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tions, the general analysis of which was carried out

INTRODUCTION in [1-3].
Budeanu power theory is based on the decompo-
Asynchronous motors with thyristor, triac and tran-  sition of non-sinusoidal voltage and current into

sistor power converters can be used to regulate the harmonic components, with reactive power equal to
speed of turbomechanisms, such as pumps for 13 13

pumping water to the upper floors of high-rise 0= Z(Usklsk singy) = jz( 152k Xg), (1)
buildings. Frequency converters can also be used, ko1 1

but, compared to voltage converters, their price is 2-

25 times higher and they are significantly more where Uy, is the effective value of the kth harmonic
difficult to operate. of the stator voltage; Iy is the effective value of the

The control of pump speed at variable demand  kth harmonic of the stator current; ¢y is the shift
for water allows to reduce losses of the electric
power up to 30%. The second stage of reducing
power losses is to compensate for reactive power
using capacitors, but to select them, it is necessary to
develop a method for calculating the reactive power
of an induction motor depending on the control
parameter of the semiconductor converter. There-
fore, the task of compiling such a technique is rele-
vant.

It is obvious that in the case of non-sinusoidal
power supply of an induction motor, the reactive
power can be determined only by computer simula-
tion. Before modeling, it is necessary to consider
theories of reactive power for non-sinusoidal condi-

angle between the harmonics of voltage and current;
Xg =0 - Lg is the inductive resistance of the stator

winding for the kth harmonics. Budeanu theory was
further developed, for example, in [4-11]. In par-
ticular, in [12, 13] this theory was used for the case
of a single-phase voltage converter.

Fryze power theory is based on the decomposi-
tion of non-sinusoidal current into active and reac-
tive components. The values of the current compo-
nents are determined on the basis of the thermal
action of the non-sinusoidal current, i.e., the heat
generated in the power circuit by the total current is
equal to the sum of the heat from its components.
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Since heat is proportional to the square of the cur-
rent, the square of the effective value of the total

current is equal to Itz :I§+I,2 , where I, I, are

effective current values of active and reactive com-
ponents of non-sinusoidal current. Then the reactive
power of the motor, with consideration to its equiv-
alent circuit, is equal to

QL =(xp +x6)I7, )

where xy, x; are values of inductive resistance to

(e
magnetization and dissipation in the equivalent
circuit of an induction motor, which are specified in
reference books or in technical data sheets for mo-
tors.

From the analysis of the theories, it follows that
the calculation of reactive power in terms of time, in
comparison with Budeanu theory, it is advisable to
carry out using Fryze power theory, which is obvi-
ous from equations (1) and (2).

Fryze power theory was further developed in the
works of Ukrainian [14-18] foreign specialists [19-
22] and, but without proposing practical methods
for its application. Moreover, in [19], it is noted that
the fundamental disadvantage of Fryze power theo-
ry is the impossibility of decomposition of the in-
stantaneous nonsinusoidal current into active and
reactive components.

Thus, to calculate the reactive power using Fryze
power theory, it is necessary to substantiate the
method of isolating the reactive component of non-
sinusoidal current and work out an formula for its
calculation.

The purpose of the study is to work out an ex-
pression for calculating the reactive power of induc-
tion motors depending on the control parameters of
semiconductor converters. The task is to decompose
non-sinusoidal current into active and reactive
components by computer simulation.

TECHNIQUE FOR DETERMINING
THE REACTIVE POWER OF
INDUCTION MOTORS

The goal set is solved in two stages:

1) making a computer model of the motor with a
semiconductor voltage converter;

2) conducting research of the dependence of the
reactive current on control parameters of the
converter using the computer model.

As a model of an induction motor, it is advisable
to use the classic L-shaped circuit, the parameters of
which are determined from reference data, in par-
ticular, the active resistance in the magnetic circuit
is calculated through the power factor of idle speed.
To isolate the reactive component from the total
current, we make a model (Fig. 1).
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Figure 1. Model of asynchronous electric drive with de-
composition of converter current components

The model contains a voltage source U with a
voltage converter UV, to the output of which a di-
ode VD1 is connected to select a positive half-wave
voltage. At the input of the equivalent circuit, the
reverse-biased diode VD2 is placed to select the
reactive current component. The model includes
ammeters for measuring the instantaneous values of
active |, reactive |, and total I; currents.

The selection of the reactive component of the
current is as follows. When the positive half-wave
voltage from the converter reaches zero, the diode
VD1 is switched off, i.e., the equivalent circuit is
disconnected from the converter. At the same time,
the diode VD2 is switched on because the positive
charge from the self-induction EMF of the equiva-
lent circuit appears on its anode and the current
from the magnetic field energy flows through it.
Since the current source is the EMF of self-induction
and the current does not return to the voltage
source, it is called a reactive current. Hereinafter,
this process will be illustrated in detail using cur-
rent oscillograph records obtained during the exper-
iment.

The method of determining the reactive current
consists of two steps:

1) calculating the dependence of the total current
on the control parameter of the converter;

2) determining the reactive component of the to-
tal current.

For practical purposes, these dependences must
be “tied up” to the basic parameter of the motor,
which is specified in manuals or technical data
sheets of sinusoidal motors. As a basic parameter, it
is advisable to take the nominal value of the idle
current, in view of the following considerations.

The idle current (by 93-97%) is reactive and, as
can be seen in the L-shaped circuit (Fig. 1), the cur-
rent of the magnetizing branch Ry— Xy depends
only on the control parameter of the converter. The
operating current also depends on the resistance
Ry /S, which simulates the mechanical load on the
rotor shaft, where S is the motor slip. To take into
account the reactive dissipated current, it is necessary
to perform simulations at the nominal motor slip.
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Further, it is necessary to take generalizing pa-
rameters that do not depend on engine power and
combine them in the expression with the basic pa-
rameter. As generalizing parameters, we accept:

1) current transfer ratio of the converter K;, as
the ratio of the idle current ljy of the motor
when powered from the converter to the rated
idle current Iy of the sinusoidal power sup-

ply;
2) reactive current ratio K,, as the ratio of the

reactive component I, to the total motor cur-
rent when powered by the converter.

Next, using computer simulation, we determine
the dependences of K; and K, on the control pa-

rameters of the converter, followed by their approx-
imation by the method of least squares. After de-
termining the specified ratios, the expression for
calculating the reactive power for a given average
value of the control parameter has the form

QL = (xp +x6) K¢ Ky Iy - 3

Thus, expression (3) combines the idle current of
the motor with sinusoidal power supply and the
coefficients, which depend on the control parame-
ters of the voltage converters, i.e., the firing angle of
the thyristors in case of phase triggering or the rela-
tive conductivity interval of the transistors in case of
pulse-width control. As an example of the use of
expression (3), we calculate the reactive power for
an induction motor with a thyristor power control-
ler (TPC). The equation of electrical equilibrium of
the equivalent circuit on the conduction interval of
the thyristor has the form

di

Uy, sin(ot + o) =Ry, + L. Pt

“)

where a is the firing angle of the TPC; R, Lg. is

Sc
the active resistance and inductance of the equiva-
lent circuit.

The instantaneous value of the total current, as
the sum of the periodic and aperiodic components
of the transient process of connecting the equivalent
circuit to the source of sinusoidal voltage, with the
trigger phase equal to the firing angle, has the fol-
lowing form

i= U?m[sin(mt — ¢) —sin(o.—¢)-e~(@-w)tgé] )

where Z = «QREC +(o)Lsc)2 is the impedance module

of the equivalent circuit; ¢ =arctg(owly./Ry;) is the

angle of shift of the current graph from the voltage
graph at sinusoidal power supply.
In expression (5) the value Up,/Z = ljqs is the

range of the rated value of the total idle current at

sinusoidal power supply. So, the effective value of
expression (5) is obtained by using integration on
the conduction interval of the thyristor, which can
be represented as IiBVC =Kpyeliy , where Ky is
the current transfer coefficient of the TPC, which is
equal to the expression in square brackets of formu-
la (5). For clarity of determining Kp,c, we will con-

struct the graph of instantaneous total current for
expression (5) (Fig. 2). On the graph, the following
values are marked: o, B, A, are respectively: firing
angle, extinction angle and conduction angle of the
thyristor, i, is the aperiodic current component, i,

is the periodic current component, i; is the graph of
the transient current based on equation (5).
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Figure 2. Graphs of the components of the transient cur-
rent in the thyristor conductivity range

After performing the corresponding mathemati-
cal operations with expression (5), to determine the
effective value of the current, we obtain the current
transfer ratio for the TPC:

sin2(o+ A —0) +sin 2(a—¢)
2 2

Krve ={i[7»— 1+

S Z2@0) g0 -c00 ctgsino-+ 1 — ) +
1+ctgd,

+cos(a+A —¢)]—ctgd-sin(a— ) —cos(o— ) }+

sin?(o.— ) —2)-Ctgd\L/2
ooty F L ©

In expression (6), the conduction angle, accord-
ing to Fig. 2, is equal to A =n—a+f, where B is the
unknown extinction angle of thyristors relative to
the trailing edge of the voltage sinusoid. Its depend-
ence on the firing angle is obtained by simulation
followed by approximation by an analytical formula.

To determine the extinction angle of the thyristor,
we make a model of the software package SimPow-
erSystem (Fig. 3), which works as follows.
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Figure 3. Model for determining the extinction angle of
the thyristor

Trigger pulses for thyristors form the Pulse Gen-
erator block, thus the size of the firing angle is set by
duration of the phase delay (Phase Delay) of the
generator (Pulse Generator). To control the reaching
of the zero value of the current by the trailing edge,
the Hit Crossing block is used. At the same moment,
it generates a trigger pulse to run the Triggered
Subsystem block with the Simout block, to input the
current time to the Workspace block. The current
time is counted down by the Clock block. Meas-
urement of the extinction angle of the thyristors
occurs when the trailing edge reaches the zero value
of the current, i.e. B=t-0.01 s.

It is worth noting that the library of the package
SimPowerSystam has a block model of an induction
motor, based on differential equations. However, as
subsequent computer experiments have shown,
after the transition process is completed, voltage
and current waveforms are identical to those of the
model with the equivalent circuit. The latter is con-
venient because it immediately achieves a steady
state and requires less time for modeling, which is
important for a significant number of experiments.

As a result of modeling, the dependence
B=f(a) is received, with its subsequent approxi-

mation by the method of least squares
B=0.915-1—-0.916-0. = 2.875—-0.916-a. ()

Thus, the value of the current transfer ratio for
the TPC at a given firing angle of the thyristors is
determined by the substitution (7) in (6). We pro-
ceed to determining the reactive current coefficient
by simulation. The scheme of the model is shown in
Fig. 4. Fig. 5 shows the voltage waveforms and cur-
rent components obtained using the model.

As can be seen from the oscillogram in Fig. 5b,
the current flows through the reverse-biased diode
during the interval of zero voltage from the con-
verter, i.e., the current source is the self-induction
EMF from the inductance of the equivalent circuit,
therefore, it is the reactive current. The oscillogram
in Fig. 5c shows that the current from the converter
coincides in phase with the voltage, therefore, it is
the active current.
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Figure 4. Model for determining the reactive current of an
asynchronous electric drive with a TPC

Thus, the model can help obtain the dependence
of the reactive component of the current on the fir-
ing angle of the thyristors.
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Figure 5. Voltage waveforms and current components:
(a) - stator winding voltage; (b) - reverse-biased diode
current (reactive); (c) - mains current (active); (d) - total
idle current

To verify the generality of the coefficients K
and K, simulation was performed for three engine

powers: 3.5 kW; 7.5 kW; 11 kW, which are used in
electric drives of water pumps and fans. The results
of calculating the coefficients K; and K, showed

their practical independence from engine power. As
a result of the approximation of the dependence
K; = f(a) by the method of least squares, the for-

mula for determining the reactive current coefficient
of an asynchronous electric drive with TPC has been
obtained

Ky =0.675+0.1cL. )

Thus, to calculate the reactive power of an induc-
tion motor with TPC, values (6) and (8) are substi-
tuted into equation (3), which is used to calculate
the capacity of the compensating capacitors. It can
also be calculated through the equality of the effec-
tive values of the reactive energies of the stator
winding and capacitors, i.e.,
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W =LIZ, We =CUfc, )
where |, is the effective value of the reactive cur-
rent, determined by the formula I, = Kpc (0.675+

+0.1a) 13} ; Upyc is the output voltage of the TPC,
determined by the formula

U = Um \/ _sin2(a+) | sin2a
TvC an 2 2
If the firing angle of the TPC changes within a
certain range, then all equations should take its av-
erage value. The output voltage of the TPC can also

be determined similarly to the reactive current, i.e.,
through K, because the current is generated by the

(10)

output voltage.

Similar calculations can be performed for the
case of powering induction motors by a transistor
voltage converter with pulse-width modulation.

CONCLUSIONS

A technique for determining the reactive power of
induction motors when powered by semiconductor
converters is developed. The implementation of the
technique resulted in the following. The depend-
ences of the total current and its reactive component
on the control parameter of the converter are deter-
mined by computer simulation with their subse-

quent approximation by the method of least squares.

The square of the reactive current is multiplied by
the sum of the inductive resistances of the magneti-
zation and scattering of the replacement circuit of
the induction motor.

As an example of using the technique, the calcu-
lation of reactive power for an induction motor with
a thyristor power converter is performed. Similarly,
it is possible to obtain empirical formulas for tran-
sistor power converters with pulse-width modula-
tion.

The scientific novelty of the results is in the fur-
ther development of Fryze power theory in the di-
rection of decomposition of non-sinusoidal current
components in electric circuits with nonlinear load-
ing, using computer models and a reverse-biased
diode.
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IepersoproBatiaM HallIpyIrmn

IOris Kosastbosa, BikTop KoBatkos, Ipuna IllepOax

Amorarlis. MeToro cTaTTi € OTpMMaHHS CIIIBBiTHOIIEHHs IJIs1 BU3HaUeHHs peaKTMBHOI OTYXHOCTI aCMHXPOHHMX JIBV-
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OTPVIMAHO BUpa3 /I PO3PaxyHKy peaKTVBHOI IOTYXXKHOCTI, SIKMV BpaxXoBye€ HOMIHaJIBHMVI CTPyM HepoOOdOoro Xomy
IOBUTYHa IIPY CMHYCOITHOMY JXVBJIeHHi Ta THUII IIepeTBOpIoBaya 3a paXyHOK yBeIeHVIX CIlellialTbHmx KoedirtierTis. Ynic-
JIOBi 3HaYeHHsI OCTaHHIX B 3aJI&KHOCTI Bill ITapaMeTpy KepyBaHHS OTPVMYIOTBCS Ha KOMII'TOTEPHIMX MOJIeIsIX 3 1x Iofa-
JIBIIIOIO aITpOKCVMAlliero. Y sKocTi HaykoBoi HOBV3HM, Habysla MOAaIbIIIOr0 PO3BUTKY Teopis moTyxHocTi Ppuse B Ha-
IIPSIMKY IeKOMIIO3MIII CKJIafOBMX HECHMHYCOITHOTO CTPYMY 3 BMKOPVICTAHHSIM KOMIT IoTepHMX Mopesten. [lpaxTidana
3HA4VMICTb IIOJIATa€ B OTPVMaHHI BUpa3y Il BU3HAYeHHs peaKTMBHOI IIOTy>KHOCTI aCMHXPOHHOI'O eJIeKTPOITpBOza 3
TUPVICTOPHUM IlepeTBOpIoBadeM HalIpyTV, Ha OCHOBi SKOTO pO3PaXOBYEThCS €MHICTh KOMIIEHCYIOUMX KOHJIeHCaTopiB
U1 TIBVIIIEHHS 1I0TO eHeproedeKTMBHOCTI.

K1r0490Bi c/10Ba: acMHXPOHHWV ABUTYH, HaIliBITPOBITHVKOBUVI ITePeTBOPIOBaY, PeaKTVBHA IIOTYKHICTb.
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