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STUDYING THE EFFECT OF AN ADDITIONAL ACTIVE RESISTANCE
IN THE FIELD WINDING CIRCUIT ON STARTING CHARACTERISTICS
OF SALIENT-POLE SYNCHRONOUS MOTORS

On the basis of the developed method for calculating steady-state asynchronous operation modes of salient-pole synchronous
motors, a procedure of mathematical modelling of the starting characteristics is proposed. The problem of calculating the
steady-state asynchronous mode is solved as a boundary value one for differential equations of motor circuit electrical
equilibrium. Algebraization of the system of differential equations is carried out by approximating the equations of state using
cubic spline functions on a grid of period nodes, taking into account the periodic law of variation of the coordinates. This
results in the changeover from continual values to nodal ones. The starting static characteristics are calculated using the
parameter continuation method. The study of the effect of the starting resistance value on the asynchronous characteristics of
the motor relied on a mathematical model of the motor taking into consideration real field circuits, saturation and asymmetry
of the magnetic path. References 10, figures 5.

Key words: salient-pole synchronous motor, asynchronous operation mode, starting resistance, static characteristics,
boundary value problem, spline approximation.

Ha ocnose paspabomannozo memooa pacuema ycMAaHOBUGUIUXCA ACUHXPOHHBIX PEHCUMO8 AGHONONIOCHBLIX CUHXPOHHBIX
oguzameneii nPeOIOHCEHA MEMOOUKA MAMEMAMUUECKOZ0 MOOCNUPOBAHUA NYCKOGLIX Xapakmepucmuk. 3adaua pacuema
CIMAUUOHAPHO20 ACUHXPOHHO20 DPENCUMA pPeulaemcsa KAaK Kpaeeas ona Oughgpepenyuanvhulx ypasHenuii 31eKmpuuecKozo
pasnosecus KOHmMypog oOeuzamenn. Anzeopausayus cucmemvl OughepeHUuanbHLIX YPAGHEHUI OCYW|ECIMEAECMCA HYyHeM
AnnpoKcuUMayuu ypagHeHuil cOCMOAHUA KyOUUeCKUMU CRNAUH-QYHKYUAMU HA CemKe Y3/106bIX MOYEK nepuood ¢ yuemom
nepuoou1ecKo20 3aK0Ha usmeHenuil Koopounam. B pesynsmame ocyuwiecmennemcs nepexoo om ux KOHMUHYANbHBIX 3HAYEHUIL
K y3106bim. Pacuem nyckogvix cmamuueckux XapaKmepucmuk 0Cyuiecmenemcs Memooom npooonyicenus no napamempy. /ns
UCCNIe008AHUS GNUAHUA BETUUUHBL NYCKOBO20 CONPOMUGNEHUA HA ACUHXPOHHbIE XAPAKMEPUCIMUKU 06Uzamens UCHOIb306AHO
MaAmemamu4eckylo mooens 0suzameis, ¢ KOMOpPO y4umoléaiomcs pedanbHvle KOHMYPbl RYCKOGOU 00MOMKU, HACbIUjeHUE U
Hecummempus mazhumonposooda. butn. 10, puc. 5.

Kniouesvle cnosa: SIBHOMOJMWCHBIA CHHXPOHHBIN JBUraTellb, aCHHXPOHHBII MYCK, IIyCKOBOE CONMPOTHBJIEHHE, CTATHYECKHE
XapaKTePUCTUKHU, KpaeBas 3a/1a4ya, anMpoKCUMAINS CIJIaifHAMM.

Introduction. The use of synchronous motors (SMs)
for high-power electric drives provides high technical and
economic indicators, but there is a problem of their start-
up [1-3]. SMs are manufactured mostly with salient poles,
on which an excitation winding is located. To access the
synchronous mode, it is necessary to accelerate the rotor
of the motor to close to the synchronous speed of rotation,
after which to supply direct current to the winding
excitation, causing the rotor to enter the synchronization
with the magnetic field of the stator winding.

The problem of starting synchronous motors, which
operate in powerful electric drives, is one of the main
[4-6]. This problem is especially relevant for those
synchronous electric drives, in which the start is carried
out under load. Its essence is to provide the necessary
starting torque, which is conditioned by the operating
conditions of the drive. In practice, there are various
methods of start-up and circuits that implement them,
which are characterized by disadvantages and advantages.
The choice of a particular method for solving the problem
of start-up requires effective in relation to the adequacy
methods for obtaining functional dependencies that would
enable to analyze both qualitative and quantitative aspects
of the dynamics of the starting process. They are the basis
for the development of starting systems [4], which ensure
the technological reliability of electrical equipment and its
cost-effectiveness for electricity consumption, which is
important for electric drives, which operate under
frequent start-ups.

As is known, the main method of starting a SM is
asynchronous start, which is carried out by its direct
switching on the nominal voltage, and the electromagnetic
torque develops due to the position of the starter winding
located at the poles of a salient rotor [2]. Generally, the
excitation winding is closed at the start time on a
discharge active resistance with a value that is (5-10)
times more than its own resistance ry; less frequently
short-circuit. The purpose of this resistance is to avoid
overvoltage in the excitation winding at the beginning of
the asynchronous start-up. The problem of the effect of an
additional starting resistance in the excitation winding on
the value of electromagnetic torque was generally not
considered or investigated using so simplified
mathematical models that reliable results are unlikely.

The electromagnetic torque, created in the
asynchronous mode by the starting winding of the SM
rotor, lacking for its start-up under the load, therefore
different techniques for its increase are used [5, 6]. For
example, one of ways to solve the problem of increase the
SM starting characteristics is serial connection of
capacitors to the excitation windings which compensate
its inductive resistance, but of the wrong choice of their
capacities can call result in the phenomena of the voltage
resonance or to decrease the starting electromagnet torque
instead of its increase [7]. These disadvantages are
enhanced by the way to improve the startup
characteristics by using active resistance in the excitation
winding [1]. However, the problem of completing an
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asynchronous start-up of SM, its excitation winding is
shorted to an active resistance, despite of its importance
for practice, is still not solved till now.

The problem of the reasonable choice of the value of
the additional resistance in the field winding can be
solved by the way of mathematical modeling, but it
requires utilization of the improved SM mathematical
models and the development of effective numerical
analysis techniques.

The goal of the paper is development of a
mathematical model and technique of calculation of
asynchronous modes of SM in order to study the
influence of active resistance in the circuit of excitation
winding on the starting characteristics of SM.

A mathematical model. We consider the SM,
whose stator winding is powered by a three-phase
network, and on the rotor is a starter winding with » rods
at each pole and an excitation winding.

As is known [2], the stable synchronous modes of
SM can be analyzed on the basis of the use of equivalent
circuits, but under the conditions of non-synchronous
rotation of the rotor, even in steady state, the
electromagnetic processes occurring in the electric
circuits of the motor are dynamic. And since equivalent
circuits do not allow to take into account the main
factors influencing the dynamics of processes in the SM,
they are not suitable for analysis of asynchronous modes
of the SM.

Due to the salient pole construction of the rotor and
the asymmetry of the starting winding, the distribution of
the magnetic flux density in the air gap differs from the
sinusoidal, and the -electromagnetic torque in the
asynchronous mode has a constant component and a
variable one that fluctuates with a double frequency. In
addition, as a result of saturation of the SM magnetic
circuit, the flux linkages of the circuits, and hence
electromagnetic parameters, are nonlinearly dependent on
all its currents.

The practice of calculating processes in SM shows
that the initial determining influence on the behavior of
the motor in asynchronous mode is due to a starting
winding, and therefore the accuracy of the results of the
calculation depends on the adequacy of its description in
the mathematical model. Other factors are the non-
sinusoidal distribution of the magnetizing forces of the
electrical circuits of the SM and the saturation of the
magnetic system. Only taking into account these factors
in their interconnection can serve as the basis for the
development of appropriate calculation methods based on
the use of modern numerical methods.

Asynchronous modes of the SM are described by the
nonlinear system of differential equations (DE) of the
electromechanical equilibrium, which can be written in
real phase or in transformed coordinate systems. The
choice of the coordinate system is determinative because
a possibility to take into account factors influencing the
dynamics of processes depends on it. In addition, for a
salient-pole SM the technique of the starting winding
modeling is important: as two equivalent or real physical
circuits.

Most of the analysis tasks do not require the use of
mathematical modeling of processes in each rod of the

starting winding, so it can be equivalented with two
orthogonal circuits oriented on the longitudinal (d) and
transverse (¢g) axes [2]. Since in creating an
electromagnetic torque in asynchronous mode the starting
winding is decisive, in order to obtain adequate results,
we consider the real circuits formed by its rods [10],
between which there are nonlinear mutual inductive
connections due to the saturation of the magnetic core.
However, the winding of a stator, since it is symmetric
and is fed by a symmetric three-phase voltage system, can
be considered in the known d, g coordinate axes. Under
these conditions, the process of asynchronous start-up of
the SM in the case of closing the excitation winding to the
active resistance r, = k-r;, where k is the multiplicity of the
additional resistance, is described by the nonlinear system
of DE of electromagnetic equilibrium of the circuits

d .
ﬂ=a)wq—rid +U,,sin@ ;
dt
dy
q _ : .
7——a)y/d—rlq+Umcosﬁ,
d!//l . . .
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dy . . .
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where y;, i (k=d, g, 1,..., n, f) are the flux linkages and
currents of the corresponding circuits; 7, r; 7y are the
active resistances of windings: of the stator, field and
damping circuits (7), intrinsic — at j=k and mutual — at
j#k; Ois the angle of rotor runoff.

The DEsystem (1), supplemented by the equation of
rotor motion, allows us to investigate the transients in
asynchronous modes of operation of the SM. Obviously,
the transient asynchronous startup requires a numerical
integration of the DE in a time interval sufficient for the
motor to output to the asynchronous mode. However, for
the design of the SM and, in particular, the corresponding
starting systems for electric drives [4], and the study of
their starting properties, it is necessary to have an
effective algorithm for calculating static characteristics,
which would enable to investigate the influence of the
starting winding and excitation winding parameters on the
processes in the SM in the starting mode.

As is well known [2], in the asynchronous mode of
the salient-pole SM, the angle & the rotor runoff is
continuously increasing by law

0 =—wq [ s+,

where 6 is its initial value, s = 1, 0 — @/@y,, ay, @ are the
angular speed of the voltage power and angular rotor
speed of the motor, expressed in electric radians.

Since with unbounded growth of the angle & the
functions sin@ and cosé, which determine the value of the
applied voltage, are changed according to the periodic
law, then the flux linkage, the circuit currents and, as a
consequence, the electromagnetic torque, are periodic
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functions. The sliding s of the rotor within the period
fluctuates relative to the mean value

lTa
S0 :?J‘Sdt .
0

however, for solving most tasks it can be accepted
unchanged and equal to the average value.

A technique of problem solution. Investigation of
the influence of the active resistance in the circuit of the
excitation winding on the electromagnetic torque can be
made on the basis of the calculation of the static
characteristic, which is obtained [2] by calculating the
sequence of stable asynchronous modes, which are
calculated for different values of sliding. The lawfulness
of such an approach is due to the fact that the mechanical
time constant is far greater than electromagnetic. Since in
the stable asynchronous mode with sliding s processes in
the SM are changed with the period

T, =27n/(swy),

then the task of its calculation is to determine the periodic
dependencies of the coordinates. Their calculation by
solving an evolutionary problem requires the integration
of the DE system in a significant time interval, and
therefore not suitable for the calculation of static
characteristics. Calculate these dependencies with the
minimum computations can be by solving the boundary
value problem for the DE system (1) with periodic
boundary conditions [9].

In order to reduce the description of the calculation
algorithm for the periodic dependencies of the coordinates
of the mode on the 7, period, we write the DE system (1)
by one vector equation
dy (- + .

i Z(l//,l ,u,t), 2)
where
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The equation (2) includes the time coordinate ¢, and
therefore, calculating with its use of static characteristics
is a problem. However, in the condition of constant
sliding, it describes the stationary asynchronous mode of
the SM, which is characterized by a periodic non-
harmonic change in coordinates. Due to the nonlinear
electromagnetic connections between the motor circuits,
the DE system (2) describing electromagnetic processes
can not be reduced to algebraic ones by the transition to a
complex variable, and the calculation of the steady state is
to determine the functional dependencies of instantaneous
coordinate values during the 7, period.

Determining these dependencies is a boundary value
problem for the DE system (2). In mathematics, as a rule,
boundary-value problems are considered for second-order
DEs, but due to the fact that boundary conditions are
given by periodic dependencies, their definition is

possible for first order DEs. To solve the boundary-value
problem, the DE system (2) needs to be algebratized on a
period, that is, to make a transition from differential
equations to algebraic ones.

Different methods of algebrization are known in the
literature, among which are the difference methods of
various orders, collocation, including trigonometric, and
others. However, projective methods [8] proved most
effective, the essence of which is that the solution of the
operator equation in a given subspace is determined by
projecting a differential equation on some other subspace.
Projection methods are the basis for constructing various
computational schemes for solving boundary value
problems [8]. The difference between them is to choose
basic functions for approximation of the corresponding
curves. In the paper the method of analysis of
asynchronous modes of SM operation is proposed by the
projection method developed on the basis of the use of
cubic splines [9]. The essence of the method is the
transition from the DE system (2) of a continuous variable
to discrete algebraic equations. For this we divide the

period T into m intervals h; = t; — ¢, ( Jj= E) and on each
of them

approximated by splines of the third order of the form
vl)=a; 46t~ 1)+ il =P +d il - of . ©)
where a;, b;, c;, d; are the spline coefficients, the relations
between which are determined by the properties of the
spline functions, which in the nodes of the mesh are
linked together by the value of functions and are twice
differentiated throughout the period. The relationships
between the spline coefficients follow from its properties
and are determined for each coordinate of the vector

the components of the vector y are

only by the mesh of nodes in the period

3 a 3 + 3 a;:+ 3 a
—a;_1—|— t——a; =
Ty by )T )
:hjcj*1+2(hj+hj+1) Cj+hj+lcj+1'
a,_1—a; h;
bj=%—?j(6j_l—20j). (5)

J
In the matrix form equation (4), taking into account
the conditions of the periodicity of the spline a,.; = a;,
Catj = Cj, has a form
W2121+W226=0, (6)

where A= (al,...,aN)* ; C= (cl,...,cN)* , and the upper
index (*) means the transposition of the vector.
Equation (2) for the j-th node of the mesh has a form

dy = (- 7 =
o =27 i), ™

J
in which :( msind;,Uy, cosﬁj,O,...,O)k.

Because, as it follows from (3), in the j-th node

aj=y;i  bj=—dy/di| =-Z;,
equation (5) has a form

aj1-4; b _

h——?(cj'_l —2Cj)——Zj
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or in the matrix form
VV]IZ-FVVlzé:—Z, (8)

where Z = (zl,...,zm )* . Consequently, the problem of
determining the spline (3) is reduced to the determination
of the coefficients a; and c;.

Defining a vector C from equation (6), we obtain the

equation for determining the nodal values of the
coordinates (vector A )

(Wn +W12W2_21W21)A:—Z , ©)
where Wi, Wiy, W5, Wy, are the block-matrices of size
mxm, the elements of which are determined exclusively
by the coefficients of the equations (4), (5).

The obtained system (9) of the algebraic equations of
the km order, where & = 2+m+1 is the number of
equations of the DE system DR, is a discrete reflection,
which approximates it on the mesh of nodes of the period
T, of the repetition of the process. It 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. Because

A= v, a 7 :Z(y?,ﬁ), and, moreover, ¥ =l/7<7). it can
be presented as a nonlinear equation of the form
o(%.7.0)=0.
Its solution is the values of the vector
1= (H’ZJ”ZW) ’ ;1 = (idi,iqj’ilj""’inj’iﬁ)*’
which are determined by the vector of applied
voltages and electromagnetic parameters of SM.
For the solution of the nonlinear algebraic system
(10), the method of continuation by the parameter [8, 9] in

combination with the iterative method of Newton is
applied, according to which on each /-th step iteration the

(10)

vector 7 is corrected by the formulas
) O A7), ar® = 50,

where Q(l) is the vector of the discrepancy of the system

(10yat 1 =11,
The inducing force in equation (10) is the vector

— — ol . . . .
U= (u1 ,um) , increasing which from zero to nominal

value, we obtain the values of vectors ¥and 7 that
correspond to the specified value of sliding s = sy. The
obtained coordinate values are the initial conditions for
the calculation of static characteristics.

Elements of the blocks of the Jacobi matrix are
differential inductive resistances of the motor circuits
which are determined by calculating the equivalent circuit
of the magnetic circuit of the SM in accordance with the
accepted model [10]. The result of the calculation of the
magnetic circuit is the determination of the magnetic flux
density curve in the air gap of the motor by the theory of
circuits, which enables to determine the flux linkages of
the circuits that belong to the vector of discrepancies and
depend on the set of currents of all motor circuits.

To study the effect of the value of the additional
active resistance in the winding of excitation on the
starting characteristics it is necessary, by setting the value
of sliding, according to the above algorithm, to determine

the value of coordinates of the mode with the value of the
starting resistance in the excitation winding », = 0, and
then to increase its value within the required limits,
correcting the discrepancy by the Newton method. The set
of coordinates defined at each step of integration, allows
us to determine the multidimensional characteristic as
their dependence on the starting resistance in the
excitation winding.

Similarly, the calculation of static starting
characteristics as coordinate dependencies on sliding is
performed. In this case, the additional resistance in the
excitation winding is assumed unchanged, and sliding
varies within the specified range.

To study the transient process of starting a SM, it is
necessary together with the DE system (1) to integrate by
a numerical method the equation of the mechanical
equilibrium of the rotor

df o

A,
dt ()

dw Po 3 . .

d ZT(EPO(V/dlq_qud)_Mcj’ (11)

where p, is the number of pairs of poles; J is the moment
of inertia of the electric drive system; M. is the moment of
loading on the motor shaft.

At each step of integration to determine the
electromagnetic parameters, which are the elements of the

matrix 0w /0i of differential inductances of the motor

circuits, it is necessary to solve a system of equations that
describes the branched magnetic circuit of the SM.

Note that when calculating the periodic change of
coordinates by the method of solving a boundary value
problem, the magnetic state is calculated only for node
points of the period, which is much smaller than their
calculation by the method of setting.

Results of investigations. Below are examples of
calculation results based on the developed method of
stable modes and static characteristics of salient-pole
synchronous motors CJIC3-17-41-16 (P = 1600 W,
U= 6000V, 2p = 16; n = 8) and C/JH3-2-19-49-24
(P =1600 kW, U= 6000 V, 2p = 24; n = 5), which differ
in the number of pairs of poles and rods at the pole.

An example of the periodic dependencies of the
excitation current and the electromagnetic torque of the
CZC3 motor at sliding s = 1.0 is shown in Fig. 1.

M if

15 =]

0. H_\_\\{r\/

1] E+d 21
Fig. 1. Periodic current dependencies in the excitation winding
of the CJIC3 motor and the electromagnetic torque
with a short excitation winding
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As can be seen from Fig. 2, the dependence of the
starting (s = 1) electromagnetic torque on the additional
resistance in the excitation winding for the SM of the same
power, but with different number of pairs of poles and rods
on each of them significantly differ. The calculation of the
dependence of the propulsion electromagnetic torque on the
starting resistance allows one to determine its value, at which
the maximum torque will be.

Analysis of the calculation results (Fig. 2) shows
that the 5-10-time value of the starting resistance, which
is usually used, is not optimal in terms of providing the
maximum value of the starting torque. However, a
significant overstatement of the starting resistance can
give a reverse effect.
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Fig. 2. Dependencies of the starting (s = 1) electromagnetic
torque on the multiplicity of the additional resistance in the
excitation winding for the motors CIC3 (a) and CITH3 (b)

The developed mathematical model and calculation
technique allows to investigate the effect on the
asynchronous characteristics of the starting winding and
excitation winding separately, which is important both for
the design of the starting winding, and the development of
optimal systems for automated control of the starting of
the SM. To do this, in the program of calculating, the
resistance of the winding, which must be excluded from
consideration, is multiplied by a large (10°~10°) number.
An example of the results of such studies is shown in
Fig. 3, of which it is evident how different the created by
the field winding asynchronous moments for different
motors. In particular, at the first moment of the
asynchronous start-up the asynchronous torque generated
by the excitation winding, has little effect on the
electromagnetic torque as a whole. Its maximum value is

manifested in small sliding, but it is, as can be seen from
Fig. 3, is significantly different for different motors.

In the absence of a starting winding in the vicinity of
the sliding value s = 0.5 in the curve of the asynchronous
moment, the uniaxial effect is manifested (curve in Fig. 4,b).
However, due to the salient polarity of the SM rotor, the
failure in the curve of the electromagnetic torque is
practically leveled by the starting winding, although for a
sufficiently large value of the starting resistance in the
excitation winding it manifests itself (Fig. 5). The
corresponding choice of the value of the starting resistance
can achieve not only increasing the starting torque but also
maximizing it (Fig. 5). In addition, at the same time, the
starting current in the stator winding decreases somewhat.
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Fig. 3. Starting characteristics of the electromagnetic torque that
is created by an excitation winding in the absence of a starting
winding for motors CJIC3 (a) and CIIH3 ()
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Fig. 4. Mechanical characteristics of the motor CIC3:
a —with a shorted excitation winding and a starting
winding; b — in the absence of a starting winding
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Fig. 5. Dependencies of the electromagnetic torque and the
current of the motor CJIC3 on the sliding with shorted (r, = 0)
excitation winding — (a) and closed on the additional resistance
7, =250 ry— (D).

Conclusions.

1. A mathematical model and technique of calculation
of asynchronous modes and static characteristics of
salient-pole synchronous motors are developed, which
makes it possible to investigate the influence of the value
of the starting active resistance in the excitation winding
on the value of the electromagnetic torque.

2. It is shown that by connection of the resistors in the
excitation winding, it is possible not only to increase the
driving electromagnetic torque of the motor, but also to
influence its starting characteristics in general.

3. The developed mathematical model and calculation
technique can be used in the process of designing salient-
pole synchronous motors for optimization of their starting
resistance and starting winding in order to form the
starting characteristics required for a specific electric
drive.
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