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Purpose. To improve simulation and design of Automatic Control Systems in the SPICE-compatible programs and
to obtain separate economic and universal macromodels of PWM controller. Development of an PWM controller eco-
nomical macromodel for the study of automatic control systems (ACS) in computer-aided design (ECAD) programs,
which does not generate algorithmic failures in comparison with the existing models of PWM.

Findings. Analysis of SPICE-family applications’ mathematical basis allowed to classifying existing models of
PWM-controllers, defining their suitability for ACS simulation. The criteria for the synthesis of new models have been
defined. For the SPICE 3G algorithms, the Switch and Averaged models based on behavioral elements has been devel-
oped. Universal and economical PWM controller macromodel based on the simple algorithm for determining the output
signal with minimum numbers of input parameters has been designed. For the Automated Measuring magnetic suscep-
tibility System, the macromodel of quasi-PWM signal generator have been designed, which is used in the compensation
subsystem. This model is different from the existing ones: it synthesizes the staircase output signal instead the pulse one,
thus, there is direct control of the amplitude of the output signal, which is taken averaged. The adequacy of the models
is confirmed as comparison of the simulation results during investigations of the model already existing in the SPICE
program, as well as the results of experiments with real ACS.

The modeling of the PWM controller was carried out on the basis of behavioral elements from the ECAD library,
simulation (solution of algebra-differential equations systems with programming elements) is based on SPICE algo-
rithms. The object of the study was the simulation process of ACS with the pulse-width principle of adjusting the output
value. The subject of the research are the models of PWM controllers.

Originality. The new macromodel of PWM controller that meets the criteria of adequacy, reliability and economy,
synthesized on the basis of a new approach in modeling objects at the macro level in accordance with the theory of
automatic control. Macromodels based in capabilities of behavioral modeling in the program of computer-aided design
in Electronics (ECAD). As part of the compensation system studying, the new controller model has been developed, that
turns pulse-width modulated signal into amplitude-modulated signal by a certain algorithm. This approach (obtaining a
quasi-PWM signal) made it possible to significantly simplify the control unit model, and the model of ACS at whole.

Practical value. PWM macromodels expands the mathematical support of ECAD, reduces the probability of the
appearance of algorithmic failures and accelerates the modeling of ACS in ECAD. Approach, which used during its
synthesis, allows us to build similar models for other software (CAS, CAE).

Keywords: ACS; PWM Controller; ECAD; SPICE; modeling; simulation; behavioral elements; macromodel;
adequacy

I. INTRODUTION quite complicated in ECAD [2].Usually, models for the
PWM controller only for specialized controllers and DC-
to-DC Converters are represented in libraries of SPICE-
compatible programs. For example, for 100V Current
Mode PWM Control (LMS50201), Integrated Power
Ethernet PD Interface and PWM Controller (LM5070),
PWM Current-Mode Controller for Low-Power Universal
Off-Line Supplies (NCP1200/ON), etc. [2]. These com-
plex models combine elements of schematic diagrams and
behavioral elements and they are written in a specialized
modeling language (Spice).

SPICE-family ECAD programs have in their librar-
ies a set of macromodels for different types of SMPS
(Buck, Boost, Buck-Boost and other converters). The core

Pulse width modulator (PWM) switches the power
on and off in order to control the level of voltage or cur-
rent in the load. This modulation technique produces a
series of pulses whose duty cycle varies depending upon a
reference signal. PWM is a key principle for the regula-
tion in many devices: Uninterruptible Power Supplies,
Switch Mode Power Supplies (SMPS), DC-to-DC Con-
verters, Frequency Converters, voltage/current or speed
Automated Control Systems (ACS), etc. As a modulation
signal typically used sawtooth waveform.

To study ACS and mechatronic systems on high
level of abstraction, ECAD programs are used [1]. Unfor-
tunately, as a rule, models for the PWM controller are
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of these models is the encapsulated macromodel of the
control system (PWM). They can be constructed on the
basis of the principle electric circuit (Switch models) [2,
3] or obtained as a Black Box (Averaged models) [4].

The Switch models are much more complicated than
the Averaged macromodels, the number of external out-
puts of Switch models equal to number of pins of real IC
(models for specialized controller for Modular Power
Systems UC1846, controller of Power Supplies TL494,
etc [3,4]). Averaged models are obtained for the Small
Signal Mode on the base of Laplace Transform and used
for frequency response analysis; they are not adequate in
the transient analysis.

II.ANALYSIS OF LAST RESEARCHES

In article [5] we‘ll see how to find the output power
stage transfer function H(s), called the Control-to-Output
function, of the most switching power supplies: BUCK,
BOOST, BUCK-BOOST, HALF-BRIDGE, FULL
BRIDGE, both in voltage mode (VM) control and current
mode (CM) control. According to Bode plots, we can
choose the most suitable compensator (Transfer function
G(s)), implementing the compensation network with the
operational amplifiers embedded in the microcontrollers.
The SPICE simulation of the open loop transfer function
G(s)-H(s), will allows us to evaluate the results for the
system stability. Once the components for the specific
power supply have been parametrizied, we can estimate
with good approximation the transfer function which de-
scribes mathematically the output power stage. Models of
subsystems are averaged for the Small Signal Mode and
are obtained as blocks with transfer functions by the
Laplace transform.

Article [6] describes some guidelines which will
help to write new generic models for the ECAD. An ef-
fective PWM model that is easily modeled includes func-
tions that are common and in Small Signal Mode it is not
necessary to model the internal architecture of specific
converters. In this article models are constructed on sim-
ple linear equations, which describe idealized behavior.
Some passive elements added to include various effects
(propagation delay, input voltage offset, etc.). The two
models, PWM CM and PWM VM, simulate quickly and
converge very well, but there are not adequate in
Switched Mode.

In these models it is proposed to use the Berkeley B
element [2], [3], the standard Behavior element (linear or
non-linear current or voltage sources). Some vendors have
expanded the B element syntax to include BOOLEAN
and IF-THEN-ELSE functions. For INTUSOFT’s
IsSpice4 (San Pedro, CA) and CADENCE’s Analog
WorkBench Spice Plus (San-Jose, CA), the writing of  or
V" math equations using B elements is the same because
both are SPICE3 algorithm compatible.

Article [7] presents the simple model PWM control-
ler for the DC driver's simulation in Matlab (library Sim-
PowerSystem). This model is an algebraic summation of
signals from the sawtooth generator and a reference volt-
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age generator, the resultant signal is supplied to the relay,
which model is quite complicated.

In the article [8], the PWM model for a three-phase
frequency converter with a rectifier and a voltage inverter
is presented as a source of noise, which is then suppressed
by analog filters with compensators that well eliminate
noise caused by PWM and do not distort the phases and
amplitudes of the main harmonics. This model adequate
only for this specific occasion.

The paper [9] presents the basic equations on which
the model of the PWM can be based, and model as Block
Diagram for the Perturbation Case has been obtained.
PWM signal of constant frequency has been obtained by
comparing the ramp signal (or carrier signal) with the
error between the desired and the actual output voltage
signal (compensator voltage signal).This model is valid
for continuous conduction mode (CCM) and is accurate
only for frequencies much lower thanf,/2 (Nyquistrate).

For DC-to-DC converter, PWM reference signal
(Vr) is constant value and independent from modulation
technique employed for the steady state. For the dynamic
purpose, the reference signal can be considered to be the
sum of DC value corresponding to the steady state and a
sinusoidal signal signifying the small signal perturbation.

The macro circuit in ECAD program which based
upon the article [10] featured a very workable model for
the UC1845 pulse width modulator. This macro is the
version with an integral T flip-flop. Its schematic is com-
plicated and based on the manufacturer’s specifications
and block diagram of the UC1845 PWM IC, and uses
most of the same concepts as in the macromodel of 555
Timer.

In Micro Cap 11 (SPICE-family ECAD program)
[4], there is interesting PWM signal generator model that
is an integral part of the DC-to-DC converter (file
DSP_SAMPLE circuit).

The macromodel of PWM has six parameters:
ModHigh, ModLow, ModFreq, ModType, PWMHigh,
and PWMLow. ModHigh and ModLow define the high
and low voltage values of the modulating signal. The
ModFreq parameter defines the frequency of the modulat-
ing signal. ModType defines whether the modulating sig-
nal is a trailing edge sawtooth, a leading edge sawtooth,
or a triangle waveform. The PWMHigh and PWMLow
parameters define the high and low voltage values of the
PWM output signal.

The ModPeriod variable converts the ModFreq pa-
rameter into its equivalent period in units of seconds. The
internal parameter ModTrans variable is used to set the
transition time for the sawtooth modulation signal. It sets
the transition time to the modulation period divided by
10000. ModRamp source creates the sawtooth signal.
Behavioral element Voltage source creates the PWM out-
put signal Vout. The function source has been defined
with the following expression:

4 ()

ut = Vo +V, tanh(1-10° VN Ramp ) -
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The hyperbolic tangent operator produces a value
between 1 and -1. The 1-10° provides a high gain that
minimizes the transition between the two limits. Essen-
tially, when the differential voltage between nodes In and
Ramp is positive, the fanh function returns 1. When the
differential voltage is negative, the fanh function returns -
1. The Vo and Va variables are set through the two fol-
lowing define statements (syntaxes of Spice language):

.define Va (PWMHigh-PWMLow)/2;
.define Vo (PWMHigh+PWMLow)/2.

These two variables force the output voltage of the
pulse signal to the high and low values of PWMHigh and
PWMLow respectively.

This model is quite simple, based on the behavioral
element, but the calculation of the hyperbolic tangent can
give rise to problems of convergence of the computational
algorithm. In addition, this model is not embedded in the
library of Micro Cap, thus, there is no separate model of
the PWM signal generator.

ITII. FORMULATION OF THE WORK PURPOSE

Analysis of ECAD's mathematical support has
shown that there is no separate simple model of PWM as
block, suitable for investigating the dynamics of processes
in the ACS, or it is not available. As you can see, these
PWM models evolved mainly as a component of DC-DC
Converters and they are adequate in Small Signal Mode.

But it would be desirable to have simple model of
PWM, suitable for use in any Switched Mode electronic
devices, especially those that are part of the ACS. There-
fore, the criteria for developing such models are univer-
sality, cross-platformism, minimum set of input and inter-
nal parameters, and lack of algorithmic failures to accel-
erate and improve the reliability of the simulation process.
The model should provide the ability to monitor and pre-
dict dynamic performance in real time mode. The accu-
racy of simulation is always the main criteria. So, we need
to develop a separate model suitable fo the ACS analysis

IV. NEW MACROMODEL'S MODELING AND
SIMULATION

Universal and economical PWM controller model is

7

shown in Figure 1,a. This model is similar to the model
discussed above, but based on a simple algorithm for de-
termining the output signal and has three times smaller set
of input parameters.

The IN is the input pin for the reference signal. In
this scheme generator V1 emulate the variable input /
reference signal. The OUT is the output pin for the PWM
signal. The modulation signal is generated by the
Sawtooth generator within the macro (leading edge
sawtooth) by the multipurpose Voltage Source V2.

The macro has three internal (local) parameters: the
PWM_High and PWM_Low, which define the high and
low voltage values of the PWM output signal respectively
and PWM_ Period, which set the period of Sawtooth sig-
nal. In this example the frequency of the modulating sig-
nal is 8kHz. The R1 resistor (resistance 1MOhm) pro-
vides a DC path to ground at the input node.

Behavior of output programmed by the functional
source El. This creates a comparator function which pro-
duced the pulse of the modulator. Input and sawtooth sig-
nals are compared in it: if the value of input/references
signal greater than the one in sawtooth signal, output volt-
age is set to low value; in vice versa, if the input signal
less than the sawtooth — to high value.

This algorithm is written in the conditional operator:
IF V(IN)>V(SAWTOOTH)

THEN PWM_Low

ELSE PWM_High

The PWM High and PWM_Low values of output
voltage levels are given in the respective «define» opera-
tors. This form of statement is used to create and define
the value of a symbolic variable. In Spice-language the
Conditional operator 1F(b,z;,z;): if b is true, the function
returns z;, else it returns z;).

The result of simulation of corresponding modula-
tion signals are shown below in the fig.1,b. In the top plot
the leading edge sawtooth waveform and changing input
signal are displayed. The bottom graph shows the gener-
ated PWM signal (resulting waveform).
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Figure 1. Modeling of PWM Block in Micro Cap 11: a) macromodel; b) results of simulation
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Figure 1. Comparison of PWM models: a) scheme for research models; b) comparative characteristics of the new model
(upper graph) and model [4] (lower graph)

To determine the accuracy of the model, the results
of the simulation are compared. Figure 2,a shows the
model from DSP_SAMPLE circuit [4] and new model. In
Figure 2,b the results of their simulation are presented
(upper graph — new model, lower graph — model from
[4D).

As can be seen, the results are almost identical; there
are slight differences at the beginning of the modeling
time, which is due to the features of initial conditions cal-
culation (DC Operation Point computation).

Another model is a simplified version in which
compensating signal produced as a constant continuous
signal with variation of its amplitude (staircase signal).
This assumption is acceptable provided if the output sig-
nal is smoothing effectively by filter. Since the PWM
signal regulates the average value of the voltage by
changing the duty cycle, it is possible to directly use the
variation of the mean/average value during PWM simula-
tion. If the duty cycle (D.C.) varies linearly, and the am-
plitude of the signal is constant, we can assume that the
average value of the signal V,yg:

T
VAVG :VmDC:I/m?

E

where V¢ — amplitude of output voltage; 7' — period; 7 —
pulse duration.

Such model developed during designing of compen-
sating subsystem in the System for measuring of magnetic
susceptibility [11]. This information-measuring system is
an ACS (magnetometric scales with the registration of the
zero position on the basis of determining the frequency
change of LC generator) [11]. Control of the measure-
ment process is carried out by a microprocessor. ACS is
designed to compensate for the displacement of the rod
caused by the magnet's impact on the magnetic material,
for measuring and fixing the current of a power magnet,
resulting displacement of the rod, frequency difference,
and PWM signal generation for the compensating choke.

The resulting scheme of Automated System is
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shown in figure 3. The total model consists of subsys-
tems: 1 — Power Magnet; 2 — tested sample; 3 — the rod; 4
— Measurement subsystem on Colpitts variable frequency
oscillator; 5 — Compensating subsystem (implemented on
an inductive choke); 6 — Microprocessor Control System).

L — 4 o
B |
F
F Pasition
s requenwl l osttion By
urrent,; A _ Position2

Figure 2. Structural diagram of the ACS model

Here the variables: POSITION1 — displacement of
the rod (ejection/retraction of the tested sample from the
power magnet); POSITION2 — result displacement (ejec-
tion/retraction from compensating system).

Macromodel of PWM for Micro Cap 11 is shown in
figure 4,a, it’s created by the rules of SPICE 3G simula-
tion algorithms and based on B elements [10]. The output
PWM signal controlled the current of the choke with in-
ductance 10 mH. The displacement of the rod is calcu-
lated in two subsystems — in the measuring one (subsys-
tems for finding the frequency difference (FREQUENCY)
and displacement of the rod (POSITION1)) and in com-
pensating subsystem (scheme for finding the resulting
displacement (POSITION2)). The difference between
them makes it necessary to change the Duty Cycle of
PWM signal (frequency 8 kHz), which corresponds to
changing of signal amplitude in current /voltage generator
for compensating system. So, the average level of quasi-
PWM signal can be changed.

The calculation of the current value of the rod’s po-
sition in the measuring and compensating subsystems
occurs separately according to the corresponding algo-
rithms. For visibility of the results, the found value PO-
SITION1 in measuring subsystem is fixed (3-10° m), the
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change of POSITION?2 in compensation subsystem occurs
by incrementing the PWM signal.

The PWM substitution scheme based on staircase
voltage source X1, which emulates PWM signal. In this
element, the value of the function (the voltage with re-
spect to T) is averaged at each step, and then the incre-
ment for the next step takes place at a specified fre-
quency. Founded value INCREMENT then transferred to
the source El for determine the rod position changing
(POSITION2) with coefficient K=1-107. It reproduces the
process of its ejection from the inductor by the action of
PWM signal that varies stepwise. The choke in compen-
sating system is emulated by the inductance L1=1-10"H.
The R2 resistor (resistance 0.5 kOhm) provides a DC path
to ground for ensure algorithmic reliability and emulated
the total resistance of subsystem.

The compensation signal stops changing when the
values of POSITION1 and POSITION2 become equal
(fig.4,b, upper graph).

IF(V(POSITION1)>=V(POSITION2),V(POSITION2),V(POSITION1))

10m .
NCREMENT

Rs
0.5k

.DEFINE K 0.001
.DEFINE INITIAL O
.DEFINE POSITION2 INITIAL+K*V(INCREMENT)

X1

a

The work of the PWM is determined by the algo-
rithm:

IF POSITION1>POSITION2

THEN POSITION2= K-INCREMENT
ELSE POSITION2= POSITION1
ENDIF “PWM STOP CHANGING

All variables here have a voltage dimension by the
rules of SPICE algorithm.

Found value of POSITION2 fixed (fig.4,b, lower
graph) and transferred to further processing: in the general
model, the frequency of generator in the measuring sub-
system and the current of the power electromagnet are

calculating. All internal variables are written in operator
.define.

Micro-Cap 11 Evaluation Vers
AVG_PWM-STEPcir

0.40m 0.80m

0.00m
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b

Figure 3. Model of the compensation system: a) scheme for research; b) results of simulation

In fact, this model represents a proportional integra-
tion block of ACS [12]. Both models are used the causal
approach [1], [12]. The model also makes it possible to in-
vestigate tasks in which the POSITIONT1 is also changing.

Model of measurement system was investigated in
static and dynamic modes in ECAD program Micro-Cap
11. Its speed and stability have been evaluated during the
Transient Analysis. The delay of operation of the com-
pensation system is found (3 pus£10%).

Directions of its parametric optimization and im-
provement on criteria of accuracy and versatility are
found.

V.CONCLUSION

In this section, necessary to state the results obtained
a result of the research. The developed macromodels are
distinguished by minimalism and simplicity and therefore,
may be recommended for the study of ACS on the upper
levels of abstraction in ECAD and in other similar
mathematical processors.

After the model experiment, in which the parameters
of the system has been optimized and refined on the basis
of physical features of the real hardware, a prototype of
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compensation system was designed [11]. So, the ade-
quacy of the models has been confirmed not only by
comparison of the simulation results during investigations
of the model already existing in the SPICE-family pro-
gram [4], but with the results of experiments on real ACS
[11].

The relative error of the model is not more than
20%, so it can be recommended for the study of such sys-
tems.
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MOJAEJII IIIM-KOHTPOJIEPIB JJIsA JOCJLZKEHHSA ACY B SPICE-
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Mema. [lokpawumu MoOent08anHs ma nPoeKmysanHs cucmem agmomamuynozo ynpasiinnsa (CAY) 6 npocpamax,
cymicnux 3 SPICE, ma ompumamu okpemi eKoHOMIYHI ma yuigepcanvhi makpomooeni LLIIM-kxonmponepa. Po3pooumu
eKOHOMIUHY Makpomooens LIIIM-konmponepa,uo He 2enepye aneopummiyHi 3001 015 3a0a4 6UGUEHHs CUCEM A8MO-
MAMUYHO20 YAPABIIHHA 8 NPOSPAMAX A8MOMAmMu308aro2o npoexkmysanus (ECAD).

Memoou docnioxcennsn. Mooenosannsa konmponepa LLIIM 30iticnio8anocs Ha 0CHOGI NOBEOIHKOBUX eleMeHmMIg 3
oioniomexu ECAD, moodeniosants (po3s’sa3anus cucmem aneedopo-oughepeHyiaibHux pieHsaHb 3 eleMeHmamu npocpamy-
sanHs) bazyemoca na anzopummax SPICE. O6'exmom docnioxcenus 6ye npoyec modeniosanus CAY 3 npunyunom wiu-
POMHO-IMNYIbCHO20 Pe2yTt08aHHs 8UXiOH020 3HaueHHA. [Ipedmemom docniodcenHs € mooeni konmponepie LLIIM.

Ompumani pezynomamu. Ananiz mamemamuunoi sabesneuenuss SPICE-cymicnux npoepam ECAD ma inwux ma-
meMamuyHux npoyecopie 003601ue Kiacugixysamu icuyioui moodeni LLIIM-koumponepis, suznauugwiu ixwio npuoam-
nicmo ona cumynayii CAY. Busnaueni kpumepii cunme3sy Hogux mooeneu. /{ns aneopummie SPICE 3G po3pobneno kio-
408YmMa ycepeOHeHy MoO0elli Ha OCHOGI eJleMeHMi6 NOBeJIHKL.

Pospobreno ynisepcanvry ma exoHomiyHy makpomooens konmponaepa LLIM na ocnogi npocmux aneopummis 0ns
BUBHAYEHHS BUXIOHO20 CUSHATLY 3 MIHIMALLHUM YUCIOM 6XIOHUX napamempis. [l aemomamu308anoi cucmemu 6UMIpio-
BAHHSL MACHIMHOL CRPULIHAMAUGOCME 6YI0 PO3POONIEHO MAKpomMoOdens 2enepamopa keasi-LIIIM cuenanis, sika suxopuc-
mogyemvcsi Oiist Qociodcents komnencayitinoi niocucmemu yiei CAP. L[ modens 8i0pi3HAEMbCS GI0 ICHYIOUUX MUM,
WO BOHA CUHMEZVE BUXIOHUU CUSHAN CIYNIHYACMOI (YopMuU, a He IMAYIbCHUL, MAKUM YUHOM, iCHYE NPAMULL KOHMPOLb
amMnaimyou 8UXiOHO20 CUCHALY, AKUL NPUIMAEMbCA YcepeoneHuM. Adexeamuicmsy mooeneil RiOmMEepoICyeEMbCsl Nopie-
HAHHAM Pe3yIbmamie Mooemosants nio yac docuiodicens i3 icuyrouoio 6 npoepami SPICE modennio ma i3 i3 pe3ynv-
mamamu excnepumenmia 3 peanvroi CAY.
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Hayxkoea nosusna. Hosi maxpomooeni konmponepa LM, sixi 6ionogioaioms Kpumepisim adekeamuocmi, Haoitl-
HOCMI MA eKOHOMIYHOCMI, CUHME308AHI HA OCHOBI HO8020 NIOX00Y 8 MOOENO8AHHI 00'€EKMI8 HA MAKPOPIEHI GIONOBIOHO
00 meopii asmomamuuno2o ynpasninus. Makpomooeni cunme308ami i3 GUKOPUCTNAHHAM MONCIUEOCHIEN NOBEJIHKOB020
MOOENIOBAHHS 8 NPOSPAMAX AGMOMAMU308AH020 npoekmysants 6 enekmponiyi (ECAD). Hx uacmuna euguenHs cuc-
memu Komneucayii, Oyra pospobiena Hoga MoOenb KoOHmpoaepa, sika nepemegopre LIM-cuenan 6 amniimyouo-
MOOYIbOBAHUL CUSHAT 34 Ne@HUM aneopummom. Taxuu nioxio (ompumannsa keazi-LLIIM) 0o36o1u6 3nauno cnpocmumu
MoOdenb AK Kepytouozo npucmporo, max i mooenv CAY 6 yinomy.

Ilpakmuuna winnicms. Maxpomoodeni PWM poswuproiome mamemamuyne 3abesneuents ECAD, 3menuyroms
ILMOGIpHICMb NOABU ANeopumMivHUX 300i6 ma npuckopioroms mooentoganns CAY ¢ ECAD. ITioxio, akuii ukopucmogy-
6asca nid Yac iXmvbo2o cuHmesy, 00360JA€ CMEOPIOBAMU AHANOLIYHI MOOeNi ONA THU020 NPOSPAMHO20 3aDe3neyeHHs
(CAS, CAE).

Knrouosi cnoea: CAY; IIIIM konmponep; npozpamu agmomamu3oéanHo20 NPOEKMY8AHHA 6 e1eKmpOHiyi;
SPICE; cunme3 mooeii; M0Oent06aHHA; NOGEOIHKOGI e/leMeHmMU; MAKPOMOOeb; A0eK8AMHICHb
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Lens. Yayuwumos mooenuposanus u npoeKmuposanus cucmem asmomamuyeckozo ynpaeienus (CAY) ¢ SPICE-
COBMECMUMBIX NPOSPAMMAX, U HOLYYUMb OMOENbHble IKOHOMUYECKUe U YHusepcaivhvle makpomooenu LIIHM-
xkoumpoanepa. Paspabomame sxonomuunyio maxpomooens LLIUM-koumponnepa 0ns 3a0ay4 ucciedosanusi CUCmeMm ag-
MOMAMUYECKO20 YIPABIEHUS. 8 NPOZPAMMAX ABMOMAmMuU3Uposannozo npoexkmuposanusi (ECAD), xomopas ne eenepu-
pyem ancopummuyeckue coou.

Memoowbt uccnedosanusn. Mooenruposanue xonmponiepa LIIHM ocyuecmensiiocs Ha 0CHO8e NOBEOEHUECKUX ile-
menmog u3z oubnuomexu ECAD, cumynsiyust (pewenue cucmem aneebpo-oudpepenyuaibHolx YpasHeHUl ¢ dJieMeHmamu
npoepammuposarnus) basupyemcs Ha areopummax SPICE. Obvekmom uccredosanusi 6vli npoyecc MooeauposaHus
CAY npunyuny wupomuo-umMnyibCHO20 pe2yauposanis 6bix00H020 3HaveHus. [Ipeomemom uccredosanus aeiaiomcs
Mmodenu kormpoanepos LLIM.

IHlonyuennvie pesynomamest. Anaruz mamemamuueckou obecneuenuss SPICE-coemecmumvix npoepavm ECAD u
Opyaux Mamemamu4eckux npoyeccopos no3eoaul Kiaccuguyuposams cywecmsyrowue mooenu LLIIM-koumpoinepos,
onpedenus ux npueoonocms 011 cumynayuu CAY. Onpedenenvlt kpumepuu cunmesa Hosvix mooenei. s areopummos
SPICE 3G paspabomatvl Kiroueas u yCpeOHeHHAsk MOOeIU HA OCHOBe 3JIeMeHMO08 NOBEOeHUs.

Paspabomana ynusepcanvhas u 3K0HOMUYECKY0 Makpomooens kowmponiepa LM na ocnose npocmuix aneo-
PUMMO8 OJis OnpedesieHusi 6bIXOOH020 CUSHANA ¢ MUHUMAIbHBIM YUCIOM 6XOOHbIX napamempos. /s agmomamusupo-
BAHHOU CUCTEMbL UBMEPEHUST MAZHUMHOU 80CHPUUMYUBOCHU OblIA PA3paAbOMAHa MAKPOMOOENb 2eHepamopa Keasu-
HIUM cuenana, komopas ucnoiv3yemcs O UCCIe008aAHUsL KOMReHCAyuoHHoU noocucmemsl smot CAP. Oma modens
OMAUYAECST OM CYWeCMEYIOWUX MeM, Yo OHA CUHME3Upyem GbIXOOHOU CUSHAN CMYREHYamol (opmvl, a He UM-
NYIbCHOU, MAKUM 00PA30M, CYWeCmayem npsimMol KOHMpPOib AMAAUNYObl 8bIXOOH020 CUSHATA, NPUHUMAEMO20 YCPeo-
HeHHbIM. ADekeamnocmb Mooenell noOmeepHcOAemcsi CPAGHEHUEM Pe3YIbMaAmMo8 MOOCIUPOSAHUSL 8 X00e UCCIe)08aAHULL
¢ cywgecmsyroweti 8 npoepamme SPICE mooenu u ¢ pezynomamamu sxcnepumenmos ¢ peanviou CAY.

Hayunasn noeusna. Hogvie makpomooenu xoumponnepa LLIHUM coomseemcmeyom Kpumepusim adekeamHoCmu,
HAOEHCHOCMU U IKOHOMUYHOCIU, CUHME3UPOBAHHBLE HA OCHOBE HOBO20 NOOX00A 8 MOOETUPOBAHUY 0OBEKMO8 HA MAK-
POYDOBHE CO2IACHO MeopUul A8MOMAamuiecko2o ynpagneus. Makpomodenu cunmesuposanvl ¢ UCNOAbIOBAHUEM CO-
BDEMEHHBIX BO3MONCHOCMEN NOBEOCHUECKO20 MOOCTUPOBAHUSL 8 NPOZPAMMAX ABMOMAMUZUPOBAHHO20 NPOEKMUPOBAHUS
6 anexmponuke (ECAD). /[ns 3a0au uccaedosanus cucmemvl KOMAEHCAyuu, Oblia pa3zpabomana Hoeas Mooeib KOH-
mposiepa, xomopas npespawaem LLIAM-cuenan 6 amniumyono-moOyIUpOSAHHbIL CUSHATL NO ONPEOESIeHHOMY (120~
pummy. Taxoil nooxo0 (nonyuenue xkeazu-LLIAM) no3601un 3HauumenbHo YnpoCmums MoOelb KaK YAPAeIsiioue2o yCm-
poticmea, max moodenv CAY 6 yenom.

Ilpakmuueckasa yennocms. Maxpomooenu PWM pacuupsaiom mamemamuueckoe obecneuenue ECAD, ymeno-
warm 8epoamHOCmb NOAGIEHUs ANopumMudeckux cooes u yckopsawom npoyecc mooeauposarus CAY ¢ ECAD. Iloo-
X00, KOMOPbLIl UCNONB308ANCS 8 NPOYECce Ux CUnmesd, NO360Jsem paspadamvléams AHALI0UYHbIE MOOeLU 0I5l OPY2020
npoepammuoeo obecneyenus (CAS, CAE).

Knrouesvie cnosa: CAY; IITUM konmponnep; npozpammsl amomMamu3upoeaniozo nPOeKmupoGanus 6 1jieK-
mponuke; SPICE; cunmes moodenu; mooenuposanue; nosedeHuecKue jiemeHmol; MaKpomMooev; a0eKeamuocms
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