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Wireless Time Critical System’s Architecture
Development Based on Dynamics of Data

Dmitrijs Bliznuks', Valerijs Zagurskis®, “?Riga Technical University

Abstract - The following paper presents approach for wireless
transmission system development in time critical environment.
Proposed approach uses system’s dynamic characteristics. Such
information allows predicting data transmission bottlenecks on
early development stage. This in turns shortens overall
development time, by reducing the number of backoffs.
Dynamics processing is based on Hammerstein model. Which
proposes splitting up system on components, that isolate
dynamic/static and linear/nonlinear properties. It allows creating
an analytical representation of a system, by using low amount of
parameters. System’s response is analyzed by treating multiple
data flows to model input. The most valuable analysis type is
checking boundaries of parameters. The analytical model allows
a low effort adaptation to systems architecture changes. The
proposed model was tested on real industrial object, with three
distributed control stations and more than one hundred
sensors/actuators. Created model approved possibility of using
wireless communication and pointed out bottlenecks.
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1. INTRODUCTION

To design or enhance time critical system, developer needs
to know system’s functionality and planned characteristics.
This information not only allows creating analytical model,
but also tuning up data transmission parameters. Analytical
model gives many abilities for developer. For example
checking system’s ability to achieve planned functionality and
characteristics. As well data transmission type selection and
system components regrouping for achieving best
functionality.

Analytical analysis of controlled system and controllable
object is especially important when utilized methods and
hardware are close to their parameters boundaries. Such a
situation arises more often in time critical autonomous control
systems, where wired networks are substituted by wireless
transmission. Analytical model analysis gives ability to
implement wireless data transmission in autonomous control
systems. This in turns has at least two practical advantages.
First — allows creating previously impossible autonomous
control in harsh environment (mobile systems, dangerous
chemicals area, etc.). Second — economic benefit in absence of
wires. l.e. essential decrease in networks installation and
service costs. Cable cost per meter in substituted for
transmission equipment cost per kilometer. That would be at
least two times cheaper for the same distance [1].

The aim of the research described in this paper, is to give
ability to analytically evaluating wireless transmission in time
critical applications. Following chapters will include current

situation analysis, next the dynamic nonlinear system
modeling proposal and finally methods implementation and
evaluation at the real industrial object — wind tunnel control
system.
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II. CURRENT SITUATION

By looking at the current wireless data transmission
standards and their development trends (fig. 1.), it possible to
see their tendency to higher speed and distance. And usually
there are no words about expected delay. It could be explained
by the fact that people, as the end consumer of such wireless
transmissions, are tolerant to delays. As an example, user
interface designers assume up to four seconds as highest
acceptable delay boundary [3]. Of course every current
standard is capable to deliver data with much lower delay.

TABLE 1. TYPICAL INDUSTRIAL APPLICATIONS DELAY REQUIREMENTS

Avbplication Max delay Cycle time Packet
PP (ms) (ms) loss limit
9
Local control 10..20 20..30 <10
-9
Global control 20..30 30..100 <10
Diagnostic and -9 -9
monitoring =100 >500 10 —-10
Mobile operators -9
safety 10..20 10..30 <10
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acceptable delay is bounded to 60ms [5]. It is still achievable
task for existing standards that use quality of service (QoS [6])
techniques. Therefore it is possible to say that current wireless
standards could satisfy users’ needs in the terms of delay.
Different situation in the field of autonomous industrial
control systems. Their demands to data transmission delay are
much higher than in typical home&office applications. The
table 1.contains typical industrial control applications
requirements to transmission delay. As could be seen local
control and safety tasks demand up to 10ms delay bound. By
using non-modified standard data transmission techniques it is
not possible to achieve such a low delay. Typical delay of
standard methods is around 100 ms. By using QoS and some
other techniques it is possible to lower delay two to three
times, that makes might be enough for some applications. Still
it might be enough at the applications where are demands for
high stability and predictability of the delay. To illustrate such
a problem we can use fig. 2. The green line is current situation
while using standard solutions. For sure, mean delay and its
stability are unacceptable for control tasks. The blue line
shows improvements by using prioritization techniques. Still it
may not be enough for some applications, like local control
and safety (table 1.). Required delay and stability is depicted
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Fig.3. UPPALL modeling results

by red line, that marks 3ms delay with stability better than 1%.
As it could be seen there is a need for different approach for
data transmission technique to achieve requirements. As it was
shown in previous papers, hybrid TDMA media access
algorithm could provide 3.3 ms delay. Therefore
arisesboundary problem. Since some industrial control
applications requirements are close to 3.3ms delay. And that is
interesting situation for the research.

To create autonomous control system with wireless data
transmission we need to check control system’s and
controllable object’s characteristics. One of the possibilities is
to model control system. This approach is widely used in time
critical transmission systems. Still there are some drawbacks.
One of the problems is so called “state space explosion”, when
processed state space grows exponentially with the increase of
modeled objects count. Later there will be an example of such
problem. Second problem that should be solved is infinite
analog signal digitalization. Since usual technique of using
discretization frequency as double of maximal signal
frequency is not acceptable. Next chapter will describe the
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Fig.4. Dynamic nonlinear system modeling scheme
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Fig.5. Proposed model’s inputs presenting as envelope function

way for significant decrease of analog values that need to be
processed. As well proposed modeling approach should make
it possible to combine analog values and discrete events in the
way to make them compatible will model analysis. At last, but
not least is the fact, that most modeling approaches use
probability theory for specification of input data. And in that
way the dynamics of input data, ie. its temporal
characteristics are not taken in mind.

Let’s start with first problem — state space explosion. As an
example we will use UPPAAL [8] modeling tool. As could be
seen from fig. 4.the network with only six nodes is modeled
more than 10 minutes and requires ca. 3GB of memory. In
addition, in some cases memory is exhausted. That is
unacceptable, since in industrial area amount of nodes reaches
several hundreds and more. The core of the problem lies in
processing all atomic states of the algorithm. Since the
possible combination amount is high and everyone is
processed it takes a lot of computational resources. The
question is do we need to have information about all possible
combinations? One of the possible ways to solve this problem
is limiting processed states by substituting input data with its
probability function. For example, in queue theory we could
set one element processing time, maximal queue length and
calculate system state for every input’s probability function.

III. HAMMERSTEIN MODEL

Our task is to prove whether data transmission algorithm is
capable ensuring required delay and stability. Therefore, it is
enough to check overall system stability and not all atomic
states. For achieving specified functional, we will use model’s
dynamic data processing. Input signal is treated as continuous
signal with variable amplitude and frequency. To convert
discrete data (packet length) to continuous signal, we will treat
packet length as signal’s amplitude and keep existing
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Fig.7. Proposed method’s signal processing sequence

continuous time as second parameter. The applicability of
proposed method is limited to continuous data flow. Le. if
interval between packets is less than packets length
(processing time).As well, analyzed object should comply
with Hammerstein model.

Second problem mentioned earlier is dealing with
discretization of continuous analog signals. The common way
is using double discretization frequency for storing signal.
Since we know the area of application of our system, we are
able to decrease amount of meaningful states of the analog
signal. By generalizing [9] analog value control methods in
industrial area it is possible to say the most common is two
points regulation method. That leads to simplifying continuous
analog signal to two points (fig.5.).

Let’s have a look how to formalize real complex system. It
is known, that most real life object have nonlinear and
dynamic parameters. It is hard task to formalize such a system
by using nonlinear systems theory. To simplify this task, we
propose using Hammerstein model [10]. By using static
parameters decomposition, it is possible to compute output
signal from any input. To treat dynamics, proposed method
uses differential equations. As a result, system is described
with relatively low amount of parameters. Moreover each
parameter could be analyzed and measured experimentally.

Complying with classic Hammerstein model, modeled
nonlinear dynamic system (NDS) should be divided in two
parts: nonlinear static part (NS) and linear dynamic part (LD)
(Ofig. 3.. System receives continuous signal in its input. By
using input flow logic combining (see scheme at fig. 3.) we
create enveloping curve of all input signals (fig 4.).

To extract system nonlinearity in NS part, we are using
linear regression. As a result we obtain linear part and
nonlinearity y(x)=ax+b+e(x) (see fig. 7).

Now function e(x) holds all system nonlinearities (fig. 6.).
To proceed we will use Fourier transformation on function
e(x). Assuming that function e(x) is integrable we receive
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sinusoids row (fig 6.). To simplify analytical description, we
will limit significant components amount and express it as

JL
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Fig.8. Signals measuring setup

k
[A;sin(8;x + w;])
follows =3

insignificant reminder.
As a result overall function is as follows: y(x) = (ax + b) +

that leaves &(x) as

k
ZEAE sin(@;x + w;])
i=1 + E(X).

Overall procedure is as follows:
— Decide significant limit for sinusoids,

Experiment with constant amplitude and frequency

test signal,
Verify model against real object,
Modify models components if required,
— Compute equations.

IV. ON SITE TESTING

To test proposed system, authors used real industrial
object — Vertical Wind Tunnel in Finland [11]. It appeared to
be good example of time critical system. System has
143 sensors and actuators and control is decentralized among
three programmable logic controllers. Testing aim was to
create and verify analytical model against real object. And to
check if a system allows using wireless data transmission
instead of existing wired one. Wireless data transmission
method was previously described in papers [12], [13].

As a first step, real input signal parameters were obtained.
Authors used a 34 channel logic analyzer connected to
programmable logic controller’s inputs and outputs. To match
24V signal to TTL logic voltage of analyzer [14], simple
voltage divider was used (Fig.7.). Data was obtained during
three days of testing. During this time, every system state was
analyzed. For processing collected data FRAD [15] tool was
used. By using this tool, it was possible to analyze and
visualize huge amount of collected data. It helped to solve
several problems. For example, some signals were affected by
“contact bounce” problem. It shows up as high frequency
change of signal state (high/low). By using histogram we
could see two “spikes”, one of them was higher than 100 Hz.
These frequencies were treated as noise and were filtered [16].
The result of measuring is summarized in table 2. As it could
be seen, the top frequency is for analog control and encoder
signals.
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TABLE 2.

WIND TUNNELS DIGITAL AND ANALOG SIGNALS FREQUENCY

Frequency \EDS

Input type Group type measuring

frequency

method (Hz)

Operator
Change of active
Digital inputs Eeelsidge]|[ls| 2
state
buttons
Change of active
DI RGTTESS  Encoders 90
state
Remote
Valves’ state Change of active
station digital 0.05
(Opened/Closed) state
inputs
Remote
Valves’ state Change of active
station digital 0.05
(Opened/Closed) state
inputs
Analog inputs Outlet hatch sync  PID time constant 110
Frequency drive
Motor speed 150

parameters

Analog
outputs

By inputting following signals as the input of proposed
model, the model shown one critical point. Despite the fact
that maximal frequency is observed at analog signals, system
critical point was at encoder and valves control group. Since
valves’ control and encoders’ output signals where transferred
at the same wireless channel, at some moment existing
transmission frequency was not enough. After regrouping
signals and separating valves from encoders, model shown
acceptable transmission frequency. That proved possibility of
substituting wired network with wireless transmission.

V.CONCLUSIONS

Presented formalization method proved that Hammerstein
model is adequate to formalize real industrial object. Model
provides possibility to describe nonlinear and dynamic object
by small set of parameters. On-site testing on real wind tunnel
control system proved that model is adequate and helps
figuring out critical point in term of data transmission
frequency and delay. As well, model proves that it possible to
use wireless links for time critical data transmission.
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Dmitrijs Bliznuks, Valerijs Zagurskis. Laika kritiskas bezvadu datu parraides sistémas arhitektiiras veidoSana uz dinamiskas informacijas bazes

Raksts piedava jaunu pieeju bezvadu parraides sisttemu veidoSanai, izmantojot kontroles sist€émas analitisko modeli. To var€s lietot vadibas sistémas, kuras
nodarbojas ar laika kritiskajam sisttmam. Nemot vera sistemas dinamiskas Ipasibas, ir iesp&jams ieprieks noteikt kritiskos punktus bezvadu datu parraides
sisteéma. Kas savukart laus samazinat kopgjo sist€mas izstrades laiku, jo problémas ir iesp&jams noverst jau pirms parraides siste€mas izveides. Ta ka parsvara
realo vadibas sistému pamata ir nelinearie un dinamiskie procesi, ir griti veidot to formalo aprakstu. Lai atvieglotu formalizacijas procesu, tiek izmantota
Hamersteina modela baze. Ta piedava atdalit sistéma nelinearo statisko dalu no linearas un dinamiskas. Rezultata var izveidot sist€émas analitisko modeli,
izmantojot nelielu parametru skaitu. Sistéma tiek testéta, novietojot ieeja vairakas ieejas plismas, kuras modeli tiek apstradatas un no tam tiek izveidota apliecosa
likne. Visefektivak ir analizét sistémas robezparametrus, kad vinu iesp&jas tuvojas maksimalajam. Izveidojot modeli un verificgjot to, turpmak ir iespgja ieviest
arhitektiiras izmainas un parbaudit sagaidamo sist€mas reakciju. Piedavata formalizacijas sist€éma bija testéta redla industriala objekta — v&ju tuneli. V&ju tunela
vadiba ir 143 sensori un aktuatori, kuru darba frekvence sasniedz 150 Hz. Vadiba ir sadalita starp trim stacijam, tap&c objekts kalpo ka labs piemérs kritiskajai
laika sistémai. Izveidojot sistémas modeli, tika atrasts sist€mas problematiskais punkts, kur nepiecieSsama datu parraides frekvence parsniedz bezvadu datu
parraides sist€mas iesp&jas. Pec sensoru un aktuatoru pargrupésanas slodze tika sadalita un neviena punkta sist€émas frekvence neparsniedz iesp&jamo. Kas art
pierada, ka $aja objekta ir iesp&jams lietot bezvadu datu parraidi un aizvietot esoSo vadu tiklu.

BiausHok JImutpuii, Bajepuii 3arypckmii. Pa3padorka apxurekTypbl 0ecnpoBOIHOHi KPUTHYECKOH KO BpPeMEHM CHCTEMbl, MCHOJIb3YSl THHAMHKY
JaHHBIX

Cratbs Ipe/yiaraeT HOBBIH IOAXOJ K pa3paboTke OECHPOBOAHBIX CHCTEM Iepefadd IaHHBIX, IPHMEHSS aHAIUTHYECKYI0 MOJIENb CHCTEeMBI KOHTPOJIL.
IlpennaraeMplii MOAXOA MOXET OBITh HCHOJB30BAH B CHCTEMaX YIPaBJICHHA, SBIAIOMIMXCS KPUTHYHBIMU KO BpeMeHH. Mcmonb3ys AuMHaMuuecKue
XapaKTepHCTUKH CHCTEMBI, MOJKHO 3apaHee ONpeleNHTh KPHTHYHBIC TOUKH IPOEKTHPYeMOH OeCIpOBOJHON CETH, YTO B CBOIO O4Yepelb yMEHBIIAET BPEMs,
HeoOXoauMoe Ha pa3paboTKy, Tak Kak MPoOJIeMbl MOXKHO OOHAPYKHTH y)Ke Ha CTaJUH NPOSKTHPOBaHMS. Tak Kak OOJNBIIMHCTBO PEAIBHBIX CHCTEM YIIPaBICHHS
SABJIIOTCA HEIMHEHHBIMM JMHAMHYECKMMU CHCTEMaMHM, COCTaBHUTh MOJIE]b TaKOH CHUCTEMBI JOBOJBHO CIIOXKHO, HMCIIOJB3Yys TEOPHIO HEIMHEHHBIX CHCTEM.
IIpennaraemslit MeTof; OCHOBBIBaeTCSl Ha MeToje ['amepuireiiHa, 4To Mojpa3yMeBaeT pasJie/ieHHe CUCTEMbl Ha YacTU C HEJIMHEHHO-CTaTMYHBIMM M JIMHEHHO-
JUHAMHUYHBIME XapaKTepUCTHKaMU. B pe3ynbTaTe MOXKHO COCTaBHTh aHAIUTHYECKYIO MOJEIb CHCTEMBI, HCIOIb3ysS HEOONBIIOE KOIMYECTBO IAapaMeTPOB.
Cucrema ynpasiieHUs IPOBEPSETCS O/aB Ha €€ X0 MHOXKECTBO IIOTOKOB IaHHBIX OT JIEMEHTOB CHCTEeMBL. Mosienb 00beINHIeT BXOAHBIE IIOTOKH U UCIIOJIB3YET
orubatontyro ¢yHkiuio. Hambosee 3HAUMMBIA pe3ylbTaT MOXHO IIOTYy4YHTb, TECTHPYsS IOTPAHHYHBIC COCTOSIHHS CHUCTEMBI, KOI[a IapaMeTphl CHUCTEM
OKa3bIBAIOTCS OJIM3KO K CBOEMY TeopeTHIecKoMy mpezey. Co3aaB U IpoBepUB MOJIENb, B JaIbHEHIIEM eCTh BO3ZMOKHOCTE BHOCHTD apXHTEKTYPHBIE H3MEHECHHS
W TPOBEPATH PEaKLHI0 CHCTeMBI. I[Ipeiuiaraemelii MeToj OBUI IPOTECTHPOBAH Ha PEAJbHOM MHIYCTPHAIFHOM OOBEKTe — BETPOBOM TYHHENE, CHCTEMa
yIpaBieHHs KOTOpPOro BKJouasa 143 naryMka M akTyaTopa, MakcMMajbHas 4acToTa KoTopbix nocturana 150 I'm. Tarxke cuctema ympaieHus Obuia
pacmpezeneHa MexIy TpeMs y3/1aMH, 4TO JeNaeT ee XOPOIIHM IIPUMEPOM KPUTUUHON KO BpeMeHH cucTeMbl. CocTaBUB MOJieNb, Oblia ONpe/ieNieHa KpUTHIecKast
TOYKA CHCTEMBI, KOT'J[a YaCTOTa ITOSBJICHNS JaHHBIX OT CEHCOPOB OblIa OOJIbIIe, YeM MaKCHUMAJIBHO BO3MOJXKHAsI B OecripoBoaHOit cetr. [locie neperpynmupoBKu
Y3JIOB ¥ IIOCJIEIYIOIIEH MPOBEPKHU, ObUIO TOATBEPIKIEHO, YTO CYIECTBYIOILYIO IIPOBOHYIO CETh MOXKHO 3aMEHHThH OECIIPOBOIHOI.
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