Chapter 2

Investigation Methods of Performance
Characteristics for Double-Fed Machines
with Converter in Rotor Circuit. Summary
of Main Investigation Stages of A.C.
Machines

This chapter presents investigation methods on operation modes of high-power
double-fed machines (DFMs) with frequency converter in rotor circuit. These
methods are checked experimentally and are used in modern practice, for example,
in production of these machines for operation both in modes of frequency-
controlled motors and generators with variable rotation speed.

Main stages of their investigation are noted. Obtained there are equations for
calculation of electromagnetic loads of these machines in various operational
modes, including equations for calculation of current, voltages and power of rotor
winding; they are initial for designing A.C. exciter (exciter EMF frequency is
determined by machine slip). Practical examples are given.

As a result of generalization of these stages, it is possible to formulate the main
investigation objectives for modern A.C. machines solved in subsequent chapters.

Content of this chapter is development of the methods stated in [14, 20-26].

2.1 Peculiarities of Investigation Methods

Let us consider main peculiarities in investigation methods of performance char-
acteristics for machines of this type; the converter is included into their rotor circuit
[21-24].

Summarizing main stages of this investigation, let us also determine basic
investigation stages of A.C. machines with squirrel cage rotor windings in nonlinear
networks. Investigation methods for these machines modes are more complicated
than for DFMs due to the following reasons: rotor winding of DFM is three-phase
one. Each phase of such a winding can be considered as the only loop of rotor with
lumped parameters: resistance and leakage inductance. Unlike this winding,
short-circuited rotor windings of synchronous and induction machines, for example,
damper winding of salient-pole machine, squirrel-cage with damaged bars or
without damages of induction machine, consist of several loops; these are windings
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with distributed parameters. Only in the simplest case of short-circuited winding,
namely the squirrel cage, consisting of Ny intact bars, in the theory of induction
motors it is considered as a polyphase winding with number of phases mpy equal to
the number of those bars (mpy = Ny). In general, currents flowing through rotor
short-circuited winding loops differ not only in phase, but also in amplitude. It is
more difficult to determine these currents than those in a single current loop—either
in one of three phases (mpy = 3) of DFM rotor winding or in one of Ny squirrel
cage phases without any damage.

Note another distinction of short-circuited winding in a salient pole machine
rotor (damper winding, asymmetrical cage winding) from three-phase rotor winding
of DFM: for a machine with short-circuited winding in nonlinear network, each
EMF in rotor loops (Eror) with frequency oror corresponds in stator winding to
two EMFs (EST,l,EST,z) with frequencies ®; and m; ®; # @,; it also refers, in
particular, to the first spatial harmonic of the resulting field in the air gap.

Therefore, mode investigation methods of DFMs are easier. There is no need to
investigate the current distribution in rotor short-circuited winding loops taking into
consideration those two EMFs in stator winding, etc. However, it is also easy to
identify main stages of solving more general problems specific to machines with
rotor short-circuited windings and to give their physical interpretation.

Note further that the investigation methods of DFMs described in this chapter are
of independent practical interest: It has already been pointed out that such machines
are used in engineering practice.

DFMs now become more widely used in various industries including power
industry. In motor modes, they are used in controlled electric drives, for example,
blast furnace blowers, rolling mill converter units, turbochargers, etc.; their maxi-
mum rated power has reached 50-60 MW. In generator modes, they are used in
power plants providing constant voltage frequency and amplitude at variable
rotation speed of drive motors (diesel, turbine). Depending on type, the DFM
maximum power is various: it is 5-8 MW for wind power and small hydroelectric
power plants; 400 MW for high voltage transmission line generators; DFMs are
also used as condensers (with 60 MVA maximum power) [27-31].

Another application field of such machines has become known recently “vari-
able frequency transformers” [32]. This “variable frequency transformer” with
100 MVA rated power was manufactured by General Electric Co. It is used for
connecting two power systems different, for example, in their frequency: its stator
winding is connected to one of the systems and rotor winding—to another.
Actually, such a “variable frequency transformer” is a device converting energy of
one frequency to another. It is necessary to rotate a rotor of this machine to provide
slip frequency between two systems. It has vertical design taking into consideration
the machine high rated power and, correspondingly, its rotor dimensions. In this
case, the air gap can be made smaller than in variant with horizontally-arranged
machines. Neither advantages nor disadvantages of this trend are discussed as far as
the application of DFMs is not concerned. They are not compared with other
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technical solutions used in practice [6-9]. It should be noted that the method
mentioned below, could also be used for developing such a converter of frequency.

Numerous extensive studies of DFM physical processes, methods of analysis
and design, DFM regulation methods for determining optimal power models were
launched in 20 s of XX century [10-12]; these were proved by experiments and
operation in some European countries and the USA. DFM motor operation mode
comprising electric drive (cascades) was considered initially; they differ in their
speed regulation principles. DFM quasi steady state and transient processes in
generator modes have been researched later. Currently, due to rise of DFM appli-
cation level and use of frequency converter allowing us to control the rotor winding
voltage in amplitude and phase, it is necessary to consider more strictly DFM
magnetic circuit saturation, influence of DFM modes on this saturation and flux
winding magnitude leakages, to consider the influence of higher time harmonic
influence (Q > 1) on machine losses and shape of voltage curves [2—4, 6-9, 25].

After these preliminary remarks, let us proceed to investigation methods of
performance characteristics for DFMs with frequency converter in rotor circuit. The
method is set forth in the equations for two magnetically coupled circuits (stator and
rotor); this system takes account of machine magnetic circuit saturation.

2.2 Problem Statement

The calculation methods of DFM modes are shown by examples of the generator
mode, so that the original equations would have a univocal form; In references [6—
9, 21-23, 25] these generators are sometimes called ASG (asynchronized syn-
chronous generators); This name will be also used in this chapter for short. The
equations are written similarly for the motor mode.

There are a number of peculiarities describing the rotational speed variation of
DFM rotors:

e the first harmonic voltage at stator winding terminals remains constant in
amplitude and fquUCHCyZ UST,I 75 f(nREv); fST,l 7& f(nRE\/);

e the first harmonic voltage at rotor winding terminals varies in amplitude and
frequency: Ugor,1 = f(ngev); fror,1 = f(nrev); it is assumed that rotor wind-
ing is powered from a frequency converter, for example, via contact rings;

e stator and rotor winding voltage contains a number of higher harmonics:
Ustq = f(nrev);  Urorq = f(nrev); fsto = f(nrev);  frorq = f(nrev).

The task is to determine specified relationships.

The assumptions adopted in these equations are standard in A.C. machine the-
ory. They take into account magnetic circuit saturation and higher time harmonic
effect. In particular, it is accepted that the resulting flux in ASG air gap is
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determined according to the Ampere’s law [1, 2]. Magnetic circuit saturation is
based on considering the first harmonic of this flux in MMF calculations. If nec-
essary, the higher time harmonics can be registered using an iteration method.

2.3 Frequencies and Amplitudes of Voltage and Current
First Harmonics in Machine Rotor and Stator
Windings

2.3.1 Ratio of Frequencies fror,andfgr , at nggy = var

In rotor speed variation modes (nggy = var) the frequency converter control system
should provide:

fsr1 # f(nrev);  frori = f(nrev).
The law of frequency regulation fror,; follows from the ratio:

n
fgr) = p6R(;:V +frora (1%, (2.1)

Here S—sign defining the phase order sequence for the first (Qgor = 1) rotor
winding time voltage harmonic or rotor field rotation direction relative to rotor.
Regulation laws of frequency converter are as follows:

¢ In rotor rotation speed modes at nrgy < 60fst/p a direct phase sequence order
(S = 1) should be provided for rotor winding first voltage harmonic; in this case
the rotor field rotation direction of the first harmonic (Qrop = 1) and that of
rotor coincide;

¢ In rotor rotation speed modes at nggy > 60fst/p an opposite phase sequence
order (S = 2) should be provided for rotor winding first voltage harmonic; in
this case the rotor field rotation direction of the first harmonic (Qgor = 1) and
that of the rotor misalign;

e On the practice the modes with nggy > 60fsr/p did not allowed.

e in modes approaching rotor synchronous speed nggy ~ 60fsr/p the frequency
of the first voltage harmonic (Qgor = 1) should be fror; &~ 0. At the same
time, winding overheating in these phases can be different.
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2.3.2 Ratio of Voltages Ugor,; and Uy ; at nggy = var

In rotor speed variation modes (nrgy = var) the frequency converter control system
should provide:

Ust,1 # f(nrev); Uror,1 = f(nrev).

The voltage control law Ugror,; follows from the equitation system for mag-
netically coupled stator and rotor circuits [1, 2, 14, 30, 31]. It is reasonable to
present them based on rotating field theory [5, 15, 16] as ASG is a non-salient pole
machine. In contrast to the usual equation system of such two circuits, at first,
machine magnetic circuit saturation is considered additionally, then influence of
higher time harmonics.

In accordance with Kirchhoft’s second law, for the first time harmonics of rotor
and stator voltage windings we have:

Irot,1%1 + Pp 172 = UROT,I(*l)S+1

)

Ist 14 + @p %3 = Usr . (2.3)

Ki =Zror1 +Zr1rom);  ZroTt,1 = RroT,1 +j27fR0T 1LROT 1
K> = j2nfror,1 WrotKwrOT; K3 = — j27fsT 1 WsTKw sT;
Ky = — Zst1-Zrs1);  Zst,1 = Rst1 +j2nfst 1 Lst -

Here Zg (rot); Zr,1(sT)—impedance of filter in rotor and stator windings, corre-
spondingly; Zst,1, Zrot,1—impedance of stator winding and rotor correspondingly.
In Egs. (2.2) and (2.3) the impedance values Zg rot), ZF,(sT) are calculated at
frequencies fror,; and gt | respectively.

The following is valid for these magnetically coupled circuit windings:
Fror,1 + Fst1 = Fop1 or

Irot,1Ks + Ist, 1K + Fo1K7 =0, (2.4)
where
WrotK WerK
Ks = mMRoT WROT W.ROT; Ke= mst WsT W,ST; K, = —1;
pT pT

Fo1 = FL1+Fuc. 1.

Here Fsr i, Frori—MMF complex amplitudes of stator and rotor respectively,
Fo1,..., Fmc.1 value—MMF magnetic circuit; F;, ;-—MMF corresponding to Py
sum of no-load losses and machine additional losses (considering ventilation,
mechanical e.g., friction losses and losses in bearings, etc.) [13, 14, 16, 17]:
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Table 2.1 Coefficients of the

! . Uror.1 Irot,1 D Fo.1 The right part
first equation system
(—1)S*! —K, K, 0 0
0 0 K; 0 Ust,1 —IsT,1K4
0 Ks 0 K7 —Ist,1Ke
0 0 1 —En 0

Note: Exy—coefficient (see Sect. 2.5.1)

2Py

FL,I = ILleé, where }ILJ‘ ~ —
mstUsT,1

(2.5)

These losses are partially dependent on flux @y, as well as frequencies
fsr,1, frot,1; it is suitable to determine the value Py ; using the iteration method. As
an initial approximation, the value I ; ~ 0 can be set; as it has been proved by
calculation practice, it is usually sufficient to have three iterations to determine the
values Pr ;andI; ;. The machine magnetic circuit saturation is calculated taking
into account the magnetization characteristics according to [13, 16]:

®o,1 = O (Fyc.1)- (2.6)

Equations (2.1)—(2.6) make up a system for solving the first problem. The fol-
lowings are set: values Usr; Isti; fsti; fror,1; impedances Zgsr1; Zror,i;
Zr1(s1); Zr,1(RoT); Magnetization characteristic ®g; = ®(Fy.c.1).

There are four unknown values in the system: Uror,i; Irot,1; @o,15 Fo.1. The
system coefficients are given in Table 2.1.

It should be noted that in ASG modes at speeds ng > 60fst/p rotor winding can
correspond to generator mode.

As a result of problem solution given in this paragraph, it is possible to calculate
the exciter and frequency converter, thus to determine a series of higher time
voltage harmonics in ASG rotor circuit.

2.4 Frequencies and Amplitudes of Voltage and Current
Higher Time Harmonics in Machine Rotor and Stator
Windings

Amplitude values of higher current harmonics in rotor winding, as well as stator
winding voltage and current, are determined by solving the second problem. It
allows us to determine a voltage waveform of ASG stator winding, standardized by
IEC and GOST (Russian State Standard) [35]; simultaneously the filter options in
these windings are determined providing acceptable curve distortion degree.
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2.4.1 Ratio of Frequencies fgor gandfsr oatngpy = var
Now the relation between higher harmonics voltage frequencies (Qrgr > 1) in both
windings is determined. Similar by to (2.1) we obtain:

PhRg
60

D+1

Y+ frorq(—1)

fsrq = ‘ , 2.1)

where D—sign defining the phase sequence voltage for rotor winding higher
(Qror > 1) time voltage harmonics or direction of rotor field rotation for this
harmonic relative to rotor.

Now, we consider the modes of some practical interest:

In modes at rotor rotation speeds nrgy <60% (S = 1) the rotor fields of time

order Qror = 5, 11, 17,..., 6 K-1 (at K = 1, 2, 3...) and rotor rotate in the opposite
direction (D = 2), rotor fields of time order Qror =7, 13, 19,..., 6 K+ 1 (at
K =1, 2, 3,...) and rotor—in the same direction (D = 1).

In modes at rotor rotation speeds nrgy > 60% (S = 2), rotor fields of time order

Qrot =5,11,17,.., 6 K-1 (at K = 1,2,3 ...) and rotor rotate in the same direction
(D = 1), rotor fields of time order Qgot = 7,13,19,..,6 K+ 1 (at K = 1,2,3...) and
rotor—in the opposite direction (D = 2).

Example. Frequency of the first voltage harmonic of ASG stator winding with
number of poles 2p = 4 is equal to fgr; = 50 Hz; let us accept the rotor rotation
speed equal to nggy = 1150 rpm. As it follows from Eq. (2.1), the frequency of the
first voltage harmonic of rotor winding is equal to fror,; = 11.67 Hz (S = 1). Then,
harmonic of the order Qgror =5 (frors = 58.33 Hz) according to (2.1") corre-
sponds to the frequency fsrs = 20 Hz (D = 2), and harmonic of the order Qror =
7 (frot,7 = 81.67 Hz), to the frequency fst7 = 120 Hz (D = 1).

Note. It is assumed in the example that the number of rotor winding phases is
equal to mgror = 3. In this case, it is possible to reduce the voltage harmonic
amplitude of frequency fsrq by filters in both windings. However, when the
number of phases mror = 6, the time harmonic rotor fields of order Qror = 5 and
Qror = 7 do not induce any additional voltages in stator winding.

2.4.2 Ratio of Voltages Ugorg; Usr o atngey = var

In rotor speed variation modes (ngrgy = var) frequencies of voltages of both
windings fror,@ and fstq, and their amplitudes Urot,@ and Ust g change.

In order to determine ratios of these amplitudes, it is advisable to use the rotating
field theory [5, 15] for solving this problem, similar to that of the first problem.
At the same time, it is also possible to consider magnetic circuit saturation [5, 17].
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In accordance with the Kirchhoff’s second law the winding voltages of stator and
rotor higher time harmonics are as follows:

IrorQK1.Q + Pok2,0 = Urore; (2.2)
Ist K40 + oKz =0, (2.3)

where K o; Kz q; Ks3q; K4q——coefficients similar to those K;; K; K3; K4 from
the first problem, the impedance values Zsr q; Zrot,Q; Zrq(st) ZF,Q(rROT)> Which
they contain, are computed for frequencies fsr g and fror,q, respectively.

For stator winding voltage the following ratio is true: Ugrq = Ist,oZgy; wWhere
Zgy is load impedance, which is external relative to stator winding terminals.

The expression similar to (2.4) is true to magnetically coupled rotor and stator
circuits based on Ampere’s law:

Frot,Q + Fst,0 = Fo
or
Irot,QKs +Ist ks +Fo k7 = 0, (2.4

where Foq = Fi g +Fumc. o- Here, Fy.c o—magnetic circuit MMF depending on
mutual flux similar to (2.6) according to the relation:

Do = ®(Fuc.q)- (2.5")

Fr o—MMF component corresponding to the sum of machine no-load and
additional losses for frequencies fstq and frorq (without ventilation losses,
mechanical losses, for example, friction, in bearings, etc.) [13, 14, 16, 17]:

FLo = oK, |ILo| ® —— (2.6')

These losses can be calculated using an iteration method.

Equations (2.1")—(2.6") make up a system for solving the second problem: where
impedances Zsrq; Zrot,Q; ZrQ(st) ZrQ(roT); mMagnetization characteristic
(DO,Q = (D(FMCA,Q)-

There are four unknown values in the system: Iror,; IstQ; Po,0; Foq, and the
system coefficients are given in Table 2.2.

It should be noted that voltage and current complex values (USTJ; Ist 1
Uror,1; IROT,I) in both problems determine the power factor values (COS(pST_rl;
cosQgor,1) and, respectively, cos@gr o; COSProT o- @s Well as values of active and
reactive power.



2.5 Method for Solving Both Problems; Two Systems of Equations 21

Table 2.2 Coefficients of the

. IroT,Q Irot,Q Dy Foo Right part
second equation system
0 Kiq Ksq 0 0
KS K6 0 K7 0
0 0 1 “E, |0

Note: —E{—coefficient (see Sect. 2.5.2)

2.5 Method for Solving Both Problems; Two Systems
of Equations

In ASG modes with preset values of power factor and stator current, the first
problem can be solved without an iteration method [13, 14, 17]: flux @ ;—is
determined from Eq. (2.3): Fo; and MMF Fy ¢, ;—from magnetization character-
istic (2.6) and from relationship (2.4), herewith, Fypc .1 MMF has the same phase
angle as @ ; Iror,;—from (2.4); Uror,1—from (2.2).

However, the given equation systems with their minor modifications remain
valid for the calculation of DFM performance characteristics not only in ASG
modes, but also in other modes, for example, in frequency controlled motor modes.
If the generator power factor (or stator winding current) is not specified, it is also
necessary to modify the equations of both systems for ASG.

Let us consider in more detail a method of calculation of DFM modes with
account of magnetic circuit saturation for this general case: ASG or motor.

2.5.1 Magnetization Characteristics Presentations 0, =
0(Fu.c.1) in Piecewise Linear Function Form

Both systems are nonlinear: they take into account magnetic circuit saturation in
accordance with (2.6) and (2.6"). To solve them, it is advisable to introduce the
characteristic (2.6) as a piecewise linear function.

In the simplest case, this feature could be presented as a straight line drawn from
the origin of coordinates. In this case, the magnetic circuit impedances would not be
dependent on the flux.

In a general case, this characteristic can be presented as consisting of S discrete
points at the intersections of magnetization curve (2.6) and straight lines drawn
from the origin of coordinates.

With account of Table 2.3, the relation between flux @y (®y € Do) in the
portion with number N = 1, 2,..., S and MMF Fy c n in the same portion takes the
form [14] (DN = EN . FM.C.,N~
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Table 2.3 Angular N EN Portions (DN
coefficient Ey for
. . . 1 E, 0 < (I)N < (1)1

approximation of elation

between flux in portion with 2 Ey O <Oy<Dy

number N and MMF in the

same portion : : :
N Ex Oy <Dy <Dy
S-1 Es_ Dg_, <Py <Ds_
S Es Ds_| SON<Dg

Thus, the only parameter, namely, the angular coefficient Ey corresponds to each
straight line drawn from the origin of coordinates. Its value at N = 1 corresponds to
unsaturated magnetic circuit.

For this representation of curve, the equation system (2.1)—(2.6) is quasilinear
for all values N =1, 2,..., S. The system can be considered solved provided the
calculated values of field in air gap and MMF respond to the value of coefficient Ey
in Table 2.3, for which they were determined.

2.5.2 Peculiarities of Solving Both Systems

The algorithm for solving the first system (Qrop = 1) can be represented by the
following calculation sequence:

(a) Magnetization characteristic calculation (2.6) as per [5, 17];

(b) This characteristic should be presented as it is shown in Table 2.3. In practical
calculations, the portion 0 < Oy < % [(I)Ovl]NOM can be represented as a single
line with coefficient Ey (for N = 1), where [(I)O,l]
value in nominal (rated) mode;

(¢) Numerical solution of quasilinear system of Egs. (2.1)-(2.6) at
En(1 <N<S). Coefficient Exy (for N=1) is assumed as the initial
approximation.

Results of system solution: Uror,1;IroT,15 @o,1; Fo,1 and Fumc 13

(d) Analysis of these results: the angular coefficient value Ex; g (at K>0) is
determined according to Table 2.3 for flux @y ;. If this value is equal to Ex
(K = 0), the results are the desired system solution (the end of the first problem
solution);

(e) Otherwise, the following coefficient value Ey (assign N = N+ 1) should be
selected from Table 2.3 and computation of algorithm items: (c), (d), (e) are
repeated.

Now 18 the flux approximate

This method can be used for an arbitrary curve form (2.6). The only requirement
8([)0‘]

for this curve is as follows: the first derivative for angular coefficient Ey, = F in
M.C.,1
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Table 2.4 Results of mode calculation for ASG 1250 kW

NRgy, Ipm fror,1, Hz Uror,1, V COS ProT, |
1300 6.67 120 0.635

1350 5.0 94.5 0.65

1400 3.34 63.0 0.68

1450 1.67 35.0 0.755

1550 1.67 19.5 0.36
Note: fsr; = 50°Hz; Ist; = 145A # f(ngey); Irot,1A # f(hRevy)
Table 2.5 Influence of higher order time harmonics Q = 5 and Q = 7

Q fstq,Hz frorQ, HZ Istq, A IrorQ; A Uror, V COS ProT
5 20 25 37 181 19.0 0.115
7 80 35 19 93 13.5 0.105

the calculation area of magnetization curve should be continuous. This requirement
is always satisfied in practical calculations.

The algorithm of the second system solution in addition should be based on that
the saturation degree of machine magnetic circuit is already determined as a result
of first problem solution. Mutual induction flux ®yq and Fyc. g MMF in the
calculation area can be approximately presented as [18]:

0Dy |
here E = ——— (%x).
N aFM.C.,l ( )

@) o ~ ExFumc o
The sign (**) shows that the derivative is taken at the point of machine magneti-
zation characteristic (2.6) corresponding to the flux @ ; determined in the first
problem.

Results of mode calculation for ASG 1250 kW, 6.3 kV; 2p = 4 are given in
Table 2.4. The effect of higher order time harmonics of EMF and of the rotor
currents for Q = 5 and Q = 7 for speed nggy = 1350 rpm is taken into account in
Table 2.5.

2.6 Check of Methods

Calculation methods have been tested experimentally by the bench test
at « Elektrosila » Work, Stock Company “Power Machines” St.-Petersburg. An
induction motor with phase-wound rotor 630 kW, 6 kV, 2p = 12 was used for ASG
mode. Excitation was performed with the use of a converter that included a D.C.
motor and a synchronous generator [20]. It provided voltage variation in amplitude
and frequency. When rotor winding is fed with voltage of higher harmonic order
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Qrot =5, 11, 17, the reverse phase sequence (A, C, B) was chosen, and for
harmonics of order Qror = 7, 13, 19—the direct one (A, B, C); thus, rotor rotation
speed was ng <500 rpm. Discrepancy between calculated and tested values of
currents in windings did not exceed 6 %.

It should be noted that in practice, when using serial induction motors with
phase-wound rotor as ASG, their rated power needs to be lowered by 15-20 % to
keep rotor winding overheat at the same level as for motors.

2.7 Excitation System Peculiarities

For DFMs as well as for synchronous machines two exciter versions [3, 4] are pos-
sible: brushless or static (with slip rings). In production and operation each of them has
advantages and disadvantages. Brushless exciters are traditionally used for syn-
chronous machines. Recently, the works for DFMs have been under way to improve
brush assembly operational reliability of brushes and slip rings unit [33, 34] to avoid
brushless versions of exciters. Some peculiarities of exciters for DFMs should be
noted. Unlike synchronous machine exciters, its dimensions are determined by two
apparent power components Pror; of rotor winding: Pror; = Pac1 + jPR_’ 1 the
active power Pac ; is determined by machine electromagnetic power and its slip (with
account of winding skin effect); reactive power Pr ;| depends on the rotor winding
inductance and slip; that is, on its impedance (also with account of skin effect) [3, 4,
13, 16]. Hence, dimensions of exciter active part and converter in its circuit for DFM
are more than for synchronous machine of the same power. The difference is deter-
mined by the speed control range in operating conditions.

2.8 Summarizing the Results: Main Stages of A.C.
Machine Investigations with Rotor Short Circuited
Windings

2.8.1 Stator and Rotor Circuits Frequency Voltage.
Rotational Speed of Rotor and Stator Fields
in Air Gap

The ratio between the first harmonic voltage circuit frequencies of rotor and stator
loops is determined for DFMs in Sect. 2.3.1 with using (2.1), and the ratio between
higher time harmonic frequencies at the first spatial harmonics (jm| = |n| = 1) is
determined using Eq. (2.1") (see Sect. 2.4.1). These fields cause the resultant field in
air gap and torque on machine shaft.

As it follows from equations for a DFM, each time harmonic of frequency EMF
ogot in rotor loop corresponds to one frequency EMF ®; in stator loop, and,
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therefore, one resulting field in air gap, one torque on machine shaft torques. This is
true for spatial harmonics of order (|m| = |n|>1). However, the calculation
method mentioned in this chapter takes into account only first spatial harmonic.

Let us designate in this paragraph for short the machines operating in nonlinear
networks and with short-circuited loops in rotor in the form of damper winding,
squirrel cage with asymmetry as: machines type (*). As it has already been noted,
there are some differences in DFMs and machine type (*). In particular, to each
EMF harmonic in rotor loops (Eror) with frequency wror of (*) type machines, in
stator winding there correspond to two EMFs (EST,lvEST‘Z) with frequencies o,
and m,. Two stator fields and two rotor fields with wror frequency currents cor-
respond to them. These fields produce two resultant fields in air gap different in
their amplitudes, rotation direction and speed and two—machine shaft torques. This
regularity is true for spatial harmonics of any order (|m| = |n| > 1) for (*) type
machines. Ratio of EMF frequencies in rotor and stator loops of these machines is
given in Chap. 3.

They allow us to determine rotor and stator magnetically coupled circuits of (*)
type machines.

2.8.2 Ampere’s Law Equations

The ratio between the first time harmonics of MMF stator and rotor windings is
determined by Eq. (2.4) for a DFM in Sect. 2.3.2. Both summands of this equation
correspond to the fields of the stator and rotor first time harmonics mutually fixed in
air gap generating one resulting field. The same is true for fields of each stator and
rotor higher time harmonic, their MMFs correspond to Eq. (2.4') in Sect. 2.4.2; they
are also mutually fixed in air gap and generate one resulting field.

Each of these two equations contains expressions for MMF stator and rotor
windings. MMF equations are known [3, 4] and given in the above-mentioned
paragraphs for multiphase stator windings (usually three-phase, rarely six-phase)
and three-phase rotor winding.

However, the problem is more complicated for type (*) machines. It is necessary
to investigation preliminarily the current distribution in bars and ring portions of
these short-circuited windings in order to write down expressions for MMF of
damper winding or squirrel cage with damages. This investigation is an indepen-
dent problem, and it is solved in subsequent chapters.

2.8.3 Kirchhoff’s Second Law Equations for Stator Winding

Ratio between the first time harmonics of EMFs, voltages and stator loop currents is
determined in Sect. 2.3.2 for DFMs using Eq. (2.3). Ratio between their time higher
harmonics is determined in Sect. 2.4.2 using Eq. (2.3"). Stator winding in these
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equations is considered as a lumped circuit (with A.C. resistance and leakage
inductance), set up in solving the problem. Each of these two equations is based on
the assumption that the expression for resultant mutual induction fluxes @ ; and,
respectively, @ g are determined by Eqgs. (2.6) and (2.6").

However, for (*) type machines, determination of these mutual induction fluxes
is connected with a need to find the rotor winding MMF requiring the previous
investigation of the distribution of currents in elements of damper winding or
squirrel cage with damages. It has already been noted that this investigation makes
up a separate problem, and it is solved in the following chapters.

2.8.4 Kirchhoff’s Second Law Equations for Rotor Loops.
System of Equations

The ratio between the first time harmonics of EMFs, voltages and rotor circuit
currents is determined in the same paragraphs for DFMs using Eq. (2.2) and the
ratio between their higher harmonics—using Eq. (2.2"). The rotor winding in these
equations as well as the stator winding are considered as a lumped circuit (with A.
C. resistance and leakage inductance) given in solving the problem.

However, rotor winding unlike stator winding is a circuit with distributed
parameters for (*) type machine. It consists of a series of short-circuited loops.
Therefore, the system of equations, whose order responds to the number of loops,
should be written instead of a single equation as in (2.2) or (2.2). It should also
include the equation of the form (2.3) or (2.3’) for stator in addition to rotor circuit
equations according to Kirchhoff’s second law. At the same time, EMFs, voltages
and currents in stator loops, which differ in frequency [1, 2], should be considered
in the system. This numerical solution modification is given in Chap. 5. A system
of equations for short-circuited rotor loops is given as a part of this modification. It
allows reducing the order for system of equations for magnetically coupled loops.

The above-stated confirms additionally that it is necessary to solve preliminarily
the problem of currents distributions in short-circuited rotor winding elements:
damper winding or squirrel cage with damages. When solving this problem, it is
suitable to use generalized current and MMF characteristics of rotor windings.

Appendix 2.1

A general method of calculating DFM operating characteristics outlined above (in
Sects. 2.2-2.7) allows one to calculate the mode characteristics of frequency-
controlled motor, condenser, generator and frequency inverter. It is reduced to
solving systems of equations of the fourth order in the complex plane. However, in
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practice, it appears appropriate to develop additionally a DFM calculation method
similar to factory methods [13, 17, 19] for calculating non-salient pole machines
(turbogenerators, turbomotors and induction machines). It allows the engineer
under production conditions to consider the experience of developing traditional
designs of these non-salient pole machines. Key elements of this methodology are
given below in Sects. A.2.1.1-A.2.1.5 as applied to DFM “overexcitation” in
motor, condenser, generator modes.

A.2.1.1 DFM Rotor Current and MMF Under Load

Now, let us use the Ampere’s law according to Eq. (2.4). The first summand in the
expression for Fyo; = F;; +Fuc,1 can be neglected. Magnetic circuit MMF
amplitude Fyc 1 contains two summands [13, 17]:

Fymc.,i = Fucsti +Fucror- (A2.1.1)

First of them Fycst1 = Fum.ccap,1 +Fumcroorn,1 +Fumcyoke, contains three
components: MMF of air gap, teeth and stator yoke, respectively. These compo-
nents in (A.2.1.1) are determined by air gap, stator magnetic circuit geometry and
mutual induction flux ®g; in air gap [1, 13, 19]:

J 2
Oy, =|————EUpy|, E,= \/ 2 X . (A2.12
] 0,1‘ o WsrKwsr 0,1 cos? ¢+ (Xsr,1 + sing)”, ( )

where ®;—network angular frequency; Ey—internal EMF [13, 19]; Xgt,—stator
winding leakage inductance (in per units system, p.u.); we accept that it exceeds A.
C. resistance Rgr 1;cos gp—power factor on DFM stator terminals.

The second summand in (A.2.1.1) Fucrori = Fycroormi + Fycyoke.
contains two components respectively, MMF of rotor teeth and yoke [13, 17, 19].
Both components are determined by the sum CI){V[L1 of mutual flux @p; in (A.2.1.2)
and rotor slot leakage fluxes @y crEak it

‘(Di\/ll,l‘ = |®o,1 |+ |PvcLeak.]- (A2.1.3)

Here ®ycipak,) = ’FGEN.EQJ} - AsLor.LEak, Where Agporieak,—totor slot leak-
age conductivity [13, 17, 19]; Fgen gq,1—equivalent generator MMF. Based on the
calculation method for turbogenerators and turbomotors, let us determine it in the
form of sum of two complex amplitudes [19]:
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Feeneq,1 = Fst1 +Fumcst - (A2.14)

where Fsr ;—MMF of stator winding (phasor).
In practical calculations, it is convenient to calculate complex amplitude module
in (A.2.1.4) Fgengq,1 in the form:

Fst1| - [Fmcsti]
1+ (XST,CIOiq;in (P)

After determination of Fggpnpq, according to (A.2.1.4) or (A.2.1.5), (I){\,[L1
according to (A.2.1.3), we obtain consistently MMF of Fy; - roorm 1> Fyc.yoks.i
and Fy.cror,1- As a result we obtain the component in (A.2.1.1) Fy.c,;—MMEF of
DFM magnetic circuit.

The required complex amplitude of rotor MMF at load Fror; is calculated
according to (A.2.1.6) and (A.2.1.7).

First, let us determine complex amplitude components in stator coordinates (real

axis is aligned with complex phase voltage, and imaginary one makes the angle
+1/2):

|Fen.EQ.1 |2= |Fst.1 |2 + [Fucst. |2 +2

(A2.1.5)

Re(Frot,1) = —’FMC.,l’ - sin\ — |FST71‘ - COS @;

. (A.2.1.6)
Im(FROT,l) = ’FM.C.,I‘ - cos |+ |FST‘1’ - sin @.

Here MMF phase angle Fy;c.; is equal to \y = arccos

XST.l-FjiHQDJrl + %; angle o—

Y%

corresponds to DFM power factor. Let us note that according to (A.2.1.6) in the
adopted coordinate system, the MMF complex Fy; c_; is positioned so that the angle
s is within the range: 7 <\ <m. In practical calculations, the complex module
Fror,1 for check is calculated similarly (A.2.1.5):

|Fror.1 |2: Re? (Fror,1) +Im*(Fror,1)
|Fsta| - [Fmc.i]

2
cos ¢
\/1 + <X5T,1 + sin q))

As it follows from the ratio (A.2.1.7), for DFM: |Fror,| > |Fsr1|.
The rotor current under load Iror,; is determined according to (A.2.1.7) from the
known ratios [13, 17] used for MMF polyphase winding.

= |FST,I|2+|FMAC4,1|2+2 (A.2.1.7)
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A.2.1.2 Phase Angle Defining Complex Amplitudes Position
of MMF Fror, and Current Iror, (in Stator
Coordinates)

Using Eq. (A.2.1.6), the following is obtained:

IM (Fror,1)

. A2.1.8
RE(Fror,1) ( )

B =m — arctg

Let us note that according to (A.2.1.6) in the adopted coordinate system, the
MMF complex Fror, is positioned, so that the angle B is within the range:
F<B<m.

A.2.1.3 Rotor Winding Voltage, Its Components

Now, the Eq. (2.2) for complex Uggr, is transformed to find out its real and
imaginary components. They determine the phase angle 7 in this complex. To do it,
the following ratio is preliminarily calculated:

j2nfrot,1 - Wrot - KwrOT

Zrqg1 = ©o, = ‘ZEQJ |ej‘s = Rgq.1 +iXgq1, (A2.1.9)

Iror
Taking into account Eq. (A.2.1.9), the following is obtained:
Re(Ugor,1) = Re(Iror,1) - (Rrot,1 + Req1) — Im(Iror,1) - (Xror,t + Xeq.1),

Im(Ugor,1) = Re(Iror,1) - (Xror1 +Xeq1) +Im(Iror,1) - (Rrot,1 +Req.1),
(A2.1.10)

WheI'€ XROTA,I = jZTEfROTJ . LROT‘I; XST,I = j21thT,1 . LST‘,l . According to
(A.2.1.10), the complex amplitude modulus of this phase voltage is equal to:

|Uror,1| = \/Rez(UROT‘l) +1Im?* (Ugor,1 ). (A2.1.11)

In practical calculations, the complex amplitude module Uror,; is calculated as a
check as follows:

|UROT,1| = |IR0T,1RR0T,1 +jlror, 1 XROT 1 +j275fR0T,1(D0,1WR0TKWR0T|-
(A2.1.12)
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A.2.1.4 Phase Angle Defining Complex Amplitude Position
Uror,1

In stator coordinates, the angle defining position of rotor voltage complex Uror,| is
equal to,

Im(Ugor,1)

. A.2.1.13
Re(Ugor,1) ( )

Y = T+ arctg

A.2.1.5 Rotor Winding Power Factor; Active and Reactive
Winding Power; Rotor Winding Losses

It is necessary to maintain the rotor winding power factor cos @ggr; by means of an
exciter (frequency converter) to ensure DFM operational characteristics for oper-
ation in network (including its given active and reactive power values, etc.).

It is determined with the help of phase angle values B as per (A.2.1.8) and v as
per (A.2.1.13)

Pror, =Y — B (A.2.1.14)

The angle @gror,; should be maintained by DFM control system in real time [6-9].

From the obtained expressions for Uror,1, Pror,; for rotor windings, we cal-
culate [13, 17] apparent, active and reactive powers of exciter (frequency con-
verter), and also rotor winding losses.

A.2.1.6 DFM Rotor Winding Design Peculiarities

First, let us consider design peculiarities of bar winding [5, 13, 16]. The Field’s
factor value for DFM high power winding is estimated. The DFM rotor slot height
is assumed to be H = 200 mm, the copper height in it is Hcy = 150 mm, and the
Field’s coefficient for transposed bars at frequency fso = 50Hz is equal to
Kgs0 = 1.25. At frequency frot,1 = 2.5 Hz (slip 0.05) we obtain:Kg g ~ 1.0. Now
this coefficient is determined at first for the same equivalent bar with fror; =
2.5 Hz without any transposition. A “reduced height” is to be found for this bar [1,
2] Hrep = K’ - Hey at industrial frequency (50 Hz):

A
Hrep.so = | /(”252i Hey = 0.085 - Hey = 12.5
CU
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where p—air magnetic permeability, A ~ 0.8—copper width in slot/slot width ratio,
pcy—specific resistance (at the temperature 75°C); hence, at frequency fror,1 =
2.5 Hz we obtain: Hrgp rot,1 = 2.8. It is assumed that the ratio of bar slot part to its
length is equal to A = 0.75. Then, for non-transposed bar, the Field’s coefficient at
fror,1 = 2.5Hzis equal to Ki; g ~ 2.1. This practically eliminates a possibility to use
bars without any transposition in the design of bar winding for DFM.

Now, the coil winding design peculiarities are considered [13, 14, 17]. For this
winding at H = 200 mm and fror; = 2.5 Hz:Ki:.S ~ 1.0. Hence, the coil winding
does not cause any problems with additional losses and in overheating for DFM at
slip S <0.05.

Appendix 2.2

Generalized current characteristic of three-phase rotor winding of DFM.

As an example of DFMs, let us determine the concept of rotor winding gener-
alized current characteristic [14, 26] in relation to the first time harmonics
(Qror = 1) of current and EMF also to the first spatial harmonic (m = 1) of the
resulting field in air gap (mutual induction field); in this winding the resulting field
in air gap induces EMF with slip frequency orort.

Let us name the current relation in rotor three-phase winding Iror,; from Eq. (2.2)
to flux density amplitude by m = 1, Qror = 1 as current generalized characteristic.
The flux and the flux density amplitude relation is determined at first as:

1
Dy = ETI -L-B(m=1,Qgor = 1).

Then, the EMF induced in winding by this current at the frequency oror is equal to:

JOROT

Eror1 = — T - Lcor - Wror - Kwrot * Bo,i-

Here By; =B (m =1, Qgor = 1). Generalized characteristic of rotor winding
current for the first current time harmonics and EMF and the first resultant field
spatial harmonic in air gap can be determined as:

Iror,1 = [Iror,1] - Bo,i-

Physically, this generalized current characteristic in rotor three-phase winding at
the frequency mwror = idem can be considered as a similarity criterion. It deter-
mines in flux density scale B(m = 1, Qggr = 1) the amplitude and current phase in
this winding. In subsequent calculations, a similar concept of generalized MMF
winding characteristics is introduced. It will be used to form a system of equitation
of magnetically coupled rotor and stator loops.



32

2 Investigation Methods of Performance Characteristics for ...

Brief Conclusions

. Calculation methods for DFMs allow us to make calculations of the following

with account of magnetic circuit saturation: voltages and currents in windings
caused by the first time harmonic; voltages and currents of higher time har-
monics caused by operation of frequency converter in rotor circuit.

Results of mode calculation are initial for further calculations:

e of exciter in rotor circuit;
e of filter impedance in stator and rotor windings providing a voltage wave-
form as per IEC and GOST [35].

. Generalized characteristic of rotor winding currents is determined by its number

of turns and winding factor as well as geometrical dimensions of machine active
part.

List of Symbols

frot,1;fsT1 Frequencies of the first voltage har-

monic of rotor and stator windings

frot,Qi fsT.0 Frequencies of higher voltage harmon-

ics of rotor and stator windings

Fror,1; Frot,0; Fst,1; Fst.0; Fm.c.1; Fmc,1  MMF complex amplitudes (phasors) of

rotor, stator windings and machine
magnetic circuit

IROT,l; IROT,Q; IST,I; IST,Q; IMACA,I; IM,CA,Q Complex amplitudes (phasors) of cur-

rents in rotor (stator) windings and
magnetization current

Kw rot; Kw st Winding factors for rotor and stator
windings

Lcor Active core length

Lror; Lst Leakage inductance of rotor and stator
windings

m Order of stator MMF spatial harmonic

MRoT; MsT Number of phases of rotor and stator
windings

n Order of rotor MMF spatial harmonic

NREV Rotor rotation speed

P Power

p Number of pole pairs

Qrot; Qst Orders of time voltage harmonics of
rotor and stator windings

Rror,1; RroT,Qi Rs1,1: Rs1,0 A.C. resistance of rotor and stator
windings

S Slip
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T, Period of the first flux harmonic

Urort,1; Urot,Q; Ust,1; Ust,Q Complex amplitudes of phase voltages
of rotor and stator windings

Wror; Wsr Number of turns in phase of rotor and
stator windings

Xror,1; Xrot,Q; Xs1,15 XsT,0 Inductive leakage reactances of rotor
and stator windings

Dy 1; Dy q Complex amplitudes of mutual induc-
tion resulting fluxes

OroT,15 PROTQ PST.15 PST.Q Phase angles between voltage and
current of rotor (stator) windings
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