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IIpoananizoeano ocob6ausocmi QPynkuionyeanns eaexmponpueooa
3anipnoi apmamypu. Bcmanoeneno, wo npueod zanipnoi apmamypu, pea-
nizoeanuii Ha 0a3i ACUHXPOHHUX 0BUYHIB, XAPAKMEPUSYEMLCA HUSLKONO
enepzoeexmuenicmio. /ns uinecnpamosanozo noNINueHHs eHepzemur-
HUX NOKA3HUKIE eeKmponpusody po3poodieno memoo OuiHKY eHepeemuuHoi
epexmusnocmi mooyas apmamypu. Heooxionicmo po3pooxu memooa euxiu-
Kana mum, wo OuiHKU eHepzoedexmuenocmi, 3acHo8aHi Ha MIHCHAPOOHUX
cmandapmax, cnpageousi 01 CMaiux pejicumis pooomu, 3a ymosu Hexmy-
BAHHSA MACOM nepexioHux npouecie.

Ha 6iominy 6i0 mpaoduuiiinux munie npueoodie, npueod 3anipnoi
apmamypu xapaxmepusyemvcsa HULKUMU WEUOKOCMAMU 00epmanms.
Buxopucmanns mexanivnux peoyxmopie He 00360J€ iCMOMHO FHUIUMU
weudKicmo npueoody, momy 00600UNMLC 30UCHIOBAMU IMNYIbCHE KePYEa-
Hs 08u2yHOM abo nepexodumu na GespedyKmopHuii npueoo.

Egpexmusnicmv anvmeprnamusnux munie 06uzynie ouiHIOemvCs 3a 00n0-
MO2010 3aNPONOHOBANH020 Memo0a, AKUU 6A3yEMbCa HA MO0eH08AHHT NPo-
yecy nosuyionyeanns 3anipnoi apmamypu. Tpackmopia nepemiwenns gop-
MYemovCs 6i0n06i0HO 00 Kepyrouux iMnyascie, axki no0arOmMvCs HA 00MOMKU
deuzyna, wo 6x00uns 00 CKAA0Y MeXAMPOHHOZ0 MOOYJIA.

Anpobauis memoody npoeedena 6i0nogiono 00 nACNOPMHUX OAHUX ACUH-
xponnozo deuzyna muny AIP56A4, nomysxcnicmio 120 Bm, wio 6xooumv 0o
CK1a0Y 00HO0GOPOMHO20 MEXAMPOHIHO20 MOOYJIS, MA GUNYCKAEMbCS Cepili-
Ho. [{na nopienannsa enepeemuunux noxasnuxie oépano 3-x gasmuilt cumn-
XPOHHUIL 08UZYH 3 POMOPOM, WO KOMUNMBCS, Y AK020 NAPAMemPU 00MOMKU
cmamopa ananoziuni napamempam oomomxu deuzyrna AIP56A.

Hopienannsa ouinox enepzemuunoi epexmueHocmi noxaszano nepeeazy
i nepcnexmuenicmo euxopucmanis 6e3peoyKmopHUX CUHXPOHHUX 08UYHIE
6 npueodi zanipnoi apmamypu.

Pospobaeni modeni dozeonstomv docniddcyeamu i onmumizyeamu
Xapaxmepucmuxu eaexmponpueody Ha 6asi 0euzymie, wo 00CAIOHCYIOMbCS,
a maxooic hopmymosamu 6uUMo2u 00 KOHCMPYKMUBCHO-MEXHOJI02MHUX napa-
Mempis 06uzyHa HA OCHOBI 00EPICYEAHUX OUIHOK eHepzoedexmueHocmi.

3anpononosana Memoouxa OuiHku eHepzoeexmueHOCMi € 0CHO6010
o peanizauii Komniaexcy mexnHiMHux 3acoéie, wio 3abesneuyiomo OuiH-
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BUKOHANHI KOHKPemHOi mexHon0ziunoi 3adavi

Kmouosi crosa: acunxponnuil 0euzyn, 6e3pedyxmophuii eiexmponpu-
600, enepzoeexmusHicms MOOYAS 3ANIPHOT apmamypu, CUHXPOHHUIL peark-
muenuil 0euzyn

DOI: 10.15587/1729-4061.2019.174203

u] =,

Received date 19.04.2019
Accepted date 27.06.2019
Published date 19.08.2019

1. Introduction

ASSESSMENT
OF EFFICIENCY
OF ELECTRIC
DRIVE OF STOP
VALVES

H. Kulinchenko

PhD, Associate Professor*
E-mail: georgv@ukr.net

A. Masliennikov

PhD, Associate Professor
Department of Electrical Mashines
National Technical University
«Kharkiv Polytechnic Institute»
Kyrpychova str., 2,

Kharkiv, Ukraine, 61002

E-mail: x-maslennikov@yandex.ua
V. Bahuta

Technical Director

Ltd «Zodiak»

6 Hvardiyskoi dyviziyi str., 5,
Shostka, Ukraine, 44110

E-mail: viktrbaguta@gmail.com
V. Chervyakov

PhD, Associate Professor*

E-mail: vladymirchervyakov@gmail.com

*Department of Computer Science
Sumy State University
Rymskoho-Korsakova str., 2,
Sumy, Ukraine, 40007

Copyright © 2019, H. Kulinchenko, A. Masliennikoo, V. Bahuta, V. Chervyakoo

This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0)

varies over a wide range, is usually achieved as a result of the

search for the optimum.

The operational characteristics of stop valves (SV) de-
pend on the type of actuator used. The requirements that
are imposed on the SV drive in alternating load cycles are
contradictory. A compromise between the minimum response
time of the valves and the need to keep the load torque, which

The widespread use of pneumatic actuators for the SV
in various industries was based on the idea of insufficient
dynamics of the SV drive. Expansion of the nomenclature
and required ranges of developed power of commercially
available types of electric motors made it possible to solve



the problems of improving the dynamics of the SV, not only
in terms of optimizing its design, but also in the direction of
improving the energy performance of the equipment used.

Thus, the choice of the type of SV drive, apart from the
resolution of a compromise between the SV speed and posi-
tioning accuracy, implies an assessment of the energy efficien-
cy of the used SV, whose parameters are determined by the
characteristics of the components of the composable drive.

Operational safety of SV is achieved by balancing the
force, which ensures the closure rate of the valves and the
force achieved when the valve seal is broken. Assessment of
the energy efficiency of maintaining the balance of forces is
relevant in the aspect of selecting progressive solutions to the
problems of electric drive control.

Drive operation at maximum capacity increases heat loss,
which limits the running time and switching frequency (SF)
of the motor.

To ensure accurate positioning of the drive shaft of pipe
fittings, a low motor speed (units of rpm) is required, while
commercially available electric motors are characterized by
a nominal speed of thousands rpm. Reducing the speed of the
shaft, coupled with the working body is achieved through the
use of a mechanical gearbox, which together with the motor
used forms the mechatronic control module of SV.

The advantage of the gear mechatronic module is a signi-
ficant increase in torque on the SV drive shaft and the ability
of self-braking.

The disadvantages of this module are manifested in the
increase in mass and dimensional parameters, the moment of
inertia, as well as the decrease in the efficiency of the mecha-
tronic module.

Thus, the choice of the direction for improving the SV
electric drive is formulated as the search for the best combi-
nation of electric motor and mechanical gearbox compatible
with it based on the evaluation of the energy parameters of
the SV mechatronic module, which determines the relevance
of this work.

2. Literature review and problem statement

Test methods for electric drives related to energy effi-
ciency assessment are governed by relevant standards. The
work [1] discusses the factors that influence the values of
the measured efficiency of electric drive systems. To assess
the efficiency of several electric drive systems from different
manufacturers, the supply voltage, operating conditions, and
power meter settings were changed. The research results
confirm the need to improve the methods of efficiency as-
sessment, in particular, the effect of the drive on the motor,
and vice versa.

To improve the method of evaluating the efficiency of
the electric drive, it is proposed in [2] to describe the losses
and energy efficiency depending on the motor speed factor
and load moment. Then, as a result of comparing the depen-
dencies obtained, it becomes possible to objectively evaluate
the energy efficiency of various types of motors and system
implementations.

The desire to obtain an objective assessment of energy
efficiency implies the creation of similar test conditions for
steady-state modes, which does not correspond to the opera-
tion modes of the SV drive.

The specifics of the SV drive is to achieve the specified
torques at various points of the movement path of the work-

ing member of the mechatronic module. In accordance with
the changing operation modes of the electric motor and the
energy consumed E,. from the supply network to create the
necessary mechanical energy E,.; spent for holding the spe-
cified position of the working body of SV, the efficiency of the
SV mechatronic module n, will vary with time. Therefore,
to assess the drive efficiency m,, which varies over time, you
need to use the integral indicators given in [3]:

— Ema‘h([)
‘ Ee/ec(t) ,
Emech :]l.M(t)m(t)dt? (1)

E,, = [U@I(t)dt,

where @ — the angular velocity of the motor achieved; M —
developed moment; U(¢), I(t) — the voltage of the power
source and the current consumed from it.

In [4], the possibility of energy saving is shown with an
uneven load curve of the electric drive of a periodic pipe roll-
ing mill. The results of the analysis allow us to purposefully
improve the elements of the electric drive, the methods and
control systems in its established operating modes.

International standards IEEE 112-B, IEC 34-2, and
JEC 3 are also used for the practical assessment of the energy
efficiency of electric drives; they determine the methods for
taking into account the effect of load on stationary modes of
electric drives. However, the estimates adopted in the inter-
national standards are valid under the condition of neglect-
ing the time of transient processes, which does not allow us
to correctly characterize drive operation. This is due to the
predominance of transient modes, which are observed when
the SV working body is moved from one position to another.

The described approaches to energy efficiency assessment
stimulate the search for solutions to positioning problems
in the field of motion optimization along a given trajectory.
At the same time, it is proposed in [5], by optimizing the
movements along a given trajectory, to minimize not only
the energy consumed, but also to ensure acceptable dynamic
characteristics of the drive. This approach allows significant
energy savings without additional equipment costs.

Thus, the expediency of resolving the contradiction
between the need to ensure the required SV speed and the
desire to obtain the highest possible efficiency is confirmed.

The compromise on the formulated contradiction is
achieved by choosing the type of electric motor that could,
when changing the SV position, provide the necessary torque
at the minimum starting current.

However, up to now, squirrel cage induction motors (IM),
are used in the SV drive, which are characterized by reason-
able cost and reliability.

The disadvantages of IM include:

— non-linear dependence of the angular velocity (angle of
rotation) of the mechanical characteristics of IM;

— uncontrolled transient in moment and current during
the direct start of IM, which leads to large values of shock
moments and currents;

— type of mechanical characteristics, reflecting the dif-
ference between the nominal and starting moments by two
or three times.

As aresult of using a mechanical gearbox to achieve a regu-
latory speed of the mechanism shaft, its dynamic parameters



deteriorate and the efficiency of mechanism control decreas-
es. In addition to the decrease in speed caused by an increase
in the total moment of inertia of the module, its operational
characteristics deteriorate. The use of special devices that
choose the backlash and soften the blows reduces the rigidity
of transmission. This leads to the need to introduce addi-
tional corrective devices and increase the mass and overall
dimensions of the mechatronic module.

These drawbacks of the electric drive based on the IM
with a mechanical gearbox determine the search for alter-
native options of SV mechatronic modules. The choice of
options relates to motor types, such as brushless DC motors
or synchronous reluctance motors (SRM). Fundamentally,
shortcomings of the electric drive based on IM are eliminated
by using a gearless drive, which was considered in [6].

To control electric power consumption, discrete switch-
ing of stator windings is used, which is combined with
pulse-width modulation (PWM) and variations of switching
angles of the switches of the inverter that feeds the motor.

The choice of the motor, providing an increase in the SV
electric drive efficiency, is determined by the tasks that are
solved by these modules:

— ensuring high torque when opening or closing the valve;

— keeping a stable torque in the process of moving it;

— fixing the force at the end of the movement of the
working body.

The fulfillment of the requirements arising from the for-
mulated tasks was made possible by the introduction of low-
speed, high-torque electric motors and electronic frequency
converters based on IGBT transistors.

The gearless drive is implemented on the basis of switched
motors, which are permanent magnet synchronous machines
(PMSM), synchronous reluctance motors (SRM), brushless
DC motors (BLDC).

As one of the alternative options for building the SV
gearless drive, the experimental rolling rotor motor (RRM)
is considered, which was studied in[7]. RRM is a high-
torque low-speed synchronous reluctance electric motor
synchronous.

RRM has the following properties:

1) high specific torque of 5-0.5N m/kg with a low of
2-200 rpm and ultra-low speed — 0.05—1 rpm;

2) low starting current and short-circuit current is
1.1-1.3 of the nominal value of the stator winding current
(the ability to work «for a stop» for a long time);

3) high speed (acceleration and stopping time 0.01—0.05 s),
no self-propelled drive, «<run out», ability to work in the elec-
tromagnetic brake mode (holding moment is 3 times higher
than the nominal one).

Taking into account the advantages of SV IM-based elec-
tric drives, it should be noted that the improvement of the
gearless (direct) drive on the basis of IM has not exhausted
its potential [8]. Improvement of SV actuators, produced by
AUMA (Germany), ZRA PECKY, A.S, (Czech Republic),
Rotork (England), is on the way of using soft-start micro-
controller devices or frequency converters that improve the
energy characteristics of IM.

All this suggests that the lack of a method for evaluating
the drive energy efficiency, which takes into account the spe-
cifics of the SV drive, eliminates the possibility of obtaining
adequate quantitative estimates of the drive under study.
Existing international standards do not provide an answer
to the question of choosing an efficient engine, as well as
ways to optimize the operation modes of the SV drive. The

requirement to optimize the modes arises from the operation
conditions of SV associated with changes in mechanical loads
on the drive over time. Testing the method for evaluating
the efficiency of alternative options for the SV drive creates
conditions for searching for reserves to increase the drive
energy efficiency.

3. The aim and objectives of the study

The aim of the study is to test the method for estimating
the energy efficiency of SV drives on the basis of IM and
RRM. This task is associated with the evaluation of the effi-
ciency, which is achieved by an electric drive based on these
motors, when positioning the SV module.

To achieve the aim, the following objectives were set:

—to develop a model of the SV drive based on IM with
a gearbox;

— to develop a model of the SV drive based on the RRM,;

— to test the efficiency evaluation method in real time;

—to obtain quantitative estimates of the drive energy
efficiency in the process of positioning the drive actuator.

4. Building models of the stop valve drive

Taking into account the specifics of the SV electric drive,
the subject of the analysis is the transient modes of the mo-
dule, that is, start-up, braking and movement of the modules
of the module at a given speed. These movements are made
either periodically, at various time intervals, or briefly, as
dictated by the process control algorithm. In this case, situa-
tions are possible when the SV cannot provide the specified
sealing of the channel, or vice versa, with insufficient torque,
move off due to valve jamming.

Consider changes in efficiency, determined by the rela-
tion (1) at a given time interval in the model load cycle. Since
there are no special requirements for the parameters of the
transition process in the SV actuator, it is not necessary to
detail these parameters.

4.1. Model of the stop valve electric drive on the ba-
sis of IM

Further, the model of the module is represented by
a combination of the electric drive based on the IM, connec-
ted to the gearbox interface of SV (Fig. 1).

v

Fig. 1. SV module structure:
1 —1IM; 2 — SV module control unit; 3 — override;
4 — Gearbox; 5 — load interface

Simulation of IM in the SimPowerSystems™ MATLAB
Simulink library is performed by building a simulation mathe-



matical model based on the coordinate transformation d, ¢ [9].
The model consists of four main parts:

— power supply;

— conversion of variables in the abc coordinates to vari-
ables in the d, g system, which rotates synchronously with
the motor rotor;

— obtaining motor speed, currents and electromagnetic
torque as output variables;

— conversion of variables from the d, g coordinate system
to the abc system for obtaining stator, rotor and current
voltages.

The inverse transformation of the description of the
IM model into three-phase coordinates makes it possible to
solve the problem of studying its modes, corresponding to
actual operating conditions. This takes into account the ex-
pressions of instantaneous values of voltages and currents of
phases A, B and C.

Initially, the representation of a three-phase symmetric
power supply of IM is converted from a three-phase system
into the d, g coordinate system, which rotates at a synchro-
nous speed

w,=dO/dt,

where © — the output angle.
The stator winding voltage U is represented by the
equations:

U, = _%(UB ~U.)cos@+U,sin®,

)
U, =%(UB -U.)sin®+U , cosO,

e

where Uy, Up, Uc — IM phase voltages.

IM parameters — Lg, Lg, Lgg, stator, rotor inductance,
mutual inductance of the stator and rotor windings, as well
as the active resistance of the stator winding Ry and the rotor
winding Ry determine the corresponding flux linkages Wgs
and Wds:

t R r L R t t
‘PdS:JUdet—L—SJ‘Pdet+ s [i,dt+o, [, gdz,
0 S o A 0 (3)

t t
i, dt—w, [ dt,
0 0

LSr RS

t R t
Y= quSdt—L—Sj‘qudt +
0 S o

where i, and ig — rotor currents in the d, g coordinates,
which can be obtained as a result of solving equations (3).
These currents form an electromagnetic moment Mgy

3 S
MEM = ELSR(quldr - ldslqr ) (4)

The dynamics of the rotor is modeled by the classical
equation of mechanics:

dm
JE_MEM(t)_MC(t)V (5)

where J — total moment of inertia of moving masses of the
electric drive, reduced to the rotor shaft of the induction
motor; 0(¢) — rotor speed; M¢(t) — moment of resistance on
the IM shaft.

The ratio between the speed of the coordinates of the
model w, and the rotor speed ® is bound by the relation:

o, = pw,

where p — the number of pairs of poles.

Representation of the description of the IM model in the
form of (3)—(5) makes it possible to study the behavior of
an induction motor in transients, which are characteristic
of changes in IM modes [9, 10], especially load parameters.
Nevertheless, it is possible to use known IM models to evalu-
ate the SV drive efficiency after appropriate revision.

Publications assessing the efficiency of the electric drive
based on IM are mainly devoted to studies of stationary
and steady-state operating modes of the IM, since most of
the industrial drives operate in these modes. Comparison of
efficiency estimation methods based on different national
standards [11] shows that such methods are unacceptable for
evaluating drive efficiency under cyclic loading.

The development of works to improve the energy effi-
ciency of IM operating in acceleration/deceleration modes
is the studies of IM dynamics [12], which include optimiza-
tion of soft starter settings that reduce the starting currents
during acceleration of the drive to the rated speed.

In the currently used gearbox drives of the SV modules,
it is difficult to achieve the required reduction in the shaft
speed, therefore the IM control signals are pulsed in nature.
The period of control pulses is dictated by the time it takes to
achieve the adjustable parameter (displacement or rotation
angle) of a given value, and the duration of the pulses deter-
mines the minimum increment of the adjustable parameter.

To implement the simulation model of the SV module,
based on equations (3)—(5), the IM block from the SimPow-
erSystems ™ MATLAB library is used. The three-phase pow-
er supply in the model is implemented by three single-phase
AC voltage sources. Since, when evaluating the energy per-
formance of the SV module drive, the goal of improving its
characteristics is not set, the simulated control circuit fulfills
the direct start mode.

The feature of the model shown in Fig. 2, is a unit that
implements the pulsed nature of the flow of control signals
into the windings of the three-phase IM. Using the Switch
blocks, the supply voltage pulses are supplied to obtain the
angular displacement of the IM shaft in real time.

The simulation of the gearbox, which provides the re-
quired speed of movement and is part of the SV module, is
performed by the ideal integrating element with the corre-
sponding reduction factor and efficiency.

The efficiency of the SV mechatronic module depends on
the efficiency of the electric motor and gearbox. It is known
that the efficiency of the AIR56A4 induction motor from
different manufacturers is in the range of 55-60 % at the
rated power on the shaft, and the efficiency of the worm gear
is 60—-90 %. Since the resulting efficiency of the mechatronic
module in the mode of rated power on the shaft is determined
by the product of the mentioned efficiency, the value of the
efficiency estimate will be in the range from 33 % to 54 %.
However, with frequent starts/stops that accompany the SV
operation, the efficiency will be lower than for the nominal
steady-state operation, which is explained by the presence of
starting currents of the induction motor.

The MEO-250/10 module includes the commercially
available IM of the AIR56A4 series. To set the parameters of
the model, we will use its data sheet.
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Fig. 2. Scheme of modeling of the SV module in MATLAB

4. 2. Model of the stop valve electric actuator on the
basis of RRM

Comparative evaluation of the energy efficiency of the
drive on the basis of IM and RRM can be carried out in the
presence of an appropriate RRM model, which is absent in
the MATLAB library. Therefore, the problem of testing the
estimation method can be solved on the basis of the RRM
model [13], which allows to investigate its dynamic param-
eters. Improvement of the model of the SV drive module
based on the RRM is performed by clarifying the description
of its model, as well as by complementing the measurement,
switching and control units, which will allow for the power
consumed by the SV drive motor.

The RRM model is based on the representation by the
switched reluctance motor (SRM) with a smooth stator. The
unipolar power supply circuit of the stator windings pro-
vides the displacement of the force F of one-sided magnetic
attraction (FOMA) in accordance with the stator winding
switching algorithm.

Given that the eccentric cylindrical rotor (Fig. 3) parti-
cipates in the formation of the SRM magnetic field, the basic
equation of the RRM model can be represented as [14]:

dl . dL(1,©)de

U=I~R+L(I,®)E+[ o d (6)

where U — voltage applied to the winding; R — active phase
winding resistance; I — winding current; L(Z, ) — mutual in-
ductance depending on the winding current and the angular
position of the rotor 6.

Equation (4) reflects the dependence of the voltage
applied to the winding on the self-induction force ey and
rotational speed @,

U:I~R+L(1,@)%+1.K,,mm, )

where K,=dL(I, 0)/d6, ®,,=d0/dt, eg=K; m,, I.

The torque of a single-toothed rotor SM depends on the
current of the switched winding I(¢), the instantaneous value
of the winding inductance L(Z,0) [12] and on the angular
position of the rotor @(¢):

LoLOD p Lpp (8)
2 00 2

The structure of the investigated RRM model is de-
termined by the method of presenting the description of
the winding inductance changes from the rotor position.

Consideration of various options of SRM models shows that
most of the proposed models do not aim at the practical use
of simulation results [15], especially for the implementation
of control devices.

Fig. 3. FOMA distribution:
1 — rotor eccentrically located to the RRM stator; F — FOMA;
e — rotor /stator eccentricity; © — angle of rotation

Based on the goals of the simulation, it can be assumed
that to evaluate the efficiency of the SV module based on
RRM, there is no need to accurately display the nonlineari-
ties of the magnetic field. Therefore, the use of quasilinear
descriptions of changes in inductance K; allows an analytic
representation of changes in magnetic field energy, which
greatly simplifies the considered RRM model.

Referring to the values of the magnetic field in the RRM
stator/rotor gap [13], which change when the rotor moves
within 8 %, we take a linear approximation of the inductance
function of the rotor angle. The limited range of currents in
the RRM windings also confirms the possibility of linearizing
the flux linkage function.

These considerations allow us to present the general
scheme of modeling the SV module on the basis of RRM as
shown in Fig. 4.

The scheme contains: rotor angle identification unit; in-
verter (switch block); torque and motor shaft displacement
simulation unit; mechanical reduction element and power
consumption estimation unit.

It should be noted that among the RRM, practically used
at present, 6- and 8-winding motors predominate. How-
ever, in this work, to obtain results comparable in energy
consumption to IM, the model of 3-phase RRM is used, in
which the parameters of the stator winding are similar to the
parameters of IM windings. In accordance with the simu-
lation tasks, the model, has the rotor angle identification
unit, which tracks the switching position of the next RRM
winding after the rotor rotates 120°.
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The model of formation of currents of the RRM stator
winding, which is included in the torque simulation unit
(Fig. 5), reflects the linear variation of the switched winding
inductance from the rotor angle. The input data for this unit
is the maximum value of the winding inductance and rotor
angle.
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pression (1). Power consumption is estimated by the current
consumed by the SV motor.

The SV module is produced in the form of a single-turn
actuator (MEQO), the time of shaft displacement from one
extreme position to another is taken as the time constant of
the actuator.

The study uses data of AIR56A4 IM: 3 phase,
50 Hz, 120 W, n=1,500 rpm, efficiency=>56.6 %,
c0s9=0.66, Unn=220V, L,,,=0.5A, which is
part of the MEO. The parameters of the stator
winding of the 3-phase RRM, taken for compari-
son, are similar to the winding parameters of the
described IM.

In the model of the MEO module, data
are accepted that correspond to a virtual gear-
box with a reduction factor of i=100, which is
taken to be equal to the RRM reduction co-

> “ n » i efficient. This takes into account that the real
VphC . . ow L reduction coefficient of RRM is much larger,
. < _’%) while the real mechanical gearbox for the IM-

€D

A

O

phi K

Fig. 5. Torque simulation scheme

The diagram shows the components of equations (7), (8)
the change in flux linkage with the change in inductance;
self-induction force ef, as well as the formation of the elec-
tromagnetic moment M,.

5. Testing of the actuator efficiency estimation method

For a comparative assessment of the energy efficiency of
SV electric actuators based on IM and RRM, the developed
models of mechatronic modules are used, which include
models of the motors mentioned.

5. 1. Mathematical modeling of the valve closing process
The test procedure consists in obtaining the trajectories
(angles of rotation) of the SV module shaft as a function of
time for both types of electric drive. The net power of the
module is determined by the shaft rotation process by the ex-

based module with the corresponding reduc-
tion coefficient of RRM becomes technically
inexpedient.

The efficiency estimates we are interested in
are obtained as a result of calculating its instan-
taneous values using the relation (1) in relation
to the time function of the angle of rotation of
the RRM and MEO shaft.

The results of testing the specified angle of shaft rotation
of the MEO based on AIR56A4 IM are shown in Fig. 6, and
Fig. 7 shows the same process for the RRM-based module.

The obtained oscillograms illustrate the change in the
efficiency of the electric drive during the rotation of the SV
module shaft. The prerequisite for comparing the positioning
characteristics is the correspondence of the rotation angles of
the RRM shaft and MEO gear shaft. The motor speeds, and
accordingly winding switching moments, are set from the
condition of making one revolution in 10 seconds.

The oscillogram of the MEO efficiency (Fig. 6) shows
that at the time the module starts, the efficiency of the
IM-based module reaches 26 % and in the cycle of movement
to the specified position has the value of 22 %.

The performance of the same cycle of movement by the
RRM-based SV module (Fig.7) is characterized by the
efficiency of 20 %. Thus, it is clear that the efficiency of the
RRM-based module is slightly inferior to the MEO efficiency.



Fig. 6. MEO oscillograms:
a — change of the angle of rotation; b — efficiency

Fig. 7. RRM oscillograms:
a — change of the angle of rotation; b — efficiency

3. 2. Experimental evaluation of the SV
actuator efficiency

Experimental tests of the developed ef-
ficiency evaluation method are based on the

Thus, with the help of instruments we measure the power
consumption, which is used in motor efficiency evaluation.

Fig. 8. Test installation: 1 — motor; 2 — disk; 3 — load

The useful power P, is estimated using equation (9),
for this the installation (Fig.8) is provided with sensors
which record the passage of the distance 2 (Fig.9). The
RIGOL SDS 1022DL oscilloscope is used as a time meter.

An experimental sample of synchronous reactive RRM
and MEO module are alternately connected to the AC three-
phase network of the industrial network.

results of the study of the electromechanical
rolling rotor transducer [16]. To estimate

the useful mechanical power P a disk
attached to the end of the shaft of the elec-
tromechanical transducer is used in research.
A steel cable with a weight G is attached to
the shaft. After starting the motor, the load G
rises to a certain height % in time ¢.

In this case, the effective mechanical
power Py, will be determined by the ratio:

Pmeehzg.f.hi (9)

where g — gravitational acceleration [m/s?].

This approach is further used in the test facility (Fig. 8)
in the study of experimental RRM operating from a three-
phase AC network of an industrial network [17]. A disk is
rigidly fixed on the motor shaft fixed to the bracket, on the
external diameter of which there is a steel cable. One end of
the cable is fixed on the disk, and loads of different mass are
attached to the second one. The three-phase supply voltage
through the circuit breaker is supplied to the measuring
devices (voltmeter, ammeter, phase meter, wattmeter), and
then to the stator winding terminal block.

at

Fig. 9. Power measurement circuit:
1 — motor; 2 — load; 3 — laser; 4 — photodiodes; 5 — time meter

The essence of the tests for a particular type of engine
comes down to measuring the values of power consumption
over a period of time fixed by the signals at the end and the
beginning of measurements.

Drive efficiency is obtained in accordance with the rela-
tion (1) using the values of consumed and calculated power.

6. Discussion of the results of testing the energy
efficiency assessment method

Features of the operation of the SV drive limit the use of
cost-effective and reliable IM due to the required low speeds



of the working body of the module. Although the IM-based
SV drive is constantly being improved, but so far no quanti-
tative estimates of the efficiency of IM as part of the SV drive
have been obtained. The characteristics of the drive provide
data that correspond to the passport data of IM operating in
stationary modes, which gives the impression of deliberately
high energy indices. Accordingly, the models investigating
the start/stop modes of the motors do not provide energy
efficiency data corresponding to the pulse operation modes of
the drive. The main attention in such models of the electric
drive is paid to the description of the modes of the converters
that provide power to the electric motors.

In this work, we completed the revision of the drive mo-
dels, which made it possible to take into account the power
consumed by the converter and the useful power consumed
in the mechanical load. The feature of the method of efficien-
cy evaluation of the drive lies in the possibility of registering
the actuator trajectory in accordance with changes in the
useful and consumed power over time.

The adequacy of the proposed models was evaluated on
the test facility (Fig. 8, 9), using the IM with the RRM gear.
The experiment consisted of two experiments for both mo-
tors. In the first experiment, the electric drive was tested in
the mode of repeated starts (SF) with the cycle time ¢,=2s,
that is, 2 s on, 2 s off (SF-50).

In the second experiment — the mode is non-stop, when
the end of the output shaft moves by 90° in 10 seconds
(1.5 rpm). To ensure the constancy of the moment of shaft
resistance, a weight of 85 kg was lifted on the disk with
a diameter of 0.6 m.

The results of measurements of the electrical parame-
ters of the phase currents I, cosg at the supply voltage
U1=380 V=const, network frequency f=50 Hz=const are
summarized in Table 1.

As can be seen from Table 1, the lifted load travels a dif-
ferent distance at one time, which indicates a change in the
speed of the output shaft under load. Changes in speed under
load are natural, both for IM and RRM.

The result of the adequacy assessment is formed on a re-
lative comparison of the efficiency values obtained as a result
of its measurements (Fig.9) and modeling, in fact, to the
powers Pech and Py

From the oscillogram of modeling the SV closing process
(Fig. 6), it can be seen that the efficiency of the MEO type
electric drive varies from 21-26 %. The range of the effi-
ciency of the IM-based electric drive, obtained according to
Table 1, characterizing the load lifting process, is estimated as
18—-24 %. Thus, the relative error of efficiency estimation for
the measured and modeled values is 12 %.

The simulation data are compared in the same way
(Fig. 7), where the efficiency of the RRM-based electric
drive is estimated to be 18 % and the data in Table 1, which
characterize the process efficiency, at the level of 19.8 %. In
this case, the relative error of efficiency estimation is 10 %.

The errors of adequacy assessment consist not only of the
errors of the used measuring devices and the errors of model-
ing in the MATLAB environment. When building the model,
passport data of devices are used (for example, a gearbox),
the exact value of which is difficult to take into account. Us-
ing expert values of model parameters in mathematical mo-
deling reduces the accuracy of adequacy assessment, and their
influence on the accuracy of the model is a separate problem.

The experiments carried out confirmed the absence of
starting currents of the RRM, which made it possible to
achieve a high efficiency in the SF-50 mode. The mode of
without stops and frequent starts, which is typical for the
«open/closed» control task, showed that the efficiency of the
MEO-250/10 type electric drive is higher than the RRM.

The studies performed show a decrease in the energy effi-
ciency of serial samples of electric motors that are part of the
SV drive in the mode of frequent starts, in particular SF-50.
The nominal number of switchings per hour for the MEO
is 630 (according to passport data), and the maximum is 1,200.
Based on these data, it is clear that the MEO is experiencing
frequent starts/decelerations, and therefore the efficiency va-
lue will be low. For the mode of frequent starts and adjustment
mode, the experimental RRM has the best efficiency.

It should be noted that the tried and tested method of
evaluating the efficiency of the SV drive is a tool that allows
you to solve problems of increasing energy efficiency based
on the choice of advanced technical means. In particular,
this study shows that the RRM-based SV drive, which refers
to synchronous motors, is slightly inferior to the IM-based
drive. This circumstance justifies the use of synchronous
motors in the SV drive, especially gearless.

To estimate the energy characteristics of the alternative
types of motors to be used in the SV drive, it is needed to
modify the existing models of these motors in terms of pro-
viding the power consumption data.

The disadvantage of the proposed energy efficiency as-
sessment method is the need to ensure comparable conditions
for testing different types of engines in general, and gearless
drive in particular. The absence of comparable conditions
requires the development of additional comparison criteria
to ensure the objectivity of assessment.

The development of technical means to measure parame-
ters of the SV module in real time when performing a tech-
nological task can eliminate this drawback. This approach
transfers the task of drive efficiency evaluation from a specific
area to a typical design area. Then, regardless of the drive
type, the task of efficiency evaluation comes down to process-
ing and visualizing data obtained from the sensors installed on
the actuators of the module under test. However, due to the
variety of drives used in industry, it is difficult at this stage to
recommend universal sensors and data processing tools. The
priority of the implementation of the proposed test method is
metrological certification of sensors to be used in tests. The
second task is presented as an interpretation of the result-

ing estimates in relation to well-

Table 1 known international standards.
Test results
. Mode: start, | Load, t,s coso, | Efficien- 7. Conclusions
Drive type rotation ke | o [ hym | Puech | Peotecy W | Ly, A oe | cv% .

RRM start/rotation 2 110 (045|375 | 1974 | 043 | 0.7 19.8 1. The model of the IM-based
start 85 | 2 |10 299 056 | 06 18 SV drive has been developed, taking
MEO-250/10 - 0.48 | 40 into account the parameters of the
rotation 2 |10 167 042 | 06 24 mechanical gearbox — efficiency,




moment of inertia and reduction coefficient, as well as the
switching modes of the windings. The proposed model dis-
plays the change in power consumption when moving the
working body in space and time.

2. The known dependence of the RRM moment on the
winding flux linkage parameters (8) shows the possibilities
of increasing the useful mechanical power of the SV drive by
increasing the inductance and reducing the resistance of the
RRM winding. However, the time constant of the winding,
at which the required torque is achieved, causes an increase
in the rise/fall time of the winding current, respectively, a de-
crease in the SV drive efficiency. Optimization of the winding
switching modes for the selected type of RRM, which takes
into account the time constant of the windings, allows to
increase the energy efficiency of the RRM-based SV drive.

3. The test method was tested for SV drives, which consists
in comparing the power consumed by different types of drives
in real time when they perform the same useful work. The
existing standards for evaluating the electric drive efficiency do
not take into account the operation specifics of the SV drive,
associated with a change in drive efficiency when moving the
SV working body. The proposed method involves tracking the

trajectory of the working body with fixing the useful mechani-
cal and consumed power of the compared drives in time.

4. Quantitative estimates of the efficiency of SV actuators
on the basis of IM and RRM were obtained, which characterize
the process of moving the valves. The efficiency of the mathe-
matical model of the SV module on the basis of IM at the time
of start-up quickly reaches 26 %, and in the cycle of movement
to a given position has a value of 22 %. The efficiency of the
mathematical model of the SV module based on the RRM is
characterized by a value of 20 %. Experimental estimates of
the efficiency of the tested drives show that when imitating
the valve closing mode, the efficiency of the IM-based drive is
18-24 %, and that of the RRM-based drive is 19 %.

Thus, with the use of IM in the SV drive, there is a de-
crease in its efficiency from passport 60 % to experimental
22 % (taking into account the gearbox efficiency). The gear-
less drive based on synchronous reluctance motors, including
the RRM, is slightly inferior to the IM-based drive in terms
of energy efficiency, having an efficiency=19 %. Comparabi-
lity of the realized efficiency values of the studied drives,
with the advantage of mass and dimensional RRM parame-
ters, allows using the latter in the SV drive.
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