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Introduction. In the distributed and autonomous generation
systems using renewable energy sources, low-power generat-
ing units (not more than 100-200 kW) based on microturbines
function. Microturbines operate most efficiently at high rota-
tional speeds. In this regard, the generator running with a mi-
croturbine must also be a high-speed one. A generator is a
switched reluctance electric machine (EM) that needs infor-
mation on the rotor position. It is difficult to use a position
sensor in such mechanisms at high speeds. This paper discuss-
es the issues of sensorless control of a high-speed switched
reluctance electric generator in conjunction with a steam mi-
croturbine.

Materials and Methods. So, it is required to evaluate the
proof-of-principle developed to control a high-speed switched
reluctance EM. For this purpose, a mathematical model has
been created including models of the investigated EM, an
electric power converter, and a control system. For the EM
under consideration, the active resistance is determined, as
well as the dependence of the phase flux linkage on the current
flowing through it and the position of the moving element. The
method used involves probing the idle phase of an electric
machine with short voltage pulses of equal duration, and
measuring the current in this phase. If the voltage pulse length
is much shorter than the phase time constant, then the current
pulse amplitude is inversely proportional to the inductance.
Thus, registering the maximum current pulse amplitude, it is
possible to determine the rotor passage through an uncoordi-
nated position for the probed phase. This information is used

to form control actions by other phases. Moreover, the length
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JKEHUH poTopa. B Takux MexaHM3Max IpH BBICOKHX 000poTax
3aTPYAHHUTENLHO IPUMEHEHHE AaTUHNKa MOJI0XKeHNs1. B manHOM
CTaThe PACCMaTPHUBAIOTCS BOIPOCHI O€31aTIYMKOBOTO yIIpaBIIe-
HHUS BBICOKOOOOPOTHBIM BEHTHIBHO-HHAYKTOPHBIM 3JIEKTPO-
TeHepaTopOM COBMECTHO C ITapOBOH MUKPOTYPOHHOM.

Mamepuaner u memoowi. UTak, He0OXOAUMO OIIEHHTH Mpa-
BIJIBHOCTh Pa3pabOTaHHOTO NPHHIHIA YIPABICHHUS BBICOKO-
000pOTHON BEHTWJILHO-MHAYKTOPHOH OM. C 3TOH Ienbio
CO37]aHa MaTeMaTH4YecKass MOJENb, BKIIOYAION[As MOJEIH
uccaenyeMoir DM, mpeobpa3oBarelis SJICKTPOIHEPTUH M CH-
cTeMsl ympasieHus. /s paccMaTpuBaeMoid DM ompeneneHbt
aKTHBHOE CONPOTHBIEHHE, a TaKKe 3aBUCHMOCTH ITOTOKOC-
HeruIeHns (a3bl OT MPOTEKAIOLIEro Yepe3 Hee TOKA U IOJI0Ke-
HUS TIOJBIDKHOTO 3JeMeHTa. Vcronb3yeMslii MeTos mpenmno-
JaraeT 30HIMpOBaHWE HepaboTaromieil (asbl AEKTPUIECKOit
MAIIFHB KOPOTKAMH HMITYJIbCAaMH HAaIpsDKEHHS PaBHOW JUTH-
TENIBHOCTH W M3MepeHue Toka B 3Toi daze. Eciam mimrens-
HOCTh MIMITYJIbCA HamlpsDKEHHS HAMHOTO MEHbIIE MOCTOSHHOI
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of the test voltage pulses, required to obtain current pulses
sufficient for measuring the value, is of significance versus the
duration of the pulsing time. Hence, with an increase in the
rotational speed, the number of test pulses is insufficient for
measuring the position with the accuracy required for the con-
trol goals. This reduces drastically the precision of determin-
ing the rotor position; therefore, at high speeds, the application
of this method is limited without further refinement of the
rotor position. In this case, to increase the precision of meas-
urements, it is necessary to evaluate the rate of current rise
when applying the basic voltage pulse or the voltage pulse rate
forming the phase current before switching to a single-pulse
control mode.

Research Results. Two conclusions important for correcting
the estimation of the rotor position in a single-pulse operation
mode of a reluctance EM are proved. The first conclusion is
on the efficiency of the proposed technique of filtering phase
current measurement data, the second one concerns the ap-
plicability of the identified information criteria. The analysis
results of the processes in the switched reluctance EM using
sensorless control that implements the described principles for
determining the rotor position are presented.

Discussion and Conclusions. To correct the estimation of the
rotor position, the following information criteria can be used:
the presence of a pause between the excitation pulse and the
start of the generation process; the decrease in current by the
time the generation begins. To refine the estimate, the follow-
ing fact can be used: on the generation interval, the current
curve knee corresponding to the maximum phase inductance is

observed at the same rotor position.
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MOATOMY Ha BBICOKHX CKOPOCTSIX BPAILEHUs] OTPAHUUYEHO NPH-
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Peszynomamur uccnedosanus. JJoxa3aHsl 1Ba BbIBOJA, BaXKHbBIC
JUISL KOPPEKIUH OLEHKHU TMOJIO0XKEHUs] pOTopa B OJHOUMITYIIbC-
HOM peXHMe paboThl peakTHBHO-MHIyKTOpHOUH DM. IlepBrrit
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YIPaBJIEHHUS, PEaTU3yIOMEero ONMCAHHbIC MPUHIUIBI ONpee-
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Introduction. One of the directions of energy development is associated with the use of distributed and auton-

omous generation systems using renewable energy sources. In such systems, low-power generating units operate (not

more than 100-200 kW). Their characteristic property is the combined use of various types of energy: solar radiation,

wind, geothermal sources, waste disposal, etc. The most difficult from the point of view of using distributed or autono-

mous generation systems is thermal energy since it needs to be transformed into electric energy. In the energy systems

under consideration, it is reasonable to use steam microturbines for this purpose. They operate on wet or superheated

steam which the generator converts into electric energy. To solve the problem of compactness and efficiency of the tur-

bine, it is required to provide its high rotation frequency. Accordingly, the generator should also be designed for high

speed operation.

The application of a high-speed turbine imposes restrictions on the design of the conjugated generator. Due to

the high rotation speed, it is good to perform it on a common shaft with a steam turbine, since the presence of couplings

for interfacing the turbine and the generator complicates significantly the design and subsequent maintenance. In the
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autonomous and distributed energy systems, synchronous electric machines (EM) with permanent magnets on the rotor
are widely used as electric generators at powers up to 200 kW. They have the best specific characteristics. However,
given high rotational velocities, the design of such electrical machines is complicated by the problems of mounting
permanent magnets and balancing the rotor. In addition, if the generator is operating in the immediate vicinity of the
turbine, it will be in the zone of high temperatures that are not acceptable for permanent magnets. Therefore, as an elec-
tric generator designed to work in conjunction with a steam microturbine, it is reasonable to use a switched reluctance
EM which has no winding and permanent magnets on the rotor.

To control the switched reluctance EM, information on the rotor position is needed. In most cases, a rotor posi-
tion sensor is used for this. When operating at high velocities, it is undesirable to locate the generator in the immediate
vicinity of the steam turbine, since this greatly complicates the design. There are various methods for determining the
position of the switched reluctance EM rotor without a position sensor [1-4]. However, their use for a high-speed gen-
erator requires considering a number of features. The presented paper is devoted to the issues of using sensorless control
of a high-speed switched reluctance generator designed to operate together with a steam microturbine.

Materials and Methods

Overview of existing solutions and problem statement. As a rule, in the switched reluctance EM, discrete-
type rotor position sensors are used. Such a solution increases the dimensions of the electric machine and complicates
the assembly and tuning technology.

Currently, principles of sensorless control are developed for rotating switched reluctance EM. They differ in
the use of various information signs for determining the rotor position [2—4]. In most cases, such solutions cannot be
applied directly for high-speed generators.

Almost all techniques of determining the position of the switched reluctance EM rotor without using physical
sensors are based on a one-to-one dependence of the phase inductance on the position of the rotor (Fig. 1).
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position position position
[ 4 L f(y )
' MAX
M+ M —
LMIN .
—Vp 0 Yo ¥

Fig. 1. Dependence of phase inductance of the switched reluctance machine on the rotor position

In the coordinated position (the rotor tooth is under the stator tooth), inductance is maximum, in the unmatched
position (the rotor tooth is between the stator teeth), it is minimal. Saturation of the magnetic system affects the differ-
ence between the maximum and minimum values of inductance, but does not change the nature of the dependence.
Therefore, the position of the movable element can be determined using an indirect measurement of the phase induct-
ance of the switched reluctance EM. Options for implementing this technique differ in the method for assessing the in-
ductance of one or several phases during the operation of a switched reluctance EM [3, 4]. The technique used involves
probing an idle phase of an electric machine with short voltage pulses of equal length and measuring current in this
phase. If the voltage pulse length is much less than the phase time constant, then the amplitude of the current pulse is
inversely proportional to the inductance. Thus, the passage of the rotor through the unmatched position for the probed
phase can be determined by recording the maximum amplitude of the current pulse. This information is used to form
control actions by other phases. Test pulses are applied in series during the time corresponding to the passage of the
rotor through an unmatched position. Accuracy of determining the rotor position depends on the frequency of the test
pulses.

A variation of the technique for determining the position of the switched reluctance EM rotor by changing the
phase inductance is to use voltage as the main test pulse (see Fig. 1). The implementation of this method is possible in
both motor and generator mode. Notice the limited use of the method based on probing the idle phase by test pulses for
a high-speed switched reluctance EM. The length of the test voltage pulses required to obtain current pulses sufficient
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for measuring the value is significant compared to their pulsing time duration. Therefore, with an increase in the rota-
tion frequency, the number of test pulses insufficient for measuring the position with the accuracy needed for control
purposes is taken as a measurement interval. This reduces significantly the accuracy of determining the rotor position;
therefore, at high speeds, the application of this method is limited without further clarification of the rotor position. In
this case, to increase the accuracy of measurements, it is necessary to evaluate the current rate of rise when the main
voltage pulse is fed, or the repetition rate of voltage pulses that form the phase current before switching to single-pulse
control mode.

Formulation of the problem of sensorless control of a high-speed switched reluctance electric generator.
A design feature of the switched reluctance EM is a unique dependence of the phase inductance on the rotor position
relative to the stator. This effect can be used to indirectly determine the position of the rotor. As noted above, this tech-
nique of determining the rotor position is the most common. It should be considered that the saturation of the magnetic
system significantly affects the inductance. The tendency to reducing the size of the rotor to decrease the moment of
inertia and improve strength indicators has led to the fact that the generator in question is a highly saturated electric
machine. At the maximum stator current, the inductance in the coordinated position is reduced by more than three times
compared to the inductance in the unsaturated state. Fig. 2 shows dependences of the phase inductance on the angle of
rotation of the rotor at different currents.
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Fig. 2. Dependences of stator phase inductance on rotor rotation at different currents

The repetition rate of the test pulses used to evaluate the phase inductance is determined by the type of ana-
logue-to-digital (A-to-D) converter applied. When using the built-in converters of microprocessor control devices, the
conversion time is about 2-3 msec. If we use the same ratio of stator and rotor teeth at a rotor speed of 12,000 rpm (200
Hz), then the frequency of the pulses of the phase current should be four times greater — 800 Hz. As indicated above,
test pulses are fed in the absence of current in the phase if the inductance changes from the position of the rotor. This
interval in the generation mode corresponds to an increase in inductance and amounts to about one quarter of the current
pulse repetition period [3]. From the dependences shown in Fig. 2, it can be seen that the change in inductance required
for measurements occurs at a rotor angle of rotation in the range from 20° to 45°.

For the case under consideration, the time interval for feeding test pulses is about 300 ps. During this time, the
A-to-D converter can perform 100-120 counts. The fill factor of the test pulses cannot exceed 0.5 because otherwise,
after removing the voltage, the current will not have time to go down to zero. In practice, the fill factor of the test pulses
does not exceed 0.25-0.3. So, to prevent current from too fast increase at the minimal phase inductance and to reduce
the impact of electromotive force (EMF) arising in the phase under the rotor spinning on the measurement process.

It is required to consider the conversion errors and the need for reliable fixation of the maximum amplitude of
the current pulse. In this regard, the minimum number of measurements per test voltage pulse is 10—15. Then, in the
interval of test pulses, their number will not exceed 6—8, which gives a resolution of determining the rotor position at
the level of 4-6°. This accuracy of the rotor position determination is insufficient for control purposes.

The phase inductance of the EM under consideration at the beginning of the measurement interval is about 5
mH in the unsaturated state (at a current of up to 20 A, see Fig. 2). At a voltage of 600 V in the DC link, the intensity of
the current rise will be 120,000 A/s. It is advisable to evaluate the rotor position at a current of 5-10 A until saturation is
obtained, since in this case, the dependence of the inductance on the rotor position is linear. Then, at the nominal rota-
tion speed, about 20—30 counts will be carried out, which gives a resolution of 0.5—1°. Thus, the use of the main current
pulse at high rotation speeds provides by an order of magnitude higher accuracy in estimating the rotor position (in
comparison to the use of test pulses).
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In the process of start-up and acceleration of the generator, the application of test pulses fed to the inoperative
phase gives a more accurate estimate of the rotor position, therefore, a joint use of both methods is required in the con-
trol system.

Mathematical model of a switched reluctance electric machine. To evaluate the correctness of the devel-
oped control principle of a high-speed switched reluctance EM, a mathematical model (MM) was developed including
models of the investigated EM, electric power converter, and control system. When compiling the model, assumptions
were made that consider features of the problem being solved [5—8]. The basic ones are as follows: phases of the EM in
point have magnetic circuits that are not magnetically interconnected, therefore, the processes in them are considered
independently.

Under the assumptions made, the electromagnetic processes in the phase of this EM are described by the equa-
tion [1-4]:

d¥ 1123

b Uripz—1ri123 (‘I’fl,z,3aY;~oz)Rf1,2,3 , (1)

where Wyi25, Urio3 1 Ry 25 are flux linkage, voltage and phase resistance; /15 3 (‘P f 1’2’3,ym,) is the phase current

determined depending on the magnitude of the phase flux linkage and rotor position.
For the EM under consideration, the real resistance and the dependence of the phase flux linkage on the current
flowing through it and the position of the movable element were determined.

The processes in the DC link under the made assumptions are described by the following equations:

dIO = 1 (EO_ROIO_UC);
dt Ly )
U —-1(1 Iy +142)) *
dt _C 0 dl d2))

where Ey, Ly, Ry are EMF, inductance and real resistance of a direct current link; C, U are capacitance in the DC link at
the input of the converter and the voltage on it.

The voltage at the phases is formed in such a way as to provide the creation of a current pulse of a given mag-
nitude and length. According to the made assumptions, the magnitude of the voltage applied to the phase is determined
under the following conditions:

AI AI Al dly
U.,ecrml, e|0,I, ——| viIge|l,—,1, +— |A——>0;
¢ ! [ m 2{ 5 [m 2 2} dt

m

d
Uf= O,CCJII/IIfe Im—%,l +%}/\7<0; 3)
“Ug,ecrnlp =0AT,>0.

Here, I,, is the amplitude of the generated phase current pulse; A/ is the width of the current corridor.

The length and phase of the current pulse of a rectangular shape with a given amplitude is determined by the
initial and final angles 00 and a1 counted from the coordinated position of the phase.

The currents consumed by the phases from the DC link, when using the principle of switching power semicon-

ductor devices, are determined by the expression:
L1053 =s1gn(Ur123) 1123, 4)
where sign(U 1 53) — is the phase voltage sign selection function

The equations (1) and (2) considering the expressions (3) and (4), are MM describing the processes in the
switched reluctance EM under consideration. It was applied to simulate processes in EM using a sensorless control al-
gorithm. In the calculations, in addition to the indicated parameters and characteristics of the EM, the following values
were used: the real resistance and inductance in the DC link are taken equal to Ry = 0.1 Ohm; Ly = 0.001 H; DC link
condenser capacitance C = 5000 puF; EMF of the DC link E, = 595 V.

Research Results. To study the considered options for sensorless determination of the position of a high-speed
switched reluctance generator rotor, the mode of operation with a nominal speed is of main interest. In this mode, the

EM is controlled under the single-pulse mode. The moments of turning on and off the power keys are determined de-
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pending on the position of the rotor. The condition for the most efficient energy transfer by the working phase is the
current of a given magnitude in the phase by the time the rotor is in the position corresponding to the start of the genera-
tion interval of this phase (see Fig. 1). For this, a positive voltage pulse is applied to the phase with a certain lead: both
power switches are closed (for example, for phases 4, S1 and S2). After the rotor takes the position corresponding to the
generation process onset, the power switches are turned off, and the generation process starts. To limit the uncontrolled
increase in current when it reaches the set value, one of the switches opens, and a phase short circuit is formed through
a closed power switch and a diode.

Fig. 3 presents the results of simulating the electromagnetic processes in the switched reluctance generator at a
nominal speed.

yv v T L, mH
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75k ]
250 ¥
o 5t
- 250 ¢
25k
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a) b)
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Fig. 3. Results of mathematical simulation of processes in switched reluctance generator at nominal speed:
a) voltage; b) inductance; ¢) current; d) electromagnetic torque

The excitation pulse parameters are calculated so that by the generation process onset, the phase current reach-
es a predetermined value of 100 A. In this case, there is no pause between the excitation pulse and the start of genera-
tion, during which the phase is under the short-circuit condition. Fig. 3 shows the dependences of the voltage, current,
and inductance of the phase, as well as the electromagnetic moment it develops.

As follows from the above description of the control principle, in a single-pulse mode, the generation process
is uncontrollable, and the EM is regulated by the excitation pulse parameter variation. The moments of its start-up and
end depend on the position of the rotor. Therefore, the accuracy of determining the position is important for the efficient
operation of EM [9, 10]. If the excitation pulse is fed ahead of time, it shifts towards a decrease in the phase inductance,
its current rises with a higher intensity, and the phase switches to the short circuit mode. The pause between the end of
the excitation pulse and the generation process onset depends on the discrepancy between the calculated and actual po-
sition of the rotor and can be used to correct the estimate of the rotor position.

If the excitation pulse is delayed relative to the calculated moment of time, it is shifted toward a higher induct-
ance, and its length is not enough to increase the current to a predetermined value. Therefore, a decrease in the current
magnitude at the end of the excitation pulse is a sign that the rotor position is implemented to be behind the actual val-
ue. Fig. 4 shows the dependences of the phase current for cases of coincidence, lead, and lag of the estimate of the rotor
position from its actual value.
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Fig. 4. Dependences of the current phase of switched reluctance EM for cases of coincidence, lead and lag estimates of rotor position

Comparison of the curves obtained specifies the following feature. The phase current curve under the genera-
tion mode has a knee point corresponding to the maximum phase inductance. In the case of a constant phase current
(see Fig. 2), it corresponds to the coordinated position of the stator and rotor teeth. With a decrease in current during the
rotor movement, the saturation of the magnetic system decreases, and the position of the maximum inductance of the
phase shifts toward wide angles. This effect has a peculiarity: the position of the knee point of the current curve does
not depend on the time of the excitation pulse feed, and will be determined only by the value of the current at the gener-
ation process onset. This feature can also be used to refine the position of the switched reluctance EM rotor when oper-
ating under the single-pulse mode.

The application of the described information features requires control of the current, its first and second deriva-
tives. When using common types of the A-to-D converters (ADC), the measurement error will reach 5—10%. Therefore,
to filter the current signal in the control system of a high-speed switched reluctance generator, a third-order Kalman
filter is proposed, using a phase current model based on the equation:

&)
1,=const
Fig. 5 shows the analysis results of processes in a switched reluctance EM using a sensorless control that im-

plements the principles for determining the rotor position described above.
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Fig. 5. Correction of rotor position estimation under single-pulse mode of switched reluctance EM operation

The calculations were carried out under the following conditions. The EM rotates at nominal speed. The exci-
tation pulse has the same parameters as for the case considered earlier. The stator phase currents are measured by the
ADC with a conversion time of 5 us and have an error of 10% normally distributed. At the initial moment, the estima-
tion of the rotor position differs from the real one by 10 degrees. The correction of rotor position estimation is present-
ed. The end-point analysis showed the efficiency of the proposed technique for filtering the phase current measurement
results and the applicability of the identified information signs to correct the of the rotor position estimate under a sin-
gle-pulse operation mode of the switched reluctance EM.

Discussion and Conclusions. The end-point analysis affords to draw a number of conclusions. A switched re-
luctance generator designed to operate in conjunction with a steam microturbine is controlled without a rotor position
sensor using the appropriate algorithm. There is an unambiguous relationship between the rotor position and the stator

phase inductance, therefore all methods of sensorless determination of the rotor position are based on an indirect meas-
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urement of the phase inductance. At high speeds without a rotor position sensor, it is irrational to apply approaches
based on feeding a series of test pulses to the idle phase, since the resolution of this method is insufficient for effective
control of the generator. In this case, it is rational to control the parameters of the main current pulse.

Under the generation mode, the switched reluctance EM is controlled through the feed time variation and the
length of the voltage pulse (excitation pulse), which generates current in the EM phase at the generation process onset.
The instant of feed and the length of the excitation pulse are determined by the position of the rotor; therefore, an effec-
tive control of the generation process is possible only with an accurate estimation of the rotor position. To correct the
rotor position estimate, the following information signs can be applied:

— the presence of a pause between the excitation pulse and the generation process onset (the estimate is ahead
of the actual rotor position);

— the decrease in current by the time the generation starts (the estimate lags behind the actual rotor position).

To refine the estimate, the following fact can be used: on the generation interval, the current curve knee corre-
sponding to the maximum phase inductance is observed at the same rotor position.

Application of these information signs provides creation of an effective algorithm for determining the rotor po-

sition in a high-speed switched reluctance generator without a physical sensor.
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