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ABSTRACT

This paper deals with information supply of automatic maximum power control system of synchronous hybrid excited genera-
tor for the autonomous wind unit. The power supply system based on an autonomous wind turbine consists of an electric generator, a
battery charging controller, a battery pack and an inverter, which provides the required frequency and value of the consumer's supply
voltage. Three phase permanent magnet synchronous generator that have high technical and economic indicators are most widely
used as electric generator of autonomous wind turbines. The main disadvantage of these generators is the lack of effective methods
of magnetic flux control, limiting the optimization of the energy balance of the wind turbine. The paper discusses the application of
synchronous generator with hybrid excitation system that consists of permanent magnets and additional field excitation winding lo-
cated on the stator. Mathematical model of a hybrid excited synchronous generator is presented. Also, an output maximum power
control system in a case of wind speed change by varying field excitation current is developed. Control system is developed based on
concept of reverse task of dynamics in combination with minimization of local functionals of instantaneous values of energies. In the
basics of the control method is put an idea of the reversibility of the Lyapunov direct method for the stability analysis. Obtained con-
trol law provides the system stability in whole, which allows solving control tasks of interrelated objects via mathematical models of
local loops. Control law also provides low sensitiveness to parametric disturbances and gives dynamic decomposition of interrelated
non linear system that ensures its practical implementation. The study of the proposed power control system based on parameters of
hybrid excited synchronous generator experimental sample has been carried out. The graphs of transient process of armature power,
voltage and current in a case of wind speed change from 3 to 8 m/s were obtained, as well as in a case of active resistance load
change. The results of study showed high efficiency of power control of a wind turbine with hybrid excited synchronous generator.
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INTRODUCTION will change respectively. The power of wind flow
depends on the cube of the wind speed.

The mechanical characteristic of a wind turbine
has a maximum power point. It is very important to
solve the problem of selecting the maximum power
of the turbine in conditions of wind speed change.

Accumulator battery as the electrical load of a
synchronous generator of a wind turbine, is non-
linear. The value of the internal resistance of the
battery depends on the degree of its charge. High-
quality control of the coordinates of a synchronous
generator is also associated with the solution of two
more problems. The first problem is caused by
parametric  disturbances. During the generator
operation its temperature changes and as a result, the
values of the electrical resistances of the windings
change. The initial values of the generator
parameters can be determined inaccurately due to

Autonomous wind turbines are actively used for
power supply of remote buildings and structures. A
typical power supply system consists of a wind
generator, a battery charge controller, a battery pack
and an inverter, which provides the required value
and frequency of the consumer's supply voltage.

Three phase permanent magnet synchronous
generator (PMSG) that have high technical and
economic indicators are most widely used as electric
generator of autonomous wind turbines.

The main disadvantage of these generators is
the lack of effective methods of magnetic flux
control, limiting the optimization of the energy
balance of the wind turbine.

During the operation of wind power turbine, the
wind speed may change and generated energy power
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coordinate disturbances, since a synchronous
generator is described by an interrelated system of
differential equations. The solution of these
problems by classical methods of the theory of
automatic control leads to the injection additional
systems of identification, adaptation and/or
compensation, which increases the bulkiness of the
system as a whole.

LITERATURE REVIEW

To control the magnetic flux of a synchronous
generator, synchronous generators with hybrid
excitation  (Hybrid  Excitation  Synchronous
Generator (HESG)) are used. The excitation system
consists of permanent magnets and a field excitation
winding, which is located on a stationary stator [1].
The main magnetic flux is created by permanent
magnets and about 20 % in average — by the field
excitation winding. The generator magnetic flux is
controlled by changing the field winding current.
Special attention should be paid to HESG designs
with axial magnetic flux [2, 3], which provide low
synchronous rotation speeds. It allows to get a direct
(gearless) coupling between the wind wheel and the
generator. Such design is promising for use in
autonomous wind power systems, since it allows
expanding the control range and increasing the
efficiency of converting wind energy into electrical
energy.

Generator consists of following main parts
(Fig. 1): 1 — stator core, made of electrical steel roll;
2 — copper one layer three phase winding; 3 —
permanent magnets located on rotor surface; 4 —
pole cores, which form and dimensions are identical
to permanent magnets; 5 — rotor inductor that
provides passing of the magnetic flux; 6 -
ferromagnetic hub, 7 — field excitation coil; 8 —
generator shaft. Such type of HESG is taken for
research in this paper.
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Fig. 1. Axial magnetic flux synchronous

generator
Source: compiled by the authors

The wind speed is not constant. It causes a
change in the rotation speed and mechanical power
of the wind turbine. The graphs of the dependence of
the output power of the turbine versus the wind
speed have three areas of control of the wind
generator, which are shown in Fig. 2 [4]. The paper
studies the automatic control of a wind turbine while
operating in the second zone at a variable rotation
speed of a wind turbines shaft.
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Fig. 2. Turbine output power versus wind speed
Source: [4]

The system with power converter based on
magnetic energy recovery (Magnetic Energy
Recovery Switch (MERS)) [5, 6], [7] has been
widely used for controlling the power flow of a
permanent magnet synchronous generator (PMSG)
during speed and load changes that is shown at
Fig. 3.

A

Inverter (VSI)

Diode Bridge
Rectifier

Fig. 3. Energy power conversion system of wind
with MERS

Source: [6]

Phase MERS consists of four semiconductor
switches, a capacitor and, according to its functional
characteristics, there is a variable capacitor connect-
ed at the generator output (Fig. 4).

MERS

Varnable
Capacitor

Fig. 4. MERS functional scheme
Source: [6]
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This method of voltage and power control of a
synchronous generator under conditions of wide
variation of rotation speed has a few disadvantages:
the MERS power is comparable to the generator
power; the ability to control about the nominal speed
of rotation with a small range of its change.

A synchronous electric machine, by its nature,
like other types of AC machines, is an interconnect-
ed nonlinear control object, moreover, with the in-
fluence of eddy currents. Controlling a synchronous
machine under such conditions requires compensa-
tion of the negative influence of these coordinate
disturbances. The parameters determination of
equivalent circuit of a synchronous machine via
passport data may be accompanied with errors due
to assumptions in the calculation method. During the
operation of the machine, the electrical resistances
of the windings change due to heating. As a result of
these parametric disturbances, the calculated values
of the parameters differ from the real ones, which
lead to a deterioration of the specified control quali-
ty.

The problem of synthesizing control laws for
the coordinates of a synchronous generator under
conditions of parametric and coordinate disturbances
can be solved by several methods of the theory of
automatic control [8, 9], [10, 11], [12, 13], [14, 15],
[16, 17], [18, 19], [20, 21]:

a) Relay control methods with variable struc-
ture ensure the operation of controllers in relay
mode. This feature causes the appearance of specific
sliding modes of operation. Sliding modes increase
energy consumption for control and lead to in-
creased wear of mechanisms, reduce the noise im-
munity of the system and may lead to unstable oper-
ation due to unaccounted dynamics. The reduction
of this shortcoming is possible by interchanging the
relay elements by linear links (elements) with satura-
tion. As a result, smoothed methods with a variable
structure are obtained. Systems based on them are
close to relay ones in terms of dynamic characteris-
tics; however, they develop limited control actions,
which worsens control accuracy and robustness;

b) Methods with a large open-loop system gain
have increased accuracy and robust stability with
respect to parameter uncertainty and external low-
frequency influences. However, with large coeffi-
cients, instability of high-frequency unaccounted
dynamics is possible, as well as the appearance of
errors through high-frequency interference;

c) Combined control methods with uncertainty
observers allow for a nonlinear non-stationary object
to synthesize a linear stationary controller that pro-
vides the specified control quality indicators. In this
method, the problems of external influences com-
pensating and ensuring the specified quality indica-

tors of transient processes are solved independently,
which simplifies the synthesis. The disadvantage of
this method is the complex conditions for ensuring
the operability of the observer of uncertainty;

d) Adaptive control methods with real-time
identification of parameters are mainly intended for
linear systems. Their capabilities are limited with an
increase of the number of parameters due to the need
to fulfill the conditions for their identification, which
are determined by the nature of the movement. It
leads to raise of requirements for the nature of the
movement of the system, which may not correspond
to the technological process. In adaptive control
methods besides a model, a model of the desired
motion is set in the form of equations with initial
conditions that are close to the initial conditions of
the control object. Since the control system must
track a given trajectory, the equations of motion are
represented in the form of two components: the
equations of the reference model and the equations
of motion for this model. The equations of motion
for complex objects are going to be non-linear and
non-stationary. This circumstance complicates both
the synthesis of control algorithms and the study of
the stability of the trajectory;

e) The method of inverse problems of dynamics
in combination with minimization of local functional
of instantaneous values of energies is based on the
idea of reversibility of the direct Lyapunov method
for studying stability. The method allows finding a
control law in which a closed loop has a predeter-
mined Lyapunov function. It gives to system the
property of stability in whole, which makes it possi-
ble to solve problems of control of interconnected
objects according to mathematical models of local
loops. One specific feature of optimization is finding
not an absolute minimum of the quality functional,
as in classical systems, but a certain minimum value,
which ensures the dynamic error of the system ad-
missible according to technical conditions. The ob-
tained control laws ensure weak sensitivity to para-
metric disturbances, carry out a dynamic decomposi-
tion of an interconnected system and do not contain
differentiating links, which ensures their practical
implementation. The advantages of the method men-
tioned before determine its application in this paper.

THE PURPOSE OF THE ARTICLE

The purpose of the paper is developing in-
formation support for an automatic control system of
the maximum power of hybrid excited synchronous
generator of an autonomous wind turbine in a case
of wind speed and load changes.

It is necessary to solve the following tasks to
achieve the aim of the paper:
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a) To develop a functional diagram of the
HESG maximum power automatic control system;

b) Combine HESG mathematical model;

¢) To synthesize control laws for HESG coordi-
nates based on the method of inverse problems of
dynamics in combination with minimization of local
functionals of instantaneous energy values;

d) To study the quality of regulation of the au-
tomatic control system of the maximum power of
the synchronous generator of a wind turbine in a
case of wind speed and load changes.

MAIN PART. MATERIALS AND RESEARCH
METHODS

The development of information support for an
automatic control system for the maximum power of
a hybrid excited synchronous generator of an auton-
omous wind turbine is considered on the example of
an experimental generator sample designed by the
authors. A general view of the experimental HESG
sample is shown in Fig. 5

Fig. 5. General view of HESG experimental

sample
Source: compiled by the authors

The main parameters of the experimental HESG
are presented in Table. 1.

The output mechanical power versus wind
speed of wind turbine for given experimental HESG
in a case wind speed change from 3 to 8 m/s are cal-
culate and given at Fig. 6. The typical model of wind
turbine in calculation has been used according to
[22]. As seen from Fig. 6, for any value of rotation
speed at the characteristics it can be observed an ex-
tremum point, that gives curve of maximum output
power of turbine Pmax.

Table 1. Parameters of HESG experimental

sample
Parameters Value
Rated output power 86 VA
Rated output voltage 24V
Output current 12A

Pole pairs 4

Resistance of armature winding 8.8 Ohm
Inductance of armature winding 0.022 H
Resistance of field excitation
winding 8 Ohm
Inductance of Fl_eld Excitation 0017 H
winding
Rated field excitation voltage 8V
Rated field excitation current 1A
Permanent magnet flux linkage 0.16 Wh
Source: compiled by the authors
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Fig. 6. Mechanical power versus rotation speed of

wind turbine for a given experimental HESG
Source: compiled by the authors

The task of automatic control system is selec-
tion of maximum power of wind turbine at the cer-
tain wind speed. Implementation of system is
achieved by control of HESG field excitation cur-
rent.

The functional diagram of the control system is
shown in Fig. 7 where: PC — power generator con-
troller; CC — controller of current field excitation;
DCC — DC converter; CS — current field excitation

*
sensor; PS — power sensor; Py, P — referenced and

.* -
measured value of mean generator power; i¢.i; —

reference and measured value of field excitation cur-
rent. The automatic control system has a cascade
structure. It consists of an internal field excitation
current control loop i and an external control loop

of the maximum electric generator power P. In the
process of control, HESG loads the wind turbine
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with a torque T, ensuring operation at the extremum
point on the mechanical characteristic according to
Fig. 6.
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Fig. 7. Functional control scheme of maximum

power control of HESG of wind turbine
Source: compiled by the authors

Mathematical model of HESG in rotor coordi-
nate (d-q), oriented by magnetic axis of rotor and is
described by non-linear system of equations (1) [23,
24]

%:Lis{ud = Rgiy + oLy — Ly, (Ll—tf}
%:Lis[uq ~Ryig — olgiy —olpi oy |
%:%{uf‘Rfif_ m%} 1)
d;:r Z%[TWT -T];

T =gzp[woiq + Liyigiy |,

where: id,iq and uy JUg — d-axis and g-axis stator
currents and voltages respectively; i and u; — cur-
rent and voltage of field excitation; ®=Z o, and
o, — electrical and angular rotor speed; Z, — pole
couple number; J —inertia moment; T ,T,; — elec-
tromagnetic torque and torque wind turbine; yo—
permanent magnet flux linkage; Ls,L¢, Ly — stator,
field excitation winding and mutual inductance;

Rs,R¢ — resistances of stator and field excitation

windings.

The control problem is solved by transformation
of original system of equations (1) into the form (2)
according to the decomposition method proposed in
[25, 26], [27]. Coordinate disturbances Fi1, F2, Fs are
interpreted as uncertain, but have limited values F, <’

, F, <FY, Fy<F;. The level of control voltages is suf-

ficient to compensate them uy > F°, U, > F,Up >R

Thus, the interconnected nonlinear system of the 4th
order is transformed into a system of 4 linear equations
of the 1st order. As a result, the object control problem
(1) is reduced to solution of four local control problems
of linear subsystems (2).

di
L, —% +Rjiy =uy + F;
sdt s'd d 1

di ]
L5E+Rslq=uq+F2;
LI R F

—+Rsis =us +Fy;
L ily =Us + 13

do
J—"L =Ty -TI;

dt [Tr =T] )

3 . .
TZEZp[WOIqiLmIqIfJ;
F ool L O

=wli, - L, —;

1 s'q m dt
Fz Z—Q)l_sid —(DLmif —OJWO;
di
Fy=—Ly—2.
3 m dt

The desired quality of a closed control loop ac-
cording to the concept of the inverse problem of dy-
namics [19, 20] is given by a differential equation in
the following form

dnz+ +y-d—iz+ +YoZ=
a" M 3)

d™x” dix” .
Bmdt—m+..+BjF+..+Box .

Using the coefficients of the equation yi and ;
the desired character and duration of the transient
process of the output coordinate z is set while mov-
ing along a given trajectory x*, where: x* — time-
differentiated function required number of times;
m<n. The desired transfer function of the closed
control loop, obtained on the basis of equation (3)
for the case n=3 u m=1, has the form (where p=d/dt
— Laplace operator)

Z +
Ws(p): *(p) — - Blg BO )
X (P) P +72P" +v1P+70

The corresponding transfer function open con-
trol loop is equal

(4)
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From equation (5) follows that to obtain a con-
trol system with first order astatism v=1 it is neces-
sary to set the values of the coefficients Bo=yo, then

BiP+70o
2 )
PIP” +v2p+(v1—B1)]

and with a second order astatism v=2 it is necessary
to set Po=yo u P1=y1

Wr(p):

(6)

W, (p)=—2EET0 (7)
p?(p+72)

The given quality factor for the speed of system
(6) defined by the expression D2 =vq/(y;—By),
and system acceleration quality factor (7) is equal

DZ =y, /v,. Order n of equation (3) can be different

for each closed control loop in accordance with the
requirements for the quality of control and is usually
equal to or by one higher than the order of the con-
trol object.

The structure and parameters of the equation of
the desired quality of control (3) are set as follows,
so that the disturbed motion would be asymptotically
stable. According to the Hurwitz stability criterion
for third order equation this condition is satisfied
with the ratios of the parameters yo>0; y1>0; y2>0
and y1y2>y0, and for 2"@ and 1% order equations — in a
case of positive values of coefficients.

The relationship between the coefficients of
equation (3) and the required control quality indica-
tors, such as control time, type of transient process,
overshoot, is easily established using the well-
known methods of the theory of automatic control,
for example, root, frequency or standard polynomi-
als, with subsequent refinement by modeling.

The development of the control law of the
HESG field excitation current it is carried out on the
basis of the third equation of the system (2). As
seen, the local control object is described by the first
order equation, then an order of desired equation of
the closed current (3) also taken equal to one (n=1;
m=0)

24701 Z=Yotlf )
that provides first order astatism v=1 and given
quality factor by speed DUZ) =Y, . Duration of mon-
otonic current transient t, ~3/yq; is set by using
the value of a single coefficient vyor.

It is required to find such a control function of
the field current regulator ur, so that the quality of
current control would be approach to the desired
one, given by equation (8). The degree of approxi-

mation of the real current control process to the de-
sired one is estimated by the functional, which char-
acterizes the inductance-normalized energy of the
first derivative of the magnetic field in the form
=2
. i
W =L—
moT2
1. . 2
Gup) =220 -ir tun) |

(9)

The control function finding u, =u,(i,) by

classical methods of the theory of automatic control
under the condition of reaching the absolute mini-
mum of the functional

minG(us)=0. (10)
u

Leads to the traditional control law of the compensa-
tion type, for the implementation of which precise
information about the structure and parameters of
the object is required. The deviation of the parame-
ters from the calculated values leads to a deteriora-
tion in the quality of control.

This drawback can be eliminated in case of re-
fusal to exactly fulfill condition (10), but only re-
strict by the requirement that the value of functional
(9) belongs to some neighborhood of the extreme
minimum, which provides a dynamic error admissi-
ble according to the technical conditions
|z(t)—i,(t)[<e. So, the functional should be min-

imized according to the first-order gradient law
dug (t) dG(uy)
= _ﬂ’f y
dt duy

(11)

where 1=>0 — is constant.
Taking into account (2) and (8), the derivative of the
functional is equal to

dG(Uf): 1

—:(Z—i'f ).

After substituting (12) into (11), the law of control
of the excitation current can be found as

Ug (1) =kg (2-iy),

where K; =A4; /L; =const — the gain coefficient of

m (12)

(13)

the field excitation current controller.
A necessary condition for the convergence of
the process of minimizing the functional at t—o
dG(uy)
dt
G(us)—0

<0 (14)

is met according to the rule of signs
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sign(k ) = sign(1/ Ly ).

Variable z in control law (13) is the required
(given) derivative of the excitation current, which is
determined in real time from the equation of the de-
sired quality (8) by closing the control system via
excitation current feedback z=is

(15)

2=yo1 (it —if). (16)

Finally, the control law of the field excitation
current takes the form after the integration of both
sides of equation (13), taking into account (16)

ug (t) =k (z—i¢);
z="yos [ (it —i¢)dt.

Based on (17) a block diagram of field excita-
tion current controller (CC) of type 101 (n=1; m=0;
v=1) is designed and shown at Fig. 8.

i~
1
—>% —) Yot —)?—) ki >
p .
- - If

Fig. 8. Field excitation current controller of
generator of type 101

Source: compiled by the authors

(17)

As can be seen from the figure, the controller
has an atypical structure and does not contain the
parameters of the control object (2), which is typical
for classical controllers. The controller contains only
the parameter vyor of the desired control law (8), by
which the required time of the monotone transient
process is set.

An important task of the synthesis is study of
the resulting control system stability. The equation
of the closed loop of the excitation current, obtained
after substituting the control law (13) into the third
equation of the object (2), taking into account (16),
has the form

it +(Re /Ly +kg /Lg)ig +(Kyop /Ly )ig =
=(K¢vot /Lf)i:'

Analysis shows that the closed-loop system
(18) is stable even with an unlimited increase of the
current controller gain coefficient ki—oo, since ac-
cording to the Hurwitz stability criterion, the coeffi-
cients of the equation are positive

(Rf /Lf +kf /Lf)>0, (kaOf /Lf)>0 (19)

(18)

In a case of raise of gain coefficient of control-
ler, the dynamic processes in the real circuit of the

excitation current approach to the desired ones, giv-
en by equation (8), which is obvious after dividing
all terms of equation (18) by the component ki/Ls at
kf—o0

Lf . Rf 1 - . x
— s +| —+1|ls +yp¢is =Yosis-
K, f K f TYofls =VYorls
There is a small time constant 7. in the field
current control loop of power converter DCC, which
was not taken into account during the control law
synthesis. The estimation of the influence of this
unaccounted inertia on the dynamic properties of the
excitation current circuit is carried out using the
closed-loop equation obtained similarly to (18)

Tif + @+ TRy / Ly )iy +
+(Ry /L +k¢ /Lg)ig +
+(Kevor /L)y =(Kevos /Lf)i?'

According to the Hurwitz criterion for the sta-
bility of the current loop described by equation (20),
the following condition is

L+T, R, /L) TRy /Lg +ke /L )>
ahig Fhe ) U Re AL +Kg /Lg 1)

(20)

>Tp,kfy0f /Lf,

which turns into the following inequality as a result
of the passage to the limit

’Yof <1/TP-+Rf /Lf (22)

Thus, the presence of a small constant time 7
in the excitation current control loop limits the max-
imum permissible desired speed reaction of the cur-
rent loop, which is set by the coefficient vyor.

An important issue is also the determination of
the properties of the field current loop at finite val-
ues of the controller gain coefficient ki. According to
the transfer function of the open current loop, ob-
tained on the basis of (18) similarly to (5)

Kevor /L

W, = 23
) v R L kL] 2

the current loop has a given first-order astatism v=1
and a quality factor by speed equal to

_ Kivor fLe  Yor
® Ry/Ls+k¢ /Ly Ry /kg+1

(24)

The condition for ensuring the permissible dynamic
current error is a commensurate given and real quali-

ty factor D2 =D, , which is fulfilled according to
(24) with a large controller gain coefficient k.
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This disadvantage is eliminated if the control
law is synthesized on the basis of the equation of the
desired quality, the order of which is equal to n=2,
which, in contrast to (8), is one order higher than the
order of the equation of the local control object (the
third equation of system (2))

Z+Y1£2+Y01Z=Yosls- (25)

Applying the above technique, the following
law of control of the field excitation current is ob-
tained

ug (t) =k (z—i¢);
z:jfodt;

fo=vor [ (it —if)dt—yy¢i¢.

(26)

According to equations (26), a block diagram of
the field excitation current controller (CC) of type
201 is designed, shown in Fig. 9

it* , . Us
= PP ot PO — > ki >
P P .

yif

=

it

Fig. 9. Field excitation current controller of
generator of type 201

Source: compiled by the authors

This controller also contains only the parame-
ters of the desired control law yor and yir, with the
help of which the required type and time of the tran-
sient process, as well as the magnitude of the current
overshoot, is established. The controller also does
not contain the parameters of the control object,
which is typical for classical laws.

It is seen from the transfer function of an open
current loop for a given control law

Kevor /Ly

(27)
L% +(Ry /Ly +k¢ /L) p+Keyyg /L]

W, (p) =

that the current loop has a given first-order astatism
v=1 and quality factor by speed equal to the given

Yot
Vit

D, =D}

(0] (0]

(28)
It provides an acceptable dynamic current error at
moderate controller gain coefficient k.

Development of the maximum HESG power
control law P is carried out on the basis of the de-

sired closed loop equation of the first order (n=1;
m=0)

Z+'Y0pZZYOpPr:1aXv (29)

providing first-order astatism v=1 and a given quali-
ty factor in terms of speed D =7gp - Duration of

monotonic power transient process t, ~3/yq, is set

by setting the value of the coefficient yop. After car-
rying out the synthesis of the control law, carried out
similarly to the above synthesis for the field excita-
tion current, the following equation of the power
regulator is obtained

it (t) =k, (z—P);

Z= YOpI(Pr;ax —P)dt.

Based on (30), a block diagram of the maxi-
mum power controller (PC) of type 101 is designed
and shown in Fig. 10.

(30)

ik
Pmax™ If

1
4)? —) 70p ‘)?—) kp —>

Fig. 10. Maximum HESG power controller
diagram of type 101

Source: compiled by the authors

The power controller has an atypical structure
and does not contain any parameters of the control
object (2), which is typical for classical controllers.
The controller contains only the parameter of the de-
sired control law (29), with the help of which the re-
quired time of the monotonic transient process is set.

RESEARCH RESULTS

The study of the control quality of the devel-
oped system was carried out by simulation in the
Matlab / Simulink environment with the parameters
of the experimental HESG presented in table. 1.
Field excitation current and maximum power of type
101 have the following parameters: yor=1000;
ki=1000; yop=500; kp=0.1.

During the simulation, the wind speed varied
from 3 to 8 m/s for 10 s, as shown in Fig. 11.

8

7

6

V, m/s

5

4

3

0 2 4 6 8 10
ts

Fig. 11. Wind speed change graph

Source: compiled by the authors

Wind speed changes causes the rotation speed
change of HESG (Fig. 12).
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ts

Fig. 12. HESG angula’r speed change graph

Source: compiled by the authors

The control system calculates the maximum
output power of the wind turbine depending on the
wind speed (Fig. 13), which is the reference signal
for the control loop of the output power of the elec-
tric generator.

250 /

200 /

/
/

P*max, W
=
a1
o

//
50 //
2 4 6 8 10
ts
Fig. 13. Maximum output power of wind turbine
Source: compiled by the authors

Thanks to the operation of the field excitation
current and power controllers, HESG delivers the
maximum electrical power to the load (Fig. 14).

250 /_
200 //
/

2 150
a /
100 //
50 ~
/
/
0 2 4 6 8 10
t, s

Fig. 14. HESG electric power output graph

Source: compiled by the authors

The current and voltage graphs of field excita-
tion winding during control process are shown in

Fig. 9 and fig. 10 respectively. Field excitation cur-
rent and voltage increase whike wind speed raise
and decrease with growth of load: Ricad = 36 Ohm;
30 Ohm; 24 Ohm.

1
Rload=24 Ohm

Rload=30 Ohm
Rload=36 Ohm

<0.6 >/
o4 /
0

0 2 4 6 8 10
t,s

Fig. 15. HESG field excitation graphs

Source: compiled by the authors
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Fig. 16. HESG excitation voltage graphs

Source: compiled by the authors

The armature current and voltage graphs of the
HESG in a case of wind speed and load changes are
shown in Fig. 17 and Fig. 18.

5 /
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y
< 2 /A/
B 0.8 /A/
o G
0.4/

ts

Fig. 17. HESG armature current graphs

Source: compiled by the authors

When the wind speed changes from 3 to 8 m/s,
the generator armature current raises from 0.38 to
1.6 A at a load of 36 Ohms and from 0.46 to 1.98 A
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at 24 Ohms. Simultaneously, the generator stator
voltage increases from 13.5 to 58 V at 36 Ohms
and from 11 to 47 V at 24 Ohms.
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Fig. 18. HESG armature voltage graphs

Source: compiled by the authors

An important issue is the study of the quality
of transient processes in a squall wind and a sudden
load change. In Fig. 19 it is shown a graph of the
excitation current and in Fig. 20 graph of the max-
imum output power with an increase in the wind
speed by sudden jump from 3 to 8 m/s.

The field excitation current and maximum
power graphs are characterized by monotonic
(without overshoot) transient processes during the
time determined by the parameters of the control-
lers yor and yop.
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ts
Fig. 19. Field excitation current transient process

graph in a case of wind speed change
Source: compiled by the authors

Fig. 21 shows excitation current graph, and
Fig. 22 — maximum output power graph changes
when the sudden jump occurs: the electrical re-
sistance of the load changes from 36 to 24 Ohms at
a wind speed of 6 m/s. After the transient process

finished, the maximum power assumes the previous
value of 117 W, and the excitation current decreas-
es from 0.58 t0 0.43 A.
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Fig. 20. HESG output electric power transient

process graph in a case of wind speed change
Source: compiled by the authors
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Fig. 21. Excitation current transient process

graph in a case of load change
Source: compiled by the authors
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Fig. 22. Maximum output power transient

process graph in a case of load change
Source: compiled by the authors
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CONCLUSIONS 3. The high quality of power and excitation cur-
rent control is provided by original informational
support, which is developed based on minimization
of local functional of instantaneous values of elec-
tromagnetic energy. Control laws ensure robustness
to parametric and coordinate disturbances and sim-
plicity of controller implementation.

4. The study of control process of autonomous
wind turbine on the example of experimental HESG
sample approved high quality of maximum power
control in a case of wind speed change from 3 to 8
m/s and load change by 50 %.

1. The application of hybrid excited synchro-
nous generator in autonomous wind turbines allows
getting maximum power from the wind turbine at
different values of wind speed and generator load
changes.

2. The HESG power control is carried out by
changing the excitation current of additional field
winding. The control system consists of internal ex-
citation current control loop and external electric
power control loop.
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AHOTANIA

VY crarti po3pobiieHo iH(opMariiiiHe 3a0e3MeYeHHs] CHCTEMH aBTOMAaTHYHOTO KepyBaHHS MaKCHMAaJBHOIO ITOTYXHICTIO CHHX-
POHHOTO TeHepaTopa 3 TiOpUIHUM 30YKEHHSIM aBTOHOMHOI BITpOycTaHOBKH. CHCTEMa eIeKTPONOCTauaHHs Ha OCHOBI aBTOHOMHOI1
BITPOYCTAaHOBKH CKJIAJIA€THCS 3 EIEKTPHUYHOTO TeHepaTopa, KOHTpoJepa 3apsiy aKyMyJSITOpHHX Oarapeif, OJoka akyMyJISTOPHHX
Oarapeii Ta iHBEpTOPA, 32 JOIIOMOT'0I0 SIKOTO 3a0e31eUyeThcsl HeOOXiTHE 3HAUSHHS 1 YaCTOTa JKUBJIAYOI HAIIPYTH CIIOXKKMBava. B sixoc-
Ti ENEKTPUYHUX TEHEPATOPiB AaBTOHOMHHX BITPOYCTAHOBOK HAMONBbIIOro mommpeHHs HaOymu TpudasHi CHHXPOHHI TeHepaTopH 3
MOCTIfHUMH MarHiTamH, siKi MaroTh BHCOKI T€XHIKO-€KOHOMIYHI MOKa3HHKH. OCHOBHUM HEOTIKOM LUX T€HEPAaTOPiB € BIACYTHICTh
e(eKTHBHUX METO/IiB KEPYBaHHS MarHITHUM MOTOKOM, 10 OOMEXY€e ONTHUMI3aLl[iI0 eHEPreTHIHOro OanaHcy BITPOYCTAaHOBKH. Y CTaT-
Ti 3alIPONIOHOBAHO 3aCTOCYBAaHHS CHHXPOHHOTO TeHepaTopa i3 TiOpHIHOI0 CHCTEMOIO 30YKEHHS, sKa CKJIAJA€Thesl i3 MOCTIHHUX
MarHiTiB Ta JOJaTKOBOI eJeKTPHIHOI 0OMOTKH 30y KEHHS, po3TalioBaHoi Ha cratopi. [IpexcraBieHa MaTeMaTHYHa MOJETIb CHHX-
POHHOTO TeHepaTopa i3 riopuaHuM 30yKSHHSIM Ta po3po0JIeHa CHCTeMa KepyBaHHS MAKCHMAIBHOIO BHXITHOIO HMOTYKHICTIO NpH
3MiHI IIBUJKOCTI BITPY IUIIXOM PETYIIOBaHHS CTpyMy 30ymkeHHs . CucreMa KepyBaHHS po3poOiieHa Ha OCHOBI KOHIIEMIIii 3BOPOT-
HUX 33/1a4 JUHAMIKH B MO€IHAHHI 3 MiHIMi3ali€lo JOKaJIbHUX (YHKIIOHANIIB MUTTEBUX 3HA4eHb €Hepriii. B ocHOBY meTony kepy-
BaHHs NOKJAJeHa 1/1esl 3BOPOTHOCTI mpsiMoro merony JlsmyHoBa 3 mocnmimkeHHs cTifikocTi. OTpUMaHHN 3aKOH KepyBaHHS Hajae
CHCTEMi BJIACTHBICTh CTIMKOCTI B IIJIOMY, L0 O3BOJISI€ BUPIIIYBATH 3aBAAHHS KEPYBaHHS B3a€MOIIOB'I3aHUM 00'€KTOM 3a MaTeMa-
TUYHUMH MOJIEJISIMH JIOKQJIBHUX KOHTYpPiB. 3aKOH KepyBaHHs 3a0e3leuye TaKoXK CIaOKy YyTJIMBICTh 10 MapaMeTpUYHHUX 30ypeHb
00'exTa Ta 3/1IHCHIOE TUHAMIUHY JEKOMIIO3HIIII0 B3a€MO3aIC)KHOT HEMHIHHOI CHCTEMH, 110 3yMOBIIOE HOTr0 MPaKTHYHY peai3allilo.
[IpoBeneHO mOCHiIKEHHS 3allPOIOHOBAHOI CHCTEMH KEpyBaHHS MOTY)KHICTIO Ha OCHOBI ITapaMeTpiB €KCIIEPUMEHTAILHOTO 3pa3Ka
CHHXPOHHOT'O T'eHeparopa i3 riopuaHuM 30ymkeHHsIM. OTpuMaHo rpadiky HepexiHUX MpOoLeciB HOTYKHOCTI, HAIPYTH Ta CTPYMY
cTaTropa, Halpyrd Ta CTPyMy 30Y/DKCHHS MPH 3MiHi IBUAKOCTI BITPY BiX 3 10 8 M/C, a TaKOXK MPU 3MiHI aKTHBHOTO CIICKTPUYHOTO
OIIOpY HaBaHTaKECHHS. Pe3ynpTaTy JOCIIDKEHHS TOKa3all BUCOKY €(pEeKTHBHICTh KEpYBaHHS IIOTYXKHICTIO BITPOYCTAHOBKH i3 CHHX-
POHHHUM T€HEpaTOPOM i3 TIOpUAHIM 30YIKCHHIM.

Kiouosi cioBa: [HpopmamiiiHe 3abe3nedeHHs, aBTOMATHYHE KEPYBAHHS,; JIOKAJIbHUH (YHKIIOHAN, CHHXPOHHUH T'eHepaTop 3
ribpuaHuM 30yHKEHHSIM; MAKCUMAlIbHA MOTYXHICTh; BITPOYCTaHOBKA
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