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ABSTRACT
This master's thesis consists of 129 pages, 47 figures, 22 tables, 42

bibliographical references and 2 appendices.

The purpose of this thesis is to develop a vector control model for permanent
magnet synchronous motors (PMSM) using mathematical observers, which in this
case are the flux observer and the sliding mode observer. The study is based on
practical experiments and on computer simulations made in Python language,
developed through a broad theoretical study on the electromechanical structure of

PMSM and its respective sensorless control methods.

Key words: Sensorless control, synchronous motor, PMSM, vector control, Python
programming.
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INTRODUCTION

It is possible to say, that electrical machines that convert energy between the
electrical and mechanical power domains, are becoming commonplace in our
everyday lives. They can be found in many places at the daily life, such as air
conditioning, transport systems, computers and so on. Furthermore, they play a

crucial role in industry and electricity generation.

Electrical machines may be divided into two groups based on their operating
mechanisms: direct current (DC) machines and alternating current (AC) machines,
which include Induction Machines (IM) and Synchronous Machines (SM).
According to the power density and efficiency requirements, SM may be further
subdivided into numerous subcategories, the most promising of which is SM-based,
which has a more promising application possibility than IM-based. Permanent
Magnet Synchronous Machines (PMSM), Synchronous Reluctance Machines
(SynRM), Switched Reluctance Machines (SRM), and Brushless DC Machines

(BLDCM) are the types of synchronous machines that use permanent magnets.

The PMSM is progressively replacing direct current motors (DCM) and
induction motors (IM) in the manufacture of variable speed actuators. PMSM s
more robust, has a better torque/inertia ratio and better dynamic response than DC
motors. On the other hand, the use of permanent magnets to generate the flux in the
rotor, instead of windings, makes the PMSM have a simpler modeling and consume

less energy than induction motors.

PMSM is the most extensively used of these SMs in electrical drive systems,
owing to its great performance, which may be explained in three ways: In the first
place, permanent magnet material has the ability to generate a high density and
steady permanent flux, which serves as the sole means of energy transfer between
the stator and rotor of a permanent magnet system. As a result, as compared to the
AM, the PMSM is smaller in size but has a greater ratio between power and volume.
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The second point to mention is that different rotor design techniques result in
Surface-mounted-type (SPMSM) and Interior-mounted-type (IPMSM) rotors,
which are suitable for low-power higher-precision servo applications and
applications with a wider constant-power-region per weakening-flux-capability
drive, respectively, as well as for low-power higher-precision servo applications.
Because of the versatility of its structure, the PMSM is capable of meeting the needs
of a wide range of application areas. Third, advanced control schemes such as Field
Oriented Control (FOC), Direct Torque Control (DTC), and Predictive Torque
Control (PTC) allow PMSMs to have more smooth torque performance in both
dynamic and steady state than other SMs. By utilizing advanced control schemes
such as Field Oriented Control (FOC), Direct Torque Control (DTC), and Predictive
Torque Control (PTC), PMSMs are able to have more smooth torque performance

in both dynamic and steady state than other SMs.

In addition to improving the adaption of PMSMs for diverse applications, a
high performance control approach such as FOC can raise the system efficiency by
including extra control constraints (for example, maximum torque per ampere
(MTPA)) into the system design. As stated above, in a FOC system, the rotor
position must be measured by an encoder or a resolver that is attached with the rotor
shaft since it is needed by the Park Transformation, which is the core of the FOC
system. In order to be effective in the system, the encoder or resolver must be stable
and fault-tolerant, characteristics that should be taken into consideration by the

system's designer.

However, it is necessary to consider negative points for the control system
based on encoder, such as that the encoder/resolver, as well as its accessories (cables
and decoder circuit), make the application more expansive. Also the
encoder/resolver, as well as its accessories (cables and decoder circuit), make the
application more expansive. In addition to that, the encoder/reliability resolver's
problem sets off a chain reaction that degrades the overall performance of the control

system as a result of its failure.
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It can be said that the main motivation of this thesis is precisely the
contribution to the development of technologies that allow the operation of this type
of equipment without the use of encoders/resolvers. Based on this, it was decided to
use the term "sensorless" to define the control system method that does not have
position/velocity sensors, and this will be the meaning of the term adopted

throughout this thesis.

Considering all sensorless control methods, it is known that systems with
scalar control are very accurate in estimating the rotor position at low speeds.
However, scalar control has a very low energy efficiency, which does not happen
with vector control method, and this reason encourages studies that seek to expand
the operating range of SM, especially PMSM, with regard to operational speed and
torque. As sensorless controls of synchronous machines are very popular in high
rotational speed usage, the challenges concerning this theme are regarded on

optimizing their operation at low rotational speed and in a functional way.

Nowadays, we can say we have two types of methods for implementing
sensorless control of PMSM in the literature: the fundamental model-based method
and the saliency tracking method. In general, these techniques are equally relevant
to other AC machines Because of the loss of the back-Electromotive Force (EMF)
signal or the poor Signal-to-Noise-Ratio (SNR) of any PMSM at low speeds and at
standstill, only saliency tracking based approaches can be used to estimate the
position and speed of any PMSM (SNR). The explanation for this is that saliency is
determined by the asymmetrical distribution of rotor flux, which is a physical
attribute of a machine independent of its model. When a PMSM operates at medium
or high speed, however, the saliency tracking approach produces an erroneous
prediction, as the back-EMF is no longer minimal. On the contrary, the higher the
speed, the more effectively the fundamental model-based method works, as this
method is completely dependent on the back EMF. The combination of these two
systems, referred to as hybrid sensorless control, is required for the PMSM to operate

over its whole speed range.
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The specific purpose of this thesis is to analyze and design sensorless control
approaches for a PMSM with salient magnets (SPMSM) at low speeds and granting

a operative torque, based on existing researches and methods.

To perform sensorless control of the SPMSM at low speeds, two improved
fundamental model-based approaches are compared and applied: the Flux observer
and the Sliding Mode Observer. These basic model-based techniques are machine
parameter sensitive (e.g., permanent magnet flux, stator resistance and inductance).
As a result, parameter identification is predicted to enhance the system's robustness
even further. Among the sensorless model-based approaches chosen, the Model
Reference Adaptive System and Extended Kalman Filter are also capable of
estimating not only rotor position and speed but also machine parameters on-line via
multiple selections of state-space variables, but those methods will not be discussed

in this research, although they deserve to be mentioned.

The experiments were performed in two environments. First in a
computational developed in Python language, in order to simulate the PMSM’s
electromechanical operational characteristics and responses to the proposed control
methods. In a second moment, based on the results for the computational simulation,
the code developed in the computational model is translated into a C++ code, in
order to operate a servo controller utilizing the programing software Drivelink, what

permits to perform a series of practical experiments with a test bench.
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1. LITERATURE REVIEW

By observing the large amount of literature about sensorless control of alternating
current machines, it is possible to come across different control methods, as well as
different machines used as object of study. With this in mind, this thesis will address

control methods for synchronous motors with permanent magnet rotors.

In this chapter, a brief bibliographic review will be carried out on
mathematical models that are already well known, in addition to explaining
examples of different control methods (observers) consolidated by simulation and
practical experiments carried out by several authors.General PMSM sensorless

control

According to Anuchin [3], permanent magnet synchronous motors (PMSMs) are
poorly damped systems, so they cannot operate on AC power like induction motors.
Therefore, a PMSM is powered by a controlled inverter. As the inverter contains
switchable elements, usually it controls the PMSM using a rotor position sensor, the
current angular position of the motor shaft is determined (usually this is done using
a sensor on Hall elements with a resolution of 60 electrical degrees). The control
system turns on the inverter gates so that the voltage vector is located at an angle of
90 electrical degrees relative to the current angular position of the rotor. Under the
action of the supply voltage in the phases of the PMSM, a current begins to flow,
which creates a flux perpendicular to the magnetization axis from the permanent
magnets, and there is an interaction of fields and a torque. Under the action of torque,
the motor shaft rotates and after a while the angle between the flux of permanent
magnets and the flux formed by the stator winding decreases, and the force of their
interaction (motor torque) decreases. This means that it is time to switch the inverter
gates so that the voltage vector is again at an angle of 90 electrical degrees relative

to the current angular position of the rotor.
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1.1. Salient PMSM mathematical modeling

According to Vas [1], for the equivalent model of the SPMSM, it will be
considered that the iron permeability equal to infinity (no saturation), the windings
are assumed to be sinusoidal distributed that is MMF space harmonics and slot
harmonics are neglected and the winding’s fields are assumed to be sinusoidally
distributed, so that considers the first harmonic only. In addition, the windings are
symmetric, so winding’s turns, resistance, and inductances are equal. It will be

considered that the lumped-parameter circuit model.
Ap d axis '\m

q axis

BS

AS

CcS

Figure 1.1 — Equivalent model of 3-phase PMSM, adapted from Vas [1].
The general voltage equation for an AC motor can be given as:

dy,

V= Rix+—

(1)
where Vy is a phase “X” stator voltage iy is a phase “X” stator current and ¥4 is a per-

phase “x” stator flux linkage.

The voltage equations may be written in stationary (a—f) frame for any PM

synchronous motor as follows [1]:

d d
v, R+ T [Lo + Li-cos(26)] ELl -5in(26) iy —sin(0)
Vs p ' d P [ cos(6)
aLl.sln(ze) R +E[L0 —LI‘COS(ZH)]
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where Ly = , Vo and Vg are the « and f axis stator voltages, i.

and igare the o and Sare the axis stator currents, R is the stator resistor of one phase,
Lq and L are the d and q axis stator self-inductances, Aom is the per phase permanent

magnet flux linkage and @is the rotor position angle related to a-axis.

1.2. Flux observer

This approach, known as the Active Flux Observer (AFO), derives from the
machine voltage model and was detailed by Boldea et. al. [9] as a universal
sensorless method that may be applied to practically all alternating current machines.
The term "AFQ" refers to the flux that produces torque in the electromagnetic torque

formulae of alternating current machines.

Based on these concepts, Chen [2] assumes that in a PMSM, the active flux is

Yu and it can be calculated as:

Wpy = j(us — Rsis + ucomp)dT — Lgis, 9)

where R; is the stator resistance, is is the stator current, us is the stator voltage and
Ucomp 1S @ COMpensating component that accounts for the nonlinearity of the inverter
as well as other factors, such as dead time, integration dc-offset, and stator resistance

change.
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Figure 1.2 — Active flux observer with Phase Locked Loop [2].

After several mathematical modeling, Ortega et. al. [5] concluded that from
observation of x, it is possible to recalculate the position angle 6 as shown below
(where @ is the estimated angle of ):

~ Y X, — Li
0 =tan™ ! (P—MB> = tan™! (Az—ﬁ> (10)
Yrua Xy — Lig

For the purpose of constructing a speed controller or compensating the cross
coupling voltages, Lig and Liq, it is required to determine the speed. However, it is
not ideal to derive a speed estimate by numerically differentiating the estimated

position. Instead, we use a tracking-controller-based speed estimate from the work

of Morimoto et. al. [6], where:

21 = K,(0 — z1) + K;z,, (11)
Zz = é — Z, (12)
@ = Kp(é - Zl) + Klzz, (13)

where K, and K; are proportional and integral gains, respectively.

It is important to point out that at zero velocity, the vector x cannot be

observable, hence, a position cannot be reconstructed using an observer.

The equations 11 — 13 concern the estimation of the velocity from the position
calculated not only by the Flux Observer, but are also applicable for any other
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observer mentioned in this work, since each one of them estimates the angular

position of the rotor.

Also, Solsona et. al. [7] brings a comparable nonlinear observer was applied.
Nonetheless, the state variable z contains no current variables. In contrast, speed w is
present. Consequently, the model incorporates mechanical dynamics, such that it is
dependent on the load characteristics. Correspondingly, the complete description is

considerately complex.

1.3. Sliding mode observer

Anuchin [3] writes that, in order to operate a PMSM with AC drives, the drive
requires mandatory information about the position of the machine's magnetic flux,
which in a synchronous drive is associated with the position of the rotor, to stabilize
the torque. The presence of a rotor position sensor reduces the reliability of the
electric drive system, increases its cost, therefore, sensorless control systems
(systems without an engine rotor position sensor) are being developed and

successfully used for AC electric drives.

Information about the position of the motor shaft can be obtained in several
ways. For non-salient-pole machines, the longitudinal inductance due to saturation
of the steel will be less than the transverse one. By adding a high-frequency signal
to the control action, you can get information about the inductance, from which you
can determine the position of the shaft. This method is not universal, since it requires
knowledge of the engine design, but recently it has begun to be used in general

industrial electric drives.

Other way is to estimate the EMF, which will restore the position of the rotor.
Other way is to estimate the EMF, which will restore the position of the rotor.
Considering that the equality of the stator circuit in the axes « and S are written as
follows [3]:

21



d‘Pm

Usq = LgqRs + —— dt (3)
Y
usﬁ = lSﬁR + d:ﬁ (4)
and flux linkages in the axes « and f:
Wsq = Lgisq + Wpy.cos 0; (5)
Lpsﬁ = LSiSﬁ + LI'Ip_]\/l_Si'n 9, (6)

where Wp . IS the component of the stator flux linkage from the permanent magnet

on the rotor. Considering that ¥p 29 = Y, y.w = e — is the motor’s EMF, and

there is an EMF, which is decomposed into components along the axes a and S as a
function of the sine and cosine of the angular position of the rotor, it can be assumed
that:

i,

Ugq = lgqRs + Lg—— I

=+ esa; (7)

Ug Ry +—— i B + 8
sp — lsB It €sps ( )
where es, = — e sin(6), €sp =€ cos(6).

According to Anuchin [3], if an EMF observer is built for each of the axes,
then, by estimating the EMF, you can calculate the position of the motor shaft, as

shown in the block diagram in Figure 1.3.
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Figure 1.3 - Rotor Position Observer Structure for PMSM Based on EMF
Estimation [3].

The observer consists of three components: two observers of the motor EMF
along a and £ axes and the function of the arc tangent of two variables for calculating
the rotor position angle. The output of the observer is comparable with the real value
of the angle. According to Anuchin [3], the observed angle lags behind the real
angle, which is explained by the presence of a filter with a time constant T, in the
structure of the observer. This drawback is associated with the use of an inertial
filter, and the larger the time constant of this filter, the better the system determines
the angular position at low speeds, but at high speeds, this leads to a strong delay. In
this case, the delay is the same in time regardless of the speed, but at low speeds,

this leads to a smaller error in angle than at higher speeds.
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Considering Utkin et. al. [11], and the well-known mathematical modeling
concerning the sliding mode observer (SMO) for the control of electro-mechanical
systems, Qiao et al. [10] develops a good example of an operative application for

the SMO in the sensorless control of a PMSM. The EMF observer in the form shown

below:
déa 5 1
W = —Wrép — Wrep — lea (14)
dég . B 5
E = W€y — Wr€y — leB (15)
dwg . .
e €q.8p — €géy (16)

where the errors &, = é, — ey, € = € — eg and the speed @, = &, — w;..

Consequently, the position signal is calculated using the back EMF signal
collected from the observer and the correlation between the back EMF and the rotor

position.
~ €q
0 = —arctan (7) (17)
€p
The Sliding Mode Observer (SMO) is defined and evaluated by Chen [2] on a

“superplane” of system states, where Lyapunov's stability theorem guarantees a

sliding motion.
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Figure 1.4 — Sliding mode observer [2].

The constant or speed-dependent value of the gain matrix, according to
Chen [2], K must be high enough to enable convergence of the SMO. The SMO is
distinguished by its feedback error equation f(z) = sign(z), which always results in a
strong feedback gain even when the mistake is tiny. A system with a high feedback
gain is more resistant to parameter fluctuation. The chattering issue caused by the

sig function is the primary barrier to the widespread adoption of SMO.

1.4. Model reference adaptive system (MRAS)

According to Chen [2], the key principle of the MRAS method is to regard the
equation including the unknown parameter as the adjustable model and the equation
containing only known parameters as the reference model. In addition, the output of
the two models has identical physical significance. When two models operate at the
same time, the difference in the output values is utilized to determine the appropriate
adaptive rate for adjusting the parameters of the adjustable model such that the

output of the control object follows the reference model.
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Particularly, the MRAS estimators have different criteria for stability than the
observer estimators, writes Schroder [13]. For control of time-invariant systems,
most adaptive approaches employ state-space equations, so the MRAS method we

have the output shown below:

£=A%+Bu+K(y-7) (18)

o

y=Cx (19)

where x is the state vector, u is the system input vector, y is the output vector, K is

a gain coefficient, and A, B and C are the parameters of the motor.

Reference Model
1 Yy
1€ |

e e ey

\ Adaptive
Adjustable Mode] | Controller

Figure 1.5 — MRAS observer [2].

Said that, the model proposed for Chen [2] considered y = 2 an output called

&, and error e calculation in the MARS method:
é=x—%X (20)

Finally, replacing the parameters of a PMSM in the MRAS mathematical

method, it is possible to obtain the estimated rotor speed for the motor:

“ Y 14
~ PPN . oA PM . A PN PN PM . ~ ~
D, =K,f0 [ldlq —qud—ﬂ(lq —lq)] dt-l-Kp-[ldlq —lqld—?(lq —lq)] + &,.(0) 21

where K| is the integration gain, Kp is the proportional gain, iq, Iq, g, igare the g—
and d—axis currents and the estimated gq— and d—axis currents respectively, ypum Is

the active flux in a PMSM and @, is the estimated rotor speed.
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So, the rotor position can be estimated from the integration of the estimated

speed, as shown bellow:

t1l
6, =f @,dt + 6(0) (22)
0

1.5. Vector control for PMSM

According to Vas [1], the control principle of the PMSM drive is based on the
orientation of the magnetic flux vector ¥. Since the magnetic flux generated by the
permanent magnets of the rotor is rigidly coupled to the position of the rotor shaft,

the position of the flux vector can be determined from the position of the rotor shatft.

The vector control method, according to Vas [1] and Gu [12], is based on the
coordinate transformation and motor torque equation by adjusting stator current to
optimize the performance of the motor. In the control of a three-phase PMSM
system, is supplied modulated current to the abc stator windings to build the rotated
magnetic field and to drive the rotor. Said that, the vector control method is
formulated in a reference frame that rotates synchronously. By means of Clarke—
Park transformations and inverse transformations, the equivalent present relations
between abc-stator coordinates, the stationary a-axis coordinates, and the rotational

dg-axis coordinates are constructed.

For the construction of the system shown in Figure 1.6, Gu [12] writes that

the voltages (d— and g—axis) ug and uq can be calculated as follows:
Ug = Rsid + Ldpid — erdiq (23)
Ug = Rgig + Lgpig — wrlgiy + 0¥ (24)

where R; is the stator resistance, the ax is the rotor speed, Ly and L are de d- and

g-axis inductance, ¥ is the constant magnet flux linkage produced by permanent
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magnet rotor, and p is the differential operator. Considering that, the electric torque
T is written as shown bellow:

3 : .
T = Epm(qfflq + (Lg — Lg)qiq) (25)
where Py, is the number of pole pairs.
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Figure 1.6 — Vector control of a PMSM.

The reference of the d component of the current depends on the PMSM rotor
topology. If the motor rotor is of a model that has surface disposing magnets
(SPMSM), the reference of iy must be 0. If the motor has internal magnets in the

rotor (IPMSM), the reference can vary, being defined as coefficient K that multiplies
de signal from iy,

1.6. PMSM rotor different topologies

According to Qinghua [40], there are several types of PMSM rotor, regarding
the topology of the magnets arrangement, but it is possible to separate them into 2
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groups, which are the PMSM with salient magnets (SPMSM) and the PMSM with
internal magnets (IPMSM).

_/ ™,
' 1
b e '
e

4

Figure 1.7 - Surface-magnet rotor (left) and interior-magnet rotor (right) [39].
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Ramamoorthy [36] states that in the field oriented control (FOC) model, the
current iq is responsible for defining the torque and the current iqis responsible for
defining the armature reaction flux on the direct axis. In SPMSM the current iq is
defined as 0, thus operating with constant torque, a condition in which the flux in

the motor air gap is formed only by the flux of the magnets.

In the case of IPMSM, as explained by Qinghua [40], Araki [41] and Jung [42]
depending on the motor design and the internal arrangement of the magnets, the rotor
IS magnetized differently, which causes a dependence on the iy component in the

reluctance torque calculation, as shown below:

3
T = ZP(I/Jmiq + (Lg — Lg)iaiq) (26)

where P is the pole number and y, is the rotor flux linkage due to the permanent

magnets.

For this reason, when using control methods for IPMSM, it is necessary to

consider a reference current iq that is variable and different from zero.
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1.7. Direct torque control for PMSM

The Direct Torque Control (DTC) was created to alleviate the comparatively
weak transient responsiveness and dependency on induction motor settings of
Vector Control. According to Kadir [14] and Krishna [15], this method uses a look
up table to establish the inverter's output reference voltages rather than coordinate
transforms and PI controllers. Flux and torque are employed as controller feedback
signals. The errors in torque, stator flux magnitude, and stator flux angle go to
switching table (or voltage vector selector). Using a hysteresis comparator, each of
these variables is discretized into a given number of levels. The error in stator flux
magnitude is 1 if it is low and O otherwise. Three levels are used to describe torque
inaccuracy, with -1 being too high, 0 being acceptable, and 1 being inadequately
low. The stator flux angle is then subdivided into six 60-degree sectors
corresponding to the regions delimited by the PWM space vectors. The Figure 1.8

depicts the black diagram of the Direct Torque control Induction Motor drive.
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>(P > II — > Voltage

- Switching | Sb > Source

Table Inverter

lps”: 1 d¥ Sc (VSD)

|
| Stator flux and |-

electromagnetic |-
Torque estimator

M

Figure 1.8 — Block diagram of direct torque [15].

Finally, the stator flux linkage and the electromagnetic torque can be

expressed in the functions bellow:

Yo=-W + gL (27)
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Te=—— '(Lprdisq - LIJ7”q isd) (28)
2 L,

o~

where L, is the mutual inductance, L, and the Lsare the rotor and stator inductances,
the o is the coupling factor, is is the stator current, isq and isq are the d and q
components of the stator current, P is the number of pair poles ¥; is the rotor flux

linkage and ¥4 and ¥iq are the d and g components of the rotor flux linkage.

1.8. High frequency injection

According to Zhu [35], High frequency (HF) injection on PMSM sensorless
control is based on the motor magnetic saliency phenomenon. In this method, a high
frequency voltage or current vector signal is superimposed on motor fundamental
excitation. The corresponding high frequency current (or voltage) signal contains
rotor position information, and is analyzed to track spatial saliencies and to estimate
the rotor or flux position. In this method, a voltage or current vector signal with a
high frequency is overlaid on the fundamental excitation of the motor. The related
high frequency current (or voltage) signal comprises the rotor location information

and is examined to determine the rotor or flux position and track physical saliencies.

Considering that a signal with a high frequency is introduced into the PM
synchronous motor, the back electromotive force (back EMF) voltage can be
disregarded when examining the high frequency components of a motor based on its
voltage equations, as it lacks a high frequency component. Then, the high frequency
components of a PMSM's voltage equations consist solely of high frequency voltage,
current, and motor high frequency inductances, which represent rotor position

change.
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If the difference between the d- and g- axes high frequency impedances is not
zero, then the d- and g- axes high frequency current components in the estimated
synchronous reference frame contain rotor position data. The g-axis high frequency
current is proportional to the sine of two times the rotor position error signal
(sin 28,) and becomes zero when the rotor position estimate error is zero. This
component can be used to estimate rotor position. As an input, the g-axis current is

used to generate a rotor position estimator.

The predicted location of the rotor is then transmitted back to the motor
position controller. Figure 1.9 depicts the entire HF injection PMSM sensorless
control mechanism. Two control loops, such as the speed loop and torque loop,

govern the reference voltages of the motor's d- and g- axes, respectively.
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Figure 1.9 — Block diagram of HF injection PMSM sensorless control [35].

The injected d-axis high frequency voltage (Figure 1.9) will induce high
frequency current fluctuation in the estimated g-axis if the estimated rotor position
Is incorrect due to the magnetic saliency property at high frequency. The value of
this error signal is proportional to the difference between the estimated and actual

rotor position.
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2. DEVELOPMENT OF THE MODEL OF THE CONTROL OBJECT

Both the control theory and the parameter estimation theory are extremely
reliant on having an accurate model of the machine, which is typically represented
by a series of mathematical equations or matrices. In this chapter it will be addressed

the construction of the models utilized for the system simulations.

A code in Python language was developed to simulate the sensored operation
of areal PMSM, as the system illustrated in Figure 2.1, based on Ramamoorthy [36],
considering the field oriented control method. The system in question will be used

later as a basis for the development of sensorless simulation systems.
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Figure 2.1 — Overall Block Diagram of Sensored Field Oriented Control [36].

It is worth noting that for the construction of this model there was no need to
use a three-coordinate model (ABC) for the phases read from the motor. The model
directly simulates the use of 2 coordinates (o and f), skipping this step, so there is

no need for a code to calculate the Clarke transformation.
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2.1. Motor’s model

Initially, in order to build the algorithm for the control model, based on the
mathematical theory developed by Vas [1], is necessary to elaborate the part of the
system that represents the machine itself. In this case, it will be considered that the
equations for a non-salient (SPM) synchronous motor in stationary («-p) reference

frame (according to (2)) are:

R+Ld 0
dt
d

0 R+L—
dt

—sin(6)
cos(0) |’

la
. ig

V; + w Ay (29)

where Lq = Lq = L.
The first item on the right side of (29) contains known variables. The only
unknown variables are in the EMF term (second term on the right side) contains the

rotor position.

According to (1) and (29) we can define the per-phase flux linkage in «, S

reference frame as follows:

‘I’a=f(Va—ia-R)dt—ia-L (30)

wﬁ=J(Vﬁ—iﬁ-R)dt—iﬁ-L (31)

On the other hand, the formula for the flux linkage per-phase can be also

expressed as shown below:

Y, = f [~ Aym - sin()]dt = Ay, - cos(6) (32)

Yy = J [ - A - cOs(8)]dt = Ay, - sIN(B) (33)

From (30) — (33) we can derive in the following way:

tan(@)=&=I(Vﬁ_iﬁ.R)dt_iﬁ.L (34)
W, [(Vp—ig Rt —iq-L
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J(Vg—ig-R)dt —ig-L
JWy—ig R)dt —ig- L]

6 = arctg (35)

Based on that, in order to build the equations that will be used in the simulation
algorithm, we can go further and say, that the system of differential equations
describing a permanent magnet synchronous motor has the following format and
sequence. Firstly, the alpha and beta components of the flux linkage induced in the

windings by the rotor magnet are calculated as follows:
Yeo = W - cos(6,); (36)

where Rsis the stator resistance, Ls is the total stator inductance, & is the rotor’s
electric rotation angle and ¥ is the vector flux linkage amplitude. Thus, the phase

alpha and beta components of the flux linkages are calculated as:
Yo =Ls g+ Ve (38)

where i, and ig are the alpha and beta stator current components, that can be

calculated as shown below:

di 1 _
d—;‘=L—S(Ua—RS-za+wr-zp-wfﬁ); (40)
di 1

B _ i . .
E = E (UB - RS l[g + Wy Zp lzufa), (41)

where z, is the motor’s pole pairs number, @ is the motor’s mechanical rotation

speed, and U, and U are alpha and beta stator voltage components.
The motor electromagnetic torque can be calculated as:

M =15 z,(¥, ig—¥p-iy) (42)
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And finally, the rotor speed and position can be mathematically represented

as shown below:

do, 1 (M —M,) 43
dt _]2 [ ( )

do,
E = a)r-zp (44)
We = Wy (45)

This mathematical model described above can be summarized in the system

illustrated in the Figure 2.2.
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)
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Ug O 1
Ls+R, ‘ ™ L

Figure 2.2 — Functional diagram of a synchronous motor.

The Python compatible algorithm, for the modeling explained above, is

available for application and testing as follows:

# generating the alpha and beta voltage for a scalar control mode
Ub = An * sin(wn * time)
Ua = An * cos(wn * time)

if (w_>=9999): #setting a speed limit for the model
w = 9999
elif (w_ <=-9999):
w =-9999
else:
# calculating the flux linkages alpha and beta
Psi_fa = PsiR * cos(th);
Psi_fb = PsiR * sin(th);
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Psi_a=Ls*ia_+Psi_fa;
Psi b=Ls*ib_+Psi _fb;

#calculating the alpha and beta the stator current components
ia_=SampleTime/Ls* (Ua-Rs *ia_+w_*7Zp*Psi fb)+ia_;
ib_=SampleTime /Ls * (Ub-Rs *ib_-w_*Zp * Psi_fa) +ib_;

#calculating the estimated torque and speed
M _=15*Zp*(Psi_a*ib_-Psi_b*ia);
w_ =SampleTime /J*(M_-(Mc)-B*w_)+w_;
#calculating the electrical angle position
time = time + SampleTime;
if (time <= SampleTime):
th = th + thO;
else:
th=th+Zp * w_* SampleTime;

if (th > (2 * M_PI)):
th=th-(2* M_PI);

if (th < (0.0)):
th=th+(2*M_PI);

theta_=th /(2 * M_PI)+1.0;
if (theta_ >=1.0):

theta_ =theta_-1.0;
if (theta_ <=0.0):

theta_ =theta_+ 1.0;

# reallocating the calculated variables
wW=Ww_;

M=M_;

f ra=Psi_a;

f rb=Psi_b;

ia=ia_;

ib=ib_;

theta =theta_;

To carry out the validation of the proposed model, you can print the graphical
results generated from the values of angular position (theta) and velocity (w), as
shown in Figure 2.3, where the initial speed is 3.14 rad/s, and after 2 seconds it is

increased to 1.57 rad/s.
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Figure 2.3 — Speed () (orange) and electrical angular position (&) (blue) for to
3.14 rad/s and 1.57 rad/s.

In this stage of the computational model it can be said that is being used the

scalar control method, for simulating the “real” motor position and speed.

2.2. Park transformation

The park transformation in this stage of the simulation, works as projection
that modifies a two phase orthogonal system (a, £) in the d,q (direct and quadrature)

rotating reference frame.

For that matter, as well as the work developed by Ramamoorthy [36], the

following mathematical construction is applied:

isqg = Lsq * €OS(8 - 2m) + isp  sin(0 - 21) (46)

lsq = lsq SN0 * 2) — igp - cos(O * 2m) (47)
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The components are dependent on the components of the current vector (a, )
as well as the position of the rotor flux. Once the correct position of the rotor flux is

known, then the d, g components will be a constant when using this projection.

A

p

isp [ ]

s | \
q \

0 H .y
o=a

I Sa

Figure 2.4 — Stator current space vector and in its « and £ components, and in

the d and q rotating reference frame [36].

The two phase currents now turn into dc quantity (without changing in time).
The constant isq (Flux component) and is (torque component) current components
can now be regulated individually, which makes torque control much simpler at this

stage.

The Python compatible algorithm, for the modeling explained above, is

available for application and testing as follows:

# defining the variables from the previous section of the code
Angle =theta  #angular position

Alpha =ia #current alpha

Beta = ib #current beta

# calculating the sine and cosine signals from the angular position
Sine = sin(Angle * 2 * M_PI);
Cosine = cos(Angle * 2 * M_Pl);

#calculating the new current components d and g

Ds = (Alpha * Cosine) + (Beta * Sine);
Qs = (Beta * Cosine) - (Alpha * Sine);
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Based on the already built model of the motor, and from the currents i, and i,

the following graphs, shown in Figure 2.5, can be obtained for the currents iy and
isq.

i-A

i
VAVAVAVAYAVAVA

i

0 5000 10000 15000 20000 25000 30000 f-ms

Figure 2.5 - isq (red) and isq (green) i (blue) and iz (orange).

From the d and q components of current, it is possible to move to the current

control phase, in order to improve the signal quality.

2.3. Pl current regulator

According to Franklin [16], for the regulation of the current components q and
d, it was elaborated a code based in a standard PID regulator with integral saturation
correction, whose logic can be summarized in the functional diagram illustrated in

Figure 2.6.
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Figure 2.6 — Structural diagram of the PID controller with integral saturation

correction
The differential equation for the PID controller has the form:
Upresat (t) = Up (t) + Ui(t) + Uy (t) (48)

Analyzing separately it is possible to describe separately the components of

the general equation (48). Firstly, the proportional component is calculated as:
U,(t) = K, - e(t) (49)

where K, is the regulator’s proportional coefficient and e is the saturation error

coefficient.

The integral component with integral saturation correction is calculated as:

K t
Ui(t) = Tp ) f e(T)dT + K- (U(t) - Upresat(t)) (50)
l 0
where T; is the integral time constant, and K. is the integral saturation correction
factor.
The derivative component is calculated as:

B de(t)

where T4 is the derivative time constant,

The expressions (48) — (51) can be discretized according to the first difference
scheme shown in Figure 2.6. Then, the PID regulator equation is:
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Upresat(k) = Up(k) + Ui(k) + Uy (k) (52)
The discretized equation for the proportional component is written as:
Uy (t) = K, - e(t) (53)

The new integral term with integral saturation correction is:
Ts
Ui(k) = Ui(k - 1) + Kp F ) e(t) + K- (U(k) - Upresat(k)) (54)
The derivative component can be calculated as:
Tq
Ua(k) = K, o (e(k) —e(k—1)) (55)
S

To shorten the record, it is introduced the coefficient K; = % where Ts is the

sampling time (or discretization time), then the integral component with the

correction of the integral saturation and the derivative component will take the form:
Ui(k) = Uy(k = 1) + K; - Up (k) + K, - (U(K) = Upresae () (56)

Uallk) = Kq (U (k) = Up(k — 1)) (57)

Applying the logic from (52), (53), (56) and (57) to both the current
components d and g, it is possible to finally construct the respective PID equations

as follows:
idp(t) =K, e(t) (58)

iqp(t) =K, e(t) (59)

1000 = a6 = D+ Ki 1y (00 + Ko (1000 = fapregqe(0)  (60)
iq, () = iq (e = 1) + K; -ig (k) + K, (iq(k) - iqpresat(k)> 61)

4 () = Ko (1 (00) = g, (k = 1) (62)
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iq (k) = Kq (qu(k) —ig (k- 1)> (63)

idpresat(k) = idp(k) +iq;(k) +ig, (k) (64)

(k) = lq (k) + iq, (k) + lqd(k) (65)

qpresat

For this application, it was decided not to utilize the derivative component for
the current regulation (making it a Pl control, instead of a PID control). Therefore,
IS necessary utilize just the proportional and the integral, components, and their

respective coefficients can be calculated as follows:

2
Weo * Tscan
K:=R-T,- (66)
' ¢ v.scale * KI.scale 4 52
2
w
K,=R-T?- = (67)

. A £2
Kv.scale KI.scale 4 S;

where: R is the stator resistor, T, is the stator time constant, ax, IS the open loop
frequency crossover (rad/sec), Tscan IS the microprocessor scan time (or sample time),
Kvscale 1S the voltage scaling factor (volts/cnts), Ksaie IS the current scaling factor

(cnts/amps), and € is the damping factor.

Remembering that the machine that is the controlled object is a PMSM with
salient magnets, it can be assumed for the proportional integral regulator that the

reference quadrature current i = 0.

Said that, the Python-based code can be constructed as follows:

# setting the parameters for saturation (Max and Min) and PID coefficients
Max = 10

Min =-10

Kp =10

Ki=0.01

Kc=0.01

Kd=0

# Setting the d and g reference

Q_Ref= 10 # the g acquired from a later section of the code but is set initially as 10
Q_Ref=S_Out

D_Ref=0

#defining d and g current components from the previous segment of the code
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Q_Fdb=0Qs
D _Fdb =Ds

# calculating q regulator (torque)
Q_Up1l=Kp * (Q_Ref - Q_Fdb);

Q Ui=Q_Ui+Ki*Q_Upl+Kc*Q_SatErr;
Q_Ud=Kd * (Q_Upl-Q_Up);
Q_Outl=Q_Upl+Q Ui+Q_Ud;

# setting the controller’s saturation for iq
Q_Out =Q_Outl;
if (Q_Out > Max):
Q_Out = Max
if (Q_Out < Min):
Q_Out = Min;

# calculating the iq saturation error
Q_SatErr =Q_Out - Q_Outl;
Q_Up=Q_Up1;

# calculating d regulator (torque)
D_Upl=Kp * (D_Ref- D_Fdb);

D _Ui=D_Ui+Ki*D_Upl+Kc * D_SatErr;
D_Ud =Kd * (D_Upl-D_Up);
D_Outl=D_Upl+D_Ui+D_Ud;

D_Out=D_Outl;
# setting the controller’s saturation for iq
if (D_Out > Max):
D_Out = Max
if (D_Out < Min):
D_Out = Min;

# calculating the id saturation error
D_SatErr=D_Out-D_Outl;

D _Up=D_Upl;

Ds=D_Out

Qs =Q_0Out

In order to validate the code build above is possible to build a graphic of the
results (out variables). The Figure 2.7 shows the behavior of a regulated unitary
variating signal and the effects of wrong definition of the PI coefficients in this

signal.
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Figure 2.7 — Test of the PI current regulator for a varying current signal. Desired
signal (blue) and regulated signal (orange) varying the PI coefficient components:
(@) — K, =0.5and K; = 0.5; (b) — K, = 15 and K; = 0.1; (c) — K, = 0.5 and K; = 0.01,

(d) — Kp =10 and K; = 0.01.

After regulating the current, it is necessary to obtain the « and £ components

again, through the inverse transform of the Park method.
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2.4. Inverse Park transformation

As shown in Figure 2.1, the Inverse Park transformation (I-Park) is necessary to
bring back the new « and g stator current from the d,q stator current components,
which was explained in detail in (46) and (47), as well as in the Figure 2.4. Therefore,
according to the work of Ramamoorthy [36], the retroactive calculation can be done
as:

lsq = lsq * €OS(0 * 21) — igq * Sin(O - 2m) (68)

isp = lsq *Sin(0 - 2m) + igq - cos(O - 2m) (69)

For this model’s segment, it is worth remembering that firstly it is considered
the sensored control mode for the PMSM, therefore no observer is taken into

account.

# defining the variables from the previous step of the code
Angle = theta

Ds=D Out

Qs =Q_0Out

# calculating the sine and cosine signals from the angular position
Sine =sin(Angle * 2 * M_PI);

Cosine = cos(Angle * 2 * M_Pl);

# calculating the new current components alpha and beta

Alpha = (Ds * Cosine) - (Qs * Sine);

Beta = (Qs * Cosine) + (Ds * Sine);

Based on the already built model of the motor, and from the currents i, and i,

the following graphs, shown in Figure 2.8, can be obtained for the currents isg and

|sq.
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Figure 2.8 — isq (red) and isq (green) i (blue) and iz (orange).

Finally, after calculating the new alpha and beta components of the current,

the PMSM speed and torque can be regulated.

2.5. Task for speed and loading torque

For the task concerning the speed and loading torque simulation, it was
defined before anything the working regime of the machine, that is, the moments in
time when the speed and load must be changed, in order to simulate the behavior of

the motor under these control conditions.

It was defined that the motor should start at a speed of 15 rad/s and slow down
to 8 rad/s when the time reaches 0.4 seconds. For the loading torque, the PMSM
starts with a 0.01 N-m, and the load is increased to 0.11 N-m at 0.7 seconds of

simulation.

The logic for this part of the controlling system is similar to the current

regulator. For the construction of the speed regulator, the same PID regulation
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utilized for current (52) — (57) is now applied for the speed control. Said that we

have de following mathematical construction:
Wpresat (k) = wp (k) + w; (k) + wq (k) (70)
The equation for the proportional component is written as:
wy(t) = K, - e(t) (71)
The equation for the integration component is written as:
w0i(k) = Wik = 1) +K; w0, (k) + Ko (0 (k) = 0presar(®)  (72)

The equation for the derivative component is written as:

wa (k) = Kq (@, (k) — ay, (k - 1)) (73)

Finally, concerning the mathematical modeling developed above by Vas [1],
it is necessary to take into account the proportional and integration coefficients,

which are built as follows:

Kp _ Weo " Jx (74)

Ktorque.scale ) Kspeed.scale

w?, Js - T
K; = Ki* *Tscan = o Jx" Tscan (75)

. vl F2
Ktorque.scale Kspeed.scale 4 f

where Jx is the sum of motor load inertia (kgm?), ax, is the open loop frequency
crossover (rad/sec), Tscan IS the microprocessor scan time (or sample time), Kiorque.scale

is the motor torque scaling factor (Nm/cnts), Kspeed.scate IS the speed scaling factor

( cnts ) ¢ is the damping factor.

rad/sec

Based on the mathematical logic built above, it is possible to build the Python-

based algorithm for speed control as follows:

# setting the initial speed as 15 rad/s and the torque as
S _Ref=15
Mc =0.01

# setting the regulation PID coefficients
S Kp=2
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S_Ki=0.01
S Kc=0.1
S Kd=0

# reading the previous calculated feedback speed
S_Fdb = wRestored

# calculating the components PID (equations 69-72)
S_Upl=S Kp * (S_Ref-S_Fdb);

S Ui=S Ui+S Ki*S_Upl+S_Kc*S_SatErr;

S _Ud=S_Kd*(S_Upl-S_Up);

S _ Outl=S Upl+S_Ui+S_Ud;

# defining the saturation limits
S_Out=S_Outl;
if (S_Out >S_Max):
S_Out =S_Max
if (S_Out <S_Min):
S_Out =S_Min;

# calculating the saturation error
S_SatErr=S_Out -S_Outl;
S_Up=S_Upl;

To carry out the validation of this step of the code, it is possible to print the

graphs referring to the speed (Figure 2.9) that was obtained from the model above.
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Figure 2.9 — Motor’s speed with different speed controller coefficients: (a) - K, =1
and K; = 0.01; (b) — K, = 2 and K; = 0.01; (c) - K, =2 and K; = 0.001.

Based on Figure 2.9 is also possible to visualize how changing the current

control’s coefficients reflects the speed performance.
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3. ANALYSIS OF THE SYSTEM OPERATION WITH OBSERVERS

After finishing the elaboration of the model described in the previous chapter,
which is based on a control system of a PMSM with position and speed sensors, it
IS time to simulate this same system using mathematical observers capable of

estimating the electrical and mechanical speed and position of the motor.

For this purpose, a flux observer (FO) and a sliding mode observer (SMO)

were built to compare the performance of both methods.

3.1. Flux observer model

Between both methods (SLO and FO), the flux observer is the most
mathematically simple and compact, and for that reason, it was the first to be

analyzed.

In this method, it is necessary to first calculate the total voltage (considering
the voltage loss in the winding). This voltage is divided, along with the currents,

between the « and £ components, in this way, it is calculated:
Eqy =Uy— (Rs " ig) (76)
Ep = Up — (Rs " i) (77)
where U, and Ug are the alpha and beta voltage components, i, and iz are the alpha

and beta current components, and Rs is the stator resistance.

The next step is to calculate the alpha and beta components of the flux linkage:
Wy, = f E,dt — (Ly-iy) (78)
Yy = f Epdt — (L " ip) (79)
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where L is the stator inductance.
Bringing the (78) and (79) equations to the discrete environment, the

following formulas were assumed:
Wo (k) = [ko - Walk — D] + [ky - Eq — (ip - Ls)] (80)

qjﬁ (k) = [ko ) Lpﬁ(k - 1)] + [kq EB — (g Ls)] (81)

where ko and kj are the integration coefficients. In this situation it is well known that
ki >> ko and for this reason, by systematic empirical evaluations, it is assumed that
ko =0.995 and k; = (1 — ko). It is also worth noting that these coefficients may change

according to the electromechanical parameters of the motor.

With the information from the alpha and beta components of the flux linkage,
it is then possible to calculate the estimated electrical angular position (8,):
b4
A - B
0, = tan™?! (lp_a) (82)
Based on the formulas developed above, it was then possible to develop the
part of the code referring to the calculation of the electrical angular position through

the flux observer method:

# defining the integration coefficients kO and k1
kf0 = 0.995

kfl1=1-kf0

# defining the motor’s stator resistance

R =10

# calculating the alpha and beta components for stator voltage
Ealfa=Ua-R_*ia
Ebeta = Ub - R_*ib

# calculating the alpha and beta components for flux linkage
Falfa = kfO * Falfa + kf1 * Ealfa - ib*L
Fbeta = kfO * Fbeta + kf1 * Ebeta - ia*L

# calculating the electrical angle for the Flux Observer

thetaF_ = atan2(Fbeta,Falfa)
thetaF = thetaF_/ (2 * M_PI) + 1; # this lines just reallocates the position graphic vertically

To perform the code validation, it is possible to print the estimated angular

position and motor speed graphs, simulating the system from the estimated value,
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replacing the position/speed sensor that was previously considered in the code,

shown in Figure 3.1.
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Figure 3.1 - Comparison between electrical angle position calculated by the Flux
Observer (orange) and the angle shaft of the motor model (blue)

The speed signal can be built from this mathematical observer as well, and

this matter will be addressed later.

3.2. Sliding mode observer model

The second observer applied on the model for the electrical position angle
estimation was the SMO method. This technic is relatively more complex than the

flux observer method, in mathematical terms.

The utilized logics can be fundamentally based on the theory explained

previously, on Chapter 1 in the equations (3) — (8), and illustrated by the Figure 1.3.
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Based on these assumptions, it is possible to construct the discrete-time functions of

the estimated « and £ components of the current, as follows:

(R = (k= 1) 4 et e ) (83)

ip(k) =ig(k—1) + [Up — esﬁ -_Ts(iﬁ ‘R;)]

(84)

where T; is the sample time.

After obtaining the values of « and g current components, is possible to

calculate de respective estimated EMF, as shown below:
bsa(k) = ko bsq(k—1) —kq - egq (85)
ésﬁ(k) =k - ésﬁ(k —1)—ky- €sp (86)

where Ko and kj are the integration coefficients. In this situation it is well known that
ki >> ko and for this reason, by systematic empirical evaluations, it is assumed that
ko =0.99 and ki = (1 — ko).

Finally, the electrical position angle () can be estimated in a similar format

to (17), as follows:

é _ -1 _ésa(k) 87
e = tan (W) (87)

From the theory developed above, it was then possible to elaborate the

referring segment of the Python-based code:

#defining the integration coefficient
k0 =0.99

#defining the current limit (saturation)
lim=3
if (ia < iaz):
EMFaz = lim
elif (ia > iaz):
EMFaz = -lim
else:
EMFaz=0

# calculating the estimated current alpha component
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jaz =iaz + (Ua - EMFaz -ia * Rs*1) /L * SampleTime*1

# calculating the estimated beta EMF component
EMFazf = EMFazf * kO + EMFaz * (1 - kO)

if (ib < ibz):
EMFbz = lim
elif (ib > ibz):
EMFbz = -lim
else:
EMFbz =0

# calculating the estimated current beta component
ibz = ibz + (Ub - EMFbz - ib * Rs*1) / L * SampleTime*1

# calculating the estimated beta EMF component
EMFbzf = EMFbzf * kO + EMFbz * (1 - kO)

# calculating the electrical angle for the Sliding Mode Observer
thetaRestored_ = atan2(-EMFazf,EMFbzf)
thetaRestored = thetaRestored_/ (2 * M_PI) +1;

In order to validate the code model for controlling the previous built PMSM

simulation, it is possible to print the final values of the electrical motor’s angle, as

shown in Figure 3.2.
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Figure 3.2 — Comparison between electrical angle position calculated by the SMO

(orange) and the angle shaft of the motor model (blue)
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The speed signal can be built from this mathematical observer as well, and
this matter will be addressed later.

3.3. Final considerations for the chapter

In the final segment of this simulation system, in order to better understand
the behavior of each observer and their general performance, it was programmed a

series of different commands of speed and a load torque variation.

For that simulation, as shows Figure 3.3, it is set an initial speed of 15 rad/s
that after changes to 8 rad/s, at 0.4 s. The initial load torque set on the system is
0.01 Nm, which is increase to 0.15 Nm after 0.7 s.

o - rad/s
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17.54
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150 F—==—==- ~~ 1
i | Torque increases to
: 0.15 Nm
10.0 : \
8 rad/s :
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1
5.0 1
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0.0 A

1 1
0 2000 4000 6000 8000 10000 £ - ms

Figure 3.3 — Speed (grey) and angle shaft (blue) of the motor model; angle shaft
calculated by the Flux Observer (red); angle shaft calculated by the SMO (orange);

speed calculated using both observers (green).
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Considering the alternation between the observers, in the system in Figure 3.3
it is defined that up to 0.25 seconds the flux observer is used, and then the system

works using the Sliding Mode Observer.

Thus, it was concluded that the results in a computer simulation environment
of the control logic developed in this chapter are sufficiently suitable for application

in a real control system, which will be the subject of the next chapter.

The complete code concerning chapter 2 and chapter 3 can be found in

Appendix 1.
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4. VERIFICATION AND EXPERIMENTS

For the validation of the theory studied in this thesis, as well as the validation
of the computational model elaborated, it is necessary to carry out practical

experiments with real motor and control hardware.

In this chapter, it will be explained the implications and behavior of each
observer method in a real environment, under different operative situations, such as

reverse commands, load application and start conditions.

4.1. Test bench specifications

The utilized equipment consists essentially of a servo controller Potomac
Electric model mUSD-220 and a 2.2 kW PMSM, as shown in Figure 4.1.

Figure 4.1 — Test bench with the mUSD-220 connected to the PMSM

The utilized motor was A0 KOM?3 synchronous motor, made in Russia, with

the following specifications, described in Table 4.1:
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Table 4.1 — Synchronous motor’s technical information

Nom. Nom. Nom Nom. Nom.
n Power
Freq. Voltage | Current. Speed Torque
200 Hz 380V 4.2 A 0.9 2.2kW | 1500 rpm | 14 Nm

The servo controller operates under a nominal voltage of 220 V and provides
a control voltage up to 24 V and a maximum current of 30 A on the output, being
able to control a motor up to 2.2 kW. For more information, it is possible to analyze
the manufacturer's documentation [37]. For safety reasons, the maximum voltage on

the inverter was limited to 160 V, which led to a decrease in the idle speed.

The servo controller operates from the programming software Drivelink [38].
To bring the previously developed control logic to this control software, it was
necessary to rewrite it in C++ language (that is available in Appendix 2). It is worth
noting that to add sensorless control methods with FO and SMO in the control
software, it is only possible to do so from developer access. Drivelink program
allows you to change the parameters and program in the servo controller via USB

interface.

4.2. Flux observer experimentation

For the experiments utilizing the FO, the first thing to consider was the
impossibility to start the motor, at least with the parameters and conditions that were
considered so far. For this reason, in order to start the motor, it was employed the
scalar mode of sensorless control for a brief amount of time (considering just the
nominal inertia torque and no load, 0.5 seconds proved to be enough for the starting

time).
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As the difficulties of carrying out the sensorless control increase
proportionally with the reduction of the motor speed, initially it is more convenient
to carry out tests at a not so low speed. From the moment that stability in PMSM
operation is confirmed at the selected speed, this speed will be reduced until an

operating range is reached where a minimum operative speed limit can be traced.

4.2.1. Flux observer at 400 rpm

Due to the proposal of the work to carry out the control at low speeds, and
after some initial tests considering the PMSM specifications, it was understood that

a sufficiently low level of speed to start the tests is the speed of 400 rpm.

The first test to be performed is the starting test. This test was performed
initially without any load. Starting the motor with FO from 0 speed was not possible,
and because of that, a form of scalar control was applied for a brief time (0.25
seconds) to the speed of 40 rpm, and after that initial start the system begins to work
in the FO mode. Figures 4.2 and 4.3 show the reading from Drivelink’s scope the

readings of speed and angular rotor position (electrical), aside with the stator current.

When changing the direction of rotation the software oscilloscope displays
positive and negative values for the same module of speed. It is worth considering
that for some graphs, we chose to define a "'negative" speed, for better visualization
of the generated graphs. That said, when changing the direction of rotation, this

speed value will be considered as “negative”.
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Figure 4.2 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at -400 rpm (starting the motor)

In figure 4.2 it is possible to identify, at first, how the starter in scalar control
mode operates at a considerably higher current (about 100 times more) even in a
motor operating without load. The rotation speed stability can be considered
adequate, since it maintains an average speed close to the required one, although it
has a considerable oscillation, close to 50 rpm.
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Figure 4.3 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -400 rpm (starting the motor)

In Figure 4.3, analyzing the angular position, the difference in linearity
between the speed controlled by the scalar method and the FO method is also visible.

Still, the system operates in a stable pattern.
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Another experiment that needs take place is reversing the rotation direction,
graphs which are shown in figures 4.5 and 4.6.
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Figure 4.5 - Reading of the stator current’s g-component (blue) and the rotation

speed (red) of the PMSM at -400 rpm (reversing the rotation direction)
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Figure 4.6 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -400 rpm (reversing the rotation direction)

Between the graph of figure 4.5 and 4.6 it is possible to see a variation in the
conversion time from one direction of rotation to another. This lack of consistency
became very clear between the experiments, even without load, even though the
system always operated without critical control errors, just inconsistency in the

reversing time.
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The third type of test performed was the attachment of a load of approximately
1 Nm on the motor shaft. The reading of the results of these tests are shown in figures
4.7 and 4.6.
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Figure 4.7 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at -400 rpm (attaching load)

Figure 4.7 illustrates how the motor control oscillates in a very high range,
even though this oscillation does not lose its constancy, which is perfectly reflected

in the stator current. The amplitude of the speed variation reaches 300 rpm

difference.
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Figure 4.8 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -400 rpm (attaching load)
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As can be seen in Figure 4.8, even if it oscillates, the motor operates
constantly. During the simulation, this high degree of variation in speed is reflected

in the form of noise.

Although there were oscillations and certain "inconstancy" during the tests,
and considering the need to use the scalar regime, it can be said that the PMSM
worked in all tests, it worked satisfactorily in all tests carried out in the range of
400 rpm.

4.2.2 Flux observer at 150 rpm

After several attempts to gradually decrease the speed from 400 rpm, one of
the lowest speeds at which the PMSM operated with some solidity was 150 rpm, and
as this speed was initially set as the main target of this research, it was defined as
the lowest speed of operation to be tested, that is, 150 rpm is the minimum speed
limit example to be submitted to the experiments. Speeds much lower than 150 rpm
presented inconsistencies and critical operating errors and, therefore, cannot be

considered.

First, as in the previous series of tests, the engine's starting behavior was
tested, now at 150 rpm, as shown in figures 4.9 and 4.10. The motor was started with

no load.
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Figure 4.9 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at 150 rpm (starting the motor)

In comparison with Figure 4.2, it is possible to see in Figure 4.9, that the speed
oscillation dimension is the same, however, proportionally, when the engine
operates at 150 rpm this variation ends up being greater. Still, the motor operates

stably, with the average speed slightly below the speed set by the servo controller.
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Figure 4.10 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -150 rpm (starting the motor)

With a reduced speed, an irregularity in the cycle time becomes more evident,
as shown in Figure 4.10. However, from the graphical results obtained in the
computational model and in results from other literatures, this was already expected

and can be considered acceptable.
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The next step is to experiment with reversing the direction of rotation, now
between 150 rpm and -150 rpm, as shown in the graphs in figures 4.11 and 4.12.

500.0 0.50

Reversing time

400.0 0.40

300.0 0.30

200.0

ELLLL T

0.20

o
o

Channel 1: Velocity Feedback, rpm

]
o
o
o

Channel 2: Current feedback, Arms

-300.0

I
W
=3

-400.0 -0.40

-500.0

0.50
-45.6 455.7 957.0 1,458.3 1 959.6 2,

60 9 2,962.2 3,463.5 3,96;1.3

B P -
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PMSM at -150 rpm (reversing the rotation direction)

The first point to be considered when analyzing figures 4.11 and 4.12 is that,
since they represent different readings of the same process performed twice, the
reversal time is not constant, and can vary by up to 2.5 times. In addition, when
subjected to load, the reverse process in FO mode sometimes did not happen,
resulting in a critical error and failure in the PMSM operation.
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Finally, as was done in the operation at 400 rpm, the test operation of the

PMSM must be carried out under a load of approximately 0.15 Nm, now at a rotation

speed of 150 rpm. This process is graphically illustrated in figures 4.13 and 4.14.
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speed (red) of the PMSM at -150 rpm (attaching load)

In Figure 4.13, it is visible that when the load is applied to the PMSM shaft,

it rotates with some difficulty, with a sudden change in speed, but never reaching

zero. Thus, it can be said that the motor operates under load, but not properly.

Furthermore, noise and vibration were considerably increased when load was

applied.
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For the process illustrated in figure 4.14 the load was reduced by half and the
offset coefficient was slightly changed, from 0.66 to 0.67. Under this load, the motor
operated properly, but a decrease in speed and a lack of stability in the rotor cycles

are visible.

4.2.3 Final considerations concerning FO

Initially, the need to keep all the parameters established as necessary for the
sensorless control of the PMSM from the stage of the computational model should
be highlighted. For example, the electromechanical characteristics of the motor, such
as stator resistance and inductivity, as well as the current and speed control

coefficients.

In addition, there is a lag factor (offset), which must be strictly adjusted when
reading the angular position of the motor, since the difficulty of estimating the
angular position at low speed is precisely the delay between the real position of the
motor and the receiving the command of the estimated position by the servo

controller.

Said that, operational errors happen when changing down minimally the stator
resistance parameter, but the same does not happens when the value is increase (it
can operates up to 100 times more the right value). It also happens with the stator
inductance defined value, but on the contrary, decreasing the value generates no
visible effects, but increasing minimally causes a critical operational error. The
offset, obviously, generates errors in the following proportion: the lower the speed,
the lower the tolerance to the difference in the offset. The same happens with the
coefficient of integration for the FO. However, it is worth remembering that

depending on the load or speed the offset needs to be adjusted.
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As said before, when subjected to load, the reverse process in FO mode
sometimes did not happen, also resulting in a critical error and failure in the PMSM

operation.

4.3. Sliding mode observer experimentation

From the computational modeling and from the studied literature, it can be
said that the SMO was expected to be the most promising method, considering the

two observers studied in this thesis.

To make a coherent comparison, the same parameters and models of
experiments performed with the control using FO will be conducted, this time with
the SMO.

It is necessary to first select the new function in the Drivelink software and
adjust the parameters of the new observer, which are basically the offset coefficient

and the SMO gain coefficient.

4.3.1 Sliding mode observer at 400 rpm

The first stage of the experimentation is the analysis of the motor start was

performed until it reached the speed of 400 rpm, with no load connected to the rotor.

First of all, it should be noted that control using SMO, unlike FO, does not
need an initial start using the scalar mode. Therefore, the PMSM starts directly and

operates using only sensorless control with SMO.

The graphic results for this experiment is illustrated in figure 4.15 and 4.16.
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Figure 4.15 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at -400 rpm (starting the motor)

Something evident when comparing the graphs of Figure 4.2 with the graphs
of Figure 4.15 is the stability of the speed, with regard to the oscillation existing in
the control process using FO. In addition, the current amplitude remains remarkably

lower compared to scalar control.
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Figure 4.16 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -400 rpm (starting the motor)

In Figure 4.16, it is possible to identify not only by the velocity graph, but also
by the graph of the electrical position of the rotor, the solidity and continuity of the
signal. Furthermore, in both graphs it is possible to see a slight difference between
the desired speed (400 rpm) and the actual speed (about 380 rpm).
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Next, figures 4.17 and 4.18 show the graphical results of reversing the motor
direction from -400 rpm to 400 rpm.

Reversing time

500.0 | |

=
o
=]

|
4000 = = = m m m - — = | R —— |

o
@
=]

-400 rpm ' !

300.0 I 0.60
| 1 1 w
g ] i " g
£ 2000 i ! 1 0.40 =<
3 | | 1 4
T 100.0 1 1 1 0.20 £
£ ! 1 8
= ! I =
g oo . X 0.00 §
o 1 1 1 5
7 -100.0 ! I I 0.20 ¢
5 1 1 1 o
£ ! | I £
§ 2000 | . | 040 §
(=] 1 1 =]

-300.0 ' | Stabilization time ! 0.60

400.0 ' ! ! -0.80

1 1 1
-500,0 . . . -1,00
76.8 561.6 1,046.4 1,531.2 2,016.0 2,500.8 2,985.6 3,470.4 3,955.2

Figure 4.17 - Reading of the stator current’s g-component (blue) and the rotation

speed (red) of the PMSM at 400 rpm (reversing the rotation direction)

400.0=

g

~ 200.0

5000 | 400 rp ""lul A MTA‘ ::

W

1
|
! 1
1 |
| 1 0.00
I 1
-100.0 ! !
! 1
! 1
I |
1 T . .
Stabilization time |
1
|
1
|
.

rpm

o
S
o

100.0

°
S}

e
o
=]

Channel 1: Velocity Feedback,
Channel 2: Electric angle

S}
=3
<
o

4

S

=)

-300.0

<
=Y
o

|
Reversing time
-500.0

76.8 561.6 1,046.4 1,531.2 2,016.0 2,500.8 2,98

-400.0

1
|
|
}
1
I
I
[}
1
|
| -0.80
I

.

-1.00
6 3,470.4 3,955.2

Figure 4.18 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at 400 rpm (reversing the rotation direction)

During the experiments, it was found that in the motor reversal task, the
reversal time was very consistent, with a time of approximately 0.3 seconds between
-400 rpm and 400 rpm with no load coupled to the rotor. In addition, a stabilization
time of approximately 1.4 seconds was identified after reaching the desired speed.
However, even at this stabilization time, the velocity oscillation amplitude was

smaller than the oscillation amplitude of the FO method.
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Next, in the experiments related to the operation under load, a load of 1 Nm
had no visible effects on the oscilloscope graphs, so figures 4.19 and 4.20 represent
the effects a load of approximately 2 Nm applied on the PMSM rotor at a speed of

rotation of 400 rpm.
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Figure 4.19 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at -400 rpm (attaching load)

The current graph shows an increase in current to a very acceptable level, with
a peak of less than 0.5 A at the moment of load coupling, and an average stator
current of approximately 0.2 A. This means that even with the addition of load the
parameters set in the servo controller works fine for different load levels required by
the PMSM.
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In the angular position graph, a slight decrease in speed at the time of adding
the load is even more evident, since the time of each engine cycle is longer. This is
mainly due to the voltage limitation on the part of the servo controller energy supply
(limited to a maximum of 150 V).

Finally, the linearity of the SMO speed signal compared to the FO when
operating at 400 volts is undeniable. This effect only proves what was predicted in
the literature and in computer simulation. However, the next step is to test this
observer at the minimum speed limit established for this research, before definitively

validating the control method.

4.3.2. Sliding mode observer at 150 rpm

The last stage of the proposed project is the verification of the operation of the
PMSM controlled in a sensorless way using the SMO at the lowest pre-established

rotation speed, which is 150 rpm.

Figures 4.21 and 4.22 show the graphics referring to the engine starting up to
a rotation speed of 150 rpm and its respective stabilization.
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Figure 4.21 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at 150 rpm (starting the motor)

72



250.0 1.00

1 1
1 1
200.0 1 | 0.80
150.0 0.60
g
= 100.0 0.40
5 Y
8 2
T 500 020
i I E
> I 1 @
£ 00 . 0.00 W
S "
E | g
o -50.0 1 S|\ - - 0.20 g
b | 1 Starting time 5
£ -100.0 : | -0.40
ey
© -150 rpm
-150.0m = = = = == - - - - - - -0.60
L 1T I T T 1 T T v
-200.0 ' ! -0.80
1
-250.0 . . -1.00
0.0 500.0 1,000.0 1,500.0 2,000.0 2,500.0 3,000.0 3,500.0 4,000.0

Figure 4.22 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -150 rpm (starting the motor)

In Figure 4.22, a smooth start can already be observed, with a low voltage
peak and a smaller speed variation than what is shown in Figure 4.9, making a
comparison with the same task performed by the FO method, and a smaller
difference between the desired speed and the read speed. Also remembering that in

SMO mode is not necessary to use scalar starting.

The next step is to perform the speed reversal task from -150 rpm to 150 rpm,

with no load. The graphs obtained are shown in figures 4.23 and 4.24.
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Figure 4.23 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at 150 rpm (reversing the rotation direction)
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Figure 4.24 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at 150 rpm (reversing the rotation direction)

In addition to an acceptable reversal time, it is important to note that the
PMSM operates in an equally stable way, and that means that once the operating
parameters are correctly set. This is important because if the parameters are incorrect
(especially the offset coefficient) the motor can run perfectly in one direction, but

not in the other.

Finally, were carried out tests on the operation of the engine with the addition
of a load of 2 Nm at a rotation speed of 150 rpm. The results are shown in figures
4.25 and 4.26.
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Figure 4.25 - Reading of the stator current’s g-component (blue) and the rotation
speed (red) of the PMSM at 150 rpm (attaching load)
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When added to the load the engine operates properly, although there is a
greater oscillation than when operating at 400 rpm.
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Figure 4.26 - Reading of the angular position (blue) and rotation speed (red) of the
PMSM at -150 rpm (attaching load)

For the generation of graph 4.26, the applied load value was changed, back to
0.15. The same was done in the same stage of the FO experiments, however, the

SMO method allows operation with higher loads.

4.3.3. Final considerations concerning SMO

Although it can be said that both FO and SMO methods operate properly, the
superiority of the method using SMO is unquestionable, both in terms of speed

stability and in terms of the load under which the PMSM can operate.

As said concerning the FO, it is necessary to keep all the parameters
established as necessary for the sensorless control of the PMSM as the
electromechanical characteristics of the motor, such as stator resistance and
inductivity, as well as the current and speed control coefficients and the offset

coefficient.
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5. DPAHAHCOBBIN MEHE[)KMEHT, PECYPCO3®®EKTUBHOCTH U
PECYPCOCBEPE/KEHUE

B maructepckoit auccepTanuu 0O0bEKTOM HCCIEIOBAHUS SIBISIETCS CHCTEMaA
YOpPaBICHUs CHUHXPOHHOIO  JBUIareiiss ¢  IOCTOSAHHBIMM  MAarHUTamMu ¢
UCIIOJIb30BaHUEM BEKTOPHOI'O YIPABJICHUSA B YCIOBUAX OTCYTCTBHUSA IaTYUKOB

CKOPOCTH WJIH ITOJIOKCHHA pOTOPA.

Lenpto paznena «DUHAHCOBBIH MEHEKMEHT, pecypcodPPeKTUBHOCTh U
pecypcocOepexenuey SABIsSeTCS  omnpenencHue A(HOEKTUBHOCTH  MPOCSKTHBIX

pELIEHUN.

Jlns moctwkeHus: 0003HAYCHHOM II€M HEOOXOAMMO PEIIUTh CIEAYIOIINe

3aa4H:

- OLCHUTDH KOMMep‘-IeCKI/Iﬁ norcHouall M IICPCIICKTUBHOCTL IIPOBCACHUA

HayY4YHOI'O UCCICIOBAHHNA;
- OCYIICCTBUTD INNIAHUPOBAHHC 3TAIIOB BBIITOJIHCHUA UCCIICIOBAHU A,
- pacCuUnUTaTb 6IOI[)KCT IMPOBOAMMOI'O HAYYHO-TCXHUYICCKOI'O UCCICAOBAHNA,

- TMPOU3BECTH OLEHKY COLMAIBHOM M 3KOHOMHYECKOW 3()PEeKTUBHOCTH

HCCICOAOBaHUA.

5.1. IlpeanpoekTHBINH aHAIN3

5.1.1. lloTeHUAJIbHBIE MOTPEOUTEIN PE3yIbTATOB UCCIEOBAHUS

Jist ananuza mnoTpeOuTeneil pe3ysibTaToB MCCIENOBAaHUS HEOOXOIUMO

pPacCMOTPCTh HGJIGBOI;'I PBIHOK M ITPOBCCTU €I'0 CCTMCHTHPOBAHUC.

76



CermeHTHpOBaHHE — 3TO pa3jeiieHHe MOKynaTelel Ha OJHOPOIHBIE TPYIIIIH,
TUTSL KQXKIOU U3 KOTOPBIX MOKET MOTPEOOBATHCS ONPEICTICHHBIN TOBap (yCayra).

B nanHOM citydae cerMeHTHpOBaHUE 11e71eco00pa3HO MPOBECTH 110 KPUTEPHIO
TOYHOCTH PETYJINPOBAHUS CKOPOCTH M KA4eCTBY MEPEXOIHOTO MpoIecca.

A TaxXke cleayeT BBIICIUTh CETMEHTHI PhIHKA!

- [1o pa3zpaboTke, IPOESKTUPOBAHUIO U TIPOU3BOICTBY;

- [Io ycTaHOBKE M ITyCKO-HAJIAJIKE;

- [lo nanpHEeIeMy 00CITYy>)KUBaHUIO U PEMOHTY.

Hcxons W3 cerMeHTa pblHKa, OyAE€T NPOU3BEICHO CETMEHTHPOBAHUE
KOMMEpPUYECKUX OpraHu3anuii mo otrpacisiM. CerMeHTHpOBaHHME IPUBEACHO B
Tabnuiie 4.

Tabsmna 5.1 — CermeHTHpPOBaHNE KOMMEPUECKUX OpraHu3aiuil

Cucremsbl Cucremsl CepBocucteMsl
KOHTPOJIS TATH | PEryJMpOBaHUs KOHTPOJIS
WIN KPYTALIETO CKOpOCTH ITOJIOKEHMS

MOMEHTAa MEXaHHU3MOB

IIpoekTHpoBaHue |

" IIPOU3BOACTBO

.

OO0GcnyxuBaHUE U
PEMOHT

_

- pazpabotku SUGAWA - %////////%

- pazpabotku HII® Bekrop -

rac.

PGSyanaTBI CCIrMCHTUPOBAHUA!

- OCHOBHBIMH CE€TMEHTaMU PBIHKA SABJIAIOTCA BCC BHUABLI ACATCIBbHOCTH JIA

CUCTEM IICPCMCHHOI'O TOKA,

- llpenmpusitue mo OoJblIed YacTH JOJDKHO OBITh OPUEHTHUPOBAHO HAa
CErMEHTHI PhIHKA, CBS3aHHBIC C TPOCKTUPOBAHUEM U MPOU3BOJICTBOM, YCTAHOBKOM

U TIyCKO-HAJIAJIKON CUCTEM CTaOMIIM3AIK YaCTOTHI;
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- Hambonee IMPHUBJICKATCIIbHBIMU CCIMCHTAMMU PbIHKA ABJIAIOTCA OTpPACIIH,
CBA3AHHBIC C IIPOCKTUPOBAHNUCM U ITPONU3BOACTBOM, YCTaHOBKOI;'I n HYCKO-HaJIa,HKOﬁ

CHCTCM CTa6I/IJ'II/IBaHHI/I HJaCTOThI HBHF&TGHCﬁ.

5.12. AHaiM3 KOHKYPEHTHBIX TeXHMYeCKHX pelleHuii ¢ NO03uLIHH

pecypco3¢deKTUBHOCTH U pecypcocOepexeHust

JlaHHBII aHAJIN3 TOMOTAET METO/IOM CPaBHEHHUS OIICHUThH CHIIbHBIE U clla0ble
CTOPOHBI PACCMAaTPUBAEMBIX CIIOCOOOB YIPABICHHUS JIBUTATEINCH, 4TOOBI Hanboee
000CHOBaHO BbIOpaTh CIIOCO0 AJIs NajbHeero npoektupoBanus. Haubomee gacto
OJIIH BapUaHT HE MOXKET 00J1a1aTh Cpa3y BCEMHU TEXHUICCKUMHU U SKOHOMUYECKHUMU
NIOKA3aTeJsIMH B BBICIIICH CTENEHH, MOITOMY TAaHHBINA aHAIU3 MO3BOJISIET BHIOpAThH
TOT BapHaHT, KOTOPBIM B IIEJIOM 00J1a/1aeT HAUBBICIIEH KOHKYPEHTOCIIOCOOHOCTEIO.
OueHouHas KapTa mpejacTaBieHa B Tadmuue 5.2.

Tabnuma 5.2 — OuenouHas kapra JUisi CPABHEHHSI KOHKYPEHTHBIX TEXHUUYECKUX

pelIeHu
Bec
Make. 6an
Kpurepuu ouenku Kpur Banusl
KonkypeHTOoCnoco0HOCTH
epust
1 2 b, b, B3 K1 K2 K3

TexHU4YecKHe KPUTEPUH OLICHKH pecypcodrPPpeKTHBHOCTH

1. IloBbIIeHNE

MPOU3BOIUTENLHOCTH TPY/a 5 3 4 0,35 0,21 0,28
0JIE30BaTENIst 0.07
2. Yno0cTBO B

0,09 5 4 5 0,45 0,36 0,45
OKCILTyaTalluu
3. TToMeX0yCTOWYHNBOCTH 0,07 4 5 4 0,28 0,35 0,28
4. DHEepPro’KOHOMUYHOCTh 0,09 5 3 4 0,45 0,27 0,36
5. Hagexnocts 0,06 5 5 4 0,3 0,3 0,24
6. YpoBeHb 1yma 0,03 3 3 3 0,09 0,09 0,09
7. be3onacHocTb 0,09 5 5 4 0,45 0,45 0,36
8. DdyHKIMOHATbHAS

0,06 5 4 4 0,3 0,24 0,24
MOII[HOCTb
9. [IpocToTa sKCIUTyaTaIuu 0,05 4 5 2 0,2 0,25 0,1

DKOHOMHYECKHE KPUTEPUH OIICHKH 3P PEKTHBHOCTH
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1. KoHKYpeHTOCTIOCOOHOCTh
0,04 5 3 4 0,2 0,12 0,16
MIPOIYKTA
2. YpoBeHb IPOHUKHOBEHUS
0,04 5 4 5 0,2 0,16 0,2
Ha PBIHOK
3. llena 0,09 3 4 5 0,27 0,36 0,45
4. IIpennonaraeMslii Cpok
0,07 5 4 2 0,35 0,28 0,14
IKC-TUTyaTaluu
5. Iocnenponaxuoe
0,03 5 4 3 0,15 0,12 0,09
0o0cy)Ku-BaHHe
6. dunancupoBaHue
. 0,05 5 3 3 0,25 0,15 0,15
HayJHOI pa3paboTku
7. Cpox BbIXO/1a HA PHIHOK 0,03 4 4 5 0,12 0,12 0,15
8. Hannume ceprudukanmn
0,04 5 3 4 0,2 0,12 0,16
pa3paboTku
Hroro 1 4,61 3,95 3,9

Jlisi mpoBeAeHUS JAHHOTO aHajdu3a CPaBHEHUS TPOBOJUTCA C JABYMS
pacipoCTpaHEHHBIMH pa3pabOTKaMu:

1 - Pa3pabotku ¢pupmbl SUGAWA;

2 - Pazpabotku HII® Bektop.

UroObl mpoaHAIM3UPOBATH MPOU3BOAUTEILHOCTh W AKOHOMHYHOCTH
OCHOBHBIX  TEXHOJOTMUECKMX  pelIeHud  o0opynoBaHMs B  He(TAHOU
POMBIIIUICHHOCTH, HUCTONB3YIOTCS ClEAyomue (QOopMynbl i H3MEPEHHUsS HX

IIJIXOCOB 1 MUHYCOB!
K= ZBi - b; (88)

rae K — KOHKYpEeHTOCTIOCOOHOCTh HAYYHOM pa3pabOTKH MIIM KOHKYPEHTA;
B; —Bec nmokazatens (B J0JIIX €IUHUIIBI);
b; —6amn i-ro mokasareis.
OreHka 1o npuBEACHHON BhITIE opMyIIe:
K =0,07-5=0,35 (89)
B xone pe3ynbpTaTa aHann3a KOHKYPEHTHBIX TEXHUYECKUX PEIICHUN MOKHO
cleNaTh BBIBOJ, YTO HaWOOJBIIUM MPEUMYIIECTBOM oOOyiafaeT paspaboTaHa
U3JIeTUsA, TaK Kak OHa IPEBOCXOIUT KOHKYPEHTOB IO MPOHW3BOAMTEIIBHOCTH,

9HCProoKOHOMHWYHOCTH, HAJACKHOCTH, 0€e30MMacHOCTH U IMPOCTOTE O6CJ'Iy>I<I/IBaHI/I$I.
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5.1.3. SWOT-ananu3s

Meton SWOT-ananu3a,

OCHOBAaHHbIM Ha BHYTPEHHEW W BHEIIHEH

KOHKYPEHTHOM Cpelle W aHAIM3€ CHUTyalluM B KOHKYPEHTHBIX ycloBHsX. Ilyrem

HCCIICOAOBAHUA U IICPCUHUCIICHUA, UCIIOJIb3Y:A (I)OpMy MATPHUYIHOI'O PACIIOJIOKCHHUA,

BCC BHJIblI OCHOBHBIX BHYTPCHHUX CHIIBHBIX H Ca0BIX CTOPOH MW BHCHIHUX

BO3MOKHOCTEH U yTPO3 COMOCTABIISIIOTCS APYT C APYTOM, YTOOBI IPOAHATIU3UPOBATH

U c/eaaTh BEIBOARI [34].

BBIBOIBI, CICTaHHBIE C TIOMOIIIBIO 3TOTO METO/1a, OOBIYHO MH(GOPMATHBHBI U

pelaroiue.
Ta6nuna 5.3 — Marpunia SWOT-ananu3za

CuiibHbBIE CTOPOHBI Ciabbie CTOPOHBI
C1. Bricokas cTeneHb Cnl. OTcyTcTBHE CTOPOHHETO
ANEKTPO U (uHaHCUpPOBaHUSI.
B3PBIBOOE30IACHOCTH. Cn2. Beicokas CTOMMOCTH
C2.Ilpumenenue JIMLEH3UOHHOTO
PECYpPCOIKO-HOMUYHBIX IPOrpaMMHOTO 00€CTIeUeHUSI.
MaTepUalIoB, Cn3. Ci10XHOCTH
SHEPrO3KOHOMHUYHOCTb. OCYIIECTBJICHUSI BBIXOJIa Ha
C3. 3asBieHHas BBICOKas | PhIHOK.
HAJEKHOCTb KOHCTpyKuuH, | Cn4. OrcyTrcTBHE NPOTOTHIA
ynoOCTBO W TMPOCTOTa B | HAYYHOU pa3pabOTKH.
JKCILTyaTaluu.
C4. KpanupuuupoBaHHBIHI
MepCoHal.
Cs. ITepcniekTHBEI
MOJIy4EHUs HOBBIX
pa3paboToK.

Bo3MmoskHOCTH

B1.IlosBaeHne momoaHUTE-
JIBHOTO CHOpOCa Ha HOBBII
MPOIYKT.
B2.Mcnons30BaHne WHHOBA-
[IMOHHOW HH(PPACTPYKTYPhI
TIIY.

B3. IloBrIieHE CTOMMOCTH
KOHKYPEHTHBIX pa3paboToK.
B4. Pa3Butne TexHONOTHH B
JTAHHOW OTpacu.

BS. I'pantsl u rocynapcrse-
HHBIE MPOTPAMMBI MOJJIEP-
’KKW MHHOBAIIUH.

B1; C1; C3; C2; C4;

B2; C3; C5;

B3; C1; C5;

B4; C1; C2; C4, C5.

BI1; Cn2;

B4; Cn4; Cal.
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BS5; Cl1; C2; C4;

Yrpo3sl

V1. IosiBneHUuE HOBBIX KOH-
KYPEHTHBIX pa3paboToK.

¥2. OrcyrcTBHE cripoca Ha
HOBBIE TEXHOJIOTUU ITPOU3BO-
JICTBA.

V3. Bsenenus IOIOJHH-
TENBHBIX TOCYAaPCTBEHHBIX
TpeboBaHU K cepTUdUKa-
[IUU TPOAYKIIAN

V4. OxoHoMHuYeCcKas CHUTya-
IIUs B CTPaHe, BIMSIONIAS Ha
crpoc.

V1;C1; Cs.

V2; C5;

V3; Cl1; C3;

V4; C1; C3; C2;

V1; Cn4; Ciul.

V2; Cn4; Cnl;

V3; Cal;

V4; Cn4; Cn2; Cnl;

MoxHO ACJIaTb BBIBOA, YTO HCPOATHOCTb BOZHUKHOBCHUA M3BCCTHLIX YI'PO3

HaMHOI'0O HMJKC, UCM Yy APYI'UX pGH_IeHI/Iﬁ KOHTPOJISI, a ITOJIOKUTCIBbHOC BJIIMAHUC

npoekTa OoJbIIIe.

5.1.4. Onenka KOMMePIHAJIU3ALMH MTPOEKTA

Mel HCIIOJIB3YCM CIICAYIOIIYIO Ta6J'II/I]_Iy JJIs1 OOCHKHU I'OTOBHOCTH IIPOCKTA K

KOMMCpIOHUAIN3AUH IIYTCM HU3MCPCHHUA COLOUAIM3AIIM KW KOMIICTCHTHOCTHU

pa3pabOTUYMKOB HAYYHBIX IPOEKTOB.

Tabnuna 5.4 — bnaHk OI[eHKU CTEMEeHN TOTOBHOCTH HAYYHOTO MPOEKTa K

KOMMepHI/IaHI/IBaHI/H/I
Crenenn Yposexb
Ne HaumenoBanue mpopaboTaHHOCTH HMeIOHH:IXCH
HAY4YHOI'O IIPOEKTa SHAHMH Y
paspaboTunka
1 Onpenenex § HMEIOIUNCS HAy4HO- 5 3
TEXHUYECKHH 3a7€e.
OnpefenieHbl  TIEPCIEKTUBHBIC HAIPAaBICHHS
2 | KOMMepIHAIN3aluy  HAYYHO-TEXHHUYECKOTO 5 4
3ajena.
3 Onpe/esieHbl OTPACIH U TEXHOJIOTHH (TOBaphI, 5 4
YCITyTH) JUIsl IPEIJIOKEHHS Ha PBIHKE.
Onpenenena ToBapHas (opMa HAay4HO-
4 | TeXHUYECKOro 3ajeiia JJis IPeJCTaBICHUS Ha 5 3
PBIHOK.
5 OnpeneneHsl aBTOPBI M OCYIIECTBICHA OXpaHa 5 5
WX TIpasB.
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6 [TpoBenena OLICHKA CTOMMOCTH 3 3
MHTEIUIEKTYJIbHOH COOCTBEHHOCTH.

7 [TpoBeneHsl MapKETHHTOBBIE HCCIEIOBAHUS 5 3
PBIHKOB COBITA.

8 Pazpaboran Ou3Hec-I1aH KOMMEpIHaIH3aluu 5 4
HayJHOU pa3pabOTKH.

9 OmpenenieHsl MyTH TPOJBIDKCHUS HAyYHOU 5 5
pa3pabOTKU HA PHIHOK.

10 PaspaGorana crparerust (dopma) peanusanuu 5 4
HayJHOU pa3pabOTKH.
[TpopaboTaHsl BOHPOCH  MEXKIYHAPOIHOTO

11 | coTpynHuyecTBa M BBIXOAA Ha 3apyOeKHBIN 4 3
PBIHOK.
[TpopaboTaHsl ~ BOMPOCHI  HCIIOIL30BAHHMS

12 | ycnyr UHPPACTPYKTYpHI MOIIEPKKH, 3 2
MOJTYYCHHUS JIBTOT.

13 [IpopabGotansl  BOMPOCH  (HUHAHCHPOBAHUS 3 2
KOMMEPIHAIN3AIMN HAYYHOU pa3paboTKy.

14 HmeeTcss komaHaa Uit KOMMEpIHATU3aIMN 5 4
HAYYHOU pa3pabOTKH.

15 [TpopaboTan MexaHN3M peaTn3aliy HayIHOTO 5 5
MPOEKTA.

UTOI'O BAJIJIOB 68 54

o cieayromnieit gpopmyre:

bi — 6ast no i-My rmokasareltto.

OHCHKa TOTOBHOCTH HAYYHOT'O IIPOCKTA K KOMMCPIHUAIN3AINN IPCACIIACTCSA

chM = zBi;

rie beyw — cyMMapHOe KOIM4uecTBO 0alIoB MO KaXJA0MY HallpaBJICHUIO;

(90)

[To cymMme GaiioB MO HANPABJICHUIO CTETIEHU MPOPAOOTAHHOCTHA HAYYHOTO

IMPOCKTa paBHbIM 68, MOXHO CYJAUTBL O TOM, YTO IIPOCKT MMECT IICPCIICKTHUBHOCTD

OUYCHb BHIIIE cpeHero. 110 ypoBHIO UMEIOIIUXCS 3HAHUN Yy pa3paboTunuKa MPOEKT

MMeeT MEePCIEKTUBHOCTD TOXKE BBIIIE CPEITHET0, CyMMapHbBINA 0ait cocTaBui 54.
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5.1.5. MeToapl KOMMepUHATH3ALMHU POEKTA

[Ipn xoMMepIuanu3alMd HAy4YHO-TEXHUYECKUX pa3padOTOK MpoJaBell,
IpECIICyeT BIIOJIHE ONPEIEICHHYIO0 LEedb, KyJa OH HAMEPEH HalpaBUTh
MOJIYYeHHBIH KOMMepUYecKuil 3PdeKT. IT0 MOKET OBbITh MOJTYyUYEHUE CPEACTB, IS
MPOJOJDKEHUS CBOMX HAy4HBIX HCCJIEIOBAHUM U pa3pabOTOK, OJHOPA30BOE
MoJTy4eHHe (PUHAHCOBBIX PECYPCOB ISl KAKUX-TUOO IeJIeH WK JJIsi HAKOTLICHUS,
oOecrieyeHne MOCTOSHHOTO MTPUTOKA (PMHAHCOBBIX CPEJICTB, a TAKXKE UX Pa3IUYHBIC

CO4YCTaHus.

I[J'ISI KOMMCpOruain3anuu 00BEKTa HCCICAOBaHUA H 000CHOBaHMSA €ro
H€H€C006p33HOCTI/I, ObLIH HpOpa6OTaHLI CIcaAyromue MCTOAbl KOMMCPpIHAIIN3all1

Hay4YHOHU pa3pabOTKH.

1) Peanu3zanms nuIieH3Mi naTeHTA.
2) Ilepenaya WHTEIIEKTYallbHOM COOCTBEHHOCTH B YCTAaBHOM KamuTal

PEAIPUATHS.

b BI)I6paHI>I ABa MCHCC 3aTPAaTHBIX MCTOAd KOMMCPpIHAJIN3alluH, TAK KaK

9THU MCTO/BI ABJIAIOTCA MCHEC 3aTPATHBIMHU IOJIA IMTPCAITPUATHA.

5.2. [InaHupoBaHUe HAYYHO-TEXHUYECKOTO MPOEKTA

5.2.1. UHMumanusi NpoeKTa

YcTaB Hayd4HOTO MPOEKTa MarucTepckoil paboThl MMEET CIETYIOIIYIO
CTPYKTYDY:

1. enu u pe3yapTaT IpOEKTa.
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Tabmuma 5.5 — Ienn u pe3ynbTaT mpoekTa

[esn mpoexkTa

Peamm3osats IMPAKTUYCCKOC IIPUMCHCHUEC ITPOCKTA.

OxugaeMmble

pe3yJbTaThl IPOCKTA:

IIpoexT npuMeHseTCs Ha peaJIbHOW IIPOU3BOJACTBEHHOM CLIEHE, U

JOCTUTAETCS TEOPETUIECKHUM P PEKT.

Kpurepun npuemkn

pedyJbTaTa NMPoeKTa:

Pesynbrarom npoekTa siBisieTcs BHEAPEHHE B TPeoOpa3oBaTeb
gacTtoThl THHA «CKDOT» QyHKIIMN 6€31aTYMKOBOTO YIIpaBICHUS

CUHXPOHHBIM JJICKTPOABUIATCIIEM C ITIOCTOAHHBIMHA MarHUTaMU

TpedoBanus K

pe3yJIbTaTy MPOeKTAa:

TpebdoBanmue:

PerynupoBanue ckopoctu ot 200 00-MUHYTY 10 HOMHUHAJIBHOU
CKOPOOCTH, B TOM YHCIIE TTPU U3MEHEHUU HAarpy3Ky Ha Bay

JIBUTATEJNs OT HYJIEBOW 10 HOMUHAJIBHOM.

Bo3MO0XHOCTh IpUMEHEHUS Pa3pabOTaHHOTO AJITOPUTMA B

npeoOpazoBaresne 4acToTbl «CKITy.

2. OpraHu3alMoHHasl CTPYyKTypa mnpoekTa. JlaHHble 0 cocTaBe paboueit

TPYNIBI JAHHOTO IPOEKTa MpeICTaBIeHbI B TA0IUIE 5.6

Tabnuia 5.6 — PabGouas rpymnmna mpoekTa

025 HII>

®UO,
OCHOBHOE Ponb B Tpynosarparsl,
Ne | mecro pa6oTsr, npoexTe DyHKIHH
JTHU.
JOJKHOCTh
Beigaer 3amanve Ha IUIIIOMHBIN
MPOEKT, OKa3blBa€T IMOMOIIb B
Kapaxynos pa3paboTke KaJeHJapHOro IIlaHa
AJexcanap PyKOBOXHTED paboTHI Ha BECh TIEPHO/T TUTIIOMHOTO
1 Cepreenu. poeKTa MIPOCKTUPOBAHMUS, pEeKOMEHIyeT 31
K.T.H., 1OLCHT HE00X0IUMYIO JUTEpaTypy,

CIIpaBOYHBIC MAaTCpUAJIbl, THUIIOBBIC
MMPOCKTBI U APYruc HCTOYHUKHU I10

TEMC IMPOCKTA, IMpOBOAUT
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IPEyCMOTPEHHBIE  KOHCYJIbTAIIHH,
IPOBEPSICT BBITIOIHEHHE PAOOTHI.
a Poza
K Jlenaer 9TO, BBINOJHAA 3adadyH,
HECITHIIT
MIOCTaBJICHHBIC PYKOBOIHUTEIIEM
Jlyxac, NPOCKTA. aHAJTU3UPYET (PUHAHCOBBIN
Hcnonaurens
2 PBIHOK, C KOTOPBIM CTaJIKMBAECTCs 87
10 TIPOEKT
Hcnonuutens poekry IOPOEKT, pPa30Mpaer  COLUAILHYIO
IIPOCKTa, OTBETCTBEHHOCTD, KOTOpas
cryzaent U3 CYIIIECTBYET B IMPOEKTE.
TITY
HUTOTI'O 118

5.2.2. [lnan nmpoekra

B 3T0i1 cBA3M MBI OpraHu3yeM U OpraHu3yeM BpeMmsi paboThl, YTO CAEIAET
Hairy paboty Ooisiee 3¢ dexTuBHO. CHavana Mbl popMupyeMm padbouyro rpyriy,
COCTOSILIYK0 W3 PYKOBOAMTENS M YYEHHMKA, KOTOPBIE COBMECTHO OpPraHU3YIOT
pabounii nporecc u pabounii Kanenaaps [34].

B »sToM wuccnenoBaHMM KOHKPETHBIM pabouuii mpoliecc paszeiieH Ha
CJIEIYIOLIUE ITAIbIL:

Ne 1 — Onpenenenue TeMbl UCCIENOBaHUS — HA 3TOM dTalle PyKOBOIAUTEID
pa3palaThIBaeT TeEMy UCCIIEIOBaHUs AJIsl CTYJCHTA;

Ne 2 — HccnenoBanne COOTBETCTBYIOUIEN JINTEPATYPHI U MOUCK MOXOKHUX
peanbHBIX MOJENEH YNpaBIICHUs, AHAJIOTMYHBIE TEM, KOTOPBIE JIOJKHBI OBITh
U3YYEHBI B IUCCEPTALMOHHOM HCCIEAOBAHUM U C PEATIbHBIMU PE3YJIbTaTaMU;

Ne 3 — CocraBneHne TEXHUYECKUX 3aJaHU — HA 3TOM 3Tane PyKOBOAUTEID
bopMynupyeT mapaMeTpbl TEXHUYECKOTO 3aJaHUs ISl CTY/ACHTa, Ha OCHOBaHHUHU
KOTOPOTO CTYJIEHT BBIMOJIHSET UCCIIEI0BATENBCKYIO PadOTY;

Ne 4 — AmnHanu3 KOHCTPYKUIHMHM CYIIECTBYIOIIMX CHCTEM HAa OCHOBE

HaOIr01aTe I OTOKA;
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Ne 5 — Amnanu3 KOHCTPYKIHMM CYLIECTBYIOIIMX CHCTEM HAa OCHOBE

Ha6HIOI[aTeJ'I$I CKOJIB3AIICTO pPCKUMaA U ATAJIOHHOM MOACIN aAaIlITUBHOI'O

CHCTCMHOI'O Ha6JIIOI[aT€JIH;

Ne 6 — Pa3pabotka mozaenu Ha Python miis cumymsiiuu mpuBoa;

z

7 — Pa3paboTtka Habaomarencii B mogenu Python;

Ne 8 — TCCTHpOBaHHe N aHaJIn3 OJAaHHBIX C HCIIOJB30BAHHUCM PCAJIBHOTO

MPUBOJIA U JBUTATEIIS;

Ne 9 -—

UCCIIEIOBATEILCKOM paboTe;

BreimonHenue

CBOJHON pPabOTHI

N OTUYCTa O HAY4YHO-

Nel0 — PykoBoauTens mpOBEPUT MOJHOTY U MPABUIBHOCTh pabOThI

Nell — cpava u 3amuTa npoexTa nepea KOMUCCHUEH.

Tabnuna 5.7— Kanennapb uccienoBaTeibcKoi padoThl

[Tponosxu-
TEJIHHOCTD
JlaTta Hayana | JlaTa OKOHYaHHS . JloskHOCTB
Ne OcCHOBHBIE ITANBI OJHOU
paboT pabot HMCIOJIHUTEJIS
paboTHI,
Tp, pab.nn.
PykoBoaurenn
1 Onpenenenne TeMbl 10.02.22 14.02.22 4 YROBOMITE
HCCIEN0BaHUS Hcnoanurennb
Hccnenosanme
2 COOTBCTCTBYIOLICH 15.02.22 28.02.22 12 HcronHuTes
JUTEPATYPHI U TIOUCK
MTOXOXKUX peaIbHbIX MOAEIIEH
3 CocTasenne TeXHHMECKHX 01.03.22 05.03.22 5 PykoBonuTens
3aJaHuH
AHanu3 KOHCTPYKIHH Hcnonuurennb
PykoBoaurens
OCHOBE HaOJIroIaTelIs IIOTOKA
AHanu3 KOHCTPYKIIHH
CYIIIECTBYIOIIMX CUCTEM Ha Wcnonaurens
5 OCHOBE HalJIIOIaTeNs 14.03.22 19.03.22 6
CKOJIB3SIIIIETO PEXUMa U
STAJIOHHOH MOIEIH PyKOBOHTEND
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aJalITUBHOIO CUCTEMHOIO
HaOJIIoIaTeNs
Pa3zpaboTtka monenu Ha Hcnonuurens
Python HHH CI/IMYHHHI/H/I 21.03.22 06.04.22 15
IPUBOJIa HAOIOIaTENEN Pyxosoautens
TecTtupoBanue u aHaIn3 Hcnonnurens
NAHHEIX C UCHOJIBL30BAHUEM 21.04.22 07.05.22 15
peasbpHOro NpuBoAa U
PykoBoaurens
JIBUTaTEs
BrinonteHue CBOAHOH 09.05.22 23.05.22 13 VcronHuTens
paboThI ¥ OTUETA
10 IIpoBepKa NOMIHOTE A 24.05.22 28.05.22 5 FYKOBOmITEITS
MPaBUILHOCTH Hcnonaurens
11 Cﬂaqa M 3aIuTa HpoeKTa 300522 020622 4 I/ICHOHHI/ITGHB

CocraBneHHass HamMu  TabiuMma 3TanoB  pabOTbl  yCTAHABIMBAET
NOCJIEI0BATEIbHOCTh HAYUYHBIX UCCIENOBAaHUN U 3()(PEKTUBHO pacipenessieT pou
UCIIOJTHUTENEHN 0 ATanam miaHa padoTsl. Bech pabouuii ruki coctapisieT 96 qHen,
B OCHOBHOM [IJIsl BBINOJHEHUS 3aJaHUM CTYJEHTaMH, a PYKOBOIUTENIH OyIyT
y4acTBOBaTh B pyKOBojACTBe. DakTHUeCKasl MPOJIOJIKUTENBHOCTh Pa0OThl MOXKET
OTJIMYATHCS OT IJIaHA, HO B LIEJIOM COOTBETCTBYET IJIaHY.

Haubonee yqoOHBIM U HAIJISIIHBIM B JAHHOM CIIy4ae SIBJISIETCS MOCTPOCHHE
JICHTOYHOTO rpaduka MPOBEICHUS TEXHUYECKUX paboT B (hopme nuarpammsl ['aHTa.

Juarpamma ['aHTa — TOPU30OHTANbHBIA JICHTOUHBIM TpaduK, HA KOTOPOM
paboTHI O TeME MPEACTABISIOTCS MPOTIKEHHBIMU BO BpPEMEHHM OTPE3KaMH,
XapaKTEPU3YIOIIMMUCS JaTaMu Havyalla 1 OKOHYAHHUSI BHIIOJTHEHUS JAHHBIX padoT.

['pacdux cTpouTecs 1yt 0)KUIAEMOTO IO IITUTENBHOCTH UCTIOTHEHUS padoT B
pamMKax TEXHHYECKOTO MPOEKTa, C Pa30MBKOM MO MecsAllaM U JIeKaJaM 3a Mepuoj
BpPEMEHU MOATOTOBKHA MarucTepckom nuccepranuu. Ha ocHoBe Tabmnuiibl 5.7 ctpoum

iaH — rpaduk npoBeacHus padoT (Tabnuma 5.8).
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Ta6muna 5.8 — Jlmarpamma ["anTa

Kon Bun pabor Hcnonnurenn Tk, KaJIeH. [TpogOIKUTETHHOCTD BBITIOIHEHUS pabOT
paboThl JTHA SuBapr | DeBpasib Maprt Anpenb Maii
(u3
HCP)
PykoBoautens, 1 |
1 OmnpeneneHre TeMbl UCCIIETOBAHUS
Hcnonaurens 1 i
HccnenoBanue cOOTBETCTBYIOIICH
2 JUTEPATYpPhl U IOUCK MOXOXKUX PeaIbHbIX Wcnonuurens 10 -
MOZEJIEeH
3 CocTraBiieHHe TEXHUYECKUX 3a1aHUN PykoBonuTens
AHanu3 KOHCTPYKIUH CYIIECTBYIOLINX PyKOBOLUTEIb, 5 [ ]
4 CUCTEM Ha OCHOBE HaOJI0aTelNsl HOTOKa Hcronuures 5 L
AHanu3 KOHCTPYKIUH CYIIECTBYIOLINX
5 CHCTEM Ha OCHOBE HabroaTes PyxoBoautens, 5 -
CKOJIB3SILET0 PEKUMA U ATAJJTOHHON MOAEIH Ucnonaurens 5 1
aJaNTUBHOT'O CUCTEMHOI0 Ha0JII01aTelIs
6 Paspabotka momenu Ha Python st PykoBoauTtens, 15 =
CUMYJISIIUU PUBOJAA Wcnonuurens 15
TectupoBaHue U aHAINU3 TaHHBIX C =
8 HCII0JIb30BaHUEM PEaJIbHOTO MIPUBOJA U HcnonHurens 15
JBUTATEIIS
9 Boinonnenue cBoiHOM pabOTHI M OTYETa Hcnonaurens 10 I
PyxoBoauTtens, 5
10 IIpoBepka MOJHOTHI ¥ IPABUIIBHOCTH
Hcnonaurens 5 :
11 Craua ¥ 3a11uTa IpoeKTa HcnonHnTens 5 ll

rae: M - urbxeHep U [l - pyKOBOAUTEIb.
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5.2.3. Pucku npoekra

Bcerna cymiecTByIoT pa3iauuHbie (GaKTOphl pUCKa MPU peaiu3alliu MPOeKTa,

OHHM MPSIMO WJIA KOCBEHHO IPUBEAYT K ITPOBAILY TPOEKTA, TO3TOMY HaM HEOOXOUMO

X IICPCUYUCIIUTD.

Tabmuma 5.9 — Peectp puckoB

Beposit-
p Bmus- | Ypo-
[ToTenuu- HOCTh Cnoco0bl
N HHE BEHb VYcnosus
Ne | Puck albHOE BO3/CH- | HaACTyII- CMSITUCHUS
pucka | Pucka HACTYIIJICHUS
CTBUE JIeHUs (1-5) pucKa
(1-5)
3aiepKKH WK [ToBbicUTH Henocrarounsie
Texnon Cpen
1 Heyaun 3 3 . YpOBEHb HaBBIKU
orust HUI
MIPOEKTA pazpaboTunka | pa3zpaboTuuka
OtcyrcTBUE
OOIICHMS
[Tnanun 3agepxka Cpe [Tnan
2 P Acp 4 2 P VI[ MEXIY
OBaHHE pOeKTa HUN | ONTHMHU3ALUU
Y4aCTHHUKAMHU
IPOEKTa
Pesynbrar He
Kauects Y Beico Yeunute Yymenus
3 COOTBETCTBYET 2 5 .
0 KU ayauT ayauTa
CTaHJapTy
®uHaHC YBenuuenue HenpasunsHo
Heynauu Husk o
4 | upoBaHHU 2 3 o KM TaJIOBIIOXK OIICHEHHBIH
MPOEKTa 17071 .
e EHUI O10KET
I'my6okoe
Henponasae- Cpen Hesnanue
5 | PsiHOK posté 3 3 Pe WCCIICIOBAHHE
MBI HUI pBIHKA
pBIHKA

5.2.4. BroxxeT mpoekTa

MaxkcumanbHbIe 3aTpaTbl Ha IIOKYIIKY KOMIUICKTYIOIOUX JJIsI CO3AaHUSA

poTOTUNA 000PYAOBaHUS ObLITN MPUHSTH paBHBIME 145000 pyOeit.
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Tabnuna 5.10 — CTouMoCTh peanu3aliuu MpoeKTa

HanmenoBanue cratbu CymmMma, pyo
Hen 1 Hcen 2
CTOoMMOCTB JIBATATEIS 68.000,00 70000
CTOMMOCTB YCTPOMCTBA KOHTPOJIS 70.205,28 73000
CronMocTh Kabemsax 508,00 2000
Htoro 138713,28 145000

B cTroumocTs 060pynoBanus npeacrabieHa B Taomuie 5.11.

Tabnuna 5.11 — Onpenenenre CTOMMOCTH (PYHKIIHA, BBITOTHIEMBIX 00BEKTOM

HcClIeTIOBAHUS
o

< =
= = z =
@A s a S
&S o = g
H o 5; >~ =
o © = =Y >
= 5 o o
=2 = 3 8 2\G
S B o ® S L =
g ) B = »-QQ
: o : : :
% ) = o
2 > = = S

= O~ = =
< 3 = =~
s )
~ 2] =
@]

brnok ynpaBneHust Hy>keH AJs 3a1ycKa 1

bnox ynpasnenus 1 yIpaBJIe€HUS TOKOM B 0OMOTKax 65044,7
JIBUraTesNst
Hcrounnk 1 [Tonaet perynupyemoe HarpsiKeHue 31513.9
MUTaHUS MIUTAHUS HA YCTAaHOBKY ’
. Wcnonb3yercs ans paboThl €
ITepcoHanbHbII ’,
1 uHTep¢eiicoM NporpaMMHOIro 417444
KOMITBIOTEP
obecneyeHus
NTOTI'O 138303

3apaboTHas 1IaTa pacCCUMTHIBACTCS 110 CICAYIONICH dhopmyiie:
3371 = 3OCH + 3;[01'[ (91)
B ¢opmyne sicHO BuaHO, 4TO padoTa COCTOMT M3 OCHOBHOU 3., U
JOMOTHUTEIBHOM 3,0, (12-20 % 0T 3,y )-

OcHoBHas 3apaboTHas miata (3., ) pacCCUUTHIBAETCS 1Mo (hopmyIie:

Bocu = 3;[1—1 T (92)

p
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OcHoBHast 3apabotHas 1utata 3., paBHAa TMPOU3BEACHHUIO CpEIHEH
3apabOTHOM 11aThl paboyero 3,, Ha oTpaboTaHHOE BpeMs 7 ,.

Pacuér cpennenneBHOM 3apaOOTHOM TUTATH HAXOAUTCS 0 (popmyIie:

_ 3Tc + 3;[01111 + 3p.1<.

3 g (93)
A
I'ne:
3rc— 3apaboTHAs IIaTa 1Mo OKJIady, pyo.;
3nonn— JOMIIATHI ¥ Hal0aBKH ( KodduimenT npemuu ) , pyo.( 50%);
3p.x— palioHHas gorara, pyo.(30%);
Fn— KonmuuecTBO pabounx JHEH B Mecsiie (26 nHel npu 6-THeBHOM
paboueii Heene), pad. JH.
Tabnuma 5.12 — Pacu€t ocHOBHOI 3apaO0THOM IIaThl HCTIOJTHUTEIICH.
" " Cpennss | IIpomomk
Jormiatel | PailoHHBIN OcHoBHas
3apriata | JAHEBHas u
PaGotHuk | Okian " Kodp Ui 3apaboTHa
MCECsAYHAad, 38.p8.6OTH TCJIBHOCTDH
51 pyo. Hag0aBKH, eHT, o 11aTa
6 6 pyo. as 1iara, pabor, py6
pYo. pyo. pyo. pab.JH. ’ )
PykoBomn | 36800 18400 11040 66240 2548 67 170716
TCJIb
Hcnomaut
13890 4167 18057 695 91 63245
CJIb
Mrtoro 233961

JI71s1 AOTIOTHUTENbHOM 3apab0THOM TIIAThI BBITJISIUT CICAYIOMIUM 00pa3oM:
3,aon = k,qon ) 3oc1—1 (94)
rae Kron— KO3(PQHUIIMEHT IOMOIHUTEILHOW 3apa0O0THOM IiaThl (Ha CTaauu

NPOCKTUPOBaHUs puHUMaeTcs paBHbiM 0,12 — 0,15).

30n = Kyon * 3ocn = 0.12 - 233961 = 28075,32 py6. (95)
CTpaxoBbI€ OTYMCIICHHS PACCUMTBIBAIOTCA 110 (POPMYJIE:
3131-1e6 = kBHe6 ) 3311' (96)

B dopmyne k.5 — K0dpduIimeHT oTunciaeHus BO BHEOIOHKETHBIC (DOH/IBI,

koTopbiii B Tomckoit o6nactu pasen 30,2 %.

3unes = Kunes - 3an = 0.302 - (233961 + 28075,32) = 79134,97 py6. (97)
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Hakuanabie pacxobl onpeensieTcs no ciaeayroiei Gopmyie:

Byarn = (cyMMa ctatueit) - ky, = (Boen + 3400 + omes) * Kup (98)

rae Kyp — kK03 puIuenT, yunuteBarommii HakIaaabie pacxoas (16%).
Pacuyer:

3, = (233961 + 28075,32 + 79134,97) - 0.16 = 54587,41 py6. (99)

Tabnuna 5.13 — ['pymnmel 3aTpat mo cTaThsiM

CymmMma, pyo.
HaumenoBanue cratbu
Hcm. 1 Hcm. 2
Kommexryromue 138713,28 145000
CrenuanbHOe 000pyI0BaHUE IS 138303 138303
HCCIIE0BATEIIbCKUX paboT
3apaboTHas 1aTa 262036,32 262036,32

OTtuucieHus: BO BHEOIHKETHBIC (POHIBI 78610,89 78610,89

Hakmanneie pacxoapl 54587.,41 54587.,41

HUTOI'O 672250,9 678537,62

5.3. Onpenesienue pecypcoddpdeKTHBHOCTH NMPOEKTA

Onpeneneare  3(PpGEKTUBHOCTH  IPOMCXOJUT HA  OCHOBE  pacyera
MHTErpaJIbHOTO ToKa3zaTens 3(PQGEeKTUBHOCTH HAy4dyHOTo ucclieqoBanusa. Ero
HAaXOXXJEHUE CBS3aHO C OMNpEIEICHUEM JIByX CpPEIHEB3BEUICHHBIX BEJIUYMH:

dbuHaHCOBOM 2PHEKTUBHOCTH U pecypcorhHEKTUBHOCTH.

NurterpansHbiii GUHAHCOBBIN NTOKa3aTeIb Pa3pad0OTKU ONPEACISIETCS KaK:

(100)
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rae [ P puTerpanbHbil GUHAHCOBBIN ITOKA3aTENb DA3PabOTKH:
(b )

®

pi — CTOMMOCTH I-TO BapuaHTa UCIIOJTHCHU A,

D, ax —  MakCUMaJlbHad CTOMMOCTb  HCHOJIHEHUS  HAYYHO-

UCCIIEIOBATENBCKOTO MPOEKTA (B T.4. aHAJIOTH).

d,;  672250,9

L= = = 0,99 (101)
¢ ®,, 67853762
., 678537,62 102
¢ 678537,62 (102)

CrnenoBaTenbHO, HCXOOd M3 3TOT0, MOXKHO cJenaTb BBIBOJA, YTO
UHTErPAJIbHBI  NOKa3aTellb pa3palOTKM  TEKYLIEro MpPOEKTa IOKa3bIBaeT

yJICIIEBIEHUE CTOMMOCTH pa3padbotku B 0,99 pas.

PecypcoadpekTuBHOCT, MpoeKkTa MOXKHO OILIGHUTh C  ITOMOIIBIO

MHTErPAILHOTO KPpUTEPUS pecypcod(PPeKTUBHOCTH:
I,=>a-b, (103)
e I,; - MHTETpaIbHbIN MOKa3aTeNlb PECYPCOIPHEKTUBHOCTH;

a;- BecoBor KOd(PHUIMEHT pa3padoTKu;

b;- GananbHas OIEHKA pa3pabOTKU, YCTAHABIUBAETCS IKCIIEPTHBIM ITyTEM

10 BHIOPAHHOM ITKaJIe OIICHUBAHUS.

st ompeneneHuss pecypcodPPEeKTUBHOCTH TPOEKTa PEKOMEHIYETCs

PacCMOTPETH CIAEAYIOLINE KPUTEPUH:
HanexHoCTh — 3TO IIUTENbHBIN SKCIUTyaTallMOHHBIN PeCypC.

OHeprocOepe)keHne — 3TO  OKOHOMMS  IJIEKTPUYECKOM  DHEPIHM.

DHeprocOepekeHNE JOCTUTACTCS 32 CUCT ONTUMAIIBHOTO TI0100pa KOMIIOHEHTOB.

ToOYHOCTh MOMYyYaEMBIX XapaKTEPUCTHK — 3TO TOKa3aTelb, KOTOPBINA

O0TpaKacT NpaBUJIbHOCTb U KAYCCTBO HO)106paHHBIX KOMIIOHEHTOB.
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Y 100cTBO — 3TO BO3MOKHOCTD JIETKOW HACTPOMKH, MOHTaXKa M JIEMOHTaXa
o0opyaoBaHus. ¥ J00CTBO MOHTaKa M JEMOHTa)Ka OCYILECTBISAETCS B OTCYTCTBUE
OOJBIIOTO KOJUYECTBA PE3bOOBBIX COCIMHEHUH, B JaHHOM KOHCTPYKIMU

HCIIOJIB3YIOTCA MYJIbTUKOHTAKTHBIC CUJIOBLIC paB’béMBI.

Kputepuu pecypcodPpPpeKTHBHOCTH U UX KOJTHMUECTBEHHBIE XapaKTEPUCTUKH

MIpUBEICHBI B TabuIie 5.14.

Tabnuua 5.14 — CpaBHUTENbHAS OLIEHKA XapaKTEPUCTUK BAPUAHTOB UCIIOJIHEHHUS

IIPOEKTa
Kpurepun BecoBoii koahurmeHT Ucnl Hcn2
be3zonacHoCTh 0,25 5 5
VY no6cTBO B 0.10 . c
IKCIUTyaTaIH
DHeprocbOepexeHne 0,15 4 4
HanexxHocTb 0,25 5 4
TouHOCTB 0,25 5 4
Hroro: 1.00 4,85 4,35

Paccuntaem nokazarens pecypcodPheKTUBHOCTH:
Lyn =025-5+01-5+0,15-4+0,25-5+0,25-5=4,85 (104)

Liyan = 025-5+0,1-5+0,15-4+0,25-4+0,25-4 = 4,35 (105)

WNurerpanbubiii  mokazareib 3()PEKTUBHOCTH pa3pabOTKM M aHajiora
OTIpE/IENAETCS] HAa OCHOBAHUM MHTETPAILHOTO MoKa3aTens pecypcodpGeKTHBHOCTH

Y MHTETrpajbHOro (PMHAHCOBOTO MOKa3aTess o popMmyiie:

p _ I ra _I%
o = 3 L = 15 (106)
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_1h 485

p _
Loy = g =90 = 4,89 (107)
. I, 435
[§unp = -1 4,3 (108)
CpaBuuTtenbHas 3((HEeKTUBHOCTh MPOEKTA!
Ip
Aep = urp (109)

Tusp
7€ - p — CPaBHUTENBHAS 9PYEKTUBHOCTD POEKTA;
IP | — uHTerpanbHEIA MOKa3aTenb pa3paboTKy;

I#la - PIHTGFpEUIBHLIﬁ TEXHUKO-DKOHOMMYECKHM MMOKa3aTelIb aHalora.

Iowep 4,89
Bp = 7o = = 1,139 (110)
¢unp !

OTtpa3uM cpaBHUTEIBHYIO 2PGEKTUBHOCTH pa3pabOTKu B Tabnwuile 5.15.

Tabnuua 5.15 — CpaBautenbHast 3pHEeKTUBHOCTH pa3pabOTKU

No IToka3arenu Ucn. 1 Ucn.2
n/m (Texymas (ananor)
pa3paboTka)
1 WuTerpanbHbiii GMHAHCOBBIN MOKa3aTeIhb
0,99 1
pazpaboTku
2 WHuTerpanbHblil MoKa3aTesb
4,85 4,35
pecypcoddHEeKTUBHOCTH pa3pabOTKH
3 NuTerpanbHblii mokaszarens 3G (HEKTUBHOCTH 4,89 4,35
4 CpaBHurenbHas 3QPEeKTUBHOCTb BAPUAHTOB 1139

HCIIOJTHCHHUA
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B xoxe BwIMOTHEHUS JAHHOW YaCcTH BBITYCKHOW pabOThI ObLTa TOKa3aHa
KOHKYPEHTOCHIOCOOHOCTh 3TOI0 TEXHUYECKOIO PEIICHUS] B CPAaBHEHUU C JAPYTHUMU
KOHKYPEHTOCTIOCOOHBIM KOHTPOJIbHO-TIPOBEPOYHBIM 000py10BaHUEM.
OcymecTBiIeHO IaHUPOBaHUE PabOT, HAXOMAIIUXCS B paMKax TaHHOTO HAYYHOTO
HCCIIeIOBAHUSI, OTIPECIICHBI BPEMEHHBIE PAMKH M TPYI0EMKOCTh pabOT KaXKI0TO U3
YYaCTHHUKOB MCCJICIOBAHUS, COCTABJICH JICHTOUHBINH Trpaduk mpoBeaeHUs padboT B
dbopme auarpammel ['aHTa, 110 pe3yabTaTaM KOTOPOU OMPEIETICHO, YTO BHITTOTHCHHE
paboTel 3aHuMaeT 96 aHel, U3 KOTOphIX 67 pabouux JIHS y pyKOBOAUTEINS U 91 nHe

Yy UHXXEHepa.

Onpenenen OmOKET TEKylIed pa3pabOTKM M OJHOTO BapuaHTa €e
UCIIOJIHEHUSI, HA €T0 OCHOBE IMPOBEJCH aHAIU3 (PUHAHCOBOU 3(PGHEKTUBHOCTH OT
0€37aTYUKOBOTO  YMPABICHUS CUHXPOHHBIM JIBUTATEIEM C TOCTOSHHBIMU
MarHuTamMu. B pe3ynbrare sKcIuTyaTamui BRIOPAHHOTO KOHTPOJIHLHOPOBEPOUHOTO
o00opya0BaHUs MOBBIIAETCS IPHEKTUBHOCTH PAOOTHI 32 CUET YMEHBIIICHHSI O0IIIETO

pacxona Ha 000pyIOBaHUE, TOBBILIEHUS HAIEKHOCTU U peCypco3(pPEeKTUBHOCTH.
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6. COHUAJIBHAA OTBETCTBEHHOCTD

[enbto JaHHOTO pa3jiena SIBISETCS aHAINU3 OMACHBIX U BPEIHBIX (aKTOPOB
npu paboTe Bo BpeMs J1a00paTOpHOM pabOThI I'/1e TPOBOIMUINCH UCCIIEI0BATEIbCKHE
paboTBl W KOMIIBIOTEPHOE MOJENIHMPOBaHUE, pa3paboTka TpeOoBaHUM U
MEpONPUATHIA MO TEXHHUKE OE30IacHOCTH, aHAIW3 TOXApHOW O€30MacHOCTH U
BbIpa0OTKa MEPOTIPUATHI, HAITPABJICHHBIX Ha MPEAOTBPAIIECHUE TTOKAPOB.

OOBEKTOM HCCIEOBAHUS SBISETCS CHUCTEMa YNPABICHHS CHHXPOHHOTO
JBUTATENS C TIOCTOSIHHBIMH MarHUTaMH C HCIOJb30BAHHEM BEKTOPHOTO
yIpaBICHUS B YCIOBUAX OTCYTCTBHS JAaTUMKOB CKOPOCTU WUITU TIOJIOKEHUS POTOPA.
PabGora mnpoBoguTcsi Ha B JA0OpPaTOPUM OTIEJIECHUS DJIEKTPOIHEPreTUKU U
anektporexHuku TIIY, r.Tomck. Pabouee mecTo npeacrapiseT u3 ceds moMeneHmue

pa3sMecpoM 60M* B KOTOPOM HAXOAUTCA I''IC HAXOAUTCA KOMIIBIOTCP.

6.1. [IpaBoBbIe U OPraHU3aNMOHHbIE BONPOCHI 00ecneueHusi 0€30MaCHOCTH

OTHOUIEHUS MEXIy OpraHu3alue U pabOTHUKAMH, Kacalolluecsl OTiaThl
TpyJa, TPYJAOBOrO pacnopsika, crenu@uku paboThl, COIMAIBHBIX OTHOIICHUA U
CTpaxOBaHUHU PETyIHUPYIOTCS 3aKoHOAaTeabCcTBOM P®. Jlanee OyayT mpuBeaeHBI
HOPMATUBHBIE IOKYMEHTBI, KOTOPBIE PETYIUPYIOT BBIIIEOMUCAHHBIE BOMPOCHI.

Ha pabGotax ¢ BpeAHBIMHU WJIM OMACHBIMH YCJIOBHSIMHU TpyZAa, a TakKe Ha
paboTax, BBINOJHSAEMBIX B OCOOBIX TEMIIEPATYPHBIX YCJIOBHUSX WJIM CBS3aHHBIX C
3arpsi3HCHUEM, BBIIAIOTCS TPOIIEAIINE O0S3aTeNbHYI0 CEePTU(DUKAIUIO WU
JEKJIApUPOBAHUE  COOTBETCTBUSL  CPEICTBA HMHAMBUAYAIBHOM  3allUTHl B
COOTBETCTBHHM C TUIIOBBIMU HOPMaMH, YTBEPKJICHHBIMU B IOPSIAKE, YCTAHOBICHHOM
[IpaButenscTtBOM Poccuiickoit @enepanuu. Taxxke, paboTomarens 3a CUET CBOUX
CpPeACTB 00si3aH B COOTBETCTBHMM C YCTAHOBJICHHBIMM HOpPMaMH OOecCIieuuBaTh
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CBOCBPEMEHHYIO BBIJIa4y CIEIHUAIBLHON ONICKIbI, CICIHATbHON O00YBH M APYTHX
CPEACTB MHIMBUAYAIbHON 3aIUThI, a TAKXKE UX XPAHEHHUE, CTUPKY, CYLIKY, PEMOHT
u 3aMeny [TK P® Crates 221] [17].

CormacHo [DenmepanpHbiii  3akoH "OO 00s3aTEIBHOM  COIMATBLHOM
CTpaxOBaHUU OT HECUACTHBIX CJIy4YaeB Ha IMPOMU3BOJCTBE U MPOPECCUOHAIBHBIX
3a0oneBanuit" ot 24.07.1998 N 125®3], paOoTHUK UMEET MPaBO Ha 00S3aTENbHOE
COI[MAJILHOE CTpPaXxOBaHHWE OT HECUYACTHBIX CJIy4yaeB Ha MPOU3BOJCTBE U
npodeccuoHaNbHBIX 3a00s1eBanmit [18].

Cornacuo [TK P® Crates 92] [19], TpoI0KUTENBHOCTS pabouero AHS HE
JIOJKHA npeBbIaTh 40 4acoB B HEJEIIO.

Cornacao [TK P® Crartps 147] Omnara Tpyaa paOOTHHUKOB, 3aHSTBHIX Ha
paboTax ¢ BpeAHBIMU U (MJIM) OMACHBIMU YCJIOBHUSIMH TPYJla, YCTaHABIUBAETCS B
MOBBIIIEHHOM pa3Mepe (4acTh nepBas B pea. denepanbHoro 3akona ot 28.12.2013
N 421-03). MuHuManbHBIA pa3Mep MOBBIIIEHUS OIUIAThl TpyJna pabOTHUKAM,
3aHSATHIM Ha pab0Tax ¢ BpeIHBIMU U (MJIH) OTTACHBIMU YCIOBUSAMHU TPY/1a, COCTABIISAET
4 nponeHTa TapudHON cTaBKM (OKJa/aa), YCTAHOBIEHHOM JJIsl pa3IMYHBIX BUJIOB
paboT ¢ HOpMaJbHBIMU YCJIOBUSAMH Tpyda. (4acTh BTOopas B pen. denepanbHOro
3akoHa oT 28.12.2013 N 421-®3) [20].

Cornacno [TK P® Cratbs 96], HouHOE BpeMs - BpeMs ¢ 22 4acoB 10 6 4acoB.
[TpoaomKUTENLHOCTh paOOThI (CMEHBI) B HOUHOE BpPEMS COKPAILlAeTCsl HA OJIUH Yac
0e3 mocnenyromeit orpadotku (B pea. PenepanpHoro 3akoHa ot 30.06.2006 N 90-
@3). He cokpaiaercss npoA0HKUTEIBHOCTh Pa0O0ThI (CMEHbI) B HOYHOE BpEeMsI JUIs
pPabOTHUKOB, KOTOPHIM YCTAHOBJIEHA COKpAILlEHHAs! MPOAOJDKUTEIBHOCTh paboyero
BPEMEHH, a TaKXke ISl paOOTHUKOB, MPUHATHIX CHEIUATBHO IJIs1 padOThl B HOUHOE

BpEMsI, €CJIM HHOE HE MPETYCMOTPEHO KOJUIEKTUBHBIM 1I0TOBOPOM [21].
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6.2. IIpou3BoacTBeHHasi 0€30MACHOCTH

HGpC‘IGHB OITaCHBIX 141

BpeAHbIX  (DAKTOPOB, XapakTEPHBIX IS

paccMaTpuBaeMoii MPOU3BOICTBEHHON Cpelibl MpeAcTaBieH B Tadnuie 6.1.

Tabnuna 6.1 — Bo3MoxkHbIE ONTacHbIE U BpeJHbIE (PaKTOPHI

DakTophl
(IT'OCT 12.0.003-2015)

HopwmatusHbie
JIOKYMEHTBI

1. YXynmenue u 3arps3HeHue
Bo3ayxa (BIID)

-I'OCT 12.1.005-88 CCBT. O61mue
CaHUTApHO-TUTHEHUYECKHUE TPEOOBAHUS K
BO3yXYy pab0oY€eil 30HBbI.

2. IToBbIIIEHHBIN YPOBEHD IIyMa
(BI1®D)

- CIT 51.13330.2011. 3ammuTa ot mryma.
AxtyanuzupoBanHas peaakius CHull 23-03-
2003

3. IloBbILLIEHHBIN YPOBEHD
BuOpanuu (BI1D)

-T'OCT 12.1.012-90 CCBT. Bubpanmonnas
0oJie3Hb. O01IME TpeOOBAHUS.

-T'OCT 12.4.002 — 97 CCBT. Cpenctpa
VHIMBHUIYAIbHOM 3aIIUTHI PYyK OT BUOpAIIUH.
OO01Me TexHuyeckrue TpeOOBaHMUS.

4. OnacHOCTb MOPaXKEHUS
anekTpuaeckum Tokom (OI1D)

-T'OCT 12.1.019-2009 Cuctema cTaHaapToOB
0e30macHOCTH Tpy/a. DIEKTPOOE30MaCHOCTb.
OO6mue TpeboBaHMs 1 HOMEHKJIATYpa BUIOB
3aIlUTHI.

-T'OCT 12.1.038-82. CCBT.
DnekTpo0e30MmacHOCTb.

[IpenenbHO AOMYCTUMBIC 3HAUCHUS
HaIPSHKCHUH TIPUKOCHOBEHUS M TOKOB.

6.2.1. AHaJIM3 ONACHBIX M BpeIHbIX (GaKTOPOB NMPOU3BOICTBEHHBIX (AKTOPOB
U 000CHOBAHHME MEPONPUATHI 110 CHUKCHHUIO YPOBHEH BO3/1eiiCTBUS ONACHBIX
U BpeaHbIX (pakTOPOB HA padoTaoILero

6.2.1.1. IlpeBbllIeHHEe YPOBHS IIIyMa

OmHuM U3 caMbIX PaCIPOCTPAaHEHHBIX BPEIHBIX (DAKTOPOB HA TIPOU3BOICTBE

aBigercs wyMm. B nabopaTopuu, rjie HOCTOSHHO BEAYTCS T€ WM MHbIE paOOThI Ha
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CTaHKaX, BKJIIOYEHbI B HArpy3Ky JBHUTaTeJIW, HACOCHI, BEHTWIATOPHl —
MPUCYTCTBYET BBICOKHI YypPOBEHb IIIyMa, KOTOPHIA OKa3bIBAET OTPHUIIATEILHOE
BIUSHAC HA OpPraHW3M UYEJOBEKa, HANpPHUMEp: YydYallaeTcs IIyJbC, JbIXaHUE;
MOBBINIACTCS APTEPHATLHOE JABJICHUE; M3MCHSIOTCS JABUTATEIIbHAS, CEKpPETOpHAs
(GYHKIHUM JKeITyIKa U IPYTUX OpraHOB; HETaTUBHOC BIUSHUC Ha HEPBHYIO CUCTEMY
(rojoBHBIE 00JM, OECCOHHUIIA); 3aMeIJICHUE TICUXUYECKUX peakiuii [22].
[IpenenbHO MOMyCTHMBIC YPOBHHU IIIyMa, Ha paccMaTpUBAEMOM pabouyem
MecTe, TpejicTaBiIeHbl B Tadmuie 6.2, cornmacho [CanlluH 1.2.3685 — 21] [23].

Tabmmia 6.2 — [IpenensHO TOMyCTHMBIC YPOBHH IITyMa
PaGouee YpoBHHU 3BYKOBOTO JaBlieHUs, 1b ITo

Mecto 315 | 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | &1

CyxeOHbIe 99 95 87 82 78 75 73 71 69 80
TIOMEIIICHUS
(Mex. nex)

CnyxeOHbIe 96 83 74 68 63 60 57 55 54 65
MTOMETICHUS
(c TIK Ha
pabouem
MecTe)

6.2.1.2. llpeBbllIeHUE YPOBHS BUOPALIUU

Taxxe, K BpeaHBIM MPOU3BOACTBEHHBIM (DaKTOpaMm, OTHOCHUTCS (HaKTOp
«TpEBBILLIEHUE YPOBHS BUOpanum». B naHHOM ciydae, Ha MpPOU3BOJCTBE, MOJ
BUOpanyell moHUMaeTcsl KojeOaHue TBEPABIX TeN, & OCHOBHBIMH HCTOYHHKAMHU
BBICTYNAIOT pa3jMyYHble CTAHKH, JBHTaTeJld M Tpodee KpymHorabapuTHOE
o0opy0BaHUE.

[IpeBbilieHre ypoOBHS BHUOpalMd HETAaTHMBHO BIMAET Ha  OTACIBI
LHEHTPaJbHOW  HEPBHOM  CHUCTEMBI,  KEJIYyAOYHO-KUIIEYHOTO  TpakTa U
BECTUOYJISIpHOTO anmapata 4ejgoBeka. OJHMM M3 caMbIX PacHpOCTPAHEHHBIX
npodeccUOHaNbHBIX 3a00JIEBaHUN TMPHU JUIMTEIBHOM BO3JAEHCTBUU BUOpALMKM —
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ABNIETCS  BUOPOOONE3Hb, MOOOYHBIMH  (AKTOpaMU  KOTOPOH  SIBISIOTCS:
TOJIOBOKPY>KEHHE, OHEMEHHE HIDKHUX KOHEYHOCTEH W TOTepsT OPHCHTAIMH B
npocTpancTBe. Ha mpenmpusitun, B mensx Mpo(UIaKTUKA JaHHON OOJIe3HH, IS
paboTamux ¢ BHOPUPYIOIMHMM OOOPYJOBAaHUEM, PETIAMEHTUPYETCS PEKUM
PpaboThI — MPOIOIDKUTEIEHOCTH pabodeil CMEHBI, 00s13aTeIbHBIC TEPEPHIBBI, OT/IBIX.

Jlns Toro, 4ToObl 3alIUTUTH PAOOTHUKA OT BUOpAIMU B JIabOpaTOpHOMU
nestenbHocTH (cormacHo [[TOCT 12.4.002 — 97]), npuUMEHSIOTCS CIICIyIOIIHE
CpeICTBA 3aIMThI: aHTUBHOPAIIMOHHBIC PYKABHIIBI (7151 3aIUTHI OT BUOPUPYIOIINX
00BEKTOB); crieMaTbHAsI 00YBh HA AaHTUBUOPAITMOHHOM TTOIOIIBE (711 3aIUTHI OT
BUOPHUPYIOIIETO 1M0J1a); pe3NHO-BOMIIOYHBIE MAThl; aHTUBUOPAIIMOHHBIC TUTOIIAIKH;
aHTHUBHUOpAIIMOHHBIC CUICHUS [24].

Texandeckrue HOPMbI BUOpAITMU B paCCMAaTPHUBAEMOM I1€XY TPEICTABIICHEI B
tabmuie 6.3, cornmacho [CanlluH 1.2.3685 — 21] [23].

Tabnuna 6.3 — Texauyeckre HOpMbl BUOpaIUH
Bun CpennekBaaparuyHas 4acTora, [ 11
BHOpanuu

Jlorapudmuueckuit ypoBeHb BHOPOCKOPOCTH

1 2 4 8 16 31,5 63 125 | 250 | 500

Mex. niex - 80 81 83 89 95 101 - - -

6.2.1.3. HenocraTtouHasi 0CBelIEeHHOCTHh padoyeii 30HbI

OcHoBHas 3ajada OCBEUIECHUS HA IPOM3BOJACTBE — CO3/JIAHHME HAMIIYYILINX
yCIOBUM 1y 3peHust Tpyasamuxcsa. CorjacHO HaydHbIM — MCCIENOBAHUSM,
OTCYTCTBHE MJIM HEJOCTATOK €CTECTBEHHOTO OCBEILEHUS HAa paboueM MECTE MOXKET
BbI3BAaTh YyXYJUICHHE CaMOUYYBCTBHUS, NMPUBECTH K MOTEPE CHAa W OCIAOJICHUIO
310poBbiA. CHEenuanucThl MOJAararmT, YTO MPUYMHA OTPULIATENBHOTO BO3ICHCTBUS
MOXET 3aKJII0YaTbCid B M3MEHEHUHM LUPKAJHBIX PUTMOB M3-3a HENOCTAaTKa
ecTecTBeHHOTro cBera. lloatomy cnenyer yaenarb Oosiblliee  BHHMaHHE
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JIOCTATOYHOMY JTHEBHOMY OCBEIICHHIO ISl YKPEIUJICHUS 370POBhS M MOPATBLHOTO
COCTOSIHHSI pAOOTHUKOB.

Ha pabouux mecrtax, riie TpyaoBas IESATEIbHOCTh BEAETCS B YCIOBHUSX
OTCYTCTBUS €CTECTBEHHOTO OCBEIICHHS, HEOOXOAMMO TPOBOIUTH MEPOIPHUSITHS,
HaIlpaBJCHHbIC HA YMEHbIIIEHUE YPOBHS BPEIHOCTH YCIOBUH Tpy/a, IPOIKUCAHHbBIE
B 'OCT P 55710-2013 [25].

[Ipu HemocTaTke €CTECTBEHHOTO OCBEIICHHUS B TOMELICHHUSIX TaKxke
BO3MOYKHO MPUHSATHE CIAEAYIOIIHUX MEp:

aHaJIU3 CTETMEHH 3arpsi3HEHHOCTU CTEKOJ B CBETONMPOEMAax, UX OYHMCTKA U
TaTbHEHIINE  KOHTPOJBbHBIC  M3MEpeHHS  KOA(P(OUIMEHTa  e€CTeCTBCHHOU
OCBEIICHHOCTH, KOTOPBIM ITOKa3bIBACT, Kakas 4YacTh HAPY>KHOTO OCBEIICHUS
nornajaeT Ha paboune MecTa MPOU3BOICTBEHHOTO TIOMEIICHHUS,

Opy HAJIUYUA B TOMENIEHUU 30H C HEJOCTATOYHBIM U JOCTATOYHBIM
YPOBHEM €CTECTBEHHOT'O OCBEIICHMS M3MEHEHUE pa3MELIEeHUs] pabounx MECT ¢ UX
MIEPEHOCOM B 30HY C JOCTATOYHBIM YPOBHEM €CTECTBEHHOTO OCBEIICHUS;

KOCMETUYECKUM PEMOHT IMOMEIIEHUS C TPUMEHEHUEM CBETJIBIX OT/IETTOUHBIX
MaTepUasoB.

MuHuManbHas OCBEIICHHOCTh HAa pa0OUYMX MECTaX HE JOJDKHA OTIMYAThCS
OT HOPMHUPYEMOW CpeIHEel OCBEIIEHHOCTH B moMmenieHuu Oosiee yem Ha 10%
cornacho [CIT 52.13330.2016] [26].

Cucrema ocBelIeHHUS JOJDKHA OBITh CKOHCTPYMpPOBaHAa TaKuUM 00pa3om,
YTOOBI HE CYIIECTBOBAJIO HA 3aTE€HEHHBIX 30H CIIOCOOHBIX BhI3BATh HEYJ00CTBO, HU
pa3apaxaroniero OCICIUISIONIEr0 CBeTa, HU OMacHOro CTPOOOCKONMMYECKOTO
ahdexTa Ha ABMKYIIUXCS YacTAX U3 - 32 OCBEIICHHS. BHyTpeHHHE 3J€MEHTHI,
TpeOyroIMne YacToil MPOBEPKH W PErYIUPOBKH, a TaKKe 30HBI TEXHUYECKOTO
o0CTy>KUBaHUS JOHKHBI OBITh 0OECIIEYCHBI JOCTATOYHBIM OCBEIIEHUEM. Y POBEHb
ocenienHoctu (cormacuo [TOCT P 55710 — 2013]) B 30Hax, TpeOyIOIMUX YaCcTOM

MIPOBEPKH U PEryJTUPOBKHU, AOHKHBI ObITh HE MeHee 500 JIK [25].
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Cornmacho [ITOCT 12.4.011-89] « cpeacTtBaM  HOpMalIU3alUU
OCBEIICHHOCTU TIPOHM3BOJCTBEHHBIX IIOMEIICHUH pabo4YMx MECT OTHOCSTCS:

HNCTOYHHUKHN CBCTA, OCBCTHUTCJIIEHBIC HpI/I60pBI; CBCTOBBLIC IIPOCMBI [27]

6.2.1.4. OnacHOCTBb 3J1eKTPO-MOPAKEHUSI

DneKkTpo-nopakeHue MepcoHana, padoTaloUero ¢ 3JEeKTPOYCTaHOBKaMH,
SABJISIETCS OMACHBIM JUISI )KM3HU YEJI0BEKA M HACTYTAET NPHU CONTPUKOCHOBEHUU €T0 C
CEThIO HE MEHEE UeM B JIByX TOUKAX.

B cootBerctBum ¢ [['OCT 12.1.009 — 2017] x nopakeHUIO 3JIEKTPUIECKUM
TOKOM MOET MPUBECTH NPUKOCHOBEHHE YEJIIOBEKA K TOKOBEIYIIUM YacTsAM
AIEKTPOYCTAHOBOK, HAXOAAIIMXCS MOJ HanpsbkeHueM. [lopaxkxeHue nposBisieTcs B
Mapaau3yolleM U pa3pylINTEIIbHOM BO3/ICHCTBUU TOKA Ha BHEIITHUE U BHYTPEHHHUE
OpraHbl — KOXHBIN MMOKPOB, MBIIIIIBI, OPTaHbI AbIXaHUS, CEPALIE, HEPBHYIO CUCTEMY
[28].

[Ipu pa3paboTKe KOJUIEKTUBHBIX U MHIWBHUAYAIbHBIX CPEJCTB 3AIUTHI OT
AJIEKTPO-TIOPAKEHUS  HEOOXO0JIUMO, COTJIACHO npaBWJiaM  yCTpOICTBa
anekTpoyctaHoBok (ITYD), paccMoTpeTs clienyrommue BOMPOCH:: TpeOOBaHUS K
ANEKTPOOOOPYIOBAHNIO; AHAJIU3 COOTBETCTBUS PEAJIBHOrO IMOJIOKEHUS Ha
MPOU3BOJICTBE TIEPEUMCICHHBIM TPEOOBAHUSM; MEPONPUSITHS TIO YCTPAHCHHIO
OOHapyXEHHBIX HECOOTBETCTBUI; 000CHOBAaHUE MEPONPUSITUI U CPEACTB 3aILUTHI,
paboTaloIIKX OT MOPAXKEHUS JICKTPUIECKUM TOKOM [29].

Taxoxe (cormacHo [TOCT 12.1.019-2017]), UCTIOJTB3YIOTCS
WHIVBUAYAJBHBIE DJIEKTPO3alIUTHBIE cpeacrtBa. B ycranoBkax nmo 1000 B
UCIIOJB3YIOTCS  AUDJICKTPUYECKUE  MEpYaTKd,  yKazaTelau  HalpshKEHUs,
JTUDJICKTPUYECKUE KOBPUKM H  OOTBHI, H3OJUPYIOIIME TIOJICTABKH, a TaKKe

MHCTPYMEHT C W30JIMPOBAHHBIMU pyKOsITKamu [30].
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6.2.2. Pacyer cucTeMbl HCKYCCTBEHHOTO OCBeIlEHUsA

Ha npennpusituu, B nabopaTtopuu, NOKEH COOIIOJATHCS HEOOXOIUMBIi
YPOBEHb €CTECTBEHHOTO OCBEIICHUS, IS YIy4IIeHHs pPabOTOCMOCOOHOCTH U
COXpaHEHHUs] 370pOBbs IMepcoHana. [l 3TOro ycTaHaBIMBAIOT HOPMAaTUBHBIC
YPOBHU OCBEIICHHOCTH, KOTOpble omucaHbl B nokyMente CII 52.13330.2016,
YPOBHH TIpECTaBJICHBI B Tabnwuie 6.4 [26]

Ta6nuna 6.4 — YpoBHU OCBEIIEHHOCTH paboUei 30HBI

Mecrto, miomaaka [TimockocTh, B KOTOPOit OcaeleHHOCTH paboueit
HOPMHUPYETCS OCBEIIEHHOCTh MOBEPXHOCTH, JIM
Kabuner TOPHU30HTANIbHAS 500

B namem ciydyae HauMeHbIINN pa3Mmep pazaudaeMoro oosekra ot 0,15 1o
0,3 MM, 4TO COOTBETCTBYET XapaKTEPUCTUKE BBIMOIHAEMON pabOThI OUEHb BHICOKOM
TouHocTU. Mcxoas u3 atoro ko3gduuueHt ecrectBeHHOM ocBemieHHOCTH (KEO)
JOJDKEH ObITh oOecnieueH He MeHble 1,5% npu 0okoBoM ocBemiennu u 4,2% npu
BEpXHEM U KOMOWHHpOBaHHOM. I[Ipom3BenéM pacy€r ocBemieHus KaOuWHeTa
UH)KEHEpa IMpOeKTUpoBIIMKa. KaOMHET HuMeeT cleaymrolue pa3Mephl: JIMHA
A =6,5m, mupuna B = 12 m, Beicota H = 4 M. BricoTa paboueit moBepxHOCTU

h,=0,8m. Kosdppuument orpaxenus cren p.=50%, noronka p,=70%

KoaddunuenT 3amaca k = 1,5, koaddurpent HepasHomepraoctu Z =11,

JUist panbHeero pacdyera HEOOXOJIMMO BbIOpaTh THUIT CBETHJIBHUKA H
MOIIHOCTb JIaMII.

OcHOBHBIE XapaKTEePUCTUKH HEKOTOPBIX CBETHJIbHUKOB C

JIOMUHECLIEHTHBIMU JIAMIIAMU MPEJICTaBJICHBI B Ta0UIIE 6.5.

Tabmuma 6.5 — OCHOBHBIE XapaKTEPUCTUKU HEKOTOPHIX CBETHWJIHBHUKOB C
JJFIOMUHCECIHOCHTHBIMU JJaMIIaMU
Tun Kom-Bo wu | Ob6macth Pa3mepsl, MM KII/I,
CBETUJIbHUKA | MOIIHOCTh | IPUMEHEHUS %
TTAMIIBI Jimmua | [upuna | Beicorta
o1 -2-30 2x30 OcBeleHne 933 204 156 75
MIPOU3BOJCTEHHBIX
Ol —2-40 2x40 OMeIeHuUiA c | 1230 266 158 75
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ol —2-80 2x80 HOpPMaJIbHBIMU 1531 266 198 75
ON—2-125 | 2x125 YCHOBIAMIL CPEAL 1508 [ 266 190 75
OO0 —-2-40 | 2x40 1230 266 158 75
OJI0P —2-30 | 2x30 925 265 125 75
OZ1OP —2-40 | 2x40 1227 265 155 75
AOJI-2-30 2x30 945 255 - 80
AO/ —2-40 2x40 1241 255 - 80
1oL —2-40 | 2x40 1228 284 - 85
HIOJ —-2-80 | 2x80 1530 284 - 83
JI71503 10x30 1096 1096 187 45
TIBJI Jd nosxapoonacHbIX NOMEIIEHUH C MbUIE — U
BiaroBblieneHusiMu. [lapamerpsl — ananoruuno OJ1

OcHoBbIBasich Ha TabnuIle 6.5, BEIOMpaeM TuI cBeTrmibHUKOB OJ] — 2-125, ¢
MOIIHOCTBIO JIamIibl 125 Br.
Jlanmee nmpou3BeaeM pacueT BbICOTHI IOIBECA CBETUIILHUKOB:
BeicoTy cBeca cBeTHIILHUKOB npuHuMaeM h, =0,6 M.
h=H-h =4-0,6=3,4m. (111)
[TomyyeHHOE 3HAUYeHWE KOPPEKTHO, TaK KaKk MEHBIIE HOPMATUBHOTO
3HAYEHUsl JOMYCTUMOW BBICOTHI MOJIBECA CBETUJIBHUKOB C JIFOMUHECIIEHTHBIMU
JaMIIaMH, KOTOPOE€ COCTaBiigeT 4 MeTpa Uil ABYXJIAMIIOBBIX CBETHIBHUKOB O/,
OP, OO0, OJOP npu HENPEPHIBHBIX PAJIaAX U3 CIBOCHHBIX CBETUJILHUKOB.
OrnpenenuM pacyeTHYIO BBICOTY:
h=H-h.—-h,=4-0,6-0,8=2,6m. (112)
[TomyyeHHOE 3HAadYeHUME KOPPEKTHO, TAaK KaKk MEHbIIE HOPMAaTUBHOTO
3HAQYEHMS JOMYCTUMOW BBICOTHI MOJIBECA CBETUJIBHUKOB C JIFOMUHECLIEHTHBIMU
JaMIlIaMH, KOTOPOE€ COCTaBligeT 4 MeTpa Uil ABYXJIAMIOBBIX CBETHILHUKOB O/,
OP, OO0, OJIOP npu HENPEPHIBHBIX PAJIaX U3 CIIBOCHHBIX CBETUJILHUKOB.
Onpenenum pacye€THYIO BBICOTY:

h=H-h —h,A=4-0,6-0,8=26m. (113)
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Jlamee  HEOOXOAMMO  pacCcyUTaTh  PACCTOSHUE  MEXAY  psSaamMu
CBETHJILHUKOB L :

L=XA-h=11-2,6=2,86Mm. (114)

rie A — KO3(QQOUIMEHT ONTHMAJIBLHOTO PACIIOJIOXKEHUS CBETHUIBHUKOB. Jls

ceetmiibarkoB OJ1, O/IP, OJ10, OOP A=(1,1+1,3)

Paccrosaue oT kpaitHero psija CBETUILHUKOB 10 CTEHBI:

L
5 =0953m. (115)

Paccrostnue Mex 1y CBETWIIBHUKAMU B Py npuHumaem 0,5 m.
Hanee ornpenenum o0I11ee YUCIIO JIaMIT B OCBETUTEIbHON CUCTEME:

KonuyecTBo psinoB onpezensiercs no Gopmyse:

2 2
Mooy = (B_LLL) +1= (12 _2§862'86) +1=353~4wr. (116)

KonuyecTBo namI B psay onpenensercs no popmyie:

(A — % -L) (6,5 — % : 2,86)
_ _ — 1,05 ~ 2 wr. 117
Mee =71 105 1528 + 2.86 T (117)

OO011ee KOJIMYECTBO JIaMII:

N=ny, N, =4 2=8wr (118)

pag

Jlanmee npou3BeIeM pacyeT MHACKCA TOMEIICHHS:
 AB 12:65
"Th(A+B) T 2,6(12+65)

= 1,62. (119)

B Tabnune 6.6 npeacraBieHbl KOd(POUIIMEHTHI UCIOJIH30BAHUS CBETOBOTO
MOTOKA CBETUJILHUKOB C JIIOMHUHECIICHTHBIMU JIaMIIaMHU.

Ta6nuna 6.6 — KoadgduimeHTs HCMob30BaHUSI CBETOBOTO MTOTOKA CBETHIILHUKOB C
JIOMHHECIICHTHBIMU JIAMIIaMU

Tun O u O oap oao oaop JI71603
CBETHJIbHUKA

Py % 30 |50 |70 |30 |50 |70 {30 |50 |70 |30 |50 |70 |30 |50 |70
e, % 10 {30 ({50 (10 {30 |50 (10 {30 (50 |10 (30 |50 |10 |30 |50
i Koadhdunments! ncnonp3oBanus, %

1,75 52 |55 |58 |47 |50 |53 |49 |52 |58 |42 |45 |50 |31 |33 |35
2,5 59 |61 |64 |53 |55 |58 |55 |58 |64 |47 |50 |56 |35 |36 |39
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W3 Tabaumpl mpuHMMaeM HWHAEKC mnomernenus |1=2,5, koadduimeHt

HCIIOJIB30BaHusA 1 = 64%.

HpOI/ISBCI[eM PacucT CBCTOBOI'O ITIOTOKA!

o EwABkZ 300781511 .o
=T Ny soea />4b0ZJm (120)

I'ne Ex =300 JIm — HOpMaTHBHAsE OCBELIEHHOCTb.

CrannapTHOE 3HaUEHUE JIs1 JaHHbBIX JamI 8150 1M, mpou3BeeM MPOBEPKY:

O D
_109% < e Capen 10004 < 4+20%: (121)
100 < 2120 = T54LOZ L oo < 4200 122
0= 8150 0= o (122)
—10% < 7.47% < +20%: (123)

OTKJIOHEHHE B TOMYCTHMBIX IpeeiaX, pacuyeT BHITOJIHEH KOPPEKTHO.
OmnpeaenrM MOIIHOCTh OCBETUTCIIHHON CHCTEMBI:
P=N-P,=8-125 = 1000 Br. (124)
rae P.=125Bt — MomnoCTS J1aMIIBI.
CornacHO MPOBEICHHBIM HM3MEPEHHUSIM, pAaCCUMTAaHHAs CHCTEMa CIIOCOOHA

o0ecrneunTh YpOBEHb UCKYCCTBEHHOTO ocBetieHust B 300 JIm.

6.3. Ixonornyeckasi 6e30MACHOCTH NMPHU IKCILTYATALMHI

Hannexamas ytunuzanusi 3J€KTPOHHBIX OTXOA0B B Poccum sBisercs
MOCTOSIHHOM MPOOJIEMOM, KOTOPYIO CIEAYeT TLIATENbHO H3YyYHUTh. DJIEKTPOHHBIE
OTXOJbl TPOU3BOAATCS KOMIIAHUSMU M3 Pa3JIMYHBIX OTpaciei, OCOOEHHO
CBSA3aHHBIX C OJJICKTPOTEXHUKON, M HENpaBWIbHAS YTWIM3ALUUA SJICKTPOHHBIX
MaTepHaIOB MOXKET MPUBECTH K 3arpSI3HEHUIO IIOYBBI U BOJBI.

B cootBerctBun ¢ [['OCT P 14.13 — 2007], ompenensroTcs MpaBuia

YCTAHOBJICHUA HOPMATHUBOB OOITYCTHMBIX BBI6pOCOB 3arpsA3HAIONINX BCHICCTB
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MIPOCKTUPYEMBIMU WJTU IEHCTBYIOMIUMH XO3SIHCTBYIOITUMHU CYOBEKTAMHA M METObI
OMpeIeNICHUs] ITUX HOPMATHUBOB.

OcHoBO#l nnisi  mpoBefieHHsT pabOT 1O HOPMHPOBAHHMIO BHIOPOCOB
3arpsI3HSIIONIMX BEIMIECTB B aTMOC(HEPHBIN BO3MyX SBISIIOTCS WHBEHTApHU3AITUU
BBIOPOCOB BPEIHBIX (3arpsi3HSIONIMX) BEUIECTB B aTMOC(EpHBIA BO3AYyX M HX
MCTOYHUKOB (B OTHOIICHUU JCHCTBYIOMIMX XO3IUCTBYIOIMIUX CYOBEKTOB) U JAHHBIE
MPOEKTHOM JOKYMEHTAIMU (B OTHOIIEHWU BBOJIMMBIX B AKCIUIyaTallMI0 HOBBIX U
(W) PEKOHCTPYHUPYEMBIX XO3SIMCTBYIOIIHNX CYOBEKTOB).

Ucxons w3 paHHBIX O pe3yJibTaTaX WHBEHTAPU3ALMU, ONPEACISIOTCS
MCTOYHUKU BBIOPOCOB M TIEPEYHU 3arpsi3HSIONIUX BEHIECTB, MMOJICKAIIUX
roCyJJapCTBEHHOMY YYETYy U HOPMHUPOBAHHIO, B COOTBETCTBUU C AEHCTBYIOUIUMHU
HOPMaTUBHBIMM JTOKyMeHTamu [31].

PanukanbHoe perieHue mpoOieM oOXpaHbl OKpyKaromed cpeabl OT
HETaTUBHBIX BO3JICUCTBUM MPOMBIILICHHBIX MPEINPUATHI BO3MOXKHO IpHU
IIUPOKOM TMPUMEHEHUU OE30TXOAHBIX U MaJ0 OTXOJHBIX TEXHOJIOTHH.
Hcnonb30BaHWE OYHCTHBIX YCTPOMCTB, COOPYKEHUH IO3BOJISIET JIOKAJIW30BATh
BBIOpOC, a TmpuUMeHeHHe Oojiee COBPEMEHHBIX CHCTEM OYHCTKH BCerja
COIIPOBOXJIAETCS IKCIIOHEHIMATIBHBIM POCTOM 3aTPaT Ha OCYLIECTBICHUE MPOLIECCa
OUYHCTKH, JaX€E B TEX CIy4asx, KOrja 3TO TEXHUYECKU BO3MOKHO.

ITon monaTueM “0e30TXOJHAs TEXHOJOTHUS CJIeAyeT MOHUMAaTh KOMILIEKC
MEpOTPUATUI B TEXHOJOTHYECKUX TMpoIleccax, OT 0OpabOTKU ChIPhS 10
WCMOJIb30BaHUS TOTOBOM MPOJAYKIMHA, B pE3yJbTAT€ YEro COKpAIIACTCS 0
MUHHMYyMa KOJIMYECTBO BPEJIHBIX BEIOPOCOB U YMEHBIIIACTCSI BO3/ICHCTBHUE OTXO/I0B
Ha OKPYJKAIOLIEIO Cpeny A0 MIPUEMIIEMOIO YPOBHSI.

B cBsA3u ¢ 3THM npemsiaraeTcs CIEAYIOIIUN KOMIUIEKC MEPONPUATHH, IS
perieHus MpoOJIeMbl, B KOTOPBIN BXOJIAT:

CO3/JaHHE€ W BHEJAPEHUE HOBBIX MPOLECCOB TMOIYUYEHHS] MPOAYKIUU
00pa3oBaHMEM HAaMMEHBIIIETO KOJUYECTBA OTXO0/IOB;

pa3paboTka CUCTEM MepepabOTKU OTXOJ0B MPOU3BOJCTBA BO BTOPUYHBIC

MaTepHualbHbIE PECYPCHI;
108



pa3paboTKa pa3IMYHBIX THIIOB OECCTOYHBIX TEXHOJIOTHYECKUX CHUCTEM U
BO/I0000POTHBIX CUCTEM Ha 0a3ze CroCOOOB OUHUCTKU CTOYHBIX BOJI;

CO3[ITaHHE TEPPUTOPUATBHO — MPOMBIIUICHHBIX MOTOKOB CBIPbSI U OTXOJIOB
BHYTPH KOMILUIEKCA.

6.4. be30nmacHOCTb B Ype3BbIYANHBIX CUTYaMSIX

Haunbonee BeposATHas upe3BblUaiiHAas CUTyallUM Ha paccMaTpPUBAEMOM
paboueM MecTe B JIa0OpaTOpUM — BO3HUKHOBEHHE IIOKapa, KOTopas U Oyner

paccMOTpeHa Jasee.

6.4.1. Ilo:xkap (3aropanue) kak ucrouynnk YC

OCHOBHBIMU TpPUYMHAMH TOXapa MOTYT ObITh: Meperpy3ka IpOBOIOB,
KOPOTKOE 3aMbIKaHUE, OOJbIINE MEPEXOAHBIE COMPOTHUBICHUS B JJIEKTPUUYECCKHUX
LEIsX, AJIEKTpUUecKas 1yra, ICKpeHHE U HEMCIIPAaBHOCTH 000PYIOBAHUS.

CornacHo, moxapHas TpopuiIakTUKa 00ecreyruBaeTcs: CUCTEMOM
peIOTBPALCHUS noapa; CUCTEMOM IPOTUBONOXKAPHOM 3aIUTHI;
OpPraHM3allMOHHO - TEXHUYECKHMMH MeponpusatusMu. K mepam mnpenoTBpaieHus
mokapa OTHOCSITCS: MPUMEHEHHE CPEACTB 3aAIIMTHOTO OTKIIOYECHHS BO3MOXKHBIX
MCTOYHHUKOB 3aropaHus (3alIUTHOTO 3aHYJIEHHs); IPUMEHEHUE UCKPOOE30MacHOTO
00OpyIOBaHUS; MPUMEHEHHE YCTPOWCTBA MOJHHUE3AIIUTHI 3aHUS;, BBITIOJHEHHUE
npaBui (MHCTPYKIMIA) TIO MOXKapHOU O€301MaCHOCTH.

K Mepam npoTHBOIOXKapHON 3aIIUThl OTHOCATCS: IPUMEHEHUE TOKaPHBIX
U3BEIIATENeH; CPEACTB KOJUIEKTUBHON M WHIAMBUAYATHHON 3aIUTHI OT (PAKTOPOB
no’kapa; CUCTEMbl aBTOMATUYECKON MOKapHOW CHUTHAIM3ALMU; MOPOIIKOBBIX HIIN
YIJIEKMCIOTHBIX OTHETYLINTENEH, IBa AmuKa ¢ meckom 0,5 m3,

OpraHu3alimOHHO-TEXHUYECKUE MEPONPHUATHS: HATsAHas aruTanus u

WHCTPYKTX paldOTaroNMX IO TOXKapHOW Oe30macHOCTH; pa3paboTKa CXEMbI
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JNEUCTBUM aIMHUHHUCTpPAIMM W paboOTaloIMX B CiIy4yae IoXKapa W OpraHu3anus
ABAKyalWU JIIOJIEW; OpraHu3alus BHEIITATHOU MOKAPHOU APYKHUHBI.

IIpu oOHapyXeHMH 3aropaHus padOuYuil HEMEMJIEHHO COoOoOLaeT Mo
tesneporny Ol B MokapHyH OXpaHy, COOOLIAET PYKOBOIMTENIO, MPUCTYNAIOT K
IBAKyalllH JIOJIEH U MaTepuaibHbIX LIeHHOCTEH. Tymenue noxkapa opraHusyercs
HNEPBUYHBIMU CPEJICTBAMU C MOMEHTa OOHapyxeHus noxapa. [locrpagaBmum npu

nokape 00ecrneynBaeTCsi CKopasi MEAMIIMHCKAS TIOMOIITb.

6.5. BbiBoaBI 110 pa3aeny

B nannoii pabote ObUTH pacCMOTPEHBI CIEAYIOIINE TPOOJIEMBI:

[IpaBoBbIE U OpraHU3aIMOHHBIE BOIIPOCH 00ecTieueHrs 0€30MacCHOCTH:

opraHu3alys Tpyjaa Ha paboyeM MecTe.

[TpoGneMbl MPOU3BOICTBEHHON OE30MTaCHOCTH:

YMEHBIICHUE BIMSHUE BpPEIHBIX (HaKTOPOB HA COTPYAHUKOB (IIIyM,
BUOpAIKs, HETOCTATOYHASI OCBEIIICHHOCTh pab0oUeii 30HEbI);

IpEeAOTBPAILCHUE IEKTPO-MIOPAKEHUS IEPCOHAIIA.

Bomnpock! 3xooruueckoit 6€30nacHOCTH:

BHEJIpEHUE «0€30TXOTHON TEXHOIOTHIY;

CHUXKCHUE BO3JICMCTBUM HA OKPYXKAIOIIYIO CPENY.

be3onacHOCTh B Upe3BbIYAHBIX CUTYAIIUSIX:

npenotspatieHue YC.

Ha ocHoBanuu 4ero Ha mpeAnpusiTAd MOTYT ObITh MPUHSTHI PEIICHUS MO
WCKJIIOYEHHUIO BBIMICTIEPEUUCICHHBIX TPOOJeM, MyTeM BHEIPEHUS HEO0OXOIUMOMN
anmapatypbl B COOTBETCTBUH C IIPOOJIEMOIA, ONITUMU3UPOBAaHA paboTa mepcoHaia u
YCTAaHOBOK, BBEJ€HA HE0OXoauMas 3ammrta. Takxke, B paboTe ObLIM MPeI0KEeHbI
MEpBI 0 3alIUTE OKPYKAOLIEH CPEIbl, MPEIOTBPALLICHUIO TT0KApPOB.

dakTUuecKre 3HAYCHHS TOKa3aTeJel YpoBHS IIyMa Ha pabodemM MecTe
COOTBETCTBYIOT HOPMAaTUBHBIM 3HaueHUsAM 80 nbA mjis1 HaNpsHKEHHOCTH JIETKOU

CTETICHU TIPH JIETKOW (DU3UYECKOI Harpy3Ke, YpOBEHb IITyMa B paccMaTpUBAEMOM
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IIPOU3BOICTBEHHOM MTOMENIEHUHU HE MPEBBIIIAET TOMYCTUMBIX HOPM, YKa3aHHBIX B
[CanlluH 1.2.3685 — 21] [23].

dakTUYeCKHE 3HAUEHHUS TOKa3zaTelied YpOBHSI BHOpPALMM OKA3aJIMCh HUXKE
NPENEIbHO JOIMYCTUMBIX 3HAYEHUN MPOU3BOACTBEHHON JIOKAJIBHOM BHOpanuu,
ykasanHbix B [CaulluH 1.2.3685 — 21] [23].

dakTUYeCKOe 3HAYEHUs TOKa3aTells OCBELIEHHOCTH pabouyeld 30HBI
oka3zajock Hrke HopMmaTtuBHOTo 500 JIM, cormacao [[TOCT P 55710 — 2013], uro He
COOTBETCTBYET HOpME. DbbII MpOU3BENEH pacyeT CHUCTEMBI HMCKYCCTBEHHOTO
OCBEIIEHUS 111 YCTPAHEHUsI 3TOr0 OTKJIOHEeHUS [25].

@akTUYECKHE 3HAYECHUM I[I0Ka3aTeliel MUKPOKJIMMATa KOPPEKTHBI H
HAXOJATCS B IOMYCTUMBIX Tpejaenax, ykazanusix B [CanlluH 1.2.3685 — 21] [23].

HUcxonss u3 Bcero BBIMIEONHCAHHOTO M, B cooTBeTCcTBUU C [[IpaBuna
ycTpoiictBa anekTpoycTtaHoBOK (ITYD)], MOXHO 3aKiro4uTh, YTO JAHHOE
IIPOU3BOJICTBEHHOE NTOMEIIECHUE MOKHO OTHECTH KO BTOPOM KaTErOPHUH IIOMEILEHUN
o eKTpoOe30onacHoCcTH [29].

B cootBerctBum ¢ [IIpukaz Muntpyna Poccuu ot 15.12.2020 N 9031 "O6
YTBEPKIACHUH MPABWI IO OXpaHE TPyAA HPH IKCILUTyaTAUH JIEKTPOYCTAHOBOK' |,
JUIsL TOrO, 4TOO0 TPOBOAUTH pabOThl C paccMaTpuBaeMod B JaHHOW pabote
YCTaHOBKOM, MEPCOHAN JOJKEH UMETh IPYMIy MO 3JeKTPOoOe30NacCHOCTH HE HIKE
3eii [32].

B cootBerctBum ¢ [CanlluH 1.2.3685-21 "I'uruennueckve HOpMaTUBBI U
TpeOboBaHUs K 00eCreueHn0 0€30MacHOCTH U (WIM) O€3BPEIHOCTU JJIS YEJIOBEKa
(bakTopoB cpeapl 00UTaHU" |, KaTeropus TSKECTU TPYJa ONPEAEIISIeTCs] KaK BTOpast
[23].

B coorBerctBum c¢ [CII 12.13130.2009 «Omnpenenenne KaTeropui
MMOMEIICHUN, 3JaHUM U HAPYKHBIX YCTAHOBOK IO B3PBIBONOXKAPHOM U IMOKAPHOU
OMMACHOCTW» |, paccMaTpUBAEMOE IOMEIIEHUE M0 KPUTEPHUIO B3PBIBONOXKAPHOU H
[I0KapHOW OIIaCHOCTH MOXHO OTHECTM K Kareropun [ — yMepeHHas

M0KapOONaCHOCTh [33]
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B cootrBerctBum ¢ [Ilocranosnenue IlpaBurensctea PO ot 31.12.2020 N
2398 (pen. ot 07.10.2021) "OO6 yTBepKICHHH KPUTEPUEB OTHECEHUS OOBEKTOB,
OKa3bIBaIOIINX HETATUBHOE BO3/ECICTBHE HA OKPYKAIOIIYIO cpeny, k oobekTam I, I1,
I u IV kareropmii"], paccMaTpuBaemblii OOBEKT MOXHO OTHECTH KO BTOpPOM
KaTeropul OOBEKTOB, OKAa3bIBAIOIIUX YMEPEHHOE HETaTUBHOE BO3/JCHCTBUE Ha

OKpykarolryto cpeny [34].
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CONCLUSION

A vast literature on sensorless control methods for permanent magnet
synchronous motors was studied, from the modeling of electromechanical
characteristics and the nuances about the mathematical construction of these
different methods. The differences and similarities between the different control
methods with and without sensors were studied, in order to create a theoretical basis
that would allow the development of a sensorless control system using mathematical
observers capable of calculating and estimating the angular position of the rotor of
a PMSM at low speeds (minimum 150 rpm) and with an operative torque capacity,

that is, capable of operating with load.

From the theoretical knowledge acquired, a computational model in Python
language capable of simulating the operation of a PMSM was developed, where two
different types of sensorless control model could be tested: one using a Flux

Observer and the other using a Sliding Mode Observer.

From the computational model, several variables were found on which a good
PMSM operation depends, as well as the current and speed PI control coefficients.
From the moment that the system proved to be functional in the virtual environment,
it was decided to apply the model's techniques in a real PMSM control system. To
perform the real experiments, a Potomac Electric mUSD-220 servo controller, which
operates with the Drivelink software, was utilized. To use the logic developed in
Python, it was necessary to translate the code of the observers (FO and SMO) into

the C++ language.

During the experiment, it was found that it is necessary to define the
electromechanical parameters of the motor used in the controller, since the
performance depends on the accuracy of variables such as the resistance and
inductance of the stator. In addition, there was a need to correctly define the
controller gain and offset coefficients, which vary according to the desired speed

defined by the user in the controller software.
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Other observer methods such as MRAS and Kalman Filter were considered,
but as the FO and SMO methods fulfilled the purpose of the project (especially
SMO) there was no urgent need to work with these methods. In addition, the use of
high frequency injection was considered, if none of the methods were able to start
autonomously (without the need for an initial start in scalar mode), and as the SMO
achieved this objective, there was no need to use of the HF injection technique, since

operating in scalar mode is not energy efficient.

In addition, it is worth remembering that, at low speed, in general, it also
depends on the physical structure of the engine used. As implied in the literature, the
larger the motor and the stronger the magnets in the rotor, the more "clear" the
generated EMF is, therefore, the greater the torque and the lower the speed that can
be achieved. That said, if the models studied in this thesis are applied to other

engines, different results can certainly be found.

It can be said that the research work fulfilled the task for which it was
proposed and left room for continuation for further studies in the area, in addition to
making available in an open way not only the mathematical modeling and the results
of simulation and practical tests, but the detailing of the resources used, as well as

the computer simulation codes and the code used by the servo controller.
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APPENDIX 1

Integral Python-based code of the model:

import matplotlib.pyplot as plt
from math import sin,cos,atan2
# defining the type of control
Sensored =0

#defining strings for printing later
Atheta = []

Atheta = []

AthetaRestored =[]

Aia =]

Aib =[]

AUa =[]

AUb =]

Aw =]

AQs =[]

ADs =[]

AthetaF =]

AwRestored =[]

#defining preset global variables
x=0

U=100

i=0

iz=0

L=0.05

R=1

T=L/R
dt=0.001
t=0

EMF=0
EMFz=0
EMFzf=0
kO =0.99
c=0.1
Mc=-1
J=0.001

w =5
w_=5
An=5

wn =31.4/2
PsiR =0.0751
SampleTime = 0.0001
time =0
ia=0

ia_=0

ib=0

ib_=0
th=0
th0=0
p=2
M_Pl=3.141
theta_ =0
theta =0

Ls =0.006
Rs=1
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B=0
Alpha =0
Beta=0
Falfa=0
Fbeta =0

Q_Out=0;
Q_Up=0;
Q_Ui=0;
Q_SatErr =0;

D_Out=0;
D_Up=0;
D_Ui=0;
D_SatErr = 0;

S Ui =0;
S SatErr =
S Max =10
S_Min =-10

Ua=0
Ub=0
kO =0.99
iaz=0
ibz=0
EMFazf=0
EMFbzf =0
thetaRestored =0
thetaRestoredPrev =0
thetaF =0
x=0
wRestored =0
thetaPrev=0
kiObs =1
kpObs = 500
limit = 150
thetaFbk =0
wRestored =0
ui=0
#MOTOR MODEL
while (time<1.931):
# generating the alpha and beta voltage for a scalar control mode
#Ub = An * sin(wn * time)

#Ua = An * cos(wn * time)

if (w_>=9999): #setting a speed limit for the model

w =9999

elif (w_ <=-9999):
w =-9999

else:

# calculating the flux linkages alpha and beta
Psi_fa = PsiR * cos(th);
Psi_fb = PsiR * sin(th);
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Psi_a=Ls*ia_+Psi_fa;
Psi_b=Ls*ib_+Psi_fb;

#calculating the alpha and beta the stator current components
ia_=SampleTime /Ls * (Ua-Rs *ia_+w_*Zp *Psi_fb) +ia_;
ib_=SampleTime /Ls * (Ub-Rs *ib_-w_*Zp * Psi_fa) +ib_;

#calculating the estimated torque and speed
M_=1.5*7p* (Psi_a*ib_-Psi_b*ia_);
w_ =SampleTime /J* (M_-(Mc)-B*w_)+w_;
t#calculating the electrical angle position
time = time + SampleTime;
if (time <= SampleTime):

th = th + tho;
else:

th=th+Zp *w_* SampleTime;

if (th> (2 * M_PI)):
th=th-(2* M_PI);

if (th < (0.0)):
th=th+ (2 * M_PI);

theta_=th /(2 * M_PI) + 1.0;

if (theta_ >=1.0):
theta_=theta_-1.0;

if (theta_ <=0.0):
theta_=theta_+1.0;

# reallocating the calculated variables
wW=w_;

M=M_;

f ra=Psi_a;

f rb="Psi_b;

ia=ia_;

ib=ib_;

theta = theta_;

# PARK
# defining the variables from the previous section of the code
Angle = thetaRestored

if Sensored:

Angle =theta  #angular position
Alpha =ia #current alpha
Beta=ib #current beta

# calculating the sine and cosine signals from the angular position
Sine =sin(Angle * 2 * M_PI);
Cosine = cos(Angle * 2 * M_PI);

#calculating the new current components d and g
Ds = (Alpha * Cosine) + (Beta * Sine);

Qs = (Beta * Cosine) - (Alpha * Sine);

# End PARK

# Pl current regulation

# setting the parameters for saturation (Max and Min) and PID coefficients
Max =10
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Min =-10
Kp =10
Ki=0.01
Kc=0.01
Kd=0

# Setting the d and g reference

Q_Ref= 10 # the g acquired from a later section of the code but is set initially as 10

Q_Ref=S_Out
D_Ref=0

#defining d and q current components from the previous segment of the code

Q_Fdb =Qs
D_Fdb = Ds

# calculating g regulator (torque)
Q_Upl=Kp * (Q_Ref - Q_Fdb);
Q_Ui=Q_Ui+Ki*Q_Upl+Kc*Q_SatErr;
Q_Ud =Kd * (Q_Up1-Q_Up);
Q Outl=Q_Upl+Q Ui+Q_Ud;

# setting the controller’s saturation for iq
Q_Out=Q_0Outl;
if (Q_Out > Max):
Q_Out = Max
if (Q_Out < Min):
Q_Out = Min;

# calculating the ig saturation error
Q_SatErr=Q_Out - Q_Outl;
Q_Up=Q_Up1;

# calculating d regulator (torque)
D_Upl=Kp * (D_Ref-D_Fdb);
D_Ui=D_Ui+Ki*D_Upl+Kc*D_SatErr;
D_Ud=Kd* (D_Upl-D_Up);
D_Outl=D_Upl+D_Ui+D_Ud;

D _Out=D_Outl;
# setting the controller’s saturation for iq
if (D_Out > Max):
D_Out = Max
if (D_Out < Min):
D_Out = Min;

# calculating the id saturation error
D_SatkErr=D_Out-D_Outl;
D Up=D_Upl;
Ds =D Out
Qs=Q_0Out

Q_Ref= 10
Q_Ref=S_Out
D _Ref=0

# Inverse Park
Angle = thetaRestored
if Sensored:
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Angle = theta
# defining the variables from the previous step of the code
Ds =D _Out
Qs=0Q_Out

# calculating the sine and cosine signals from the angular position
Sine =sin(Angle * 2 * M_PI);
Cosine = cos(Angle * 2 * M_Pl);

# calculating the new current components alpha and beta
Alpha = (Ds * Cosine) - (Qs * Sine);
Beta = (Qs * Cosine) + (Ds * Sine);

# End Inverse Park

Ua = Alpha * 1
Ub=Beta *1

# Torque and speed task
# speed task where it changes from 15 rad/s to 8 rad/s after 0.4 s
if (time < 0.4):
S Ref=15
else:
S Ref=8

# Torque task where it starts with 0.01 Nm and changes to 0.11 Nm after 0.7 seconds

if (time > 0.7):
Mc=0.11
else:
Mc =0.01

# setting the regulation PID coefficients
S_Kp=2

S_Ki=0.01

S Kc=0.1

S Kd=0

# reading the previous calculated feedback speed
S_Fdb = wRestored

# calculating the components PID

S Upl=S_Kp*(S_Ref-S Fdb);

S Ui=S_Ui+S Ki*S Upl+S Kc*S_SatErr;
S Ud=S Kd*(S_Upl-S_ Up);

S Outl=S_Upl+S Ui+S _Ud;

# defining the saturation limits
S_Out=S_Outl;
if (S_Out>S_Max):
S Out=S_Max
if (S_Out<S_Min):
S Out=S_Min;

# calculating the saturation error
S_SatErr=S_Out-S_Outl;
S Up=S_Upl;

# Flux Observer

# defining the integration coefficients kO and k1
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kfO = 0.995

kf1 =1 - kfO
# defining the motor’s stator resistance
=10

# calculating the alpha and beta components for stator voltage
Ealfa=Ua-R_*ia
Ebeta=Ub - R_*ib

# calculating the alpha and beta components for flux linkage
Falfa = kfO * Falfa + kf1 * Ealfa - ib*L
Fbeta = kfO * Fbeta + kfl * Ebeta - ia*L

# calculating the electrical angle for the Flux Observer
thetaF_ = atan2(Fbeta,Falfa)

thetaF = thetaF_ /(2 * M_PI) + 1; # this lines just reallocates the position graphic vertically

# End Flux Observer
# Sliding Mode Observer

#defining the integration coefficient
k0=0.99

#defining the current limit (saturation)
lim=3
if (ia < iaz):
EMFaz = lim
elif (ia > iaz):
EMFaz = -lim
else:
EMFaz=0

# calculating the estimated current alpha component
iaz =iaz + (Ua - EMFaz - ia * Rs*1) /L * SampleTime*1

# calculating the estimated beta EMF component
EMFazf = EMFazf * kO + EMFaz * (1 - kO)

if (ib < ibz):
EMFbz = lim
elif (ib > ibz):
EMFbz = -lim
else:
EMFbz =0

# calculating the estimated current beta component
ibz =ibz + (Ub - EMFbz - ib * Rs*1) / L * SampleTime*1

# calculating the estimated beta EMF component
EMFbzf = EMFbzf * kO + EMFbz * (1 - kO)

# calculating the electrical angle for the Sliding Mode Observer
thetaRestored = atan2(-EMFazf,EMFbzf)
thetaRestored =thetaRestored /(2 * M _PI) + 1;

# End Sliding Mode Observer

if time<0.15:
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thetaRestored = thetaF

# calculating the speed from the restored angle

"x=x+1

if (x==1):
wRestored_ = ((EMFbzf*EMFbzf + EMFazf*EMFazf)**0.5)/1
wRestored_ = (((Ua-ia*Rs)*2 - (Ub-ib*Rs)2)*0.5)/1
wRestored_ = (((Psi_a) * 2 - (Psi_b) *2) **0.5) /1

wRestored = wRestored*0.7 + wRestored_*0.3
x=0

nnn

x=x+0

if (x==100):
wRestored = (thetaRestored - thetaRestoredPrev)*3
thetaRestoredPrev = thetaRestored
if wRestored<0:
wRestored =0
thetaPrev = theta
print(wRestored)
x=0
#thetaRestored = atan2(EMFbzf, EMFazf)

#print(thetaRestored)
#thetaRestored = 2*M_PI - atan2(EMFazf, EMFbzf)

nnn

kiObs =0.1
kpObs = 400
limit=1

err = sin(th - thetaFbk)
if (abs(wRestored)<limit):
ui = ui+kiObs*err
wRestored = ui + kpObs*err
thetaFbk = thetaFbk + SampleTime * wRestored
if (thetaFbk >=2 * M_PI):
thetaFbk = thetaFbk - 2 * M_PI
if (thetaFbk <=0.0):
thetaFbk = thetaFbk + 2 * M_PI
wRestored = wRestored / Zp
# End restored angle calculation

# collecting data for charts
AQs.append(Qs*1)
ADs.append(Ds*1)
Atheta_.append(theta_)
AthetaRestored.append(thetaRestored)
Aia.append(ia)

Aib.append(ib)

Aw.append(w/1)
AthetaF.append(thetaF)
AUa.append(Ua/2)
AUb.append(Ub/2)
AwRestored.append(wRestored/1)

plt.plot(Atheta )
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plt.plot(AthetaRestored)
#plt.plot(Aia)
#plt.plot(Aib)
plt.plot(Aw)
plt.plot(AthetaF)
plt.plot(AwRestored)

tplt.plot(AUa)
#plt.plot(AQs)
t#plt.plot(ADs)

plt.show()
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Programming code utilized in the servo controller, in C++ language:

#ifndef _ SENSORLESS_H_
#define _ SENSORLESS_H_

typedef struct {

float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float

Valpha;
Vbeta;
lalpha;
Ibeta;
la;
Theta;
ThetaSc;
ThetaFo;
ThetaSlo;
Rs;

L

dT;
Timer;
Fsc;

Tsc;
Tfo;

Kfo;
Ealpha;
Ebeta;
Palpha;
Pbeta;
Kslo;
Vslo;
laz;

lbz;
Vaz;
Vbz;
Eaz;
Ebz;
HfDelta;
HfCurr;

unsigned HfDuty;
unsigned HfPeriod;

unsigned HfCounter;

unsigned HfFlag;
unsigned Stage;
} SENSORLESS;

void sensorless_calc(SENSORLESS *);
void sensorless_reset(SENSORLESS *);

#endif // __SENSORLESS_H__

APPENDIX 2
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#include <math.h>
#include "sensorless.h"

static float calcTheta(float A, float B);

void sensorless_calc(SENSORLESS *v)

{

v->ThetaSc += v->Fsc * v->dT;
if (v->ThetaSc >= 1.0f) v->ThetaSc -= 1.0f;
if (v->ThetaSc < 0.0f) v->ThetaSc += 1.0f;

v->Ealpha =v->Valpha - v->lalpha * v->Rs;

v->Ebeta =v->Vbeta - v->lbeta * v->Rs;

v->Palpha =v->Palpha * v->Kfo + v->Ealpha * (1.0f - v->Kfo) - v->lbeta * v->L;
v->Pbeta =v->Pbeta * v->Kfo +v->Ebeta * (1.0f - v->Kfo) - v->lalpha * v->L;
v->ThetaFo = calcTheta(v->Palpha, v->Pbeta);

v->Vaz = (v->lalpha < v->laz) ? v->Vslo : ((v->lalpha > v->laz) ? -v->Vslo : 0);
v->Vbz = (v->lbeta <v->Ibz) ? v->Vslo : ((v->Ibeta > v->lbz) ? -v->Vslo : 0);
v->laz  =v->laz + (v->Valpha - v->Vaz - v->lalpha * v->Rs) / v->L * v->dT;
v->lbz  =v->lbz + (v->Vbeta - v->Vbz - v->lbeta * v->Rs) / v->L * v->dT;
v->Eaz  =v->Eaz * v->Kslo + v->Vaz * (1.0f - v->Kslo);

v->Ebz  =v->Ebz * v->Kslo + v->Vbz * (1.0f - v->Kslo);

v->ThetaSlo = calcTheta(v->Eaz, v->Ebz);

switch(v->Stage)

{
case 0:
if (v->Timer < v->Tsc) { v->Theta = v->ThetaSc; break; }
v->Timer = 0;
v->Stage = 1;
case 1:
if (v->Tfo && (v->Timer < v->Tfo)) { v->Theta = v->ThetaFo; break; }
v->Timer = 0;
v->Stage = 2;
case 2:
v->Theta = v->ThetaSlo;
break;
}

v->Timer += v->dT;

if (lv->Stage)
{
if (lv->HfDuty) v->HfCounter = 0;
else
{
if (lv->HfCounter) { v->HfFlag = 1; v->HfCurr = v->Iq; }
v->HfCounter++;
if (v->HfFlag && (v->HfCounter >= v->HfDuty))
{
v->HfDelta = v->Iq - v->HfCurr;
v->HfFlag = 0;
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}
if (v->HfCounter >= v->HfPeriod) v->HfCounter = 0;

1
}
1
void sensorless_reset(SENSORLESS *v)
{
v->Theta =0;

v->ThetaSc =0;
v->ThetaFo =0;
v->ThetaSlo =0;

v->HfFlag =0;
v->HfCounter = 0;
v->Stage =0;
v->Timer =0;
v->Ealpha =0;
v->Ebeta =0;
v->Palpha =0;
v->Pbeta =0;
v->laz =0;
v->lbz =0;
v->Eaz =0;
v->Ebz =0;

}

static float calcTheta(float A, float B)
{
float theta = atan2(A, B) / (float)(2*M_Pl);
if (theta < 0) theta += 1.0f;
if (theta != 0) theta = 1.0f - theta;
return theta;
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