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RESONANT PROCESSES IN STARTING MODES OF SYNCHRONOUS MOTORS
WITH CAPACITORS IN THE EXCITATION WINDINGS CIRCUIT

Purpose. Development of a mathematical model that enables to detect resonance modes during asynchronous startup of salient-
pole synchronous motors, in which capacitors are switched on to increase the electromagnetic moment in the circuit of the
excitation winding. Methodology. The asynchronous mode is described by a system of differential equations of the electric
equilibrium of motor circuits written in orthogonal coordinate axes. The basis of the developed algorithm is the mathematical
model of the high-level adequacy motor and the projection method for solving the boundary value problem for the equations of
the electric equilibrium of the circuits written in orthogonal coordinate axes, taking into account the presence of capacitors in the
excitation winding. The coefficients of differential equations are the differential inductances of the motor circuits, which are
determined on the basis of the calculation of its magnetic circuit. As a result of the asymmetry of the rotor windings in the
asynchronous mode, the current coupling and currents change according to the periodic law. The problem of its definition is
solved as a boundary one. Results. A mathematical model for studying the asynchronous characteristics of synchronous motors
with capacitors in an excitation winding is developed, by means of which it is possible to investigate the influence of the size of the
capacity on the motor's starting properties and the resonance processes which may arise in this case. Scientific novelty. The
developed method of mathematical modeling is based on a fundamentally new mathematical basis for the calculation of
stationary dynamic modes of nonlinear electromagnetic circuits, which enables to obtain periodic coordinate dependencies,
without resorting to the calculation of the transients. The basis of the developed algorithm is based on the approximation of state
variables by cubic splines, the projection method of decomposition for the boundary value problems of the calculation of the
established periodic modes and the differential method of calculating static characteristics. Practical value. Using the developed
algorithm of calculation it is possible to determine the required capacitances of the capacitors in the excitation winding to start
the synchronous motor and to investigate the possibility of occurrence of the resonance at startup with the selected capacitance
value of the capacitors by calculating the static characteristics as a sequence of asynchronous modes. References 8, figures 2.
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Paccmampueaemcs npoénema 803HUKHOBEHUS PE30OHAHCA 80 6PeMs ACUHXPOHHOZ0 NYCKA SAGHONOJIIOCHBIX CUHXPOHHBIX
oguzameneii, 6 KOMOPbLIX 07 NOGLIWEHUS INEKMPOMACHUMHO20 MOMEHMA 6 Uenb O0OMOMKU 8030YHCOeHUs 6KAIOUEHbL
Kondencamopol. /[ pacuema RYCKOGbIX CHIAMUYECKUX XAPAKMEPUCHUK U UCCIE006aHUs GIUSHUS GEAUYUHbI EMKOCHIU
KOHOeHCcamopoe Ha npomeKanue NycKa 0euzamess, 6 YACMHOCHU NOAGIEHUA PE30OHAHCA, UCRONb3YEMCA MAMEMAMUUECKas
MOOenb CUHXPOHHO20 08U2ameNsi AGHONONIIOCHOU KOHCMPYKUUU 8bICOKO20 YPOBHA A0EKE6AMHOCHU, 6 KOMOPOU yuumsléaemcs
HacvleHue MAazHUMONPo6ooa. ACUHXPOHHGIIL — pe)dcum  ORUCLIBGACMC  CUCHIEMOU  Oughpepenyuanvuvix  ypasHenuil
IEKMPUYECKO20 PAGHOGECUSl, COCIAGICHHOI 8 OPNOZOHATILHBIX KOOPOUHAMHBIX OCAX C YYEMOM HATUYUA KOHOEHCAMOpOs 6
oOmomke 6030yxcoenun. IneKmpomazHumHsle NAPAmMempsl KOHMYPOE ONPeOenAIOMcs Nymem pacuema pa3eemeneHHou cxemol
3ameenus MazHumHoil yenu oguzamens. B ocnogy paspabomannozo anzopumma nonoxicen 0CHOGANHLIIL HA ANRPOKCUMAWUU
KyOuuecKuMu CRaaunamu RPOEKUUOHHbBLIL Memoo pewienus Kpaegvlx 3a0au paciema yCMmaHosUGUIUXCA RePUOOUUECKUX
pexcumos u oughgpepeHyUabHLII Memoo pacuema cmamuieckux xapakmepucmuk. buon. 8, puc. 2.

Kniouesvie cnosa: sBHONOMIOCHWIA CHHXPOHHBII IBUTaTeIb, KOHIEHCATOPHI, 00MOTKA BO30Y:K/I€HHUsI, Pe30HAHC, CTATHYECKHE
XapaKTePUCTHKH.

Introduction. Despite the higher cost and
complexity comparing with induction motors in

nominal voltage. For asynchronous start-up, copper or
brass rods are inserted into each pole of a salient-pole

manufacturing, synchronous motors are used in electric
drives of high power, especially where low rotation
speeds are required. The problem of starting synchronous
motors, which operate in powerful electric drives, is one
of the main. Its essence is to provide the necessary
starting torque, which is conditioned by the operating
conditions of the drive. They are made primarily with
salient poles, which have an excitation winding. To access
the synchronous mode, the rotor of the motor must be
accelerated to close to the synchronous speed of rotation,
after which to apply to the winding excitation DC, the
rotor will become an electromagnet and will enter into
synchronism.

Among the known methods of starting, most often
used asynchronous start, as simple and reliable, which is
carried out through direct switching to a network with a

synchronous motor (SSM), which are connected from the
ends with short-circuiting rings. As a result, we obtain a
starting winding, which is analogous to the short-circuit
winding of the rotor of the induction motor, and allows to
accelerate the motor to a sub-synchronous speed. This
winding simultaneously acts as a damper and eliminates
random oscillations. Since there are no rods in the
interpolar gap, it is asymmetric, as a result of which the
distribution of magnetic flux density in the air gap differs
from the sinusoidal one, and the electromagnetic torque in
the stable asynchronous mode has constant and variable
components. In addition, the saturation of the magnetic
circuit affects the processes in the SSM.

During the induction start the excitation winding is
usually short-circuit on resistive resistance value of
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5-10 Q, and it almost does not participate in the creation
of electromagnetic torque. Nevertheless, in case of
starting of SSM under load the electromagnetic torque
which is created by starting winding of the rotor in
asynchronous mode, is insufficient for the successful
startup, so they use various means to improve it. One of
the ways to solve the problem is to use the excitation
winding. However, it has a large inductance, and
therefore alternating current that takes place in it in the
starting mode is inductive and can not create significant
additional torque. To compensate inductive reactance of
the excitation winding is possible by sequentially
switching capacitors [6, 7], but SSM start with capacitors
in the excitation winding requires thorough research as an
unfortunate choice of their capacitance values can lower
starting electromagnetic torque [2, 5]. Also, having
capacitors in excitation winding can cause effects of
voltages resonance, which is dangerous for winding and
for the motor as a whole due to resonance caused
unacceptably high currents and electromagnetic torque.
So the problem of the study of the processes that arise in
synchronous electric drives in the case of the connection
of capacitors in the winding of excitation is of great
practical importance.

The method of increasing the  starting
electromagnetic torque by means of connection in the
excitation winding of the SSM capacitors known in the
literature for a long time, but the problem of mathematical
modeling of processes, which accompany their
asynchronous start, remains unresolved so far. This is
mainly due to the fact that the study of processes
occurring under such a start-up method was carried out on
simplified mathematical models based on the classical
equivalent circuits of the motor [6, 7], which a priori
requires experimental verification. However, experiments
on high-power SSM are too expensive, and some of them
can not be implemented for technical reasons.
Clarification of the calculations on the basis of the use of
chain multi-circuit equivalent circuits [1] is not universal,
since it is tied to a specific electric drive, and therefore
does not solve the problem of the adequacy of the
calculation results. Therefore, the methods of analysis,
which are based on both the classical and advanced
equivalent circuits of the IM, do not provide the reliability
of the parameters in the dynamic modes, and the errors in
the parameters can lead to incorrect results.

As is known, the condition of resonance is
determined by the parameters of the electric circuit, in
particular, the excitation winding, which does not work
isolated, but in the system of complex electromagnetic
connections with other circuits of the motor, which carry
out reciprocal displacement. Therefore, the problem of
selecting the capacitance of the start capacitors for
connection to the excitation winding requires the
calculation of these parameters with high reliability,
which can be realized only with the use of advanced
mathematical models of the SSM, which ensure the high
reliability of the results of the mathematical experiment,

regardless of the type of motor, its dimensions and
parameters.

The goal of the work is the development of a
mathematical model that makes it possible to detect and
investigate resonance modes during the start-up of SSM
with capacitors in the excitation winding circuit.

Algorithm of the problem solution. Let us consider
the SSM which stator winding is powered by a three-
phase network, a starting winding and an excitation
winding are placed on the rotor, which at the time of an
asynchronous start is shortened to capacitors. The
processes are considered in the coordinate axes d, ¢, and
the actual winding of the rotor is equivalented by two
circuits according using the generally accepted technique.
As a result, the electric circuit of the SSM has three
contours (d, f, D) along the longitudinal axis and two (g,
Q) along the transverse one, between which there are
interinductive connections due to the saturation of the
magnetic core.

The electromagnetic processes in the SSM in the
case of shortening of the single-phase excitation winding
on capacitors of capacitance C are described by a
nonlinear system of differential equations (DE) of the

electromagnetic equilibrium of the circuits, which
describes the asynchronous mode in the axes d, ¢
dy .
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there by the indexes D and Q values concerning
equivalent circuits of the starting winding are indicated;
Wa, We VD> Vo, Wp 1as 1q ip, I, iy are the flux linkages and
currents of the equivalent circuits; s = (wg — ) / wy;
w,, @ are the voltage of the feeding voltage of the stator
winding and the angular frequency (s) of the rotor
rotation; u~U,,sin8, u,~U,cos0, 0 is the angle of rotor
runoff, U, is the amplitude value of the stator phase
voltage, u; is the voltage on the capacitor in the excitation
winding circuit.

As a result of the periodic change of the angle 6 in
the asynchronous mode of the SSM with the sliding of the
rotor s = 59 flux linkages, currents, voltage on the
capacitors of the excitation winding vary according to the
periodic law with the period

T, =2x/(swy).

Thus, the problem of calculating the stationary mode
with constant sliding is to determine these periodic
dependencies. As is well known [3, 8], it can be solved
with a minimum computational volume by solving a
boundary value problem with periodic boundary
conditions.
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In order to reduce the description of the calculation
algorithm for the periodic dependencies of the coordinates
of the regime on the period T, we write the system of DE
(1) by one vector equation

55
——=z\x, y,u), 2
ok U (2)

where the corresponding vectors have the following
content:
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Having made the approximation of the coordinates
of equation (2), which describes the stable asynchronous
mode of SSM, on the mesh of n+1 nodes of the period 7,
by the splines of the third order in accordance with [3]
with the step & = T, /n = 2w(swon), we obtain an
algebraic analogue of DE (2) of the m=6th order in the
form of a nonlinear algebraic equation of the nm-th order

HY-DZ =0, 3)
2 = (zl,...,zn )*; H, D are the
transition matrices from continuous change of coordinates
to their discrete (nodal) values whose elements are
determined by the approximation of periodic coordinates
of the coordinates by cubic splines [3].

The algebraic equation (3) is a discrete analogue of

the nonlinear system of DE (2). Its solution is the value of
the vector

* .

where ; = (J/1s-~->yn) >

—
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The system (3) includes coordinate values that
correspond to fixed values of the time coordinate ¢ in the
nodes of the period, the relationships between which at
each time point are nonlinear. To solve a nonlinear
algebraic system (3), the method of extension by
parameter in conjunction with the iterative Newton
method is applied. The driving force (perturbation) in
equation (3) is the vector E:(ul,...,un)*of discrete
values of the applied voltages, where

u; =(V2Using;,\2U cosd;,0,0,0,0)

increasing which from zero to a given value, we obtain

the values of vectors ¥ and X which correspond to the
specified value of sliding s = s,

Investigation of the effect of the value of capacitors’
capacitance C on the asynchronous mode is carried out by
the differential method. For this, system (3) is
differentiated by C. As a result, we obtain the DE of the
argument C of the form

wlX _py o
oC
where W is the Jacobi matrix of the system (3).

To obtain the multidimensional static characteristic
as the dependence of the nodal values of the coordinates
of the mode of operation of the SSM on C, the system of
DE (4) must be integrated by the numerical method [3, 8].
At each step of the integration the derivative vector

6}/ 0C is determined by solving the equation (4), which

makes it possible to reduce it by the numerical method to
the Cauchy form. Elements of the blocks of the Jacobi
matrix are the differential inductive resistances of the
motor's circuits, which are determined by calculating the
magnetic circuit of the SSM in accordance with the
accepted model [8]. The basis of their calculation is the
determination of the magnetic field curve in the air gap of
the motor by the methods of the theory of circuits, which
enables to determine the flux linkages of the circuits that
enter to the vector of discrepancies and depend on the set
of currents of all motor’s circuits.

Examples of the results obtained by calculations based
on the above-described algorithm of periodic processes in
the stable asynchronous mode and static characteristics
provided that the excitation winding is shortened on the
capacitors for the motor CIIH3-2-19-49-24 (P = 1600 kW,
U =600V, =180 A; I, =230 A; 2p=24) are presented
in Fig 1,a,b and Fig. 2,a-f.

From presented in Fig. 1 dependencies of
electromagnetic torque and effective stator current value
on the capacitor’s capacitance in the excitation winding of
the SSM at sliding s = 1 it can be seen that when C =
= 50 pF the resonant mode occurs, resulting in the torque
becomes negative, the current value becomes
unacceptably large and the motor start becomes
impossible. However, the SSM has satisfactory starting
properties at capacitance values of capacitors C = 45 uF.
The multiplicity of the driving electromagnetic torque in
relation to the nominal value for such a capacity is
M’ = 3.48. Fig. 2 shows the periodic dependences of
electromagnetic torque, the voltage on the capacitor and
the excitation current at two values of capacitors’
capacitance: C =45 pF and C = 50 pF, which show that in
the case of resonance (C = 50 uF) capacitor voltage and
current excitation repeatedly exceed nominal values. In
addition, the excitation winding current in the absence of
resonance has a sharp third harmonic, which is absent in
the resonance mode.
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Fig. 1. Dependencies of the driving (s =1) electromagnetic torque (@) Tand effective stator current value (b)
on the capacitor’s capacitance value in the motor’s excitation winding: a) C = 50 pF, b) C =45 pF
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Fig. 2. Periodic dependencies of electromagnetic torque, voltage on the capacitor and excitation current at sliding
s =1 and two values of the capacitor’s capacitance in the excitation winding: C = 50 uF (a-c) and C = 45 uF (d-f)
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Conclusions.

1. By connecting capacitors in the excitation winding it
is possible to significantly increase the driving
electromagnetic torque of the SSM. However, the choice
of needed to improve the starting properties of the SSM
value of capacitors’ capacitances the behavior of the
motor in starting modes should be verified, because here
may be a resonance in the excitation winding which leads
to excessive growth of all circuits currents and the
negative value of starting torque, which by the absolute
value much exceeds the nominal value and the motor start
is impossible.

2. Investigations of the operation of the SSM with
capacitors in the excitation winding in asynchronous
mode with high adequacy are possible only based on a
complete DE system that describes the dynamic mode of
operation. This makes it possible to carry out a
multivariate analysis of the operation of the electric drive
in the starting modes by methods of mathematical
modeling.

3. The proposed algorithm and developed on its basis
computer code for calculation of steady modes and static
asynchronous characteristics of the SSM in the starting
mode, allowing you to investigate dynamic processes of
the motor start with different capacitors’ capacitance
values and identify a possibility of resonance phenomena
with the aim of preventing them. On the basis of the
calculation algorithm a mathematical model of the motor
of a high level of adequacy, which considers nonlinearity
of electromagnetic connections between circuits of the
SSM, distributed along the stator bore the character of
magnetic flux in the air gap, is assigned.
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