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INSTANTANEOUS POWER OF A DOUBLY FED INDUCTION GENERATOR
WITH THE UNBALANCED STATOR WINDINGS

Doubly fed induction generators have become widespread in generation systems in which maintaining the rotor
speed cannot be fully performed by adjusting the drive mechanism.

Purpose. Establishing instantaneous power of a doubly fed induction generator in an autonomous system with a
nonlinear load under the condition of changing the machine stator windings’ electrical parameters.

Methodology. As a result, of the known studies analysis, the presence of technical solutions that provide control of
the generator rotor current even under conditions of nonlinear or asymmetric load was established. Using the known
provisions of the electrical engineering theory and the electric machines theory using the instantaneous power bal-
ance principles, the balance equations for a three-phase double feed induction generator were determined.

Findings. A model was synthesized for studying the processes of power components distribution of the equivalent
circuit elements of a doubly fed induction generator in a visual programming package. The specified model allows
simulating the modes of the machine with linear and nonlinear generator loading and asymmetry of the stator wind-
ings’ electrical parameters. Under the conditions of conducting experiments, a significant change was noted in the
electromagnetic power spectrum of a phase rotor windings under conditions of asymmetry, which is characterized by
the presence of power harmonics with a 50 Hz frequency, which corresponds to the interaction of the rotor phases’
direct current with the alternating voltage components of the rotor circuit’s corresponding element.

Originality. During the study under the condition of asymmetry of the stator windings’ electrical parameters, it
was established that the electromagnetic power harmonics of the stator windings’ phases have values that exceed the
nominal power of the machine by a magnitude order and, being formed into the total power of the three phases, mu-
tually compensate each other. Moreover, the level of these harmonics is sensitive to the nature of the asymmetry at a
frequency of 100 Hz. In the power of three phases of elements of a doubly fed induction generator under the experi-
ment conditions, constant components dominate, the level of which for the stator circuit is sensitive to the nature of
the electrical parameters’ asymmetry of the stator windings and leads to changes by more than 2.3 % for the stator
windings electromagnetic power and 2.2 % for the mechanical power.

Practical value. The obtained results can be used in the future to improve the systems for the mode parameters

control of a doubly fed induction generator to energy performance increase of the complex.
Keywords: electric power, instantaneous power, power harmonics, doubly fed induction generator

Introduction. The general distribution of alternative
energy sources together with the solution of the problems
of forming additional electric energy distributed sources
poses a number of additional tasks arising during opera-
tion [1]. This is continuous monitoring of the electric
power balance, both active and reactive in nature, which
is associated with the stability of voltage by frequency
and effective value [2]. The designated tasks are closely
related to the electric energy quality problem in condi-
tions of asymmetry and non-sinusoidality of current
and/or voltage. A certain feature of the distributed
sources functioning is their operating mode — in parallel
with the main network with the ability to generate excess
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energy, or autonomously for a load of limited power. In
the latter case, the issue of stabilizing the frequency of
alternating current becomes extremely important [3].

In the case of using wind power plants, one of the
critical tasks of rational electric energy generation is to
maintain the frequency of the electromagnetic field of
the stator and maintain the required electromagnetic
torque in conditions of a changing flow of the primary
energy carrier — wind [4]. One of the options for solving
this problem is the use of electrical complexes based on
asynchronous generators with a phase rotor. In this case,
ensuring the quality of electricity remains associated
with the modes of the electric machine, which in turn
depend on the operation of the control systems, the state
of the electric machine and the nature of the load [5].
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Literature review. Wind power is a rapidly growing
source of renewable energy use worldwide. The doubly
fed induction generator used in wind turbines provides
active and reactive power flow, dynamic and static en-
ergy support [6]. The authors of the study propose to
apply the control system to regulate the deviations of the
grid voltage amplitude and frequency in accordance
with the rules established for the intelligent grid control-
ler of the utility company. The considered microgrid
voltage amplitude under load fluctuations is improved
by regulating the doubly fed induction generator reactive
power. Additional attention is also paid to the calculat-
ing methods of the electric grid stability in the environ-
ment of consumers with a certain proportion of induc-
tion machines, paying special attention to the sources
with induction generators for the stability of voltage and
frequency maintenance [7]. By dividing the sources with
induction machines into four types, equivalent circuits
of each type are derived in the normal state and instabil-
ity, respectively. Based on the electric network Thevenin
equivalent impedance and the connected device equiva-
lent impedance, a definition and calculation method for
the reliability of voltage maintenance are given. Based
on the frequency change initial rate and the established
frequency deviations of power system, any node at the
maximum expected increase in active power, the corre-
sponding inertia rise coefficient and the established fre-
quency decrease coefficient are determined, respective-
ly, to describe the contribution of asynchronous ma-
chine sources to the power system frequency stability
maintenance. Doubly fed induction generators [8] are
also used in the frequency control system using voltage
dip compensation circuits with a fixed energy perfor-
mance indicator. The authors propose an improved
generator frequency decrease control circuit that can
both compensate for the frequency increase and limit
the maximum frequency change rate during regulation,
even with a change in wind speed.

The article presents a separate direct control of the
power of a doubly fed induction generator connected to
an unbalanced power system implemented in a station-
ary orthogonal system associated with the stator voltage
[9]. The control allows maintaining a constant electro-
magnetic torque, regardless of the stator connection to
an asymmetric power system. The control principle
does not require decomposition of the signal into posi-
tive and negative sequences, which reduces its complex-
ity and measurement requirements. In [10], a flexible
compensation strategy is proposed for parallel-connect-
ed doubly fed induction generators connected to an
asymmetric network of limited power. The strategy pro-
posed by the authors has two main advantages: the volt-
age unbalance coefficient at the point of common con-
nection can be continuously monitored, as a result of
which a flexible compromise can be achieved between
the generator’s asymmetrical output current and the
symmetrical voltage. In this case, the negative current
sequence required for compensation can be divided be-
tween the parallel-operating generator and its converter
on the network side. In this case, the converter is as-
signed additional functions, in addition to stabilizing
the voltage in the intermediate DC voltage circle. Simi-
lar solutions are proposed for matching the direct power
control circuit of the rotor side converter [11] and the

grid side converter of an induction generator with a
phase rotor under asymmetrical grid voltage conditions.
To eliminate the connection between the phase auto-
matic frequency adjustment circuit and the local asym-
metrical grid, a virtual phase angle is used instead of the
actual one. In the case of asymmetrical grid, the rotor
side converter is controlled taking into account the task
of reducing electromagnetic torque pulsations. For this
purpose, a resonant controller with frequency isolation
between the parameters of the positive and negative se-
quence of the same frequency is used. These sequences
are used in the matched direct power control circuit to
avoid complex calculations of the power compensation
components.

Taking into account saturation in certain modes of a
doubly fed induction generator, according to research-
ers [12], is important for the correct modeling of doubly
fed induction generators when conducting harmonic
analysis in power systems. This is especially important
for low-order current harmonics, which are commonly
encountered in modern power systems. Analytically, the
authors determine equivalent harmonic resistances us-
ing impedance matrices. By integrating this model with
the model of a doubly fed induction generator, a general
harmonic model is demonstrated that can be calculated
using known methods of circuit analysis.

The electrical power quality in low-voltage networks
of limited capacity is of interest to researchers with an
emphasis on the higher harmonic currents generation
[13]. The authors investigated the harmonic currents
characteristics created by combinations of devices com-
monly used in non-linear loads of commercial and resi-
dential properties. As a result of experimental tests, it
was shown that harmonic currents created by several
non-linear loads sometimes tend to reduce the current
total harmonic distortion factor. It was found that the
changes in the harmonic content caused by the effects of
addition and/or curvature of the total current consumed
from the network by the non-linear load should be a key
factor in the study of pollution by higher frequencies
harmonic currents. A new control topology for reducing
the stator current harmonics of a doubly fed induction
generator under the network voltage harmonic content
condition, with an emphasis on reducing the electro-
magnetic torque’s alternating components is proposed
in [14]. The proposed controller provides harmonic vec-
tor control capable of reducing any desired current har-
monic. The authors note that the fifth, seventh, eleventh
and thirteenth components of the grid voltage cause
harmonic components of the same order in the genera-
tor, but with a higher harmonic relative amplitude due
to the high series impedance stator. The proposed con-
trol does not require harmonic filters to assess the har-
monics content present in the stator current caused by
the grid. Thus, improving the quality indicators of elec-
trical energy in electrical complexes with a doubly fed
induction generator is relevant, while the effect of
changing machine electrical parameters on energy pro-
cesses in the higher harmonics presence of current and
voltage is important.

The work purpose. Research on doubly fed induction
generator instantaneous power in autonomous system
with nonlinear load under conditions of machine stator
windings’ electrical parameters change.
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Main material and study results. Most researchers fo-
cus their efforts on improving the control systems of
power converters of a generating plant based on a doubly
fed induction generator [8, 11]. The control systems of
converters, both on the rotor side and on the grid side,
are built according to the principles of vector control
[15], using the Park and Clarke coordinate transforma-
tion, based on the assumptions of a symmetrical system
of electrical parameters of the machine.

One of the main problems, arising in constructing a
model of an asynchronous machine, is the choice of a
coordinate system in which electromagnetic processes
are considered. However, the choice of one or another
coordinate system should not affect the real physical pro-
cesses occurring in an electric machine, but should only
be a method of mathematical interpretation. Depending
on the problem being solved, mathematical models are
used in the natural coordinates of the machine, in fixed
or rotating with a certain frequency orthogonal coordi-
nates, in polar coordinates. The presence of periodic co-
efficients in front of the variable equations of a three-
phase machine forced us to look for ways to simplify the
system of differential equations in order to obtain equa-
tions with constant coefficients. In this case, it is assumed
that the system of equations written relative to new vari-
ables describes an idealized asynchronous machine for
which voltages, currents and flux linkages are related to
voltages, currents and flux linkages of a real asynchro-
nous machine. Since the differential equations of an ide-
alized asynchronous machine contain periodic coeffi-
cients, it can be assumed that the rotor of such a machine
is fixed relative to the stator. Indeed, periodic coefficients
appear as a result of changing the mutual arrangement of
the stator and rotor windings, which complicates the cal-
culation process. Then it is assumed that the idealized
input two-phase machine is equivalent to a three-phase
real machine in magnetizing forces created by both stator
winding currents and rotor currents. The stator and rotor
windings are stationary relative to each other and are lo-
cated along the axes of the coordinate system, and both
axes in this case can rotate in space at an arbitrary speed.

However, in real operating conditions of electric ma-
chines, especially during long-term operation, processes
occur that lead to deviation of the machine electrical
parameters from the initial ones [16, 17]. It is noted that
the main types of damage to key components that affect
the reliability of the equipment are various damage to
bearings, stator and rotor windings and rubbing contact
elements. The condition of these units during operation
is affected by some factors that indicate the occurrence
and development of defects. For example, for brush and
bearing units, this is their temperature and vibration, as
well as the rotor speed; for stator or rotor windings, this
is temperature and vibration caused by asymmetry. For
slip rings, vibration is important, which leads to the na-
ture of the fit, and the current density under the brush.
Despite the variety of damages, their impact on reliabil-
ity is mostly due to the deterioration of thermal and vi-
bration processes. Also, given the randomness and vari-
ety of damage, for a broader analysis of vibration, the
need for a separate assessment of mechanical and elec-
tromagnetic factors is confirmed. The specified damages
and the deviations of the machine’s electrical parame-
ters caused by them, together with the influence of the

load from the stator, can lead to an increase in the previ-
ously indicated impact. Probably, such an effect can
have both quantitative and qualitative changes. In this
case, it is rational to use a generalizing parameter for
analysis — instantaneous power [18], the balance of
which in an arbitrary closed system is beyond doubt.

The use of voltage and current representation as pe-
riodic polyharmonic functions when considering peri-
odic non-sinusoidal currents and voltages is a common
technique. This allows formulating the energy balance
equation for both the energy source and all elements of
the circuit or system. Decomposition of instantaneous
power into harmonic frequency components allows
forming a set of energy balance equations. To calculate
the power components caused by current and voltage
harmonics, in addition to active and reactive power, the
power characterizing distortion is used. This option for
determining the components of electrical power implies
its division into components depending on the numbers
and combination of current and voltage harmonics. Ad-
ditionally, when characterizing instantaneous power, in
addition to the active and reactive components, its root-
mean-square norm is used.

Let us consider the general equations of instanta-
neous power of a doubly fed induction generator due to
the nature of its transformation in the machine (Fig. 1).
To do this, we will separate the instantaneous power bal-
ance of the stator, rotor and mechanical part. The bal-
ance of mechanical part power looks like this

Pm.=Pmd —Pin. —Pm.1> (1)

where p,, is the generator mechanical power; p,, ; is the
drive mechanism power; p,, is the power is due to the
rotating masses inertia; p,,; is the generator mechanical
loss power.

The rotor circuit power balance

pemr:pr_pRr_chr_ppAra (2)

where p,,, , is the electromagnetic rotor power; p, is the
rotor’s total electric power (from external source); pg, is
the rotor windings’ active resistance power; p;, is the
rotor windings’ electromagnetic power dissipation; p,, ,
is the power loss in rotor steel.

The stator circuit power balance is

ps:pm+pem.r_pRs_pLGs_pp.s> (3)

where p, is the power generated by the machine; pp, is
the stator windings’ active resistance power; p, ., is the
stator windings’ electromagnetic power dissipation; p,,
is the power loss in stator steel.

In view of the fairly generalized form of the power
balance (Fig. 2, a), we will carry out further reasoning
based on the diagram shown in Fig. 2, b. The following
notations in the figure are used: u, up, u-are stator phase

Ps Pr

Pm

Fig. 1. Generalized diagram of a double fed induction
generator
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Fig. 2. Doubly fed induction generator with a phase rotor:
a — power balance diagram; b — equivalent circuit

voltages; iy, ip, icare stator phase currents; u,, u,, u, are
rotor phase voltages; i,, iy, i, are rotor phase currents; R,
Rjp, R, are stator phase windings’ active resistances; R,,
R,;, R, are rotor phase windings’ active resistances; L4,
L., L, are stator phase windings’ leakage inductance;
L., L, L. are rotor phase windings’ leakage induc-
tance; L, L5, L, are stator phase magnetizing induc-
tance; L,,, L,;, L, are rotor phase magnetizing induc-
tance; R4, R, 5, R,care equivalent resistance of losses in
steel along stator phases; R,,, R, R, are equivalent re-
sistance of losses in steel along rotor phases.

In this case, we will assume that the electromagnetic
system has no saturation, and the magnetization charac-
teristic is linear [ 19]. In addition, due to the low frequency
of the rotor flux, we neglect the power loss in the rotor
steel. Mechanical losses, or more precisely, the moment
of resistance causing the specified losses, have a linear de-
pendence on the rotation frequency [20]. We will assume
that the generator stator windings’ zero terminal for pow-
ering consumers will be grounded in further discussions.

Then the drive mechanism mechanical power is

Pmd = Mm.d.wra (4)
where M,, ; is mechanical torque; w, is rotor rotation
angular frequency, excluding the power due to the rotat-
ing masses inertia and the power of the generator’s me-
chanical losses

o

do
pin.+pm4l. :Jd_tr("‘)r-i_kf('02 (5)

where J is rotating masses’ moment of inertia; kj, is me-
chanical loss coefficient, transmitted to the generator
stator circuits.
Power is supplied to the rotor electrical circuits of
generator
D= Ugly + Uyl + UL, (6)

Part of the specified power is spent a power of the
rotor windings active resistance
P =(Ri2+ Ryi? + R.i?). 7)

Part of the power of the rotor’s electrical circuits
covers the power of rotor windings’ leakage inductance
di . di, . di

=-L —4i -L,—i —-L —<i. 8
pLo'r ca dt a ob dt b (74 dt c ( )

The resulting power is transferred to the machine
stator’s electromagnetic system via the rotor’s electro-
magnetic power p,,, . According to the stator power bal-
ance equation (3), taking into account the mechanical
power p,,, part of the power goes to cover the power loss
in the stator steel

Pus =(Rosiity + Rygily + R cilc), ©))

coverage of stator windings’ eclectromagnetic leakage
power is

di, . diy | dic. .

=—L ,—%i,—-L ,—=i,—L ir, (10

Pros o4~ gy 14T FeB g BT Ree ™ e (10)
coverage of the stator windings active resistance power is
Pr, = (R %+ Ry} + Rei2). (1)

The resulting stator electrical power p, generated by
the machine is formed in accordance with the balance
equation (3).

Considering the complexity of further analytical ex-
pressions for a three-phase doubly fed induction gener-
ator, we will generally use modeling tools. For this pur-
pose, we will use the model given in [21] (Fig. 3). In
accordance with the concept outlined in [21], an asyn-
chronous generator with a phase rotor is represented by
three blocks (Stator, Rotor, Mechanical), which repro-
duce the corresponding submodels of the machine sta-
tor, rotor and mechanical part. Additionally, converters
of the stator voltage signal type (CVS) are used for each
phase to connect to the load power circuits. This is due
to the features of the visual programming package mod-
eling. At the same time, additional blocks (CM) are in-
troduced to measure the load/stator current. In general,
this represents the input parameters organized by the
rotor voltage ports (Vabc, r) and rotor speed (Rotor
speed). Power ports (4, B, C) are used to connect the
power elements of the load. To control the machine
mode parameters, the output data ports are organized:
stator current (Iabc, s); rotor current (Iabc, r); rotor
speed (w,); mechanical and electromagnetic torque (7,
T,). The specified model is organized using a special-
ized “mask” block — this is a customizable user interface
for the block that hides the subsystem contents, making
it visible to the user as an atomic block with its own icon
and dialog box for parameters. The specified technique
is performed in Fig. 4, in which the model of Fig. 3 is
represented by a module (Three-phase DFIG).

—|laber
P Theta
—®lload labcs

Vabes

Stator

-—M .2

labcs P labe,s laber

»| Theta  laber |- labe,r theta 3
> w v oD

Vabe,r Rotor Mechanical

2 ) Vaber ’—b Rotor speed

O
Rotor speed

Fig. 3. The double fed induction generator model and
stator current matching
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To perform the operating modes study of the doubly
fed induction generator, nonlinear and linear load units
(Harmonic load, Linear load) are included in the power
section, the connection period of which is controlled by
the corresponding switches (Breaker). Calculation of the
machine power components (1—11) is performed in the
subsystem (Measurement Unit). For operational machine
mode monitoring, frequency measurement units (PLL
3ph), positive sequence active and reactive power (Power
Positive Sequence), and units for measuring the stator
current and voltage symmetrical components (Sequence
Analyzer) are introduced. The initial data from the speci-
fied measuring units are displayed on the displays.

Blocks (Sequence Analyzer) are used to monitor the
positive, negative and zero sequences of voltage and cur-
rent components. This block implements the definition of
the current or voltage module and phase shift of the posi-
tive, negative and zero sequences, which are selected op-
tionally. The order of calculating the specified parameters
is implemented as follows. The parameter is calculated in
complex form based on the time function for each phase

. 7T
F=a+jb ZTJ Fe7otdt =
’ (12)

2% : 2%
= — —Jjot / - —jot
Re[T.([f(t)e dt}+jlm(T_([f(t)e dt}

where f(7) is a parameter in time function; o is angular
frequency; T=2n/w is a period of function. Determine
the amplitude and initial phase

b
F=+a*+b?; \szarctg;. (13)

Using the phase shift operator in complex form, the
components of the positive, negative and zero sequences
are determined

E — 1/3(FAef‘VF_A +FBef‘Vr,aej2“/3 + Fcej‘lfr.cej4“/3)
B = 1/3(FAej“’F~A + Fye/Vroe/* +Fcef“/r-cef2“/3). (14)
E :1/3(FAeijAA + Fyelves +Fcef‘“”)

The experiments were performed for a machine with
the following parameters: power 75 kW, stator voltage
220 V; frequency 50 Hz; the number of pole pairs 4; sta-
tor current 140 A; magnetizing inductance 0.1 H; stator
leakage inductance 2 mH; rotor leakage inductance
0.7 mH; active resistance of the stator and rotor winding
0.435, 0.816 Ohm; rotor moment of inertia 0.089 kg m>.
The following generator mode parameters are set: rotor
voltage 36 V, rotor rotation angular frequency 79 rad/s.
The rotation frequency is maintained constant. A load
with a power of 20 kW is connected to the machine stator.
At the moment of time 0.1 s, a non-linear load is con-
nected in the form of two current harmonics 5" and 7"
with an effective current value of 6.6 A. At 0.15 s, the ac-
tive linear load is additionally increased by 10 kW.

Let us consider the influence of the winding param-
eter asymmetry on the machine mode parameters. In
this case, we will assume that the winding parameter
asymmetry is caused by a turn-to-turn short circuit [22].
In this case, a certain distribution of the machine electri-
cal and electromagnetic parameters occurs. First, let us
consider the electrical equations of the damaged phase,
assuming that it arose in the stator. The total number of
stator winding turns (wpp). As a result of such a short cir-
cuit, a ratio of the remaining turns in the main circuit

L fofu b

102

Three-phase DFAIG
Divide1 Abs Displaye
) Rotor speed labc,s ot »
bol o wrret ) Vabe,r (a0
Irot
SRS A 3PH,SC,I@(radis) >
w
B Te, Tm P
T
—alC Vabe,s v P
¥ s
Mesurement Unit »
Measurements
@ O =
Three-Phase - TSTar :I X 4.657e 'M]
V-IMeasurement Discrete, > e’
. o T =5e-05s. Divide Dispiays
Breaker 1 2 :
A e J Freq 50.32]
i P abc Wt
b Vatc| Displayl
PLL (3ph)
: ki [ 3422604
labc > 0.3231
ot Breaker2 Idoc :_ ]
Harmonic load From 0.0001727
—
) “ g abc P Display3
g P 20,0137
: — |
© G From I_r:easuremem ga;c& Q 0013
: e ~0.0002467]
Linearload 01 Breakers (Positive-Sequence) Dispiay
g 8 A 1029)
bg e 0.3074
B o ofu: ™ oowm
2 fn" =] R
Linearload 02 Braakerd alyzer T
o & R > 1.052)
og }B e 23 0.0152)
B e Sequence Analyzer! Display8

Linearload 03

Fig. 4. The electric power system model of a doubly fed induction generator and different types of load
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(Wpy ) and in the external circuit of short-circuited turns
(why ) arises. Taking this into account, it is advisable to
use the parameters of the damaged and undamaged
windings, for example, for winding active resistance

R'=RYP1,
w
: n Ly (19
R = RpYp _ p¥en —Wey =R(1_WPH }
Wen Weg Wpg

where R is total winding resistance; R’ isundamaged part
resistance of the winding turns; R is damaged part resis-
tance of the winding turns. Assuming the probable pres-
ence of turn-to-turn short circuits in the stator winding,
the system of differential equations according to Kirch-
hoff’s second law [22] for one of the phases will look like

_(WS _W.;') d®s = uS +L0'S WS _WS dls +RS WS _WS is; (16)
dt w, dt w,
do w!' di” w!
O=w'—2+L_ ——+R (", 17
N dt oS WS dt s WS s ( )

where u, is stator phase voltage; i, is undamaged part

windings stator phase current; i is damaged part wind-
ings stator phase current; L, is stator winding phase

leakage inductance; @ is magnetic flux; w;" is the num-
ber of stator winding phase damaged turns; R, is stator
winding phase resistance.

Three experiments were conducted: the stator windings
are symmetrical (Expl); the stator phase 4 winding has a
2 % decrease in active resistance and inductance (Exp2); in
addition, the stator phase winding B has a 2 % decrease in
active resistance and inductance (Exp3). Accordingly, Fig.
5 shows the time diagrams of the stator current, stator volt-
age and drive mechanism torque. The effect of the asym-
metry nature is observed in all three diagrams for each of
the experiments. Changes are especially pronounced in the
mechanical torque diagram. Some changes can also be ob-
served in the voltage and current diagrams. Given the com-
plexity of visual analysis of the time diagrams, we will use
well-known indicators: the total harmonic distortion factor
and the unbalance factor for voltage and current [23].
Summary data are presented in Table 1.

Analysis of the data in Table 1 shows that the nature of
the unbalance affects not only the asymmetry factors for
the zero (K;) and negative (K,) sequences, but also the total
harmonic distortion coefficient (THD), which is set con-
stant for all experiments on the load side. And if the total
harmonic distortion factor increases for voltage, for exam-
ple in phase A, then this parameter decreases for current.

It should be noted, that the rotor is powered by direct
current to form a constant rotor flux. During the experi-
ments, at the time of 0.15 s, the rotor current (voltage)
increases to maintain the level of the stator voltage effec-
tive value, generated by the machine.

Considering that in the modes of the model under
study the unbalance indicators change, which, as shown
above, affect the non-sinusoidality indicators, let us con-
sider how this affects the power of the machine active ele-
ments. The results of calculating the power amplitudes us-
ing the procedure of FFT analysis visual programming
package for instantaneous powers (1—11) for each phase

i 1 1 i L
012 014 016 018 02 022 0.24

800 .

500 |

400 f

200 :
: : : : : : Ls

0 1 1 1 1 1 i
012 014 018 018 02 022 024
b
150 T T T T T T T
4 : : : : :
(11| AP S— ........... ...... oA

400
200 ? AW l NERAVATSE S S
100

600

400k S ORI ....... Lo SO o

200 ......... foviinnnn - SRR S CE——

; j i ]
012 014 016 018 02 022 0.24

c

Fig. 5. The stator current, stator voltage and mechanical
torque time diagrams:

a— Expl; b— Exp2; c — Exp3
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Table 1
The stator phase current and voltage distortions

Expl Exp2 | Exp3
THD,,,% 6.87 6.77 6.64
THD,,,% 6.93 6.58 6.39
THD,.,% 7.60 7.51 7.00
THD,,,% 10.55 | 10.85 | 11.19
THD,,,% 10.07 | 10.02 | 10.25
THDuc,% 10.27 | 10.61 10.45
Ky, % 0.02 2.87 2.81
K>, % 0.30 0.26 1.57
Ky,,% 0.00 2.85 2.83
K,,,% 0.32 0.24 0.24

relative to the network voltage frequency of 50 Hz are sum-
marized in Fig. 6 for the stator circuit and the rotor circuit.
A comparative analysis of the obtained results shows
the following. The total power of the stator windings (Fig.
6) includes power harmonics that change with a frequen-
cy of 0, 100, 200, 300 Hz, which corresponds to the in-
stantaneous power existing theory [24]. Harmonics of
higher frequencies are absent despite the fact that there is
a current of the fifth harmonic in the load, but this cur-
rent is not transmitted to the stator of the machine, but
closes on other elements of the load. Depending on the
unbalance nature, an increase in the amplitudes of the
power in the corresponding phases occurs. In the case of
the stator winding phases power, this is clearly visible at
frequencies of 0 and 100 Hz (which corresponds to the
fundamental voltage frequency of 50 Hz). At frequencies
of 200 and 300 Hz, significant changes are not noted.
Particular attention should be paid to the pulsations
of the stator flux linkage power of the windings in phases
[25], the level of which is several times higher than the
rated machine power. In this case, the power harmonic
at a frequency of 100 Hz stands out clearly. Depending
on the nature of the experiment, the level of the speci-
fied power in the machine phases changes. A similar
picture is observed in the distribution of harmonics of
the electromagnetic scattering power of the stator wind-
ings, with the exception of the constant component.
The power of the stator winding phases’ active resis-
tance changes depending on the nature of the machine
stator winding parameters unbalance. Due to the fact
that the specified power is exclusively active, it is neces-
sary to pay attention to the fact that the power at a fre-
quency of 100 Hz differs from the constant component
of 0 Hz power in level. Probably, this is caused by the
influence of the power components formed by harmon-
ics of current and voltage of different frequencies, which
in well-known studies were called “non-canonical” and
“pseudo-canonical” [24]. Using the example of the
power of the stator windings active resistance, this
means that the change in the amplitude of the power
with a frequency of 0 and 100 Hz is caused by the action
of voltages and currents with frequencies of 0 = 50 — 50 =
=150 — 150 and, accordingly, 100 = 50 + 50 = 150 — 50 =
=150 — 150| = 250 — 150 = |150 — 250)|.
Particular attention should be paid to the harmonics
level of the machine stator windings’ electromagnetic

power, which are an order of magnitude higher than the
level of power generated by the machine. The rotor circuit
elements power differs in nature from the power of the
stator circuit. First of all, due to the fact that a direct cur-
rent of the rotor circuit is formed from an external voltage
source, distributed among the phases in such a way as to
form a rotor field that will ensure adhesion of the rotor to
the stator at zero slip. That is, the currents in the rotor
phases have a significant constant component and are dis-
tributed among the phases in such a way as to create the
maximum magnetic flux. Accordingly, the power of the
rotor winding phases in all cases has an exclusively con-
stant component with a corresponding distribution
among the phases. The power spectrum of the electro-
magnetic phases of the rotor windings changes signifi-
cantly under unbalance conditions. The existing power
harmonics with a frequency of 50 Hz correspond to the
action of direct current with variable components of the
corresponding element voltage. The introduction of un-
balance in two phases of the stator windings leads to an
increase in the level of harmonics of the rotor windings
electromagnetic power at frequencies of 100 and 200 Hz.
The power loss in the rotor windings phases is character-
ized by the dominance of an exclusively constant compo-
nent, the level of which does not depend on the unbalance
nature of the stator winding phases electrical parameters.

Table 2 shows the distribution of the three phases total
power of the machine elements by harmonics. To improve
the perception of the power harmonics distribution in the
corresponding experiments, their absolute value is listed
relative to the machine declared power above and is given
in Table 2 as a percentage (%). Let us analyze each power
sequentially in the order given in Table 2. The total stator
power in all three experiments has a constant component,
which increases insignificantly with increasing unbal-
ance. The components with frequencies of 100 and
200 Hz present in the corresponding phase power com-
pensate each other to a level not exceeding 0.3 %. In con-
trast, the power harmonic with a frequency of 50 Hz is not
compensated, which is the most pronounced in the sec-
ond experiment and amounts to 1.3 %. A significant value
at the level of 6.4 % is the power harmonic with a fre-
quency of 300 Hz, the level of which does not change in
all experiments. The constant component of the electro-
magnetic power of the stator relative to the first experi-
ment increases by 2.3 % in the second, and decreases by
1.2 % in the third. The specified power harmonic with a
frequency of 50 Hz makes up more than 3 %, without
changing significantly during the experiments. The speci-
fied power harmonic with a frequency of 100 Hz changes
significantly in the second and third experiments to 6.6 %.

The power harmonic with a frequency of 300 Hz in
all experiments does not exceed 2.6 %. The harmonic of
the electromagnetic scattering power of the stator wind-
ings with a frequency of 50 Hz coincides in level and
nature with the corresponding harmonic of the stator
electromagnetic power. A similar analogy is observed at
a frequency of 300 Hz, but in this case the value of the
power harmonic remains at the level of 3.9 %. The pow-
er of the stator windings’ active resistance does not
change significantly in the experiments and differs only
in the constant component not exceeding 9.2 %.

The total electric power of the rotor does not change
significantly in the experiments, as well as the active re-
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Fig. 6. Power spectra diagrams of stator elements by phases for three experiments
sistance power of the rotor windings at the level of 1.7 %. a frequency of 100 Hz. It should be noted that there are

Certain changes are observed in the harmonics of the harmonics of the specified powers at a frequency of
electromagnetic power and rotor windings scattering at 50 Hz with a level of 3.3 %, which does not change dur-
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Table 2
The power harmonics summary data

FHz | 0 | 50 | 100 | 150 | 200 | 250 | 300
p, | Expl [67.6] 09|03 |02]01] 01|64
VA | Exp2 |68.0] 1.3 [02]02]03] 01|64
Exp3 | 68.7] 09 | 03 ]02]02] 01|64
Pomss | Expl 864 3404 ]03[02]02]25
VA | Exp2 [88.7] 35| 64 | 03|08/ 02]26
Exp3 [87.5| 34 | 66 | 04|09 ] 02|26
Pres | Expl [ 97 |33 ]02]01|01]01]39
VA | Exp2 | 116 34 | 66 | 01 | 05| 01|39
Exp3 | 96|33 ] 700208101139
Pre | Expl [ 92101 ] 000000/ 0.0] 0.1
VA" | Exp2 | 9101 |01 ]00]|01]0.0]0.1
Exp3 | 92 01 ] 0.1 |00 ]00] 00|01
P, | Expl [21.2] 0.0 ] 00|00 |00]0.0]00
VA | Exp2 [21.2] 00 | 0.1 | 0.0 | 0.0 | 0.0 | 0.0
Exp3 [21.3] 0.0 [ 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Pomr | Expl | 1.7 [ 33 ] 01 |01 |01 ]00] 37
VA 1 Exp2 | 1.7 | 33| 1.7 | 01 | 03] 0.0 | 3.7
Exp3 | 1.7 | 33 ] 19|01 |06 00|38
Pres | Expl | 1.8 13302 ] 01 |01 00|37
VA | Exp2 | 1.8 | 33| 1.7 | 01 | 03] 0.0 | 3.7
Exp3 | 1.8 | 33| 1.8 | 0.1 | 06| 01 | 3.8
Pre | Expl [ 1771 0.0 | 01 | 0.0 | 0.0 | 0.0 | 0.0
VA | Exp2 [ 1771 0.0 | 01 | 0.0 | 0.0 | 0.0 | 0.0
Exp3 [ 179 0.0 | 0.1 | 0.0 | 0.0 | 0.0 | 0.0
| Expl | 7681 65| 0.6 | 04 ] 03] 02| L1
VA | Exp2 [79.0] 6.5 | 51 | 04 |06 | 02| L1
Exp3 |77.8] 65 | 84 [ 05|05 ] 03| L1

ing the experiments. The active resistance power of the
rotor windings changes insignificantly — harmonics of
0 Hz at the level of 17.7—17.9 %. Significant changes are
observed in the harmonics of mechanical power with
frequencies of 0, 150 Hz in the range of 76.8—79.0 %
and 0.6—8.4 %, respectively. A sufficiently significant
harmonic of the specified power with a frequency of
50 Hz is maintained in all experiments at the level of
6.5 %. The harmonic of the mechanical power with a
frequency of 300 Hz is more than 1 %.

Conclusions and directions for further research.
Based on the equivalent circuit of a three-phase doubly
fed induction generator, an equation is formulated for
the balance of mechanical power, rotor power and stator
power, which, on the one hand, provide a generalized
idea of the power distribution in the elements of the ma-
chine equivalent circuit; on the other hand, these equa-
tions are disclosed for phase circuits, allowing us to
study the power distribution.

A model for studying the processes of power compo-
nents distribution of three-phase doubly fed induction
generator elements is developed in a visual program-
ming package. This model allows us to simulate linear
and nonlinear generator loads and asymmetry of stator
windings’ electrical parameters.

During the study, it was found that the harmonics of
the electromagnetic power in stator windings phases

have values that exceed the machine rated power by an
order of magnitude and, forming a total power of three
phases, mutually compensate. Moreover, the level of
these harmonics is sensitive to the nature of the asym-
metry at a frequency of 100 Hz.

During the experiments, a significant change in the
spectrum of the electromagnetic power in rotor wind-
ings phases was noted with unbalance, which is charac-
terized by the presence of power harmonics with a fre-
quency of 50 Hz, which corresponds to the direct cur-
rent interaction with alternating components of the volt-
age of the rotor circuit corresponding element.

In the three phases total power of the three-phase
doubly fed induction generator elements under the ex-
perimental conditions, harmonics with a frequency of
0 Hz dominate, the level of which for the stator circuit is
sensitive to the unbalance nature of the stator electrical
parameters and leads to changes by more than 2.3 % for
the stator windings’ electromagnetic power and 2.2 %
for the mechanical power.

Using the obtained results in the control systems de-
velopment for three-phase doubly fed induction genera-
tor will improve their energy performance under nonlin-
ear load.
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MHuTTEBA MOTYXKHICTh ACHHXPOHHOTO
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ACHUHXPOHHI TreHepaTopu i3 ¢ha3HUM POTOPOM 3Ha-
WIIUTK pO3MOBCIOMXKEHHS B CUCTEMaX reHepallii, B IKUX
MiITpUMKA YaCTOTH 00epTaHHSI pOTOpa HE MOXe OyTU
BUpillleHa B MOBHil Mipi IISIXOM peryJloBaHHST MPU-
BOJHOTO MEXaHi3My.

Mera. BcTaHOBJIEHHSI MUTTEBOI  IOTYXXKHOCTI
ACMHXPOHHOTO TeHepartopa i3 (pa3HUM POTOPOM B aB-
TOHOMHIW CUCTEMI 3 HEJiHIHHUM HaBaHTAXXEHHSIM 3a
YMOBHU 3MiHU €JIeKTPUYHUX MapaMeTpiB 0OMOTOK CTa-
TOpa MaIIHU.

Metonuka. Y pe3yibTaTi aHaji3y BiIOMUX IOCIHTi-
JI)KeHb BCTAHOBJIEHA HASIBHICTh TEXHIYHUX pillleHb,
110 3a0€e3MeUyI0Th PEryI0BaHHS CTPYMY POTOpa reHe-
paTtopa HaBiTb B yMOBax HeiHiliHOro abo Hecume-
TPUYHOIO HaBaHTaXXeHHs. I3 BUKOpPUCTaHHSIM BiToO-
MUX TIOJIOXKEHb TEOPii eJIEKTPOTEXHIKM i1 Teopii elek-
TPUYHUX MAIIUH i3 BUKOPUCTAHHSIM MPUHLMIIIB Oa-
JIJAaHCY MUTTEBOI MMOTY>XKHOCTI BU3HAUYEHI piBHSIHHS 0a-
JlaHCy Mg Tpuda3HOi aCMHXPOHHOI MAallMHMU i3 da3-
HUM POTOPOM.

Pe3yapratn. CuHTe30BaHa MOIENb IJIST ITOCHTi-
IKEHHSI TIPOIIECiB PO3IMOIiTy KOMIIOHEHT IMOTYXXHOC-
Teil eJIEMEHTIB CXeMU 3aMilllcHHS aCMHXPOHHOTO Te-
HepaTopa i3 (pa3HUM POTOPOM y TMAaKeTi Bi3yaJIbHOTO
nporpamMyBaHHs. 3a3HaueHa MOJE/b J03BOJISIE iMITy-
BaTU PEXWMU MAIIWHU 3 JIHIHHUM i HEJIIHIHHUM Ha-
BaHTaXEHHSI TeHepaTopa Ta HECUMETPIilo eJeKTpUY-
HUX MapaMeTpiB 0OMOTOK cTaTopa. 3a YMOBU TpOBe-
JIIEHHsI EeKCIEepUMEHTIB, BiAMiyeHa CyTTEBa 3MiHa
CIEKTPY TMOTYKHOCTI eJIeKTpOMarHiTHoi a3 oomo-
TOK pOTOpa 3a YMOB HECUMETpii, siKa XapaKTepU3yETh-
¢ HasIBHICTIO TApMOHIK TTOTY>XXHOCTI yactoTtoto 50 I'1r,
110 BiIIIOBima€e B3a€MOIIi ITOCTIAHOTO CTPyMy a3 po-
Topa 3i 3MiHHUMHU CKJIaJOBMMU HAIIPYTU BiAMOBiAHO-
ro eJleMeHTa pOTOPHOTO KoJia.

HaykoBa HoBHM3HA. Y XO/li MPOBEAEHHS JOCiIKEH-
HS, 32 YMOBU HECUMETpii eJeKTPUYHUX TapaMeTpiB
0OMOTOK CTaTopa, BCTAHOBJIEHO, 110 TAPMOHIKM MO-
TY>KHOCTI €JIeKTpOMarHiTHoi (a3 0oOMOTOK cTaTopa
MarTh 3HAUEHHSI, SIKi Ha MOPSIIOK MEePeBUILYIOTh HO-
MiHaJIbHY MOTYKHICTb MaIlIMHU Ta, (DOPMYIOUUCH Y 3a-
TaJIbHY MOTYKHICTh TPHOX (ha3, B3aEMOKOMIIEHCYIOTh-
cs. [1pu yoMy piBeHb LIUX TAPMOHIK YYTJIMBUM 10 Xa-
pakTepy HecuMeTpii Ha yacToTi 100 I'l. ¥ moTyXHOCTI
TphOX (a3 eJeMEeHTIB aCMHXPOHHOTO TeHeparopa i3
dazHIM pOTOPOM 32 YMOB ITPOBEACHUX €KCIIEPUMEHTIB
JIOMiHYIOTh TIOCTiliHi CKJIJIOBi, piBeHb SKUX HJIS KOja
cTatopa YyTJIMBUM 10 XapakKTepy HeCUMeTpil esiek-
TPUYHUX ITapaMeTPiB 0OMOTOK CTaTopa il MPU3BOIUTH
IO 3MiH OLTBII HixX Ha 2,3 % 1UIsI €JIeKTPOMAarHiTHOI 1o~
TY>KHOCTI 0OMOTOK ctatopa Ta 2,2 % IjisT MeXaHidHOI
MOTYKHOCTI.

IIpakTnyna 3HaymMicTb. OTpuMaHi pe3yabTaTU
B TTOAAIBIIIOMY MOXYTh OYTHM BUKOPHCTaHI IJIS YIO-
CKOHAJICHHS CUCTEM PeTYJI0OBaHHS ITapaMeTPiB pexKU-
My aCMHXPOHHOTO TreHepaTopa i3 (asHUM pPOTOPOM
IJIS TiABUINEHHS €HEPTeTUYHUX IOKA3HUKIB KOMII-
JIEKCY.

KiiouoBi cioBa: esexmpuuna nomydsicHicmos, Mumme-
84 NOMYICHICMb, 2APMOHIKU NOMYHICHOCMI, ACUHXPOHHULL
2eHepamop
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