektrodermalni aktivita.
Srdeni rytmus.
Rytmus dychani.

Na zaklad téchto fyziologickych dat expertni systém
NUROBIO urdije v ¢asovém intervaluit vtefin jeden ze
sedmi pedpokladanyctpoznavacich (kognitivnich) stavi
operatora:

»  Ziskavani informace.
Zapamatovani si zji&hych
identifikace stavu.

Rozvaha o organizateSeni.
Zpracovani v pasii.

Hledani klge kieSeni.
Zmeény v postupueseni (podle situace).
Zmatek.

informaci a

Systém Biocys je ugh pro slozité systémy, jakym je
napiklad velin jaderné elektrarny. JeileZité, aby byl
operator monitorovan, jelikoz jeho chyba by mohla mit
zavazné dusledky. Neni ale mozné, abyita® prevzal
veSkerou aktivitu aidil systém sam, nelfooperator by
mohl ztratit dovednosti a s nimi i odvahidit svéreny
systém. Biocys méitrezimy fungovani:
Poradni kdyZz operator
potrebuje poradit.

Dohlizeci — kdyZz operator ztraci pozornost.
Adaptivni — zajiguje gisun informace podle
aktualniho stavu operatora — napiiklad ve
stavu afektu je vhodné poskytnout informaci
relativne malo, ale zasadnich pro rychlé
rozhodnuti.

zmatkuje a

B. Detekce poklespozornosti a mikrospaukidici

Problematice detekce pokiepozornosti a mikrospantk
fidich se systematicky &nuje Laboratot spolehlivosti
systéni FD CVUT a Ul AV CR. Pro zjidni bddosti je
nejprimodarejSi meéreni elektrické aktivity mozku (EEG),
coz je vSak také technicky a finaw¢ nejvice naréna

http:/gerstner.felk.cvut.cz/biolab/X33BMl/referaty/2005 080 LS/11
00/DostalPetr/Detektorylzi.pdf
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metoda a najklad v bézném silnknim provozu neppada
piilis v avahu. Ztoho divodu jsou zkoumany jiné
indikatory, které by byly prakticky snaze pouzitelné. Je td1]
piedevSim ites rukou na ovladé&ch (napt volantu) a
frekvertni charakteristiky mrkéani, které lze snadno snimat

(volng dle [10]).
[2

C. Pocitacova administrace test

Podtatovd administrace (tedy zadani a vyhodnoceniSS]
tesfi je vyuzivana jednak u tésharainych na vyhodnoceni
a také v systémech, které vyzaduji specifickdiemi a kde
osobni péitac nahrazuje jiné technické izzeni — nafiklad
tachystoskop, chronoskop atp.. Pro osobnditpte jsou
k tomuto @elu vyrab&y zvlastni periferie viz Obrazek 12.
Jednim z gkladi takovéhoto testu je tachistoskopicky
dopravni test (TAVTMB), ktery je soasti vdSi baterie
testi pro dopravd psychologické vySéeni. Test hodnoti
piedevsSim rozsah a rychlost vizualniho vniméani. Pioage
material tvot fotografie KGiznych dopravnich situaci. [g]
Samozejms by bylo mozné tento test realizovat i pomocil9]
historickych tachystoskopt. Pitatova administrace vSak
umoziuje navic spojeni s ndvaznymi aplikacemi, kterymi je
system spravy vysledktest: i ptipojeny expertni system. [0
Jeho vstupy jsou prévvysledky jednotlivych teét a
vystupem je potom psychologické hodnodédice.

(5]

[6]
[7

e A ——

—
-— (=2

= /

Obrazek 12 — dopravné-psychologicka pristrojova
diagnostika'’.

IV. ZAVER

Clanek vywéri velmi streny piehled psychologickych
pristrojovych metod od historickych mechanisnpo
komplexni systémy vyuzivajici pritkumelé inteligence.

Mnoho ¢innosti, které lve musel realizovat psycholog
¢i odborré zaSkolend osoba, nyni vykonavacipa a
Otazka je jaka nebezgieto skryva. PloSné vyuzivani
psychologickych tefit v historii vedlo k naduZzivani az
zneuzivarnt. Otazka, kterou by jsme sigihvzdy poloZit, je
jaky uzitek ma testovani ipiést a nasledn empiricky
zhodnotit jaky uzitek to doopravdyipeslo.

10 obrézek prevzat zhttp:/Mww.cassys.cz/

11 Napriklad testovani tzv. obecnych dispozic ke studiu, dle znamého
kognitivniho psychologa R. Sternbergaegikuje Skolni Usgsnost jen
v prvnim r@niku, takZze se v podstazcela miji svym fedpokladanym
(cinkem, kterym je vybrat budouci (&mé studenty.
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Emergent situations and Conceptual
Detection Pattern

J. Bila, S. Gojda

Abstract This paper deals with detecting emergent
situations in a complex system by means of structural
invariants and conceptual detection patterns. We distinguish
between the function of the system and the structure of the
system: while the monitoring system checks the changes and
faults in the function, the system for detecting emergent
situations checks the changes (or faults) in the structure
(including changes in the monitoring system). The structural
invariants contain the essential characteristics of the structure
of the system. The paper points out the necessity to use more
than one detection dimension and more than one structural
invariant for detecting emergent situations. A conceptual
detection pattern is formed by a number of structural
invariants. A theoretical explanation of the structural
invariants and conceptual detection patterns is supplemented
by an example of their application in monitoring the road
tunnel ventilation process.

Index Terms-- Emergent situation, structural
conceptual pattern, monitoring, concept lattice

invariant,

I. INTRODUCTION

HE types of unexpected situations have been classified

as UX', UX’ and UX°, e.g., in [1] and [2]. In this paper

we deal only with class UX’ that is understood as a
special type of an emergent situation. Emergent situation is
understood as a situation for which it is impossible to
prog)ose a complete model or test before it first operates.
UX’ is a situation for which is impossible to propose a
complete model or test before it first comes into operation,
and in addition, it behaves and it is recognised by a
monitoring systems as an ill-separable situation (i.e., it is
assigned not to one but to a number of situation classes).
classes). Great interest in detecting such situations has
appeared in the field of fault diagnosis [3], [4], [5], [6].
However, unexpected situations are also of interest in other
fields. There are important unexpected situations in safety
engineering and in the control of complex systems [7], [8],
(9], [10].
The theory of the detection of emergent situations by means
of structural invariants has been presented in [11] - [12].
This theory emphasises that monitoring systems and
detectors of operation situations in complex systems mainly
detect faults in system functions. However, in order to
detect changes in system structure, it is necessary to use a
special formal means, and to form a special super-detection
system. According to this theory the detection of emergent

This work was supported by the Research Grant TA CR No.
TA01020698.

J. Bila is a professor in the Department of Instrumentation and Control
Engineering, Czech Technical University in Prague, Czech Republic, (e-
mail: bila@vc.cvut.cz).

S. Gojda is a doctor student with the Department of Instrumentation
and Control Engineering, Czech Technical University in Prague, Czech
Republic, (e-mail: stepan.gojda@fs.cvut.cz).
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situations is executed by detecting violations of structural
invariants. Bila [1] introduced some rather universal
structural invariants, i.e. a triplet (Matroid Basis, Matroid
Cover, Emergence Set), a pair (Dulmage-Mendelsohn
decomposition, Tree ordering), a pair (Hasse Diagram, Set
of evaluated rules), and a singlet (Algebra of
transformations), together with ways to discover and
construct them.

The background of this paper is in the control
system for the ventilation process in a relatively long road
tunnel. This control system is supervised by a monitoring
system that not only checks the function of the control
loops but detects and diagnoses other control states of the
operation of the whole tunnel.

An analysis of the application of structural

invariants for various systems and situations led to the
hypothesis that for the detection of emergent situations in
really complex systems it is necessary to use more than one
structural invariant. Hence the concept of conceptual
detection patterns was established as a structure of
interconnected and integrated structural invariants.
In the example that is developed in detail in Section IV,
Conceptual Patterns are three-layered structures: Class
models (CM), State models (SM) and Concept Lattices
Rule based models (CLRM).

IL.

One of the older approaches to unexpected (emergent)
situations (as a special class of so-called undetectable
faults) comes from the domain of digital systems [3]. Wang
and Wu [5] introduced a special situation-fault detection
algorithm which works in parallel with an observer
(designed for an unknown time-invariant stochastic system)
and detects unexpected changes in system parameters by
changes in the probability density functions of the outputs.
Unexpected situations have been investigated in the domain
of data mining, e.g. in [13]. The topic of [14] is motivated
by practical needs, and comes from the field of medical
image analysis. Very serious interest in unexpected
situation detection comes from the field of control of
complex systems. Atkins et al. [7] are motivated by aircraft
flight safety, and propose a special Co-operative Intelligent
Real-time Architecture (CIRCA), which contains a planner,
a scheduler and a real-time plan executor. Another
approach to the Assessment of Critical Situations is
presented in [15]. Man - machine interaction when
encountering unexpected situations is discussed with great
motivation in [8], [9], [10]. Papers [16], [17] and [6] deal
with issues close to those discussed in this paper, but the
ways in which they are resolved are somewhat different.
The following three papers are close to the approach
presented in our paper. A very natural scheme for situation-
fault detection and situation-fault isolation is introduced in
[18]. The proposed solution cannot be correct in general
cases, and it represents a branching point for two research
lines. In the first line — the problem of the distinguishability

RELATED WORKS
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(indistinguishability [19]) of faults, and in the second line —
the detection of unexpected situations. Another interesting
approach for processing unforeseen situations is presented
in [20].

Our approach to the detection of UX° type situations is
based on the concepts of a Model of the System of
Situations (MSS) and a Model of the System of Faults
(MSF), and on an original method which detects a UX° type
unexpected situation as a violation of proper structural
invariants constructed on MSS (MSF), [1], [2]. The
problems of detecting and interpreting unexpected artifacts
discovered in ECG and EEG signals have been discussed in
[21], [2], [22] and [23].

The approach to UX® detection presented here has been
tested in the following application cases:

e in a supervisory control system for an industrial
distillation column, especially in a qualitative model
designed for the starting phase of the distillation process
(e.g., after maintenance operations), for details, see [11].

e in detecting unexpected faults in welds (laser, micro-arc
and electron beam welds of thin walled welded structures
used in the aerospace industry) in combination with neural
fault detectors [26], [27].

e within the framework of qualitative modelling of
selected ecosystem functions, e.g., in [28], [12].

III. STRUCTURAL INVARIANTS

As was stated at the beginning of the paper, the concept of
a structural invariant issues from the differences between
observing the system function and observing the system
structure. The system function may be described in many
ways, e.g., by movement in the values for some variables
in dynamic models, or by sequences of states in state
machines. Monitoring systems check for declinations of the
pre-formed system function. The structural invariants
describe the structure of the system, which is considered in
most cases to be constant. It is not in all cases possible to
distinguish between changes in function and changes in
structure. It depends on the formal means that we have at
our disposal. If we have, e.g., only a one-dimensional
formalism, such a distinction may be rather difficult to
make — see Example 3.1

Example 3.1 Let us consider the system described by
equation (1)

y =ax +b, (1)
x € (0, p) c +R', ye(0, c)c +R" and a, b € +R".

Finding the situation y >> c, we have to consider at least
three basic alternatives:

a) X >>p, as a fault in function, (2)

b) y=ax+bjanda,b>>abasa 3)
violation of the structure,

¢) y=(Cx*)/b,), where C,y € R, as a @))
violation of the structure.

An important consideration is that by measuring only
quantity “y” it is impossible to distinguish between a fault

in the system function and a violation of the system

structure, and that we need more detection variables. End of
Example 3.1.

Example 3.1 shows the need to construct a
multidimensional detection structure that can be very
heterogeneous and may consist, e.g., of class, state and
sequence diagrams, pictures, maps, photographs, sounds,
special signals and signs.

IV. MODELS AND FORMALISMS FOR THREE LAYERED
CONCEPTUAL DETECTION PATTERNS

The method proposed in this paper for detecting UX° uses
a Model of a System of Situations (MSS) or a Model of a
System of Faults (MSF), [1], [2]. These two systems are
developed in the special preliminary phase.

The MSS model has in general the following form:

MSS = (S, Ti(S), ..., T;(S), Inv(T), ..., Inv(T;) ), )

where S represents a basic set of situations, 7(S), ..., 1,(S)
are structures on S considered as relevant for UX® detection,
and Inv(T;), ..., Inv(T,) are invariants on some 7;(S), ...,
I,(S) G, p € {1, ...,n}) for UX° detection.

The MSF model has in general the following form:

MSF =S, F), I(S, F), ..., [,(S, E), Inv(T}), ...,
Inv(T,)), (6)

where (S, F) represent basic sets of situations and faults,
IS, F), ..., I(S, F) are structures on (S, F) considered as
relevant for UX° detection, and Inv(T}), ..., Inv(T,) are
invariants on some /;(S, F), ..., [,(S, F) (i,p € {1, ...,n})
for UX® detection.

Models for UX? detection [1], [2] have the forms:

MD(UX3) =(MSS, CONDy, )

OR  MD(UX’) ={ MSF, CONDy;, ), (7

where CONDy,,, represents the conditions for violation of
MSS (MSF) invariants. (These conditions are analysed in
the processes of UX® detection).

1V.I. Class Models

Class models [29] describe systems as structures of abstract
modules, (classes, objects) and their bonds

CM = <C, Aﬁ) Op: B’ Q’ STCM >a (8)

where C is the set of class names, At is the set of attribute
names, Op is the set of class operations, B is the set of
bonds, Q is the set of qualifications of bonds and S7¢y, is
the structure of the class model.

From a class model it is possible to acquire: which are the
main classes of the system, which classes are
interconnected, which bonds are between classes, which
attributes are substantial and which operations will work
with values and manifestations of these attributes.

Note 4.1: Some special  methodology, e.g., Object
Modelling Technique (OMT) [30] and some special
functional language, e.g., Unified Modelling language
(UML) can be used for forming and making a symbolic-
graphic representation of class models [31].
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1V.2 State Model
A state model [29] has the following structure

SM= (S, I, O, Ac, 4, 6, STy ), 9)
where S is the set of state names, I ... are names of inputs,
O are names of outputs, Ac is the set of actions, events and
activities that are executed while the system remains in the
given state, A... is the state function, o ... is the output
function and ST, is the structure of the state model.

A state model contains information about activities and
processes that are executed and performed when the system
is in the given state, and the conditions (events or actions)
which release transitions between the states.

1V.3 Concept Lattices Rule Based Models

Let us consider a data mining context C = (O, I, R)
describing a set O of objects, a set I of itemsets and the
binary relation R < O x I, [32]. There is a unique ordered
set which describes the natural groupings and relationships
between objects and their itemsets as a lattice structure.
This structure is known as a data mining oriented concept
lattice L. Each element of Lattice L derived from context C
is a couple, noted as (X, Y), where X is an object set X <
O and Y is an itemset Y < I. Each couple must be
complete with regard to relation R:

X= {er|Ver,ny }s
Y = {yeI‘VxeY,ny }.

(10)
an

X is the largest set of objects described by the properties in
Y, and Y is the largest itemset common to the objects from
X. A Hasse diagram can be constructed with the use of

partial tree ordering "<" (which is expressed by the lattice):

The edge from H1 to H2 exists if HI<H2 and for no
element H3 there holds the condition H1< H3<H2.
e HI is an antecedent of element H2 (H2 is a descendant
of element H1).

The pair (X, Y) is a node in the Hasse diagram.

A Hasse diagram expresses the relationship of

"generalisation / specifications” between conceptual
nodes. From another point of view, a Hasse diagram is
considered as an acyclic graph with an additional
constraint: each pair of nodes has a unique nearest common
descendant (meet) and a unique ancestor (join).
In general case the rules are acquired from the given
database (or from a given fragment of the database).
However, the extracted rules do not cover the semantic
content of the selected fragment of the database in
sufficient detail. For this reason, the table with rules is
supplemented by quantities of Support (Supp) and
Confidence (Conf), computed for each rule. One of the
computation methods is introduced, e.g., in [2].

V. EXAMPLE

The example is based on monitoring a part of a Road
Tunnel Control System, [34]. We will demonstrate the
formation of a Conceptual Detection Pattern for the
ventilation process of the main tubes of the tunnel and the
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detection of an emergent (unexpected) situation as a
violation of a Conceptual Detection Pattern.

V1. Brief description of the monitored system

The model of the whole tunnel has been decomposed
into the following 9 processes, which will be cared for by
the control system: Transport Process, Process  for
Ventilating the main tubes of the tunnel (V1), Process for
Ventilating the manipulation spaces of the tunnel (V2),
Energy Supply Process, Water Supply Process, Special
Processes (fire in the tunnel, multiple car crashes, etc.),
Tunnel  Function  Structure  Supervision  Process
(Diagnostics), Maintenance Process, Operation of Special
Facilities (cranes, manipulation ways). In this paper, we
deal only with a model of the Ventilation Process V1
Control System.

The controllable elements of the ventilation system are:

e Fans (Large Fans in the ventilation centres, Jet Fans and
one Fan of the transfer orifice),

o Sensors (for measured variables CO, opacity, NOx, flow,
pressure, velocity of vehicles, density of vehicles],

o Ventilation flaps (flaps of the Large Fans after diffusers
(SU), closing flaps (UK), regulation flaps (RK), closing fire
flaps (UPK)).

The element types introduced here have been grouped (as a
result of preliminary structuring) into higher blocks :

e Measurement Systems (M1, ..., M11),

e Large Fan Systems (LSFI, ..., LSF3).

o Transfer Orifice Fan System (LSF4).

e Jet Fans Systems (SF1, ..., SF11),

e Systems for ventilation and closing fire flaps (SVK).

(All these systems have been considered as systems of
physical elements and their SW Control Blocks.)

The denotation of the Control Segments, the location of the
Measurement Systems and the location of the Systems of
Fans are illustrated in Fig.1.

The Control System as a whole works with values of
variables (transmitted from sensors) and computes

the control actions. This distributes and provides their
realisation in the Control Segments.

V.2. Types of Models as Structural Invariants in the
Conceptual Detection Pattern for the Ventilation Process in
Section 6 (M6, SF6)

Models designed for the whole tunnel would be too
extensive for this paper, and we show in detail only the part
around M6 and SF6 in tube ZTS III.

V.2.1 Class model

A class model of the ventilation process and its
control system for the whole tunnel is illustrated in Fig.2
(the central part of the class model of the tunnel), and Fig.3
introduces the class diagram for section 6.

Roztoky u Kfivoklatu, Czech republic
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Main Output sfo L T T — < TSRy V519, V520 that are of the type Trf (with continuous
of Ventilation 7ZTS1I 000 - —_—
- 000 g power set up).
0000 « _“5sWK AS SF8 000c¢
LSF2 / VTSh LSF

M9 o
p2o 000 SF4 LSF:
ZTJr SF7 000
LSF3 0o \* }/ - 4 o SVK
0000 )/ M1§F10 VTSt
71/ M8
/ 000 000
5 SF11 SF8
M11

000
SF3

Fig.1 Situational scheme of the tunnel. Solid lines with arrows denote
directions of ventilation flow, dotted lines with arrows denote directions of
movement of cars. The tunnel is decomposed into 11 sections (indices q =1
+ 11). The symbols introduced above denote the names of the Control
Segments, the positions of Measurement Systems (M), the positions of the
systems of Large Fans LSF (indices s =1 + 4) and the positions of the
systems of Jet Fans (SF).

Tsf6 Trf
V515 : Tjf fytimeON
&V516 : Tjf ytimeOFF
V517 : Tjf #timeON/OFF
V518 : Tjf fystatefan
&\/519 : Tif
V520 : Trf | dPStartF()
fystateV/515 : string #PStartRev()
fystateV/516 : string #PStop()
fystateV/517 : string ‘S_;etUp()
#ystateV/518 : string #PtimeON/OFF()
fystateV/519 : string #Pstaterfan()
fystateV/520 : string
‘STATESfG()

#HControl6()

Tif
fytimeON
#ytimeOFF
&timeON/OFF
@y statefan
#StartF()
#PStartRev()
#Stop()
&SetUp()
#timeON/OFF()
#statefan()

Fig. 3 Class diagram of section 6.

V.2.2 State Model for class TsF6

The function of class Tsf6 is illustrated by the State
Diagram in Fig.4.

V.2.3 Concept Lattices Rule based Model for Tsf6

Let us consider tunnel segment ZTS III (with measurement
centre M6 and jet fan centre Sf6) — Fig.2. Centre M6
contains 3 measurement nodes (i = 1,2,3) situated along the
line of ZTS III (Fig.1), and the values for four variables are
measured in each of these nodes: Concentration of CO |
ppm] (CCO), Opacity [m'l] (OP), Velocity of vehicles |
m/s] (V), Density of flow of vehicles, [number of vehicles
(Nv)/s] (n).

These variables correspond to qualitative variables C;, P;,
Wi, N;, i =1, 2, 3 (with values in {0, 1}) which are
introduced in rules (12) — (19).

TCONTROLWV
Wy JetF : TUeltF <<'"t%ff§°e”
Wy CentrF : TCentrF, g
fyMeas : TMeas #Rem : stting
WysFlap : TsFlap #RemVT: integer
BI5:T5 #RemZT : integer
#i6:T6 ‘1-100;"9:: string
- Tloal
#Control) N[ 82 : float
TMeas #AccC() ~Inter\@\Mea : float
N1 TV I sy fydelta : foat
M2 : TM2 [ —
:MS “T™3 I $0perGV)

3 | A $OperStart)
g e [ —T | $0perOFF()
&5 TM5 - [ perO
&M6:TME [ *OperFire()
W7 T | [ $OperClose()

. [ *OperManual()
et I MocFie(
&10: T .

11 ST ‘c‘ ’;
I |
/ |
#rcch) |/ | ‘\
| <<Interface>>
| “ 16
\“ | #yCOReq : float
| | &OPReq : float
/ f | WNOxReq : float
& | | WQReq : float
| TsFlap | | \ #yDPReq : float
WyFlapVT : TFlapVT | o 8COON : float
yFizpTJ : TFiapTJ | | &§OPON : foat
WyFlapZT : TFlapZT | | | &OPFire : foat
1 TCentrF | | V| §COMeain : float
#hACCF() : | /’1/ #yOPMain : float
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~Isf3:fﬂsﬁ d L #COClose : float
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ysf7 : Tsf7
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#sf 10 Tsf10
ysft1 : Tsfl1
#AcCUF()

Fig.2 Central part of a class model of the tunnel

A Class Model of system TSF6 is introduced in Fig.3. This
system controls the group of Jet Fans in tunnel branch ZTS
III. The system consists of Jet Fans V515, ..., V518, which
are of types Tjf (without continuous power set up) and
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(C; = 1)(CO; > CO,u) OR((ECO; /) >> 1)), (12)
(C; = 0)((CO; < CO,,u) AND((BCO/H)< 0))), (13)
(P, = 1)((OP; > OP,) OR((OP; /) >30))), (14)
(P, = 0)(OP; < OP,,e)AND((COP; /&) <0)), (15)
Wi=1) < (V:=0), (16)
Wi=0) <V #0), (17)
(N:=1) < (n;=0), (18)
(N;=0) < (n; #0). (19)

Note 5.1.: In the subsequent text we will use an aggregated
qualitative variable CP; = (C; OR P; ). This means that (CP;
=1) if (Ci =1) OR (P; =1 )) and (CP; =0) if ((C; =0) AND
(Pi=0))
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Note 5.2.: We have used an abbreviated denotation of the
variables: instead of X(t, i) (where X is CO,, OP,, V;, W, N,
ny) we have used X, This means that for all introduced
variables we consider a common time moment “t”.

Note 5.3.: Case (n; = () means that in section “i” there are
no vehicles (moving or standing). Case (n; # 0) means that
in section “i” there are vehicles (moving or standing).

Branching

OperFire

Ii— RemZT=7 |
]
\

[RemZT=T7]

MANUAL conTRoL | [ (RemZT=1)0RRemZT=2)] | [ RemzT=8]
/ I REV1 |
/ (RemZ=3T“Jenty: va20 StatRer | | penzr=0)
OperManual | ‘
[ (RemZT=1)0R(Rem>T\=2 |
OperManual START o \ ‘
A0 Sty [ V520.tieONIOFF>TimeRun |
[\ ‘
[\ (
[ V520.t\meON/0FF > TimeRun ] \
\ REV2

[RemVT=0]

’/[RemZT =3]

[V517 l|meON/FF > TmeRun IN[RemzZT=0]

\KRen\i;T%O ]

entry: V519.StartRev

e ||
| /

‘ OperF\re
\

/
OperClose /
/

entry: V517.StartF
entry V519. StanF

“ / OperFlre
/

OperFire |

CONTROLOFF
do: t2:= now()

do: delta:= t1- t2
entry: V519.Stop
entry: V520.Stop
entry: V515.Stop
entry: V516.Stop
entry: V517.Stop
entry: V518.Stop

FRE 1o #W
exit: OperClos entry: V515.StartF

[ V515 imeONIOFF>TimeRun |

[ LocFire=ZTS |

OperFire [ RemZ1=0)0R Renzr=)

OperManual ‘

6v3 ‘
entry: V518.StartF
~  J

FireZTS

entry: V519.StartF

entry: V520.StartF
entry: V517.SetUp
entry: V518.SetUp
entry: V515.SetUp
entry: V516.SetU)

[ (LocFire=VTJH)OR(LocFire=VTJR)OR(LocFire=VTTSr)OR(LocFire=B) ]

Fig. 4 State model for class TsF6.

The introduced qualitative variables and their values are
used to define three fault situation classes:

D; - Defects in section “i” of ZTS III. (Measured variables
CO; and OP; have Values above the operation limits, or the
values are moving towards them very rapidly. However, D;
situations represent some more serious transport operation
fault and they are not resolvable only by means of the
ventilation system.)

Uj; - Unacceptable ventilation state in section “i” of ZTS III.
(Measured variables CO; and OP; have Values above the
operation limits, or the values are moving towards them
very rapidly. Nevertheless, U; situations are resolvable by
means of the ventilation system.)

A; — Abnormal situation in section “i” of ZTS III. (These
situations are rather rare in tunnel transport operation, and
their semantics is ambiguous. They indicate some strange
configuration of circumstances.) (These situations were
collected and processed automatically during experimental
tunnel operation.)
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Specification of D;, U; and A; by values of qualitative
variables CP;, W;, N;, i = 1, 2, 3 is introduced by Mg -
TABLE 1. Class X, is an artificial class that completes the
form of the Hasse diagram and has no influence on the
extraction of rules.

TABLE 1

REPRESENTATION OF THE SYSTEM OF FAULTS
Mg |CP, |[CP, |CP; [W, |[W, [W; [N} [Ny |N;
Xo 1 1 1 1 1 1 1 1 1
D, 1 1
D, 1 1 1 1
D; 1 1 1 1 1 1
U, 1
U, 1
Us; 1
A 1 1 1
Ay 1 1 1
As 1 1 1

The Hasse diagram constructed for TABLE 1 would be
very large in its original form. For this reason we represent
it by TABLE 2. This table omits node node X,, and the
original rows are now oriented in columns. Using
operations referred in Section IV.3 for extracting the
associated rules from the Hasse diagram (from TABLE 2),
we obtain 76 rules (some of which are in TABLE 3) with
corresponding values Supp(r;) and Conf(r;)).

Many of these 76 rules are not considered, because they are
semantically incorrect and they have very small (or zero)
values Supp(r;) or Conf(r;)). Such rules include: D, = D;,
D; = D,, ceey D;U, = D,, etc.

TABLE 2 TABULAR REPRESENTATION OF THE HASSE DIAGRAM FOR

TABLE 1

1 2 3 4 5
D, D, D, D, D,D; | D, D,DsU, D, D, D;U A,
D, | DiD; D, D,U, D, D; D;A,
D; DU, D, DA, D, D; U,A,
U, DA, D, D;U,
U, D, Ds D, D;U,
Us D,U; D, D3A,
A D,U, D, D;A,
A D,U; D,U; A,
As DA, D;U, A,

DA, D;U, A,

D;U; D;Us A;

D;U, U,U, Us

D;U;

D;A;

D;A,

DsA;

U A,

ULA,

UsA;

Note 5.4.: Symbol “1” in the fields of the matrix in TABLE
1 (e.g., (D2, CP2)) denotes that a Defect in section “i=2"
appears when “CP2=1" or that the state “CP2=1"
indicates the possibility of a Defect in section (i = 2). State
“CP2=1" may also indicate some other fault situation, D3
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or U2. In other words, we emphasise a non-deterministic
interpretation of the variables in TABLE 1.

TABLE 3.
i Rule r; Supp(ry) Conf (1;)
1 D, = D, 0.222 1
3 D= U, 0.111 0.5
4 D= A, 0.222 1
8 D=>U, 0.111 0.25
9 D, = U; 0 0
11 D, = A, 0.222 0.5
15 Dy = U 0.111 0.166
18 D; = A; 0.222 0.333

28 Us = A; 0.111 1
42 DU, =D, 0.111 1
53 DU, =D, 0.111 1
73 D,D; A, = U, 0.111 0.5
75 D/D,D; U, = A, 0.111 1

The extension of rules r;, extracted from the Hasse diagram
by time-space parameterisation ri(t, x), now has the
following form

—A(t, 1), (20)
D(t,1) = (U(t, 1 )OR A(t, 1)), 21)
D(t,1) = (U(t+ty1, 2 )OR A(t+112, 2)), (22)
D(t,2) = U(t, 2), (23)
D(,2) = U(t+1a1, 3), (24)

Rules (20) — (24) describe dynamic relations between
situations D, U and A in section 6 when the time sequences
of the events is considered. (Expressions (20) — (24),
illustrate of course only the beginning part of the list of
sequences (the complete list is very large) considering the
direction of ventilation flow in Tsf6.) Variable “t”
represents the time moment when the measurements were
executed and the time delays t;, Ty, T21, ... represent the
time interval needed for a cloud of dense smog to be moved
from a given measurement place to another given
measurement place (under specific events).

V.3 Detecting Unexpected Situations

A Conceptual Detection Pattern is formed by three layers
that co-operate in the detection process. Using the formal
means from Section III, we introduce for each layer (the
class model layer, the state model layer and the concept
lattices rule based model layer) models of systems of
situations (MSS) with detection structures 7(S), ..., 1,(S)
and invariants Inv(7}), ..., Inv(T,). In this paper we illustrate
the detection of an emergent situation only for state
diagram (other cases with examples are in [35].)

For a state model:

MSSsy =S, T1(S)=SM, Inv(I;)= STsy), (25)

where S represents a basic set of situations, 7;(S)=SM is a
detection structure equal (in our case) to the state model
from expression (9), and Inv(l; )= STsy, is a structural
detection invariant equal (in our case) to the structure of the
state model.

MDg(UX’) = ( MSSsy, CONDyy, ), (26)

28.-30.5.2012

CONDVI,,V : STSM(to) * STSM (t()+ t]), to<t;. (27)

Expression (27) introduces a violation of the invariant as a
change in the state model structure. (Time 7, is the time of
the establishment of the state model structure). Examples of
violations of the state model structure are: changes in
transitions between states (e.g., a change of trajectory
between states “START (RemZT=3) -
GV1(OperManual) > MANUAL CONTROL”, (Fig. 4),
the disappearance of operations or states (e.g., the
disappearance of operation “entry:V520.StartF”), etc.

Example 5.1: We consider the interruption of the bond
[RemZT = 3](GV1 — REV2) as a violation of the state
model structural invariant (Fig.4). As a consequence,
condition (27) holds. Due to this structural change, in the
situation [RemZT = 3] when there are very hard operation
conditions, fans V515, V516, V217 and V519 are not
switched into reverse mode, the whole ventilation strategy
breaks down and part ZTS III of the tunnel (beginning in
section 6) is insufficiently ventilated. In the CRLM layer,
the rules (U; = D) and (U, = D) are detected, which
violate rules 3 and 8 (from TABLE 3) and rules (21) and
(22). A(t,1) is in contradiction with (20) and in
contradiction with rule 4 (from TABLE 3).

VI. CONCLUSIONS

This paper has reported on an investigation of conceptual
detection patterns aimed at detecting emergent situations
within the framework of a monitoring system. The
conceptual detection patterns have been introduced as
layered structures illustrate the hypothesis that for the
detection of emergent situations we need more than one
detection dimension. The application and the deployment
of conceptual detection patterns has been illustrated in the
conditions for monitoring a road tunnel ventilation system.
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New Aspects in Drive Designing with Hight
efficiency Asynchronous Motors

L. Novak

Abstract -- This article show haw employ new product line motory s nizSi &nnosti. To mize zpgisobovat problémy
of asynchronous motor with High, Premium and Super zvlaSt¢ i nahrad poSkozeného motoru ve stavajicim
Premium efficiency in drives. Recommendation for frequency pohonu.
converters parameter setting and motor sizing are gived.
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— |E3

Index Terms — Asynchronous motor, cage winding, delta |t
. . .. . — — IE2
connection, energy saving, Minimum Efficiency Performance w0 L —] —

Uginnost [%)]

Standard, star connection.
9 ///

I.  Uvop % //

I kdyz = prvni frekvegni mgnice zaaly sériow /

vyrabst jiz od roku 1968, jejich masivni pouzivani
nastalo az v poslednich dvou desetiletich. Mnoh P

projektant elektrickych pohot vSak setrvava v konvénim  obr. 1. Pozadovana minimalnfignostasynchronnich motdrv zavislosti

zpisobu uvazovani a nevyuzivad plnpotencialu nové najejich vykonu podie CSN 60034-30

techniky. Stejn tak malokterda aplikani firma nedokaze

parametrizovat frekvemi meni¢ tak, aby pohon pracoval

s nejvySSi moZnoudinnosti. Tento fispitvek ma pispst k

prolomeni zazitych zZisohi pouziti soustavy frekveni

meéni¢ — asynchronni motor a maximalizovat energetickou

15 35 18,5 4 110 250 37

Nap‘iklad firma SEW Eurodrive produkuje motory DRS,
DRE aDRP, odpovidajiciffdam ®&innosti IE1, IE2 a IE3.
Jejich velikosti pak vychazi podle tabulku uvedené v [2].

. TABULKA |
ueinnost pohonu. VELIKOSTI MOTORU SEWEURODRIVEV [KW]PODLE UCINNOSTI
Il NOVE TRIDY UCINNOSTI ASYNCHRONNICH MOTORJ TDYFZ’ MOTORY %R;é DRE DRP
Jednimz prostedki snizovani spdeby energie a tim i DR.80S2 0.75 - -
emisi CQ je jeji lepSi vyuZivani cestou zvySovartininost DR.80M2 1,1 0,75 0,75
elektrickych pohofh. Smernice EU 2009/125/ES a jeji__DR.90M2 15 1,1/15 11
zapracovani v nortnCSN EN 60034-30 zavadi novédy DR.90L2 2.2 .
Winnosti  asynchronnich motior napajenych ze sit DR.100M2 3 2.2 15/22
. R L. DR.100L2 - 3 -
s kmitaitem 50 a 60 Hz MEPS (Minimum Efficiency priooLc2 4 N 3
Performance Standard). DR.112M2 4 4 -
IE1 — standardnidinnost (Standard) DR.132S2 5,5 5,5 4
IE2 — zvySenadinnost (High) DR.132M2 7.59,2 75 -
IE3 — vysoka ginnost (Premium) DR.132MC2 - 9.2 5.5

IE4—veImi_Wspkzj\_§{nno§t (Super—P,reminum) Spole&nost Nord dosahuje zvySeniciinosti pouZitim
Tato norma je PsnejSi nez dobrovolna dohoda EU Spydi misto hliniku pro klecové vinuti. Tim také zarave
evropskou asociaci vyrobcCEMEP. Norma byla vydana yjess skluz motoru, momentova charakteristika v pracovni

vroce 2009 a jeji zavadi do praxe znamena, Ze od 16. 6qp|agti je strnyjsi, ale zabrny moment je nizi. Diky tomuto
2011 musi byt u asynchronnich mdtose zatizenim S1

- Dyt ol ooy . opatieni neni pakieba zvySovat mnoZstvi zeleza.
dodrzena minimalni dinnost IE2. Od 1. 1. 2015 je pro 1oyt cestou jde také vyrobce Siemens swadou
motory vykoni 7,5 az 375 kW sta'novena mlnlm_alrtflnnost motori SIMOTICS GP 1LE1, zatim do vykonu 22 kW [3].
IE3. Od 1. 1. 2017 se tato podminka vztahuje i na motory @flisiq rotori s kleci nakratko odlité z hlinfku jsou u mator
vykonu 0,75 kW. PoZadavek zvySeni U¢innosti

. o o o ! J&idy (cinnosti IE2 vyuZity rotory s kleci nakratko odlité
alternativi¢ splnitelny pouzitim motoru s ucinnosti podle 1E2, xqi Motory IE2 maji proti motdm s IEL aZ o 40 %
v zapojeni s frekvamim neEnicem. To znamena, Ze motory ansi Ztréty.

se standardnicinnosti IE1 se v saasné dobv EU nemaji  Nis&i ztraty moto IE2 umoiiuji provoz na 125%
pouzivat. PoZadované minimalnfininosti stanovené touto jmenovitého vykonu, aniz by se dosahlo tepetritického

normou jsou profidy IE1, IE2 a IE3 na obr. 1. .. stavu. Znamena to moznost raesii provozniho rozsahu
ProtoZze 2zvysene cinnosti se dosahuje fedevsim \viony se kterym Ize pitat i navrhu aplikace. Lze tedy

zvetSenim aktivniho materialu v motoru, dochazi k tomu, Zg,izit provozni rezervy, protoZe motor ma vykonovou

motory ¥idy innosti IE2 a IE3 jsowasto rozmirngjSi nez  rezervu. V mnoha fipadech pak jde pouZit motor mensi

velikosti.

This work was supported by the internal CTU Grant "Development of

measuing, simulation and experimental methods with focus on norj|. MOZNOSTI ZVYSENI VYKONU MOTORU

traditional energy source" SGS12/178/0OHK2/3T/12 ] ] )
Lukas Novak is with the Department of Instrumentation and Control Pfi obvyklém zapojovani asynchronnich madtow siti

Engineering, Faculty of Mechanical Engineering, Czech Technic@x400/230V pouzivdme zapojeni motoru do &zuy.
University in Prague, Czech republic (e-mail: Lukas.Novak@fs.cvut.cz).
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Frekvergni meni¢ pii jmenovité frekvenci napdji motor v M [Nm]
jmenovitym naptim 400 V. Pro frekvence nizSi, nezsov L o Ut

jmenovita frekvence se nép snizuje linears do nuly. Pro
frekvence vySSi nez jmenovité by se naopalomapgti na .
vystupu lineara zvySovat pro zachovani velikosti momentu -
To vSak mni¢ neni schopen dodat, nebeystupni nagti se ~ *°v #10% M M
tvoii z nagti napajejiciho rni¢. Takovému zfisobutizeni
tikdme skalarnifizeni.

% (konst. zatez)

230V A

W

A. Kompenzace snizeného vykonu v oblasti jmenovité
frekvence 0 50 _ 87 f[Hz] o 50 87 f[Hz]

Pokud se k napajeni motoru pouzije freld@nmeni¢, oObr. 2. Piiibshy momentu motoru ip zapojeni do hszdy (mode) a do
svorkové nagti motoru je proti napdjenifigmo ze si  trojuheiniku (hide) a pibehy M. moment konstantni a kvadratické
snizeno o Ubytky nai na nenici a jeho pisludenstyi. zatze(zele) .. .. .
Vypocet svorkového nagi na motoru se provede podie Timto zpisobem Ize pro dany vykon pouzit motor o jednu

vztahu konstukeni velikost menSi. Bhi¢ kmitoctu vSak musi byt
U ’ “U. -(AU., . +AU_, +AU,. . +AU, ) dimenzovany na vystupni proud, ktery odpovida proudu
svorkové motor sit sit_ filtr méeni vyst. filtr kabel motoru, ZapOjenéhO dO trOjl:IhelnikU.
(1) Otazkou je, zda tizeme takovy vykon z motoru trvale

Pt napajecim nafii 400V dosahuji Ubytky na tsivém
filtru 5 V, Ubytek napti na frekvednim neni¢i dosahuje az
7,5 % vstupniho nagi. Ubytek napti na vystupnim filtru je
Primo - urerny zakladpl modubm’ vystu,pnl fr/ekve_nm & y katalogu vyrobce motar [3] zjistime, Ze provozovani
proudu motoru. Nap Ubytek napti na vystupnich filtrech 410y na dvojnasobek jmenovitych @& je pustné u
SEW Eurodrive fi jmenovitém proudu a frekvenci 50 Hz se, xqcp tyi motoru a lopatky ventilatoru by dly zvyené
pohybuji okolo 20 V [2]. Ubytek n&t na kabelu k motoru

A . X ; . namahani vydrzet.
pri délce 100m p obvykle projektovanych @izezech se  omezeni tohoto Zsobu zvygeni vykonu motoru je
pohybuje od 3 do 10 V.

PO S . . . vcharakteru zatéZzovaciho momentu. Pokud jeibgr
?”'Z? ne svorkgve nvaip)_vna MOTOrU S€ MUSI UVaZoVall P 745 yaci charakteristiky kvadraticky,tipzvySeni otéek
uvaceni frekvergniho nenice do provozu, protoze jinak by 44 jmenovité hodnoty motor nevykazuje dostae

dochazelo p jmenovitém zatizeni k nedovolnému B&BNi s ment, jak je vidt na obr. 2. Pro konstantni Zatize vak
motoru. Jednou z cest je snizeni jmenovité frekvence p(géséhnout vyznamné spory.

odebirat. V motoru rostou ztraty v Zeleze i ve vinuti. Zatove
ale roste odvod tepla vlivem intenzéjiho chlazeni vysSimi
ot&kami ventilatoru. Kontrolou maximalnich @&tk

vzorce y Pri provozu motoru s gmicem kmitatu je vinuti
f, = ok _moor g (2) za&zovano vice, nezipnapajeni jen ze sitJe to zfisobeno
U jmenovie _ motor hlavrg vysokou rychlosti vZistu nagti du/dt, stejs jako

délkou, typem a ulozenim motorového kabelu.
V takovém pipact je kdispozici jmenovity moment PR P : i U
motoru do stanovenych @&k podle vzorce, nadémito C. Prizpisobeni velikosti magnetizasiho proudu zatizeni

ot&kami je nutno pditat se snizovanim momentu viivem Nastaveni V/f kivky frekvertniho nénice podle pitbehu
odbuzovani. zakZovaciho momentu na @téach, umo#uje zvysitéinnost

Jinou cestou jefepojent vinuti motoru do trojihelniku. v MOtOru i cast@&neém zatizeni. dhto Uspor Ize dosahnout
tomto ppack je jmenovity moment motoru k dizpozici nejenPiedevsim u ventilatéra cerpadel. Nejvyhod#si je, pokud
pri frekvenci 50 Hz, ale az do frekvence vypmé opt Sam frekvenini meéni¢ ma funkci automatické optimalizace
podle vzorce (2), kde v3ak za frekvengidbsazujeme 87 €nergie (AOE).

Hz..

B. ZvySeni vyk t dj itou hodnot V. ZAVER

) Seni vykonu motoru nad jmenovitou hodnotu . R . . o
vy vy ) Optimdni  &innost pohonnych systédm se tSinou

Pri zapojeni motoru do trojuhelnikufigrekvenci 50 Hz nachazi voblasti kolem jmenovitého vykonuie®to je

post&,UJe pro- vyvozeni Jmenowte_ho, momentu, VySt.uPn}nnoho pohot pro jistotu gedimenzovano. Nasledkem toho
napsti meénice 230 V. Toto zapojeni statorového V|nut|je pohon provozovan pod jmenovitym vykonem dntost
poskytuje moznost lineatrevySovat vystupni nafi ménice  gjins esa. Redimenzovani krom snizeni  dinnosti

az do,frekve,nce 87 HVzFipz:,;lchovéni jmenovitého mom?_ntu'pfedstavuje také vy3si fipovaci naklady.

To ma za nasledek, ze vykon motoiti §7 Hz se zvySi 0 * Nayrhovani pohoin pro praci nad jmenovitymi atéami

V3 vykonu jmenovitého. i jmenovitém zatizeni protéka je vyhodné v tom, Ze Ize od motoru ziskat jmenovity vykon.
jmenovity proud uvedeny pro zapojeni do trojuhelnikli. Ppyj ¢asteném zatizeni diky optimalizaci okamzitého &ap
zvySovani frekvence nad 50 Hz je frekvencrhit schopen na motoru Ize udrzovat maximalni Gginnost. Motor Ize
také zvySovat vystupni nép a tim udrzet optimalni zarovei zvolit o jednu konstrukni velikost mensi.
magnetizaci motoru. Odb proudu Astava (za fedpokladu

jmenovitého zatizeni)¥ps rostouci nagi konstantni, neltd [1] CSN EN 60034-30 Tivé elektrické stroje Cast 30: Fidy (innosti
reaktance motoru diky rostoucimu kndito také stoupa. jednootékovych trojfazovych asynchronnich maltonakratko (IE

Motor nebude fetizen, nebd proud motoru nadale kod), CNI 2009

o el > h ioni g2l SEW EURODRIVE: AC Motors DRS71-315, DRP90-315, DRL71-
nefrekrasi jmenovity proud uvedeny pro zapojeni d 225, DT56, DR63, DV250/280 Catalog, Edition 05/2009

trojuhelniku. Pouze fazové ngipse zvysi z 230 V na 400 V. [3] SIEMENS: SIMOTICS trojfazové asynchronni motory s rotorem
Toto nepedstavuje pro moderni motory, které jsoudtaps nakratko 1LE1 osova vySka 100 az 160 vykon 0,75 aZ 22 kW ,
zkouseny na 1500 V aZ 2000V nebedipe katalog D81, Siemens 2012
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Measurement of Temperature and Energy Flow
In Earth — Atmosphere Interface

V. Jirka, J. Zicha, B. Sourek

~ s

Abstract — This paper presents first results which were terénem, dalSiffruby jsou ve vy3Skach 8,1, 15,7, 23,3 a 30,9
obtained from mobile device developed for measurement of m. Na kazdé sekci jsou &ireny teplota a relativni vihkost
flow of energy in nature which was developed and built within meteorologickém radiaém krytu a rychlost a sén vétru.
the project NVP II MZP, ev. num.: 2B06023. The device
measures absolute and comparative values of temperature, 1
humidity, direction and velocity of wind 30 m above the
ground. Aim of these measurements is to assess the influence of e 7 M ;
sun radiation on different types of growth. Methods and - oy
instrumentation for measurement of radiation temperatures, G '
air temperature above the growth, and surface temperatures in H
Domanin vrt area were compared. Measurement was  2e )
performed on 2.-3.10.2011. Presented results and long-term [
pilot monitoring enable better understanding of physical nature b
of events which occur at the interface soil-atmosphere at a
meadow with growth of different heights.

Index Terms—Temperature, Energy, Thermography,
Composite, Radiation, Calibration, Mobility

I.  Uvop 4!

OBILNI mefici stanice umaluje provazat data

.bodovych* meteni z pozemnich stanic s teplotni da

mapou celé lokality, ziskanou jejim zobrazenim
germaniovou optickou soustavou na maticovy bolometricky
nechlazeny detektor termovizni kamery, pracujici 5 Al @
ve spektralni oblasti 7 -14 um. Velkou vyhodou systému je Y AT
kontinualni monitoring a tim postizeni dynamiky jev
probihajicich na #fené lokalit a také moZnost snadného
presthovéni, ktera doposud nebyla vyuzita. Jedna se® pin
autonomni pracovi§t které k doposud #&tenym daim Obr. 1. Schéma rici stanice
piidava data dalsi, jinym #gobem nezgiitelna. Ptkladem
jsou vysSkové rozlozeni teploty, relativni vihkosti a rychlosti
vétru, jehoz vliv na odpavani vody (z energetického
hlediska jeden z Kbvych jewi, ktery v @irodk probihd) je
velice dilezity. Senzory jsou dopsmy o NET radiometr
(teplotacidla, IR a VIZ radiace oblohy a porostu) a obsahuje
také termovizni snimek sledované plochy, ktery je
zaznamenavan ve stejnésasovém intervalu - 10 min.
K méteni meteorologickych dat ve vySkovém profilu je
vyuzito &lenéni stozaru na sekceCidla jsou umisina
na drz4cich, které jsou upewty k piirubam, vioZzenym mezi
jednotlivé sekce. l1.ifruba je umisina ve vySce 0,5 m nad

(0

(T

4

\
"

o«
AR (\ r}:

Prace byly podpgeny z prgektu NVP Il MZP, ev.i. : 2B06023
,Vyvoj metody stanoveni takenergie a latek ve vybranych ekosystémech,
navrh a owfeni princigh hodnoceni hospodd#tych zésah pro zajisteni
podminek autoregulace a rozvoje biodiverzity“.

Vladimir Jirka (e-mail: jirka@enki.cz) - ENKI, o.p.s., Dukelska 145,
379 01 Febay, Ceska republika

Josef Zicha (e-mail: Josef.Zicha@fs.cvut.ac2/UT v Praze, Fakulta
strojni, Ustav fistrojové afidici techniky, Odbor f®sné mechaniky a
optiky, Technicka 4, 166 07 Praha @&gka republika

Botivoj Sourek (e-mail: borivoj.sourek@fs.cvut.cIVUT v Praze,
Fakulta strojni, Ustav techniky prostiedi, Technickd 4, 166 07 Praha 6,
Ceska republika

Obr. 2. Realizovana @fici stanice
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Obr. 3. Transport stozaru

Na vrcholu stozaru je umistén krakorec, ktery nese
dosedaci platformu pro ndsitermovizni kamery a
fotoaparatu, které Izeshem rékolika desitek sekund spustit
nebo vytdhnout operatorem do pracovni polohy. Tato Vzhleden k meteorologickym podminkam,rquevsim
moznost je vyuzivana pro&bdat z panirové karty kamery ¢astym boikam nebylo mozné po osazesdly v €t 2011
a @i nahlé znén meteorologickych podminek. Na severnProvest dlouhodoba éreni. Byly vsak provedeny metodicke
strarg krakorce je umigh také NET radiometr, ktery snima €Sty které umoznily dokait mefici stozar na Grove kdy
dopadajici i odrazené i v IR a VIZ spektralni oblasti a 2Y! S listymi omezenimi goraven k monitoringu. Neptsim

teplotu ¢idla. Cidlo ma aperturu 180°. Termovizni kamermproblemem bylo napajeni termovizni kamery, ktera nema

. . N o o gtlumovy rezim a diky stalé vnitt kalibraci ma znéou
lze §_n[mat zc_ems_ky povrch s_aperturovu_ ,12 , 24% 45 p(,)dsf%orebu. Zatim byl probléreSen externim zdrojem Li JON
pouzitych objektivi. Hodnoty jsou dlezité pro posouzeni

X ! . o L bateriovym blokem svydrzi 8 hod. Druhym vaznym
viivu délky expozice a fedevsim s®ru dopadajiciho problémem byl hromosvod, se kterym se potykame doposud.

sluneniho ~ zaéni na  vyhodnocovani leteckych &y = prezentované aeni protthlo ve dnech 2.-3.10.2011.
druZicovych snimk v IR oblasti. Na stozaru jefimo N5 stozar do fesré definované polohy byla vytazena
metena energie dopadajici a odrazené kratkovinné sloZkyyizni kamera v krytu s bateriovym boxem a interval
globalniho slunetiho zaéni ve spektralni oblasti 300 - gnimani byl nastaven na 10 min. Data - termovizni snimky
2800 nm. Sotasti n&fici instrumentace stozaru je takeby|y zaznamenavany do pafové karty v kamie.
snim& tepelného toku vimé a atmosférického tlaku py'g hodinach byla kamera spurg, vymensn bateriovy
vzduchu pro stanoveni tlaku vodnich par. Na stanici jsqj,y  nhrovedena kontrola zatesti, rekalibrace kamery a
meéiena také dopadajici a odrazenéema v tepelné oblasti kamera byla vytazena #pna stozar. Paralainprobihal

4500 — 42000 nm a teplotadla, ze kterych je potana o ghodném intervalu shdat zeidel, umisénych na stozaru
efektivni teplota oblohy pro dany region a souhrnna tadia ; pomocnych stanicich.

teplota vegetniho pokryvu pod stozarem. Pro ¢eni

komplexni meteorologické a energetické situace je sytém

doplrén o stanici nifici  standardni meteorologické A.  Priprava experimentu a vyblokality

podminky ve vySkadch 0,3 a 2 m, sé®nim sniru a Pro experiment byla vybrdna zatréma oplocena
rychlosti Wtru, zdznamem mnoZstvi srdZek, dopadajici glocha vodniho zdroje obce Domanin okres iamdv
odrazenou radiaci. Pro vy§et energetického toku daigly Hradec. Pro &l experimentu byla plocha dlouhodob
je msteno 8 hodnot teplot vipinim profilu a vinkost fidy.  pfipravovana. Lev&ast nebyla udrzovana a sekéna po celé
Cidla jsou obsluhovana automatickymi zéznamovymi w¥egetaéii obdobi. Prav&ast byla posekana a zmavana
fidicimi jednotkami FIEDLER, které v s®bzahrnuji cca 2 tydny fed experimentem a osovy pas pod krakorcem
univerzalni datalogger, telemetrickou stanici s vestavnyRYl posekan tne pred experimentem. Tim byly ziskany t
GSM/GPRS modulem, programovateltiidici automat a pl,ovchy na stejné lokatitse shodnou vegetaci, lisici se pouze
energeticky zdroj, nezavisly na siti, vyuzivajici skmie VYSkou porostu. Pod krakorcem na ose byly umjstw
z&ieni. Jednotka umaije kontinualni celorni zaznam a kalibrami tabule Al plechu o velikosti 1,25x1,25 m, jedna

fenos dat na server, odkud je dostupny vSem uzivateld cerna a druhé ,bﬂé’ s barvou o zqémé em(sisvit’: 0’96,'
P : pny Y, prab&hu metici kampaw byla provadna kontrolni niteni

teplot bezdotykovym teplognem, n&ticim radi&ni teplotu
povrchu a termgdankovou dotykovou sondou, kterou je
teploner vybaven.

II.  MERENI
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Obr. 4. Celkovy pohled na #iici polygon

B. Pouzita technika

Termovizni kamera: FLIR ThermaCAM PM 695

s objektivem A=45°

Bezdotykovy teplorér: FSI AGEMA Thermopoint 64 Plus
Netradiometr: Kipp&Zonen CNR1

Radiometry: Kipp&Zonen CM3

Cidla teploty a relativni vihkosti: Fiedler RV 12

Cidla smeru a rychlosti ¥tru: Tlustak W2

Teplomery: Pt 100- XM

Pidni radiometr: Huxeflux HFP 01

28.-30.5.2012
Roztoky u Kfivoklatu, Czech republic

TEPLOTY MERENE NA STOZARU

——Teplota 0,5m

Teplota7 m
——Teplota 15 m

——Teplota 22,5 m

———Teplota 30 m

=—Teplota NET

4.10.2011 0:00

3.10.2011 0:00

2.10.2011 0:00

graf ¢. 2: Teploty vzduchu mené na stozaru

Teploty, rdFené na meteostanici:

Teplota vzduchu, m&tfend v meteorologickém krytu ve
vysce: 0,3m, 2m,

Teplota &la NET radiometru, teploty tply, které zde
neuvadime

TEPLOTY MERENE NA METEOSTANICI
30

25
20
15
10

teplota 0,3 m

\ /4
L\ / !

l ﬁ! % t ——teplota radiometru

T
3.10.2011 0:00

——teplota 2m

1
2.1052011 0:00 4.10.2011 0:00

graf ¢. 1: Teploty vzduchu mené nameteostanici

Komentar:
Z prabéhu teplot je z&éjmé, jak jsou v fizemnich vrstvach
ovliviovany teploty vzduchu teplotou zemského povrchu a

Cidlo tlaku vzduchu: Dyrk — Peters HIM Electronical airAl téla radiometi jsou ve dne obdoBsrzaltivana dopadajici

pressure sensor F1

Obr. 5. Kalibra¢ni tbuIe

C. Znviené a zji&iné puibehy teplot na sledované lokalit
Za prvni cil bylo autory vyeno utideéni meéienych,

poéitanych a od&enych z termogratn teplot na naficim

polygonu, které uvadime jako prvni reflmosazené
vysledky na pvodnim zdizeni. Meteni probihalo za
jasného bezobtmého stavu oblohy. Nasle#ine uveden
vycet teplot a jejich priehy za sledovany interval &reni ve
dnech 2. -3. 10.2011

Teploty ndiené na stozaru:
Teplota vzduchu, mgiena v meteorologickém krytu ve

vysce: 15 cm, 2m, 7,5m, 15m, 22,5m, 30m
Teplota tla NET radiometru,
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slunei radiaci a jejich teplota je o kalik stupita vyssi nez
okolni vzduch. V ndnim obdobi, kdy je zemsky povrch a
télesa radiometr ochlazovan vyzamvanim vi¢i chladnému
vesmiru a diky odparu jsou teploty vzduchu na rozhrani
zemského povrchu nizsi. Od 2 do 30 rinetiyly teploty
vyrovnané. Teplota élesa radiometru na stozaru byla
udrzovana topnym é&kesem tak, aby nedochazelo ke
kondenzaci vodnich par né&dlech a proto je vySSi ve
srovnani s meteostanici.

Teploty mdy, n¥rené pidni meteostanici:

Pribeh teplot v hloubce 1 cm, 2cm. 3cm, 5cm, 7cm, 9cm,
12cm a 15, veieéch prostedich

20 TEPLOTY ROSTLA ZEM

———teplota -1cm °C

FA\N
1

25

//&.\ teplota -2cm °C
7\

20

taplota -3cm °C
15 -

taplota -5cm °C

10 4 teplota -7cm °C

5 teplota -9cm °C

—

T
3.10.2011 0:00

TEPLOTY PISEK

teplota -12cm °C
4.10.2011 0:00

[o]
2.10.2011 0:00

30

——teplota-1cm *C
25

——teplota 2cm °C

20 taplota-3cm °C

15 taplota -5¢m °C

10 —teplota -7cm °C

5 ———teplota -9cm °C

0 teplota-12cm °C

2.10.20110:00

4.10.2011 0:00

3.10.2011 0:00
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TEPLOTY RASELINA
30

teplota -1cm °C

———teplota -2cm °C

25

taplota-3cm°C
20

——taplota-5cm °C

15
——teplota -7cm °C

10

teplota -9cm °C

5 teplota-12cm °C

o = teplota -15cm °C

2.10.2011 0:00

3.10.2011 0:00 4.10.2011 0:00

graf ¢. 3: Teplotni profily v zatrawmé rostlé pide, pisku a raselié

Komentar:

Casovy ptibéh teplot v uvedenych hloubkéch v zatréwé
rostlé pidé, raSelik a pisku za shodnych klimatickych
podminek. Bed néfenim gedchazelo 20 dni bez srazek
tedy @i konstantni objemové vlhkostitgy 32%, raSeliny
35%, resp. 15% u pisku. Kr@m vihkosti jsou
zaznamenavany také ra¢té toky pidnimi radiometry. Tyto
veliginy slouzi k popisu zavislosti a &eni metodiky
vypotu energetické vygny v pade.

Komparani mereni kalibra’hich desek a porostu

Teploty kalibra&i povrchii, bilé acerné kalibréni desky a
porosfi byly kontaktd merené termoélankovym cidlem
bezdotykového teplo&nu FSI AGEMA Thermopoint 64
Plus a radia¢ni teploty shodnych mist, &ené timto
teplomérem (¥ nastavené emisiite = 0,96.

Méteni probihalo 3.10.2010 v obdobi mezi 9 a 18 ho
vintervalu cca 30 min a v grafu je dogho radiaénimi
teplotami n¥tené lokality, ode&nymi z termoviznich
snimki s intervalem snimani 10 minut.

RADIACN[ A POVRCHOVE TEPLOTY KALIBRACNICH DESEK

60

TR bild TMY
—TR ternd TMV
TR bild teplomér

50
40
30 7 ® TP bild povrch
20

A TR ernd teplomér

10 ® TP temnd povrch

0
3.10.20110:00

1
4.10.20110:00

graf ¢. 4: Porovnani teplot na kalibemich deskach, meého TMV a
teplomery

RADIACNI A POVRCHOVE TEPLOTY POROSTU
——TR posekana TMV

40
35
30
25 +
20
15
10

5

0
3.10.20110:00

4 TR posekana teplomér

@ TP posekand povrch

—TR stfed TMV

A TR stre teplomér

o TP stied povrch

4.10.20110:00

graf ¢.5: Porovnani teplot v porostech, ne¢fo TMV a teplomery

Komentar:

Pri meéfeni kalibratiich desek vykazuji teploty povrchu
vySSi teplotu oproti teplotam radi@m, kdy u bilé desky
jsou rozdily ¥tSi. Rozdily picitame odlisSné hodnét

emisivity od hodnoty, inzerované vyrobcemaénat Zmsny

28.-30.5.2012
Roztoky u Kfivoklatu, Czech republic

také budou ziisobeny starnutim, erozi a usazeninami na
povrchu. Radiéni teploty, néfené teplorirem a odétené

z termogramu vykazuji obdivuhodnou shodu.

Pti kalibratnim mefeni v travnatém porostu se projevila
nehomogenita povrchu ztraym rozptylem hodnot, ale je
zfejmé, Ze teplotni trendigtal zachovan.

Teploty pa@itané

Zdanliva radiaéni globalni teplota oblohy a zdanliva
radiaéni globalni teplota povrchu. Vyget ze Stefan-
Boltzmanova zakona na zaktadnéiené teploty dla NET
radiometru a radiac¢ni vygény ve spektralni oblasti 5 - 35um
mezi jim a oblohou v prvnimifpad a zemskym povrchem

ve druhém fipack.
30
" VN N
20
15 /\ [\
/ \ / ———teplota povrchu
P A
5 7 /’_\ ——teplota oblohy
0 o T 1
2.10:2611 ”:"”J/ :)L‘L.’”LL” 06 / 4.19:2011 0:00
-10

-15

graf ¢. 6: Vypeitana teplota oblohy a porostu ze stozaru

Komentar:

Radiani teplota porostu, vygftana z teploty ¢idla a
radiahiho toku je kontrolni integralni hodnota, kterd p
porovnani s dalSimi teplotami  povrchu, é&memymi
experimentalnim z#éenim stanovuje mezergsnosti, ve
kterych se pohybujeipstanoveni globalni teploty oblohy.
Tato hodnota je pitana pro celou #sfenou oblast a je
velmi dilezita, neb vstupuje do vypti energetické bilance.
ProtoZe na rozdil od oblohy mame i jiné moznosti jakizm
povrchovou teplotu porostu, a éffme ji, je pro néas
porovnani teplot porostu éfitkem shody metod a #Haeni
neba@ meéieni i vypdty probihaji stejnymi fistroji i
metodou.

Radia’ni teploty, odé&ené z termoviznich snifk

Pro spravné @eni radignich teplot nsfenych povrch byly
dodrzeny nasledujici zasady:
 teplota povrchu je imérna teplota pewh

definovaného kruhového segmentu, ktery byl
vytvoren maskou v programu FLIR ThermaCAM
Researcher 9.1.

Maska byla kopirovana na jednotlivé snimky a
program obsahuje teplotni analyzu

* pro kazdy ode&et bylo upravovano nastaveni kamery:
- teplotu pozadi - zdanliva globalni teplota oblohy
- teplotu okoli
- teplotu externi optiky, ktera byla totozna
s teplotou okoli
- relativni vihkost

Chykgjici hodnoty cca 2%ipbvymeéne baterii byly
nahrazeny interpolaci
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Obrazek 6: Termovizni snimek s vyamymi kruheymi segmenty, bylo

zpracovano cca 300 snimkii

TEPLOTY ODECTENE

posekana

vysoka

——teplota stfed

2011 0:00

PARAMETER VALUE
Object Distance 30.0m
Emissivity 0.96
Image Camera Lens FOV 45
Image Camera Type ThermaCAM PM695 PAL
Image Min. Temperature 6.4 °C
Image Max. Temperature 45.1 °C
Image File name SEQ043.IMG
Arl Average Temperature | 28.3 °C
Ar2 Average Temperature | 21.3 °C
Ar3 Average Temperature | 23.5°C
Ar4 Average Temperature | 42.8 °C
Ar5 Average Temperature | 24.7 °C
External Optics Temperature 20.0°C
External Optics Transmission1.00
Reference Temperature 20.0°C
Relative Humidity 65.0%
Atmospheric transmission | 0,96
Atmospheric Temperature | 20.0°C
Reflected Temperature 20.0°C
Image Date 2.10.2011

Tabulkac.1: Nastaveni termovizni kamery aestii teploty vymezenych

oblasti

TEPLOTY ODECTENE
60

50
40

= posekana

——vysoka

—teplota stfed

™ N\
2 [ [\
b A A

teplota bild

—teplota cernd

graf ¢. 8: Radia’ni teploty travniho porostuizné vysky, odectené z
termoviznich snimki

Komentar:
Upozotiujeme pedevsim na nasledujici poznatky &emi
a interpretace
- Cerna deska, kterd ma emisivits 0,95 nejetsi
absorbitivitu se ve dne tdje nejvice, ale v noci
naopak nejvice energie vyia a je tedy
nejstudesyjsi
- Nizky, ¢erstw posekany porost je ve dne z pofiost
nejteplejSi, coz je logické, nebominimalre
transpiruje a tedy neni ochlazovan, ale on je
nejteplejSi v tomto @nim obdobi i v noci. To je
dano tim Ze je vifmém kontaktu s{dou, ktera ma
teplotu cca 5° viz graf.3.
- VySe zmigné poznatky se uplatji také na gedni a
vysoké travni pokryvce, kterd diky evapotranspiraci
a izola&nim vlastnostem porostu tlumi teplotni
vykyvy a zmenSuje amplitudu.

D Radiani mgreni NET radiometry ve vySkach 2 a 30 m

Pro kontrolu byly porovnany hodnoty néfanych radiaci ze
dvou NET radiometii, které se nachéazely sousedstvi na
stejné lokali¢, vzdalené od sebe c@8 m ale jeden byl ve
vySce 2 m a nebyl viikan a druhy, vyhfivany byl na
stozaru ve vysce 30 m.

RADIACNI TOKY NA STOZARU A METEOSTANICI

700
600 -
500 -
400 -+

e |JP VIZ stoOZAr

s |JP VIZ meteo

300
200 ! \ ] 1\ === DOWNVIZ
. stozdr
100 4 £l S = = = DOWN VIZ
0 1 meteo
21002011 0:00 2.10.2011 0:00 4.10.2011 0:00
W/m2

graf ¢. 9 Kratkovinna radiace na stoZaru a meteostanici

ROZDIL KRATKOVLNNYCH TOKU METEO - STOZAR

60,00
50,00

'l
2.10011 000 3.10.20110:00 4.10.20110:00 40,00 |
30,00 A |
20,00 \ | ——delta UP VIZ
10,00 ,' \\ Jf \\ \|
0,00 </ = Y delta Down VIZ
graf ¢. 7: Radiani teploty vSech zajmovych ploch odectené z termoviznich ,mﬂmen&ee—-l-‘/ 0014 0:00- -\——/ 4402011 0:00
snimkai -20,00 W A
30,00
40,00
W/m2

graf ¢. 10 Rozdily kratkovinné radiace

Ve spektralnim pasmu 0,3 -2,8 um byla vyrazna shoda ve
vysledcich jak dopadajiciho tak odrazenéhdenmia byl
zaznamenan pouze poswasovych zakladen, stin od
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svislého nosniku krakorce u radiometru na stozaru

P ; Tpyr STOZAR A METEOSTANICE A TEPLOTY VZDUCHU V JEJICH OKOLI
zastirni pri zapadu a vychodu slunce. 2

T pyr stozar
RADIACNI TOKY IR NA STOZARU A METEOSTANICI 20

T pyr meteo

e JP IR stoZdr 15
' ===<Tmeteo 2m
-2011 0:00
-==-DOWNIR 10
stoZar
UP IR meteo

====Tstozar 30 m

AAAAAA dT stozar

====DOWNIR

Gaagetett 1
meteo 2102011000 ™ £10.20170:00° AT meteo

graf¢. 11 Dlouhovinné sloZzka radiace na stoZaru a meteostanici
graf ¢. 14: Teploty téles radiomeir a odmvidajici teploty vzduchu ve
stejné drovni

ROZDIL TEPELNYCH TOKU METEO - STOZAR Z nangtenych hodnot na stoZaru jéepmé, Ze teploty jsou
celkem vyrovnané, ale ve dne je teplota vzduchwékmlik
(cca o 5°) niz8i, nez teplotadla. Konstrukni reSeni NET
—deltaUP R radiometru Kipp&Zonen CNR1 je nasledujici. Na Al

oo A [ womne, | Uzaweném profilu jsou proti s@bpiidélany dw dvojice
000 ! nezavislychcidel pyranometr CM3 a pyrheliometr CM4,

) \IM!!!M vybrané tak, aby #ty shodny pirustek signalu na jednotku

-60,00 W L . z . .
000 energetického toku a je diena teplota &esa —v jedné z

' piirub Al profilu. Vzhledem k tomu, Ze éfeni probihalo za
slunného poasi a &leso radiometru je tweno eloxovanym
) ) o 5 . Al profilem, ktery absorbuje¢ast dopadajiciho zaii,
graf ¢. 12 Rozdil dlouhovinné radiace na stozaru a meteostanici predpokladame jehdasteqé oftati. V nanim obdobi, kdy
téleso radiometru naopak vyzge wici obloze a tim je
ochlazovano, je ztrata kompenzovana topnym Zldéeém a
teplota €lesa a okolniho vzduchu byla wianém intervalu
témet shodna.
Na meteostanici ve vySce 2 m nad zemi jsou ve dne teploty
témsif shodné coz si vystluieme blizkosti zemského

se liSi referetni teploty, vici kterym je vztahovan radiai povrchu, od kterého se vzduchreje obdoba jako Eleso

- : N radiometru, ale v nmim obdobi za jasné oblohy byla
tok, a zrelativni vihkosti, atmosférického tlaku a tepl0t¥eplota radiometru niz&i, coXiguzujeme radinim ztratam
vzduch v Urovnichéidel byla vyp@itana teplota rosného !

bodu v mist pyrheliometru, pii jeho relativié nizké hmotnosti.

60,00
40,00

20,00

wW/m2

V dlouhovinné oblasti 4,5 — 42 um se rgiemé radiani
toky radiometii, predevSim swiujicich k obloze, mezi
sebou znén¢ liSily, proto jsme se pokusili &k tam
probihajici analyzovat a vysit.

Byly porovnany teploty téles obou NET radiomigtt]. jak

IV. ZAVER

Vysledky méreni z tohoto unikatniho #aeni vyrazg
prispely k pochopeni &i na zemském povrchu a vyznamu
fovstoie - yegetatiiho pokryvu a umoznily kvantifikacié¢hto dju.
— ' Maji velky vyznam pro kalibraci termoviznich snifink
I, porizenych prost#tdky dalkového gizkumu a tim

0 //"‘\ A " i meteo zkvalitiuji jejich interpretaci. Pomoci zj&tych dat jsme

2.10,2011 0:00 3.10.2Q N 11 0:00 . v , ,

Y schopni radia¢ni teploty, odené z termogratnporovnavat
s daty, ziskanymi na pozemnich kaliorich stanicich. Na
C zakladk téchto nefeni je gipravovana metodika hodnoceni a
kalibrace leteckych termograim

V letoSnim roce doznal systém &mamodernizace,
o ) . » = predevsim v oblasti ovladani a napéajeni termovizni kamery
Zpribehu teplot je rejme, ze na stozaru, kde §dlo  na krakorci. Bylo vytveeno softwarové prosdi pro
vytapene se jeho teplota pohybuje stale nad teplotou rosn€égQagani a penos obrazu ze stoZariep sériové rozhrani
bosju,. Naopak,teplota pyrheliometru na meteostanici je RS232, kterym je kamera (rok vyroby 2001) vybavena a
nOcnIE:h, hodinach pod hodnotou rosnehg ?Odcu a Profgye systém napajeni z akumulatoru, ktery je wmistpaty
dochazi k orosendidla a tim znehodnoceni vysledkneb stozaru a dobijen fotovoltaickym panelem

v metené spektralni oblasti je voda pra‘edi nepropustna. g N y I :

Tento jev vys¥tluje rozdil v ngrenych vysledcich v kmim . SE(_)zar DUd% vzten pczcatkerr)cervna na stvejnevlokayta

obdobi, ale nikoliv ve dne. Proto byly také porovnany., mpravena.radaokratko,dobych (dny) aredregjoby,ch

teploty tles NET radiomefr s teplotami vzduchu, tydny) experlm,entuo ktgre na lokal# budou realizovany.

mefenymi ve stejné vy&ce v meteorologickych krytech. ~ Budou sledovany Gzné typy povrch a vegetace za
promeénlivych  klimatickych  podminek, coz fispgje
k lepSimu pochopeni afgdevSim kvantifikaci ¢u, které
tam probihaji.

Tpyr aTd STOZAR A METEOSTANICE

T pyr rozdil

grafé. 13 Teploty téles radiometra odpovidajici rosné body
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Microplasma Welding of Nitinol and
Austenitic Stainless Steel

P. Vondrous, L. Kolik, M. Kolatikova

Abstract -- This paper summarizes the results of the elasticita, biokompatibilta a dobra korozni odolnost.
verification of applicability of nitinol (NiTi) material for  Specifické vlastnosti jako tvarova paiha superelasticita
microplasma welding. It was made experimental microplasma jsou umozany existenci dvou fazi v nitinolu, tj. austenitu a

welds between Nlt'm.ol' and. stalnles.s austenitic ste.els. This type martenzitu. Tyto faze jsou deforsmé a teplot® zavislé,
of heterogeneous joining is used in the production of venous . - L . . .
jsou ovlivreny chemickym slozenim a teplenym

catheters. Some fundamental problems surrounding the welding L ~, N . .
process of these materials, such as the need of protection and a  ZPracovanim materialu. Dikgrnto vlastnostem je moZnost

perfect gas burner to the exact positioning of components, were  VyUZiti tohoto materialu nejen v automobilovém, stavebnim
identified. Through the use of special preparation on the supply pn‘jmyslu, ale fedevéim v medicth VéEétSimu rozsireni
of protective atmosphere, formed welds, which were very nitinolu brani obtizna obrobitelnost a problematické
fragile in the heat affected zone. Without appropriate way of o547 Obrobitelnost je obtizna kvili elasticiktera
automation is not possible to achieve sufficient accuracy and o . p < p ) . . .
repeatability of production weld. ZpuSObUJe _tepelne poskozeni ,obasaﬂnow L*r,|tu nastrole_.
Odborna literatura obe&nhovai o obtizné swdtelnosti
Index Terms-- AISI 304, Microplasma, Nitinol, Welding NiTi z nasledujicich @vodi [2]:
- NiTi obsahuje velké mnozstvi Titanu, ktery ma velikou
afinitu k O,, Ny, (H,), ktera zfisobujesnadnou oxidaci

l. UvoD a nitridaci povrchu. Oxidické vrstvy a wstky TiO,,
YZKUM prezentovany vtomtoclanku se zabyva Ti,N zpisokuji vyrazné snizeni taznosti jizipmalych
moznosti svivani nitinolu resp. jeho skavani mnozstvich téchto prvk Vodik zpisobuje kehkost
v kombinaci s austenitickou korozivzdornou oceli,  svarového kovu.
pomoci mikroplazmového sk@vaciho zdroje. Kombinace - Tepelnym ovlivinim (nap. vlivem svaovaciho cyklu)
uvedenych materidlse pouziva pro vyrobu Zilnich katigtr vznikaji k'ehké intermetalické sl@eniny NiTh, NigTi,
coZ jsou |ékeské z#izeni zavagné do Zil resp. tepen a které siizuji mechanické vlastnosti svaru.
pouzivaji se nap pii podavani lék, pri angiografiich a p - Pri vytvareni heterogennich sgiog oceli mohou vznikat
specialnich vySéenich krve. kiehké intermatalické faze (Fé).
Pro wvyrobu katefr se dnes &mne pouziva Vlastnosi NiTi, ptedevSim fazové ipchodové teploty,
mikroplazmového swavani homogenni kombinace zavisi na pesném slozeni materiélu. Jiz malagman sloZeni

material z oceli AISI 304. Jadro katetru je temo velmi zpisobuje zdsadni zmu vlastnosti. Tento problém vznika
tenkym dratkem, ktery je zasunut do opletu, ktery jéemo predevSim fi vytvareni heterogenniho spoje, kdy difuzi

navinutim drétu z korozivzdorné oceli. dochazi ke zrné chemického slozeni, tedy ke &m
vlastnosti a fechodovych teplot.
Il.  POUZITEMATERIALY Chemické slozeni pouzitych matetije uvedeno v tab. |

Vysokolegovana korozivzdorna ocel AISI 304 ma lin @ fyzikalni a mechanicke viastnosti v tab. 1.

austenititckou strukturu, je nemagnetickd a ma velmi dobrou TABULKA |

korozni odolnost proti vSem drism korozniho prosedi, CHEMICKE SLOZENT SVAXOVANYCH MATERIAL U V %

vysokou taznost a vrubovou houzevnatost i za nizkych teplot.

Lze konstatovat, Ze austenitickd ocel vykazuje dobrou Ni Ti Nb | Cu Fe Co Cr
svaitelnost g dodrzeni specifickych podminek $eméni. _Nitinol | 50-70 | 30-50| 10-20) 5-10 1-5| 1-5 <3
Nejvétsim problémem i svaovani tohoto materidlu je C Co Cr Cu| Mn Ni Fe
vznik tzv. horkych trhlin, proto je nutné omezit obsah 304 | 0008 | 006 | 1852 01| 1,28 10|  zbytek

netistot v zakladnim a fidavném materialu a limitovat
mérny tepelny pikon @i vlastnim svéovanim. Proto se tyto . TABULKA I

., . o , . o FYZIKALNI A MECHANICKE VLASTNOSTI NITI A OCELI 304
materialy @i tvorb& homogennich spbjsvauji obvykle bez

piedelitevu, s teplotou interpass okolo 150 °C a bez Nitinol (martenzit| Ocel
nasledného tepelného zpracovani. Jadawny material je (M), austenit (A)) | 304
vhodné pouzit austenitickou ocel s malym obsahem defmstota [g/cr 6,5 8
feritu (cca do 10%). Teplota taveni [°C] 1240-1310 1450
Nitinol (NiTi) je kovova slitina niklu, titanu a dalSictripad, _Mérny odpor [1£2/cm] 76 (M), 82 (A) 72
specifickd svymi vlastnostmi jako je tvarova pam _Mérna tepelna vodivost [W/(m°C)] 18 16
Mérna tepelna kapacitél [J]/g°C] Oi:iZ 10755
. - . ) " Teplotni roztaznost [T0°C ,
\ Praze, 1420 234 352 630 (Bl pervondroua@le ewca), | _Pevnost[MPa] 754960 MPa | 500
L. Kolatik je z Ustavu strojirenské technologie, Fakulta stréjuiyT v __Modul pruznosti [GPa] 40 (M), 75 (A) 193

Praze, +420 224 352 630 (E-mail: ladislav.kolarikov@fs.cvut.cz)
_ M. Kolafikova je z ustavu strojirenskeé technologie, Fakulta strojni,
CVUT v Praze, +420 224 352 628 (E-mail: marie.kolarikova@fs.cvut.cz)
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IIl. OVERENI MECHANICKCYH VLASTNOSTINITI DRATU TABULKANI .
i o o, ) MEZ PEVNOSTIV TAHU ZKOUSENYCHVZORKU

Pro owtren mechanickych vlastnosti NiTi dratu a vlivu
svaovani, resp. tepelného ovligmi, byly dle normyCSN Vzorek R, [MPa]
EN 6892 provedeny zkouSky tahem na 3 VzOrCiCiyiTi drat v dodaném stavu 1098
ZkuSebnim z&izenim byl trhaci stroj LabTest 5.100. NiTi drat svaovany 443

Na obr. 1 je zobrazena nafeny pracovni diagram tahové NiTi grat tepel® ovlivneny 462
zkouSky NiTi dratu v dodané poddb(bez tepelného
ovlivnéni). Na obrazku jetetelna vodorovnéast zatézovaci IV. SVARITELNOST
kiivky, ktera odpovida superelastickému chovani typickému ) " ) ) ) o
pro nitinol. Nitinol je slitina Ti a Ni. Jeho swdelnost ovliviuje

Na obr. 2 je zobrazen n&feny pfibéh zatéZzovani pro predevsim velke mnoZstvi titanu.

svarovy spoj NiTi dratu. Pro tepélnovlivnény NiTi
(proveden lokalni afev v Ar atmosfée) byl namdten velmi
podobny pbeh. Tato zatzovaci Kivka ma vyraza odliSny e qotre odolny wici korozi. Je to polymorfni kov (s teplotou
charakter od {vodniho (neovliiného) NiTi, protoze premeny 882 st C), bilé barvy s vysokou teplotou taveni
neobsahuje vodorovnouiiku superelastické deformace. J€(1668 st C) a nizkou &mou hmotnosti 4,5 kg/dm3. Z toho
tedy mozné shrnout, Ze tepelnym oviimfim dochazi vyplyva, ze je to kovovy material s nejvy3sim soem mezi

k degradaci superelasickych vlastnostni nitinolu. pevnosti a #rnou hmotnosti.

Pro svoji vysokou korozni odolnost a biokompatibilitu se
casto pouziva praizné aplikace v 1ékatvi.

Alotropicka pFeména titanu (beta na alfa) probiha za
podminek  nerovnovazného  ochlazovani dsgbem
podobnym martenzitické pfeméné oceli. Nejw&tSi problém
pfi svarovani Ti a jeho slitin je vysoka afinita ke kysliku.
Vzhledem k vysoké reaktivtTi s kyslikem (zejménaip
vysokych teplotach) je mozné g$emat Ti pouze
v,dokonalé” plynové ochranné (inertni plyny — Ar, He) nebo
ve vakuu. B pouziti ochranného plynu musi mit plyn
minimalni vlhkost a maximalngistotu. Ochranu jeitba
udrZovat, dokud teplota materialu nepoklesne pod 250 °C.

Spravné zasadyfipsvarovani niklu se shoduji se zasadami

pfi svarovani austenitickych oceli.
Obr. 1. Tahova zkouSka — NiTi drat v dodaném stavu, bez swaru,
tepelného ovlivani

Svafritelnost titanu
Titan je velmi tvrdy a lehky kov ocelového vzhledu, ktery

i

Svafritelnost korozivzdorné austenitické oceli

Austenitickd Cr-Ni ocel je odolna proti vSem dilah
koroznich prosedi, je tvarna, houzevnata, Ma vysokou
taznost a vrubovou houzevnatosti za nizkych teplot (-196°C).
Austenitickd struktura ma asi o 50%¢t8i tepelnou

. . roztaznost a asi 0 30 % nizsSi tepelnou vodivost nez feriticka,
Porusenti | dale lepsi taznost a houzevnatost (kubicka platedna
miizka).

N Svditelnost je velmi dobrd, ovSem za dodrzeni
specifickych podminek teplotniho reZzimu. N#gi problémy

pii svaovani jsou:
R Draha | - nachylnost ke vzniku trhlin za tepla,
L - precipitace karbitl a vznik mezikrystalové koroze,
e g s e —— - zkiehnuti vznikeno faze.

s e
RRER S

s 588N

Obr. 2. Tahova zkouska — NiTi drat svafovany Proto se tyto oceli svaji zasads bez pedeltevu,

U tahowé zkousky NiTi dratu v dodaném stavu dozlg miovanym tepelnym igkonem  (max. 15 kJ/cm),

k poruseni houzevnatym lomem a u tahové zkouSky tépel%temomu interpass (max. 150 °C) a bez TZ.
ovlivnéného NiTi dratu doslo k poruSeni kiehkym lomem.
Vysledky nangiené pevnosti v tahu jsou zobrazeny v tab. II. V. EXPERIMENT

NiTi vzorek vdodaném stavu dosahl pevnosti vtahu Ustav strojirenské technologie, Fakulty strojn&VUT
priblizn¢ 1100 MPa. Vzorky NiTi sv@vané a tepetn v Praze ve spolupraci s firmou Teleflex provedkiewni
ovlivnéné vykazuji vyrazny pokles meze pevnosti na 44Qnoznosti vyuziti mikroplazmového sewani pro vytveeni
460 MPa. Relativé vysoka hodnota zji&a pro NiTi drat heterogenniho spoje oceli AISI 304 + NiTi. V tomtépack

v dodaném stavu, vySSi nez tabulkova hodnota tab. II, i tedy katetr byl tvien jadrem z nitinolového dréatu
pravcEpodobré  zpisobena mechanickym zpewim @i v opletu z korozivzdorné austenitické oceli. Proto byly pro
tazeni dratu ve vyrab Hodnoty pro vzorek swvavany a viastni svéovani pouZity specifické roziry vzorki. Byl
tepelre ovlivnény jsou si blizké, proto je moZné svaovan nitinolovy drat o m@meru 0,38 mm, ktery byl
predpokladat, Ze oba tyto vlivy majfiplizné stejny @inek vioZen do opletu z korozivzdorné oceli.

na pokles vlastnosti NiTi materiélu. Svarovana sestava je ukazana na obr. 3.
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|< e R 1 vtepelt ovlivnené oblasti.

| | / ‘
Oplet z oceli AISI 30¢  NiTi drat Svarovy spoj
Obr. 3. Svéovanasestava

Pii svatovani bylo pouzito Zézeni pro mikroplasmové
svaovani, invertorovy zdroj Inverter Microplasma 50 od
firmy EWM, viz obr. 4. Pouzity proud pilotniho oblouku byl
5 A. Jako plazmovy i ochranny plyn byl pouzit Ar 4.6. Proud
svaovaciho oblouku byl v rozmezi 4-6 A.

. 500 pm

Obr. 5. Kulicka nataveného NiTi — oxidovany povrch (proud 5 A, Ar 5
I/min, ochrana u Usti ochranné treiy)

6
5
4
3
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Obr. 4. Pouzity invertorovy zdroj a princip mikroplazmovéha'esvani

(1 - hubice ochranné plynu, 2 —ochranny plyn, 3 — chlazena tryska, 4 —
fokusa&ni plyn, 5 — vodni chlazeni, 6 — plazmovy plyn, 7 — wolframova
elektroda, 8 — VF ionizéator, 9 — zdroj rfepeseného oblouku, 10 — zdroj . . - .

preneseného oblouku, 11 fepin& obvodu, 12 — zakladni material, 13 — I(/)br 6. KEJII'ECKa nat:vene,h;) ':LT' — povreh bez oxidproud 5 A, Ar 5
plazmovy oblouk, 14 — svar) min, umistno v ochranné trubce)

Svarovani mikroplazmou (micro PAW — Plasma Arc VI VYTVORENI HETEROGENNICH SPOJU NiTi + AISI 304

Welding) je metoda vyvinuta z GTAW (Gas Tungsten Arc Za pouziti fiznych parameti byly vytvoieny heterogenni
Welding) svéiovani. Plazmove syavani obecé vyuZiva spoje NiTi+304. Pro swavani byly pouZity d¥ varianty:
koncentrace tepla a dynamickéheinku plazmy, coZz je pro ¢ast svait bylo pouzito rdéni vedeni hidku, procast
vysledkem zGzeningbo Ize pouzit fokusgcelektrického svaii bylo vyuZito automatického posuvuifaéu.

oblouku tryskou htaku, ktery se tvid mezi wolframovou Pri ruenim svaovani existuje vyhoda pohybovatiakem
elektrodou a sw@ncem[1] Plazmovy plyn (v nasenipads podélré S 0SOuU su@nce, S 0Sou Ni_Ti _drétu. Problematické
gisty Argon), ktery proudi okolo elektrody, se viivem tepld® Z€ réni ovladani nedokaze zajistit spravnou konstantni
oblouku silé ionizuje a proudi otvorem v trysce velmidélku plazmoveho oblouku, a tedy i dodanou energii.
vysokou rychlosti. Kombinované zapojeni (viz obr. 43Ychlost pohybu a doba sewani se rini s kazdym cyklem

vpravo) svi#ovaciho obvodu zajiStuje snadné zapéllerﬁ\/e'IkOSt natavené oblasti je rozdilna.

. p S U automatického pohybu Faku je mozné zatit
plazmového oblouku pomoci tzv. pilotniho oblouku, kd . .
oblouk je stabilni jiz od swavaciho proudu 0,1 A. Xonstantni rychlost - pohybu taku, ~ale vzhledem k

S ., L . uspdéadani pouzitého pracouwiSse hdak pohybuje naifie k
Sekvu,n(?arnl (ochrarjny) plyn napo’m:i\ha fokusaci_obloukuogg dratu. pTento Fténpy pohyb nize Epﬁs)(;bojvat aﬁi:ﬁté
vyuziva se k vlastni ochrarsvarove lazé (byl pouzit 0Bt nagtanility v procesu siavani, vfeni ochranné atmosféry,

cisty Ar). _ ~ pri zapaleni oblouku aj.

Svaovani bylo provedeno v mezifakultni Laboiato = syary vytvdrené rené jsou zobrazeny na obr. 7 a obr. 8.
vyuky sv&ecskych technologii neVUT v Praze, na z&eni  pyj porovnani ¢ty vytvorenych svai je viditelné, ze
EWM Inverter microplasma 50. vytvoreni dokonale pravidelného tlgulovitého tvaru

Na zkouskach swavani nitinoloveho dratu byly zakorgeni katetru je problematické.
vyzkouSeny parametry st@vani a byla zji$nha nutnost
dokonalé ochrany svarového kovu inertnim plynem.
Svaovani bylo vzdy provasho v ochranné atmosfargonu
Ar 4.6. Pokud bylo swavani provedeno s pouzitim
standardniho Zjsobu ochrany pomoci ochranné atmosféry
piivackné tryskou svimvaciho hedku, svar byl zoxidovan,
viz obr. 5. Svar s oxidickou vrstvou ma nepravidelny tvar,
ktery je zmisoben pravpodobr vlivem oxidi na
povrchové nagti a svarovy spoj je velmitkhky. Na zaklad
téchto vysledk byl vytvoren gipravek, ktery dokaze zajistit
dokonalé laminarni progdi ochranné atmosféry vigrhu
svaovani i chladnuti! R takto zajiSténé ochranje svarovy
kov leskly bez vrstvy oxidu, viz obr. 6. Bylo vSak zjid,
Ze i svary dokonale chrémé, tedy bez oxidické vrstvy jsou
pomsrné kiehké a dochazi ke snadnému poruSeni pevno

gﬁr. 7.Heterogenni svar — 5 A, 5 I/min, ru¢ni smeani
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Za pouziti stejnych swavacich parameir pfi ru¢nim Pevné nastaveni dito parameté v laboratornich
svaovani, je vkazdém stavacim cyklu vytvéen svar podminkach je relativnobtizné vzhledem k malé velikosti
odlisnych rozrari, coz je zfisobeno délkou svavaciho sowastek a nutnostifpsné prace. JeikkZité poznamenat, ze
pulsu. také @i tomto zpisobu svéovani dochéazelo k vytweni

kiehkého spoje.

VIIl. ZAVER

Nitinolovy drat je za &lem dsazeni mechanickych
vlastnosti, superelasticity a tvarové pém tepelrg
zpracovavan. Obeegrje zndmé obtizna skitelnost nitinolu,
resp. vyrazného snizeni mechanickych vlastnosti vlivem
svaovani a tepelného zpracovani. Toto bylo potvrzeno i
provedenym ré¥enim pevnosti v tahu, kdy vlivem tepelného
ovlivnéni (nekontrolovany dfev, nataveni) doSlo ke zeini
superelastického chovani materidlu a doSlo k vyraznému
snizeni mechanickych vlastnosti spoje fiblgné 40 %
hodnoty materialu tepetmeovlivreného.

Byly provedeny p&ateni zkouSky svételnosti
nitinolového dratu a ocelového opletu z korozivzdorné oceli
Obr. 8. Heterogenni svar — 5 A, 5 l/min, ru¢nitswani 304. PouZitou metodou swsani bylo mikroplazmové
svaovani. V souvislosti stimto Ukolem byly provedeny
mechanické zkousky nitinolového dratu v dodané psdebd
stavu svéovaném a ve stavu s tepelnym ovtimim. Tepelné
ovlivnéni NiTi materidlu zfsobuje degradaci vlastnosti
materialu (material se nechova superelasticky) a ma vyrazny
pokles mechanickych vlastnosti. Obnoveniivgrnich
vlastnosti je prawpodobr mozné dosahnout svnym
tepelnym zpracovanim, coz ale nebylo zkouseno.

Pri svaovani je nutné zajistit dokonalou ochranu
svarového kovu ip svarovani i @i chladnuti. Pitomnost
okolni atmosféry zfsobuje vznik oxid, zkiehnuti svaru a
nepravidelny tvar spoje, proto bylo nutné iewat ve
specialnim gipravku pro dokonalou ochranu argonenii P
vytvéreni heterogennich spgpojse pod#lo vytvorit tavné
spojeni, ale svarovy spoj vykazovakhkky lom.

Nitinol je material jedinénych mechanickych vlastnosti,

Je dileZité poznamenat, ZefipzkouSce pevnostisthto ktery ma porsrné obtiZznou svitelnost, protoZe tepelnym
spoji dochézelo k poruseni spoje v tegedivlivngné oblasti  ovlivnénim dochéazi ke ztrétspecifickych vlastnosti. Snahou

Obr. 9.Heterogenni svar — 10 A, Ar 10 I/min

nitinolového dratu, ktery byl kehky. pii svarovani musi byt zmenSeni tepelného ovlivnéni
Svary vytvdené pomoci automatického posuvu jsounateridlu a fipadné dodatmé tepelné zpracovani.
zobrazeny na obr. 9 a obr. 10. Takéi pouziti Dalsi moznosti, pomoci které bude mozné dosahnout

pneumatického posuvu, nebylo dosazeno konstantni velikog§bré sviitelnosti, je pouZiti pevnolatkového laseru. Jelikoz
svarového spoje. Velikost spoje je dana kromnoZstvi |aser umottuje lepsi kontrolu vneseného tepla a snizuje
dodaného tepla take gpbem nastavenigsahu NiTi dratu yefikost tepeld ovlivnéné oblasti, zrychluje rychlost
op,rot| opletu, vysunuti celého opletu, uraigtkonce NiTi  -hiadnuti a tim umaitije dosahnout svarvysoké kvality i
drétu v prostoru atd. pro materidly s obtiznou selnosti, jako je nitinol a
heterogenni spoje NiTi+304.
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Obr. 10 Heterogenni svar — 10 A, Ar 10 I/min
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