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INTRODUCTION

Operation efficiency of any industrial enterprise is determined to a large extent by
the economy of the electricity supply system, which is especially important with
significant specific electricity consumption and a high energy component in the structure
of production costs. In this regard, it is necessary to solve the problem of optimizing the
operating modes of power supply systems (PSS) in order to minimize losses for the
transfer of energy from the energy system to consumers.

The static power characteristics of load nodes in the steady state, which are the
dependences of the active P (U) and reactive Q (U) load powers from the voltage in the
load node, are widely used in solving power supply problems, in particular: in calculating
steady-state regimes; for choosing compensating devices and managing them; for
regulating the voltage in the load nodes. Increasing the reliability and cost-effectiveness
of PSS operation remains an urgent task at the present time.

Planning and operation of power supply scheme require the solution of various
tasks characterized by increasing the reliability of power supply to consumers and a
multitude of parameters that determine the state of interrelated and interacting process in
synchronous and asynchronous engines, individual elements of the power supply system
and the power system. The problems of analysis, calculation and optimization of
operating modes are solved on the basis of application special methods and means of
computer technology. The most widely used method is mathematical modeling.

Among the measures to optimize the operation of power supply systems, it is
necessary to:

- conduct an analysis of power supply schemes for enterprises when changing the
static characteristics of loads and power losses;

- optimize guid PSS, i.e. the cross-sections of the conductor cores of conductors in
the guid networks are chosen not by the economic current density, but by the permissible
current of the load or by the permissible voltage loss and in the maximum load modes, it
IS necessary to expect increased values of the total power losses in the elements of the
electric network.

A great contribution to the solution of problems for optimizing the operating
modes of PSS by using static load characteristics and power losses, ensuring the static
stability of the motor load workload of power supply systems in enterprises was made by
scientists: P.S. Zhdanov, V.A. Venikov, I.A. Syromyatnikov, I.M. Postnikov, B.G.
Menshov, S.I. Gamazin, M.L. Levinshtein, S.V. Smolovik, Y.l. Ushakov, Y. A.
Konyukhova, Yu.S. Zhelezko and others.

The problem of calculating energy losses has been worrying power engineers for a
very long time. However, at the present time there are very few books on this subject thus
very little things have changed in the fundamental arrangement of networks. But at the
same time a fairly large number of articles are produced, where old data are refined and
new solutions are offered for problems related to the calculation, normalization and
reduction of power losses.

Despite a significant number of works in this field have not yet been properly
developed methods of modeling and optimization of guild electricity supply systems,



algorithms for calculating the characteristics of AMS and SD, the static characteristics of
loads and power losses with reference to the calculation of normal operation modes of
large PSS and their practical implementation. Most of the existing algorithms
simplistically represent a circuit of networks that is complex in structure and
configuration, equivalent to most of the load at 380V voltage, and do not fully take into
account changes in the parameters of AMS and SD substitution circuit.

Static characteristics of active power losses characterize the efficiency of
transmission, distribution and technological transformations of electrical energy to other
types and necessary both for a numerical evaluation of this efficiency and for optimizing
regimes in power supply systems.

Static characteristics of active power losses in the power supply system from this
node of electric load characterize the total electrical power losses and can be represented
in the form as follows:

AP5(U) = APs(U) + APg,(U), (B.1)

Where: APs.(U) - total losses of active power in the elements of the electrical network;

APs,(U) — total losses of active power in electric load engines;

U - voltage in the load node.

The power losses in the elements of the electrical network are divided into load
losses AP, i.e. losses from the flow of the load current through the active resistance of
the elements, and the loss in steel APy of magnetic transformer systems, practically
independent of the load

AP}, = AP, + APy (B.2)

Losses of active power in electric motors are divided into losses in stator windings
AP, rotor AP, and loss in steel of magnetic systems AP,

APy, = APy + AP, + APy (B.3)

The power losses in the load motors have practically no difference from the losses
in the elements of the electrical network and therefore must be taken into account in the
static power loss characteristics. It should also be remembered that load losses (including
losses in engine windings) and losses in steel are significantly different depending on the
voltage at the load node. The first (AP,) are determined by the relation

PZ(U)+Q2(U)R, (B.4)

AP, TE

I

Where: P(U) and Q(U) — active and reactive power transmitted through an element with
resistance R, which increase with decreasing voltage. The second (APg) are defined by
the relation



, (B.5)

where Ry, — the active resistance of the magnetization branch and the losses decrease with
decreasing voltage. The ratio of these types of power losses, which are ultimately
determined by the load factors of electric motors, essentially determines the type of
static power loss characteristics.

The static characteristics of power losses in relation to the power supply system
(up to 1 kV) deserve special attention for the following reasons:

1. The cross-sections of the conductor cores of conductors in the guid networks are
chosen not by the economic current density, but by the permissible current of the load or
by the permissible loss of voltage. Therefore, in the modes of maximum load, one should
expect increased values of total power losses in the elements of the electrical network in
transmitted power fractions. Small lengths of guild networks sections are excessively
compensated by the number of connections. For example, in the guid transformer with
Suon = 1000 kVA in average are connected over 100 power receivers.

2. A considerable proportion of the electric load in the guid of PSS is made up of
asynchronous motors (AM) with a short-circuited rotor with a power of 1 to 4 kW, the
efficiency of which is in the range of 0.75-0.85, i.e. power losses in such AM in fractions
of the power consumption are commensurate with the total power losses at all previous
stages of PSS transformation. Therefore, electric power losses in AM constitute an
essential part of the total losses in the guid of PSS and to a large extent determine the
type of static characteristics.

3. The average coefficients of AM loading of PSS guid by active power are Kl =
0,5 + 0,7. At the same time, the power losses in the steel of magnetic systems are
comparable to the load losses (or exceed them). Considering the essential dependence of
power losses in steel on the voltage at the motors terminals, it becomes necessary to
optimize the stress regimes on the bus bars of the guid transformer substations (TS).

The determination of the static characteristics of power losses based on a physical
experiment, and moreover their separation into components in accordance with the
expressions (B.1) - (B.3), is practically not realizable. The only real way to determine
them is calculation and experimental computer studies of mathematical models of guid
PSS. The solution of the task is complicated by the branching of the guid network, the
length of which is measured by meters, and the presence in the guids of several dozen to
several hundred different types of electric motors (including foreign production) with a
rated power from 0.3 kW to 400 kW, than in 1000 times.



1. MODELING OF ELECTRICAL SUPPLY SYSTEM AND INSTALLED
OPERATING MODES

The industrial power supply system (IPSS) consists the following main parts: the
external power supply network, which serves for connection to the electrical system and
transmission of electricity to the industrial enterprise; network of internal power supply,
intended for electricity distribution to consumers; electricity consumers, most of which
are electric motors.

1.1 Modeling of the structure, configuration and condition of the industrial power
supply system

The electrical system is an element that characterizes the generalized source
properties of electrical energy relative to the place of IPSS connection. The total power
of generators of electric stations is incommensurably greater than the capacity of IPSS
load. This makes it possible to represent the electric system (Fig. 1.1a) with a source of
DJICE. (EMFE) with constant amplitude, phase and frequency applied beyond the
equivalent complex resistance Z. (Fig. 1.1, b).

3C

Nc

IKC
a) 0)
Figure 1.1 - The electrical system (a) and its substitution circuit (b)

The initial data for calculating the parameters of the substitution circuit can be the
rated voltage of the electrical network at IPSS Uync and K3 junction point and the fault
current at this point from the electrical system I...

Elements of the electric network - transmission lines (air, cable, current
conductors), transformers (two-winding, triple-wound, split-wound), reactors (single,
twin) - are represented by replacement circuits in the form of electric circuits with one
(Figure 1.2, a) or three (Fig. 1.2b) concentrated complex resistances. These substitution
schemes were obtained on the basis of the following assumption: the conductivity of the
electric network elements and the free components of the electromagnetic transients in
these elements are not taken into account. The parameters of the substitution scheme are
determined through the catalog data of electrical networks elements.
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Figure 1.2 - Schemes of electric network elements substitution:
a - power line, two-winding transformer, reactor;
b - transformers with split winding and triple-wound, double reactors

Switching devices (SD), which can be classified as power switches, disconnectors
and separators are special elements of the power supply system, for which two states are
possible: on (with zero resistance) and off (with infinite resistance). With the help of SD
reconnections are carried out in electric networks: switching off the damaged elements by
relay protection, switching related to the operation of emergency control automatics
(automatic reclosing, automatic resetting, etc.) and the automatic control system
operation of the power supply system.

The scheme of substitution of IPSS for electric energy consumers is a set of
replacement schemes for individual elements and switches connected in the same sequence
as in the real system. Elements of the substitution scheme are: branches with complex

resistances Z, =R, + ij(Zb =yR +x; > 0). switches; nodes (joints of two or more branches,

branches with a switch or branches with a load). We introduce the notation: the total number

of branches is ny; number of SD — ng,; the number of nodes is — nj

All nodes, switches and branches must be numbered with arbitrary integers. The
node corresponding to SIS of the electric system E. (Fig. 1.1, b) is assigned the number
zero, the remaining numbers from 1 to n,. In an arbitrary order, SD (numbers from 1 to
N.) and branches (numbers from 1 to n,) are numbered. Branches belonging to the same
element (Figure 1.2, b) are numbered sequentially. In addition, the branches of the
substitution circuit are given a direction that coincides with the direction of active
power transmission in them under normal conditions. In accordance with the direction
for each branch, you can define the start and end nodes. We define the following integer
arrays of dimension nb for the branches of the scheme for replacing the power supply
system: an array of initial nodes JN; an array of finite nodes JK; array of types of
electrical network elements JE. The type of elements is specified by pre-selected
integers, for example: JE = 1 - electrical system; JE = 2 (3; 4) - two-winding
transformers (with split winding, triple-wound); JE =5 (6) - Single reactors (dual); JE =
7 (8; 9) - power transmission lines cable (current conductors, air).

We also define the following integer arrays of dimension nvk for circuit breakers
in the scheme for replacing the power supply system: arrays JB1 and JB2 of the nodes
that limit the switches; array of states of JCBK switches. In a replacement scheme, any of



the switches is bounded by two nodes, one of which (any) will go into the JB1 array and
the other into the JB2 array. The SD status is identified by pre-selected integers, for
example JCBK = 0 - off; JCBK =1 — enabled. Thus, any configuration of the electrical
network of IPSS can be described by arrays JN, JK, JB1, JB2; the types of electrical
network elements are uniquely determined by the array JE; the state of the electrical
network - by the JCBK array, i.e. the above integer arrays can be used to analytically
specify the initial configuration data, the types of elements, and the state of the electrical
network of the EIT. In addition, the JE array can simultaneously serve as an indicator of
what source data should be entered for a given element of the electrical network and by
what formulas to calculate the parameters of the replacement circuit. As a result, a
column matrix Z, of the complex resistances of the branches of the PSS replacement
circuit can be compiled. The nodes of the general substitution scheme can be divided into
the following groups of nodes: the industrial complex load; synchronous derivations of
synchronous motors; asynchronous motors; other nodes.

The unit of industrial complex load is a section of the switchgear (SG), to which is
connected an arbitrary number of SM, AM and other electric load, accounted for by the
static characteristics of active and reactive power, depending on the voltage in the node:

Tpr — I:)prNLJy—P;
Qpr = I:)per‘JY—Q’ (1.1)

where Py 1 Qpy - active and reactive power at the rated voltage in the load node
(Uy =Uyn); vp and vyo - indicators of the degree characterizing the dependence of the
active and reactive power on the voltage. The most general scheme for replacing the
industrial complex load node is shown in Fig. 1.3: to i node is connected to ni
synchronous motors, mi asynchronous motors and other load S, =P, +]Qypi, determined
by the static characteristics. Resistances Z,cy, Zsay are equal to the sum of the electric
network elements resistances located between the section of the reactor and the terminals
of the synchronous or respectively asynchronous motors.

Denote the total number of nodes of industrial complex load in the replacement
scheme as nc, the number of SM in the power supply system as ncy, the number of AM in
the power supply system is n,y. Accordingly, we number the nodes of the industrial
complex load from 1 to n; the nodes corresponding to the derivations of SM from 1 to
Ncy; the nodes corresponding to AM derivations from 1 to naj.

For nodes of IPSS replacement scheme, we specify the following integer arrays: an
array of JCK dimension n. of the numbers of industrial complex load nodes; JSD array of
dimension n¢; number of nodes corresponding to SM derivations; JAD array with the
dimension n¢;; of node numbers corresponding to the derivations of AM. These arrays
unambiguously determine the structure of the nodes in IPSS substitution scheme.

The arrays characterizing the structure of the nodes of the replacement circuit,
together with the arrays characterizing the configuration, the types of elements and the
state of the electrical network, make it possible to determine whether SD and AD belong



to the nodes of the industrial complex load and to calculate the generalized parameters of
the electric network. The latter include: Zysp arrays (Zpap) Of complex resistances
between the derivation of SM(AM) and the nodes of the industrial load to which they are
connected; matrix Z;j of own and mutual nodal resistances relative to nodes of industrial
complex load.

UY section DD
[ [ [ [
715D Zpn. sD 71 AD Zgm AD
J Lo
Ug sb ] U 5.SDn U ADy Ug ADm \ 4
P +j Q PRy
lSD,l 4 l SDn ]AD”I A IAD,ll’l T
MSD 1 My a M,p Nl M pm

Figure 1.3 - Design scheme of the unit of industrial load

The electrical networks of IPSS are open, which greatly simplifies the calculation
of the node resistances Z;. The advantage of the mapping the circuit method for replacing
the electrical network of IPSS with passive generalized parameters is the compactness of

the mapping of the matrices Zysp, Zoap and Z;j in the form (ni +Ngp +Np) of complex

numbers, ,than the total number of nodes in the substitution scheme.

The presence of separate closed circuits in IPSS, due, for example, to the parallel
operation of the transformers, slightly complicates the algorithm for calculating the
generalized parameters. The nodal resistance matrix in this case can be determined from
the impedance matrix for an open network by the branch building method.

1.2 Features of modeling guid power supply systems

The guiding networks, in contrast to the supply networks of external power supply
and distribution networks of the internal power supply, have the following features,
reflected in the mathematical model of power supply systems with voltage up to 1 kV:

1. The range of elements of the guid network is much wider than in high-voltage
electrical networks (current transformers, fuses, circuit breakers (automatic devices),
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contactors, starters, switches, package switches must be added to the above-mentioned
elements.The type of the element in the mathematical model is set by analogy with high-
voltage networks of type (JE) with numbers from 10 to 16 (JE = 10 - current transformer,
JE = 11 - automatic, etc.).

2. In spite of the fact that a greater number of low-voltage elements of the electric
network are switching devices, they have a finite value of the electrical resistance, which
Is determined on the basis of the nominal parameters of the device (rated current and
voltage). Resistance of current transformers is determined on the basis of data on the
rated current of the primary winding and the accuracy class.

3. In low-voltage electrical networks, it is necessary to take into account the
magnitude of the contact resistances between the elements, which is added to the
resistance of the underlying network element.

1.3 Modeling of steady-state regimes of industrial power supply system

The quality of IPSS modeling is largely determined by the way modeling modes.
The way of modeling the modes should allow to display the whole variety of possible
states of SIS at the optimal expenditure of computer time and computer resources for
calculations.

To simplify the calculation of the regimes in IPSS, it is expedient to distinguish
three hierarchical levels [66]: the first one - from IPSS of the electrical system to the
nodes of the industrial complex load; the second - from nodes of industrial complex load
to engine outputs; the third is load engines. The structural scheme of the first hierarchical
level of IPSS is shown in Figure 1.4,

Ec
U1
Yy U
4 Zy P
< 1 [
lyl -Yyp
uyi
lyi v

Figure 1.4 - The structural scheme of the first level of IPSS

The parameters of IPSS regime at this level are determined by the equation

il (1.2)
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Where: U; (I;) - matrix nodal voltages (currents), corresponding to the sections of
HC in IPSS, i.e. nodes of industrial load,;

Z; - is the matrix of nodal resistances.

The input parameters of the first level are the node currents I;, which reflect the
influence of the second and third levels; output parameters - nodal voltages U; that
characterize the influence of the first level on the rest.

For the second hierarchical level of IPSS (Figure 1.3), the following equations
can be written:

Q,- :L_Jj — Lyl (1.3)

I' :lpr +Mmlm1 (1.4)

-1

Where: Ugy - matrix of voltages on the motors terminals;

Zom - matrix of the electric network elements resistances in the circuit from the
load node to the motor terminals;

M,, - the matrix of connecting the motors to load nodes;

1,- 1s the matrix of motor currents.

The input parameters of the second level with respect to the first are the node
voltages U;; in relation to the third, the currents of the motors I,. Output parameters of
the second level in relation to the first will be the node currents Ij, with respect to the
third - the voltage at the terminals of Uy, engines. At the third hierarchical level of IPSS,
the parameters of the regime are determined by the system of steady-state regimes
equations of SM and AM. In this case, the input parameters for CAM will be the voltages
at the motor terminals Upsp and the excitation winding Uz and the moment of Mygx
mechanism resistance and for AM the voltage at the motor derivation Uyap and the
moment of the Men mechanism resistance. The output parameters of CAM and AM
through which the effect of the engines on the mode of other levels SPE, are the currents
of the motors lsp ang lap.

To optimize the calculation of the mode of SM system can be represented by a
substitution circuit (Figure 1.5) containing a branch with complex resistance

m 4

a)
Figure 1.5- The replacement scheme (a) and the vector diagram of the regime (b) SM in
IPSS
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ZSM = Rst + jX; (1.5)

and IPSS

. W - j(727+6j
ESM = (Em + JEqk ) (16)
Where: Rcr - active resistance of the stator winding;
X4 - over-resistance on the longitudinal axis;
Eq - supertransient SIS along the transverse axis;

E 1 equivalent supertransient of SIS along the longitudinal axis, associated with

IPSS of E:, by the following relationships:

E, =, — 1,06 - x )
) )

E =E;X—f’.+Ud( —X—d] (17)
Xq Xq

In the synchronous complex coordinate system Re, Im, which real axis coinciding
with the direction of IPSS vector of the electrical system E. (Figure 1.5, b), the

components of IPSS E'(';H are equal

Re(Eqy )= E' sind +E; cosd; (1.8)
Im(E;,, )= E,, coss — E. sing,

where o - angle characterizing the position of the transverse axis q of SM rotor in a
synchronous coordinate system.

The current of the stator winding of SM, according to the substitution schemes for
the load node (Figure 1.3) and SM (Figure 1.5, a), can be calculated from the formula
U; —Eg

J

Lsm = (1.9)

Zosm+Lsw

The replacement scheme for SM in relation to the remaining levels of IPSS
(Figure 1.6) contains a branch with complex resistance

13



+ jX, (1.10)
and IPSS

E,. =E.(cosd, — jsind,)=Ee ™ (L.11)

Where: Rsr, - active resistance of the stator winding;
X, - supertransitive inductive resistance;

E. - supertransitive IPSS;

0, - angle characterizing the position of the vector Ej; relative to the real axis
of the synchronous coordinate system.

Iln
UBAD EAD ta
[ AD
Z
AD 0 Uoap
da
Eap
a) 0)

Figure 1.6 - The substitution scheme (a) and the vector diagram of the regime (b) AM
In accordance with the vector diagram (Figure 1.6, b)
6& ZYa+ea, (1-12)

where vy, — vector phase U, relative to the real axis; 8, — angle between vectors

E ;i and U, .. In the etsablishe regime of AM

0, = arctg(Téasa). (1.13)

The current of the stator winding AM, according to the schemes of the load node
substitution (Figure 1.3) and AM (Figure 1.6), can be calculated by the formula

Uji_I_L'AM

Lsu = (1.14)

Lo+ Ly
Taking into account the proposed schemes for replacing SM and AM, the industrial
complex load node (Figure 1.7, a) can be represented by an equivalent substitution

14



scheme containing a branch with equivalent nodal conductivity Y., and equivalent SIS
Ee(fig. 1.7,b).

Z4sD VAVNS) Y
T U B.SD f UB.AI)
Zgp Zyp

a) 0)
Figure 1.7 - The initial (a) and equivalent (b) schemes for

In general, to the load node can be connected n of SM, m of AM and other loads.
Total conductance of the branch with SAM and AM relative to the load node replacing
the industrial complex Ioad node

Y sm —1/( bSM +ZSM)
—1/( bAM +ZAM)

Another load of the node can be represented by a branch with complex conductivity

(1.15)

—Z =T, U _JQprNU ) (1.16)

Thus, the parameters of the equivalent circuit for replacing the industrial complex
load node (Fig. 1.7, b) are determined by expressions

Yoo =2ZY s +2Y 4 + Y (1.17)

£ _ 2B Yo +ZEw Yo
=ec — Y ’ (1.18)

—€C

15



in which summation is performed over all SAM and AM connected to the node.
The node current in accordance with the equivalent circuit of the load node replacement

1;=(U-E.)Y,. (1.19)

1.4 Packages of applied programs for calculation and experimental studies of
steady-state regimes of power supply systems

For computational and experimental studies of steady-state IPSS regimes, the
software complex "SEZAM" was used as the base one, the software complex was written
in the algorithmic Fortran language, a database of catalog data of the electric network and
electric load elements, the maximum volume of characteristic elements of studied IPSS:
100 nodes of industrial complex load; 350 branches of the substitution scheme; 250
switches; 125 AM; 125 SAM.

With reference to the aims and objectives of the dissertation work, the complex
was modernized, which consisted of:

- program processing for calculating the parameters of the replacement circuits for
high-voltage and low-voltage induction motors (see Chapter 2);

- program processing for calculating the parameters of the replacement circuits for
high-voltage and low-voltage synchronous motors of various types (see Chapter 3);

- algorithm development for calculating power losses in engines, taking into
account the effect of current displacement in the damper windings of SAM and AM;

- program development for determining the static characteristics of power losses in
both individual electric motors and in the entire power supply system;

- interface changes of the software complex to the tasks of studying the static
characteristics of power losses.

1.5 Conclusion on the chapter 1

1. A method of modeling the power supply system based on the representation of
IPSS by a three-level hierarchical structure and allowing to display IPSS of an arbitrary
configuration of the structure and state in the form of compact matrices of the generalized
parameters ZBAD, Z BCD and Zy are chosen.

2. For shop networks of electricity supply with voltage up to 1 kV, the range of
elements of the workshop network is supplemented with elements such as current
transformers, fuses, automatic switches (automata), contactors, starters, knife switches,
batch switches.

3. The SEZAM complex was modernized in order to calculate the static
characteristics of active power losses and loads.

4. Methods for optimizing the calculation of IPSS regime are considered,
consisting in resolving the equations of nodal stresses with respect to the dominant
parameters, using the Gauss-Seidel method for calculations and in calculating the optimal
values of the initial approximation for nodal voltages.

16



2. PARAMETERS DETERMINATION AND CHARACTERISTICS OF
ASYNCHRONOUS MOTORS WITH SHORT-TERM ROTOR

Asynchronous motors with squirrel-cage rotor (AMS) have found wide application
due to a number of advantages in comparison with engines of other types. They are
lighter, cheaper, easier to manufacture and operate, have rather high efficiency and power
factor. The absence of contact rings and a brush mechanism makes these engines the
most reliable and durable.

2.1 The substitution scheme and the basic relations characterizing the AMS regime

The AMS can be represented by a two-circuit substitution circuit (Figure 2.1),
which is characterized by the following parameters: R; and X,; - active and inductive
resistance of the stator winding scattering; R, and Xy, - active and inductive resistance of
the magnetization branch, characterizing power losses in the steel of the magnetic
system; Ry(s) and X,(s) are the active resistance and inductive resistance of the rotor
winding scattering, which are reduced to the stator winding.

PriQl, Rt Xa I,
—— o] >
L] R,(5)
S
U R )Xy,
XGZ (S)

Figure 2.1 - The AMS substitution scheme

In AMS is necessary to take into account the phenomenon of surface effect, i.e.
current displacement in the rotor winding. The degree of this displacement depends
mainly on the frequency of the currents induced in the rotor winding, i.e. ultimately from
slipping the engine. The effect of current displacement leads to a change in the active
resistance and inductive resistance of the scattering of the rotor winding as a function of
the sliding of the motor s, which is described quite accurately by the following
dependences

R,(s) =Ry +(R2n - Ry N,

XG XG II
)(G2 (S): 2c 2 ’
X o + (X e =X s

c2C c2n

(2.1)

o2n

Where: Ry.(Xs2:) — resistances corresponding to the synchronous regime (s = 0);
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R,.(Xs2n) — resistance, corresponding to the start-up mode (s = 1).

Along with the dependences (2.1) for describing the regularities of current
displacement in AMS rotor, the following expressions are also proposed therefore
it is necessary to find out which are more suitable for low-voltage AMS.

R,(5) =R + [R5, —R%: s
X 0 X
ng (S) — c2c“*o2n (22)

\/XGZH + (X(ZSZC _Xgn )S’

The initial data for calculating the parameters of AMS substitution scheme are:

a) nominal data

Pn - nominal active power on AMS shaft;

Uy - rated voltage of the stator winding;

Cos @y - power factor in nominal modex;

Nn - coefficient of efficiency in the nominal mode of AMS;

sn - AMS sliding in nominal mode;

b) startup mode data

|, is the frequency of the starting current in fractions of the rated current;

M, is the multiplicity of the starting torque in fractions of the nominal,

¢) AMS critical regime data

Mmax IS the maximum electromagnetic moment in fractions of the nominal.

The parameters of the substitution scheme and AMS mode are defined in relative
units. For the basic units, the nominal total power of AMS

P
86 :SN :—Nl (2'3)
COSp\M
and basic resistance
U2
Z =—N, 2.4
s =g 24)

The exclusion from this system of relative units is advisable to do for the
electromagnetic moment. It is customary to express it in fractions of the nominal useful
moment My on AMS shaft.

The main parameters of AM mode can be represented through the parameters of
the substitution circuit and sliding according to the following relations:

active power consumed from the network

2 1.
P=U Re{%}, (2.5)
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reactive power consumed from the network

2 1.
Q:U Im|:%:|7 (2.6)
stator current
1
| = 2.7)
" [ze)

electromagnetic moment

(1-s,)
M=—"— "N IP_|I’°R. —U2/R..|-AM_, 2.8
T]N COS(PN [ 1 1 12 12] mee ( )

where
-1
. 1 .1 1

Z(s)=R. +jX - , 2.9
()=R,+jX + R, JX12+ (2.9)

0,69

equivalent complex resistance of the motor when sliding s

2 2
U12 :\/KU . PRl + Qxclj +(PX(51 _Qle ’ (210)

U U

voltage on the magnetization branch of AMS replacement circuit,

A[)mech.N (211)

AM )
Iy COS @y (1_SN )

mech —

the moment of resistance caused by mechanical losses of power in AMS itself (AP,.y),
which is added to the moment of resistance of the mechanism and together form the total
moment of resistance on the shaft of AMS. In the future, the moment of resistance AM, .«
in the operating modes of AMS is assumed to be constant, i.e. independent of slip, and
therefore it can be determined from the nominal AMS regime.

The calculated parameters of the regime are expressed in terms of the parameters
of the substitution circuit using the following relationships:
Starting electromagnetic moment and current (for s = 1)
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n

M, = A-s,) {Re{ ! }—lle—ufZ/Rlz}AMm, (2.12)

- T\ COS @y Z(s)
1
Ly =0 (2.13)
o [ze)
rated electromagnetic moment and reactive power (at s=sy)
Mlem Re| 1 _Rl_UfZN/RlZ_% , (2.14)
Ny COSQy g(S’) 1- Sy
QN1:| L ; (215)
"1Z(s)

the balance of the AMS reactive power in nominal mode (ats = 1)

QN = Qxo1 + Qx12 + Qxo2,

(where Qxo1 , Qx12 1 Qxs2 — components of the reactive power of AMS, due to the
resistances X1, X12, Xs2), Which in the nominal mode can be converted to the form

2 2
sing, =X_, + Yiw UlgNXGZN , (2.16)
12 RZN 2
+(X
( SN j ( GZN)

Where: R,y and Xon — resistance of the rotor winding in the nominal mode, determined
by the expressions (2.1), (2.2) for s = sy and

Uyon - Voltage on the magnetization branch in AMS replacement circuit in the
nominal mode, the square of which is equal

U122N :(1_ Ricosoy — X Sin(PN)2 +(Xcl COSpy — Rlsin(PN)z;

maximum electromagnetic moment (at s = s,;,)

M s = (1_SN) Re[ - j_IEPRl_Ufzxz/Rlz —AM,; (2.17)
MNCOSP, £(s)

balance of active power losses in the nominal AMS mode (at s = sy)
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2

U
W=R 2+ 12 R, +AP

AP (2.18)

mee !
12

Where: APsy — the losses of active power in the nominal AMS regime in fractions of SN,
determined by expression

APgy = (1 - Mn) COSON. (2.19)

Relations (2.12) - (2.18) can be regarded as independent nonlinear equations for
determining the parameters of AMS substitution circuit. With properly defined
parameters of the replacement circuit, the calculated mode parameters must correspond to
the catalog data, i.e. M1 = My; 1y = 1 My: = My =1; Qni = Qn = SInen; Minaxa = Mpax.

To determine the parameters of AMS substitution circuit (Ry, Xs1, Rio, X1, Xooe,
Xoom Rae, Rony AP,ey) it IS Necessary to compile a system of nine independent equations
and resolve this system with respect to the parameters of the replacement circuit. As
seven equations, we can use the nonlinear equations (2.12) - (2.18), which correspond to
AMS catalog data. Since the number of catalog data is less than the number of
parameters of the substitution scheme, this system of equations must be supplemented by
two more equations resulting from the stable relations between the AMS parameters. For
each of the equations of the obtained system, it is necessary: to isolate the parameter of
the replacement scheme that dominates in this equation; transform each equation to the
optimal form, convenient for arranging calculations using the method of successive
approximations with fast convergence; determine the initial approximation -for the
dominant parameter of the substitution scheme in the equation.

1. Transformation of equation (2.12) for the starting torque. For the starting torque
M,, the following approximate expression is valid

YA e WIRETN (2.20)
7 COS @y

from which it follows that, as the dominant parameter in Eq. (2.12), we must take the
resistance R,,, and transform the equation itself to the following form, convenient for
organizing the iterative solution process

n

AM
Rl = Réf)(l+ Y " ] (2.21)

Where: RY” and R, — previous and subsequent approximation of the solution;

AM, = M, — M;; — the difference between the catalog and calculated values
(based on equation (2.12)) of the starting torque (with the convergence of the iterative
process of solving equation AM,— 0).
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As the initial approximation of the resistance R,, we can take the value
determined by the approximate relation (2.20).

M, cospyn
RO — 1 =27 FNIN 2.22
TSy (2:22)

2. Transformation of equation (2.13) for the starting current. For the starting
current of the AMS, the following simplified expression is valid

Lz fmeR T 229

where X — superconducting resistance of AMS in the starting mode, determined

through the parameters of the substitution scheme by the ratio
XchnX12

X, =X, +
+ X4

=X_, +X (2.24)

o2n "
o2n

It follows from (2.23) that, as the dominant parameter in Eq. (2.13), it is expedient
to take the resistance X, and transform the equation itself to the form

X, =X®© (1—AI—'"J, (2.25)

where X, and X, — the subsequent and previous approximation of the solution;

Aly = I, — I}y — the difference between the catalog and calculated values of the starting
current.

For the initial approximation of the resistance X,;© we can take a value determined
by the approximate relation (2.23)

X0 =LA 1ZRO YT (2.26)

n

The initial approximation of the resistance R, will be determined below.
Between the resistance X,; and X, there is the stable approximate relation

Xs1=0,53X,, (2.27)

which can be used as one of the additional missing equations - to the system of equations
(2.12) - (2.18) for determining the parameters of the replacement circuit.

3. Transformation of equation (2.14) for the nominal torque. For the nominal
moment, the following simplified expression is valid
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M, =1= L-sn) N (2.28)
Nn COSQy Roy +2R;sy

where R,y — the active resistance of the rotor winding at rated slip sy. As the
dominant parameter in equation (2.14), we must take the resistance R,y, and convert the
equation to the form

AM
R,y =R%|1- N , (2.29)

where R,y and R(ZO,\), - the subsequent and previous approximation of the solution;

AMy=1- My is the difference between the catalog value and the calculated value of the
nominal torque.

To determine the initial approximation of the resistance R{) let us use the

following regularities of the nominal AMS regime.
The effective power on AMS shaft in the nominal mode will be

Pyn = NnCOSQN . (2.30)
The active power in the rotor winding of AMS in nominal mode is
Pon = Pyn + APon + APrexcns (2.31)
where P,y — power losses in the rotor winding of AMS in nominal mode, equal to
AP,y = Popsh. (2.32)
From the expressions (2.30) - (2.32) it follows that

_ My Cosep, + AP

P mee.N 2.33
ZN Ty (2:33)
nN COS(pN + AI:)mee.N
AP, = S, . 2.34
SR R (239
On the other hand, the losses AP,y can be determined as follows
U2
AP,y =15 R,y = 12N R,y - (2.35)

2
(RZNJ +(X02N )2
SN
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Neglecting in (2.35) the value (x.,n)° in view of the fulfillment of inequality

(5] s

SN

from expressions (2.34), (2.35) it follows that

R(O) — U122NSN(1_SN)

_ 2.36
™ cosem, +AP__ (2.36)

By the known values of the resistances R,y and Ry, the resistance value R, can
be calculated from the first equation of the system (2.1) or (2.2).

R _RZN _Rzn Sn
2c
1- sy
and : (2.37)
R = REN_RanN
2¢ l—SN

4. Transformation of the equation (2.15) for the rated reactive power. The
expression (2.16) implies the relation

U 2
X, = 2N , (2.38)
U 12N XG2N

(] sty

SN

from which it follows that, as the dominant parameter of equation (2.15), we can
take the value X, and transform the equation itself to the form

o, X1
X, =X 1—UTAQN , (2.39)

where X, and X{9 - subsequent and previous approximation of the solution;

AQn = sinpy — Qni — the difference between the catalog and calculated values of the
reactive power of AMS in the nominal mode.
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For the initial approximation of the resistance x;, we can take the value following
from (2.30) with simplifications

XQ=———, (2.40)

where
U122N =(L—-cospyR; —sin (PNXcl)z +(COS(PNX01 —sin (PNRl)Z' (2.41)

5. Transformation of the equation (2.16) of reactive power balance of AMS in the
nominal mode. Equation (2.16), taking into account expressions (2.34) and (2.35), can be
transformed to the form
UfZN + nN COS(PN +APM€X

sin =X .+
on o Xis (L-sy )R,y

SnXo2n (2.42)

and resolve it with respect to resistance X,y

(Sin On —Xg1 — U122N /x12)(l_SN)R2N _

X .=
ozN sN(nN cos@, + AP

(2.43)

Mex. N )

In contrast to the equations (2.21), (2.25), (2.29), (2.39), the expression (2.43) is
not iterative, but uniquely determines the value of XN through other parameters of the
substitution circuit and AMS catalog data. According to the known values of the
resistances X.on and X,,, from the second equations of systems (2.1) or (2.2), we can
calculate the value X,

_ XGZNXGZH(]'_ VSN )
c2¢c
i Xoan = Xsan /SN
niin . (2.44)

X _XGZNXGZH(\/]'_SN)

c2c — > >
\/Xczn — XGonSn

6. Transformation of equation (2.17) for the maximum electromagnetic moment.
For the maximum moment, the following approximate relation is valid

(1-s,) \/Rf +(X;p)2 ~-R,

Ny COSPy, 2X.,

M

N

, (2.45)

max
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where X'l'<p — the superconducting resistance of AMS at critical sliding (s=sy,).

From this relation it follows that as the dominant parameter of equation (2.17) one can
take the resistance Ry, and convert the equation to the following form

, (2.46)

where R; and R; — subsequent and previous approximate resistance Ry;

AMpmax = Mmax — Minaxt — the difference between the catalog and calculated values
of the maximum electromagnetic moment of AMS. For the initial approximation of the
resistance R1 in the calculations by the formula (2.46), we can take the value determined
by the expression (2.45).

2
" COS
Jf40A X m“@Nj
RO = . (2.47)

When calculating the resistance X, as a critical slip can be taken s, = MyaxSn.

It should be noted that, in accordance with expression (2.47), the value of
resistance R, essentially depends on the value of the maximum electromagnetic moment
Mmax and the supertransition resistance X . When the M, is changed to 10 % the

value R;changes by +20 %. When changing X_ by +10 % the value R;also changes by

+10 %. Standards for general-purpose asynchronous motors allow the difference between
the real values of the parameters and those specified in the catalog data to: 15% for the
starting torque; starting current - 20%; for the maximum electromagnetic moment - 10%.
At such norms of permissible spread of catalog data, the spread in resistance values R; is
+ 40 %. Therefore, along with the method of calculating the resistance R; based on the
expressions (2.46), (2.47), it is expedient to use the method of calculating the resistance
R1. The essence of this method is based on the regularities of the change in the mass and
size dimensions and the constituent losses of electrical energy in the series AMS. With
constant current density in the stator winding and the maximum electromagnetic
induction for AMS, the power losses in the stator winding, referred to the total rated
power of the motor S, (and hence the active resistance of the stator winding R1) vary in
a power-law dependence on S, with an exponent (-0.25) . Analysis of the aggregate
series 4A engines of the basic design showed that the resistance R; with a good standard
deviation (R? = 0,8279) can be determined by the formula

R, =0,0802-S¢02409 (2.48)

nom
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The difference between the formula (2.48) and the theoretical one (with exponent
(-0.25)) is explained by the fact that neither the current density nor the maximum
induction in AMS series remains constant.

Thus, it is necessary to analyze the calculation methods for the resistance Ry, based
on the formulas (2.46), (2.47) and based on the formula (2.48) - and choose the one most
suitable for the purposes of calculating the static power loss characteristics in the
workshops SIS.

7. Transformation of equation (2.18) for the balance of active power losses in the
nominal mode of AMS.

The sum of the power losses in the steel APy, and the mechanical power losses
AP, n INn the nominal mode, which can be conditionally called the idling power loss in
the nominal mode AP, y, as follows from the power loss balance equation (2.18), is equal
to

APy N = APsy - AP — APy, (2.49)
where
APsy = (1 - nn) COSQN - (2.50)
total power losses in the nominal mode of AMS;
AP;y =R, - (2.51)

loss of power in the stator winding in the nominal mode of AMS

— Na COS(pN + APM€Ch.N S - (252)

AP
" (1_SN) "

loss of power in the rotor winding in the nominal mode of AMS.
The mechanical power losses and power losses in AMS steel make up a stable
fraction of the losses AP, \, On average is

AP =0,3AP_,,
mech.N x.N } (253)

AP, = O’7APX.N'

Expression (2.52), along with (2.27), based on stable relationships between the
parameters of AMS, can be used as the second missing equation to the system of
equations (2.12) - (2.18) for determining the parameters of AMS substitution circuit.

From the expressions (2.49) - (2.53) it follows that
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O,3|:COS(pN [1— Iy j—Rl}
1-s,
_ (2.54)

wAN 14038y /(1-sy) !

LN
0,7| cos 1- -R
{ @N[ l_SNj 1}

AP, = , 2.55
ten 1+0,3s, /(1-sy) (2:59)
U2
R, =—2 (2.56)
AI:’12N

Thus, we have compiled a system of nine independent equations that allows us to
determine all nine parameters of AMS substitution scheme.
Calculations using the method of successive approximations are continued until the
condition
[AM, |UAlL|UJAM  |U|AQ, | < &,

where € =0,001 — given accuracy by the method of successive approximations.

For the final choice of the algorithm for calculating the parameters of AMS
substitution circuit, it is necessary:

1. Choose from the expressions (2.1) or (2.2) the patterns of current displacement
in the rotor that are most suitable for low-voltage AMS.

2. Investigate the calculation methods for the resistance Ry, one of which is based
on the expressions (2.46), (2.47) and the other (2.48), and choose the static power loss
characteristics of the in-plant PSS suitable for the purpoPSS of calculating.

2.2 Evaluation of algorithms for calculating the parameters of the low-voltage
AMS substitution circuit

Among the algorithms for calculating the parameters of the AMS replacement
circuit, presented in the previous section, it is necessary to choose the one that is most
suitable for calculating the static characteristics of power losses in the workshop PSS.
What is meant by the words "the most suitable"? Given the permissible spread of AMS
catalog parameters from + 10% to + 20%, for different designs, different synchronous
rotor speeds and different nominal powers of the AMS, the parameters of the replacement
circuit should reflect the average trend of variation of individual power loss components,
within the total losses determined by the efficiency of the AMS. Here, it is not important
to determine accurately the parameters of the replacement circuit of each AMS (it is
relative when using catalog parameters as the initial data, which is due to their allowable
spread), and the average trend of their change on a large AMS set. There are several
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dozen to hundreds of AMSs in the workshop PSS, while maintaining average trends in
the parameters of the substitution scheme for the error from determining the component
losses in individual engines, in total power losses for such an amount, AMSs are
mutually eliminated.

For calculating studies were compiled four programs for personal computers,
implementing all four modifications of the algorithms:

- the program PAD1 (parameters of asynchronous motors) implements an
algorithm in which the displacement of the current in the rotor is taken into account by
the expressions (2.1), and the active resistance of the stator winding R; is calculated from
the expressions (2.46), (2.47) through the maximum electromagnetic moment M,x;

- the program PAD2 implements an algorithm in which the current displacement in
the rotor is taken into account by the expression (2.2), and the calculation of the
resistance R, is carried out by the expressions (2.46), (2.47);

- the program PAD3 implements an algorithm in which the current displacement in
the rotor is taken into account by the expressions (2.1), and the calculation of the active
resistance of the stator winding R; is carried out by the expression (2.48) in the form of a
power function of the total rated power of the engine S,,.;

- the program PAD4 implements an algorithm in which the current displacement in
the rotor is taken into account by the expression (2.2), and the calculation of the
resistance R;- according to the expression (2.48).

Thus, the programs PAD1 and PAD2 (respectively PAD3 and PAD4) differ only
in the way of taking into account the current displacement in the rotor, and the programs
PAD1 and PAD3 (respectively PAD2 and PAD4) - the method of calculating the active
resistance of the stator winding. In other respects, the algorithms of all programs are the
same. Let us consider the parameters of a number of AMSs differing in nominal power
by more than 400 times.

AMSI1: P, = 132 kV; cosey = 0,85; nn = 0,935; sy = 0,013; I, =6,5; M, = 1,2;
Mmax = 3,1.The active resistances of the AMS replacement scheme calculated for all four
programs are presented in Table 2.1a, and reactive ones in Table 2.1b.

Table 2.1a - Active resistances of the AMS replacement scheme

Rl Rzn RZN RZc R12 APMex
PAD1 0,0279 0,0244 0,014 0,0126 74,74 0,005
PAD?2 0,0205 0,0245 0,0141 0,0139 52,74 0,072
PAD3 0,0234 0,0245 0,0141 0,0127 59,46 0,0064
PAD4 0,0234 0,0245 0,0141 0,0139 59,46 0,0064
PAD1 0,0234 0,0245 0,0141 0,0127 59,53 0,0064
PAD?2 0,0234 0,0245 0,0141 0,0139 59,19 0,0064
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Table 2.16 - Reactive impedance of the AMS replacement circuit

Xs1 X621 Xo2N Xo2¢ X12 X;
PAD1 0,077 0,0701 0,0893 0,0926 2,30 0,145
PAD2 0,0782 0,0712 0,0932 0,0936 2,35 0,1473
PAD3 0,0778 0,0708 0,0891 0,0922 2,315 0,1465
PADA4 0,0778 0,0708 0,0901 0,0904 2,32 0,1465
PAD1 0,0778 0,0708 0,091 0,0945 2,32 0,1464
PAD2 0,0778 0,0708 0,092 0,0925 2,32 0,1465

The last two lines in Table. 2.1a, b correspond to the initial data, when all the
catalog parameters of the AMS were accepted as before, except for the maximum
moment Mpax which for the program PAD1 is equal to M.« = 3,145, and for the program
PAD?2 - My = 3,076.

From the analysis of the calculated parameters of the AMS replacement circuit, it
follows that the programs PAD1 and PAD2 are very sensitive to the value of the
maximum torque. If you change the program PAD1 M, from the value of M« = 3,1 to
the value of M. = 3,145, i.e. at 1.45%, the value of the active resistance of the stator
winding changes from R; = 0.0279 to R; = 0.0234, i.e. on 16,2%. Similarly, for the
PAD?2 program: when the maximum torque is changed from Mpa = 3.1 to My = 3.076,
I.e. at 0.77%, the resistance value R; changes from R; = 0.0205 to R; = 0.0234, i.e. on
14,15%.

The permissible deviation of the maximum moment of the real AMS from the
catalog data is +10%. With such a spread of the maximum torque, the spread of
resistances R; in programs PAD1 and PAD2 exceeds reasonable limits. Consequently,
the use of the maximum moment (i.e., expressions (2.46), (2.47)) to calculate the active
resistance of the stator winding at existing norms of the allowable spread of real values of
M.x for an ADC of one type is not possible.

Comparing the methods of taking current displacement in the rotor, using formulas
(2.1) and (2.2), it should be noted that using the formulas (2.2) (programs PAD2 and
PAD4) the values of the active and reactive resistances of the rotor winding in
synchronous (with index "c") and nominal (with index "N") modes are practically the
same, while using formulas (2.2) (programs PAD1 and PAD3) these values differ more
significantly. The general theory of current displacement in rotor windings shows that
when the slip in the operating modes of the AMS changes (from s = 0 to s = ), the
current is not practically displaced in the rotor windings, and changes in the parameters
of the rotor winding have a significant effect only for slip s>s,,. This conclusion of the
theory is better matched by the method of taking into account the displacement of the
current in the rotor windings, based on the expressions (2.2). Therefore, the program
PAD4 should be recognized as the most suitable for calculating the static power loss
characteristics in the workshop PSS.

Let's check these conclusions on other AMSs.

AMS2: Ppom = 55 xBrt; cosey = 0,79; nn = 0,92; sy = 0,018; I, = 5,5; M, = 1,3;
Mpax = 2,7.
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The active resistance of the AMS replacement circuit, calculated for all four
programs, is shown in Table. 2.2a, and reactive - in Table. 2.2b. The last two lines of the
table correspond to the maximum moment compared with the catalog data: for the
program PAD1, M. = 2.767, for the PAD2 program, Max = 2.685.

Table 2.2a - Active resistance of the AMS replacement circuit

R1 Rzn RZN RZC RlZ APMex
PAD1 0,0392 0,0348 0,0201 0,0178 112,86 0,0032
PAD2 0,0253 0,0349 0,0204 0,02 50,13 0,0073
PAD3 0,0283 0,0349 0,0203 0,0181 56,84 0,0064
PAD4 0,0283 0,0349 0,0203 0,02 56,84 0,0064
PAD1 0,0283 0,0349 0,0203 0,0181 56,82 0,0064
PAD2 0,0283 0,0349 0,0203 0,02 56,83 0,0064

Table 2.2b - Inductive impedance of the AMS replacement circuit

Xs51 Xo2m X2N Xs2¢ X12 X n
PAD1 0,0886 0,0816 0,1135 0,1208 1,87 0,1668
PAD2 0,0913 0,0842 0,1208 0,122 1,94 0,172
PAD3 0,0908 0,0837 0,1167 0,1242 1,92 0,171
PAD4 0,0908 0,0837 0,1185 0,1196 1,92 0,171
PAD1 0,0908 0,0837 0,1184 0,1265 1,92 0,171
PAD2 0,0908 0,0837 0,1193 0,1205 1,92 0,171

For AMSs of lower power, the same trends persist when calculating the parameters
of the replacement circuit. Programs PAD1 and PAD?2 are very sensitive to variations in
the maximum torque. When the maximum torque varies from My, = 2.7 t0 M = 2.767,
l.e. at 2.48% in the PAD1 program, the value of the active resistance of the stator
winding changes from R; = 0.0392 to R = 0.0283, i.e. by 27.8%. Similarly for the
program PAD2: when changing from M. = 2,7 to M« = 2,685, i.e. at 0.55%, the value
of the active resistance of the stator winding changes from R; = 0.0253 to R; = 0.0283,
I.e. by 11.6%. Therefore, the use of the PAD1 and PAD2 programs under the conditions
of the permissible norms of deviations of the real values of M,,,« from the catalog values
seems to be unacceptable, since the value of the resistance R1 for such deviations of M .
can go beyond the permissible limits. The method of taking into account the current
displacement in the rotor, based on the e