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Introduction

Large amounts of heat energy are being used in
industry and households for heating of premises and
domestic hot water preparation as well as for
implementation of various technological processes.

Presently the most advanced renewable energy
technologies for water heating are based on usage of solar
heat, wind, biomass (mostly firewood and wood residues)
and heat pumps. Usage of wind energy for this purpose
meanwhile is extremely rare exception but in case of
skyrocketing crude oil and natural gas prices this
technology is becoming economicaly competitive in
windy localities on comparison with traditional
technologies based on oil products, natural gas, electricity
and centralized heat energy supply from CHP plants.

Wind-based water or space heating systems have two
significant advantages:

1) heat production does not require any fuel,
2) heat energy is being produced without any
pollution of the environment.

The main imperfection of this technology is the
instability of the wind velocity. Usually the wind velocity
is constantly alternating in the wide range, especially in the
regions remoted from the sea. Sometimes the wind is too
weak for the rotation of wind turbine (WT) or the wind
even does not exist. Therefore production of electricity and
its conversion into the heat energy is restricted in these
cases. However, this problem can be solved by the
choosing and installation of the heat energy storage tanks
of sufficient volume. The heat energy accumulated in the
storage tank can be used when the wind velocity is not
sufficient for electricity production by the WT.

Water heating system based on the wind energy is
described in this paper. Wind energy there is converted
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into the heat energy by means of wind turbine and
electrical element for water heating.

It is shown that in order to utilize maximum amount
of wind energy available for the choosed WT the load of
generator should be automatically controlled depending on
the wind velocity. The scheme of the wind-based water
heating system is presented and described.

Reasoning of the WT*s output control

When the electric power produced by wind turbine is
used for water heating, generator of WT is loaded by the
heating element. If capacity of the heating element is
chosen accordingly to rated capacity of the WT and is
being kept constant, rotor of the wind turbine does not
rotate when wind velocity is significantly lower on
comparison to the rated value for the installed WT. In this
case the torque developed by the wind rotor is less than the
torque created by WT’s generator, which is loaded by the
rated resistance. The wind rotor can not rotate and
therefore a wide range of wind velocity, which has a high
probability of appearance, can not be utilized for the
electricity (and heat) production.

If the load resistance of WT’s generator is adjusted to
the winds of lower velocities and is being kept constant,
then the rotational speed of wind rotor at strong winds
becomes very high because it is underloaded. Therefore the
generator does not develop its maximal capacity at this
wind velocity due to the unadjusted load resistance.

Asitisshown in Fig. 1, for the every wind velocity v,
the wind turbine has a particular power dependence on the
wind rotor’ s rotational speed P; = f (n).

When the wind velocity v; is constant, the position of
the WT’s operating point on the power curve P = f (n)
depends on the torque of the wind rotor’'s (generator’s)
load. If the torque of load is minimal, the wind rotor will
rotate with maximal speed n... This operating regime is



inadmissible on purpose to avoid damages of the wind
rotor. When the torque of load (load resistance of the WT’s
generator) is optimal, the WT will taker over the maximum
of the wind power P, a this wind velocity vi. If the
torque of load will be increased further, the rotational
speed of the wind rotor will decrease and at a certain value
of the torque the WT will be stopped.
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Fig. 1. Dependences of the WT power on the rotational speed of
wind rotor (generator) P = f (n) at different wind velocities

Therefore the load resistance of generator must be
automatically controlled dependently on the wind velocity
on purpose to harvest the power, which is maximum
available for the chosen wind turbine.

Some methods for the adjustment of wind turbine’s
load dependently on the wind velocity are known. For
example, in a number of cases Danish-made WTs have
installed in the nacelle two generators of different capacity:
the smaller one is used at the low wind velocities and the
large one — at the sufficiently strong winds[1].

Load control in the wind-based water or air heating
systems dependently on the wind velocity can be aso
reaised by means of a simple measure: a number of
electric heating elements (for example, 2, 3 or 4) can be
commutated using well-known circuitry with contactors.
However this way of WT's load control has some
imperfections:

o the load control is stepped and therefore is not
accurate,

0 more electric heating elements (or one specialy
manufactured element with derivations) are
necessary,

0 some losses of energy are inevitable due to the
stepped nature of the load control,

0 no possibility to utilize the surplus of eectricity
when the heat storage tank is fully charged.

All these imperfections allow solving the described
problem only partially. Therefore more advanced and

efficient ways should be found and researched in order to
maximize the energy output of WT.

Concept of the WT*spower output control

One of the possible ways for implantation of the
automatic WT's load control can be realized by using
equipment of power electronics. The main load for the WT
in the wind-based water heating system is one heating
element of rated capacity, which is used in the heat storage
tank. On purpose to make the system more cost-efficient, it
would be reasonable to have a possibility of supplying the
surplus of electricity into the electric grid in cases when
the heat storage tank is fully charged. Similar wind-based
energy systems for the water and space heating are
described in papers[2, 3].

Concept of the proposed wind-based water heating
system can be explained by means of the functional
electrical scheme of this system, which is presented in Fig.
2. The system consist of the wind turbine WT with
generator G, the rectifier AC/DC, the electronic pulse-
width modulator of the rectified voltage P-WM, the load
control unit LC, the heating element HE, the heat storage
tank for the hot water, anemometer A, tachogenerator TG
and sensor of temperature T.

Heat storage tanks usually are characterized as having
considerable inertia. Therefore the two-step controllers can
be applied for them. When the heat storage tank is fully
charged, the controller must to switch out the power supply
into the heat element and to switch on the WT’s power
supply to the electric grid over the inverter.

The control unit LC controls the load according to the
signals, which are proportional to the wind velocity v, and
rotational speed of WT's generator o, Sensor of
temperature T gives for the controller a signal, which is
proportional to the water temperature.
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Fig. 2. Wind-based water heating system



The two-step controller of the water temperature in heat
storage tank can also be used to switch the WT’s generator
for power supplying into the electric grid and in contrary —
for power supplying into the heat element when it will be
necessary.

Mathematical description and model of the WT’s load
control system

The pulse-width modulator (P-WM) is used for the
load control of permanent magnet synchronous generator
(PMSG) ingtalled in the WT. Exact description of the
electromagnetic processes of the converter’s power circuits
is rather sophisticated task. Therefore some simplifications
[4, 5] used in theory of converters' circuits and facilitating
the derivation of mathematical dependences will be
applied. The n-phase circuits of converter will be
substituted by one-phase reciprocal schemes. Power valves
will be considered asideal.

Intensity of PMSG el ectromagnetic processes depends
on the stator circuit’s constant of time (T), which mostly
has vaue more than 0.1 s. In this case the transient
processes are going rather slowly, therefore the average
values of currents and voltages can be used for the
description of these processes and non-stationary processes
of the electromagnetic field alternations can be neglected
[6, 7, 8]. When the processes are more fast-moving
(T<0.01s), instantaneous values of current and voltage
must be used.

Principle electrical scheme of the PMSG power
circuit is presented below in Fig. 3.
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Fig. 3. Principle electrical scheme of the PMSG power circuit

The following lettering is used in Fig. 3: e, &, &
electromotive forces of the generator in the phases A, B

and C; uqg — the rectified voltage of the generator; r,— the
active resistance of the generator’s stator winding; x; — the

inductive reactance of generator's stator winding; rq and Lg
— the active resistance and inductance of the rectifying
choke; R, — the active resistance of the heating unit.

The electromagnetic processes taking place in the
electrical circuits showed in Fig. 3 when load of the
rectifier is the active resistance and inductance are well
researched. The rectified electromotive force of the
generator can be expressed by using the formula given in
source [9)]:
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Generator's voltage of one phase can be expressed by
means of this dependence:
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Alternative current of the generator's phase depends
on the rectified current and the angle of commutation
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The angle of the diodes commutation y can be
calculated by using this formula:

Y= arcco{l_ m
Voltage drop due to the commutation of rectifier's
diodes can be described by the following expression:

0, (4)
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The following symbols are used in formulas (1-5):
Uy — open circuit effective phase voltage of the generator;
m— the number of pulsations of the rectified voltage; U, —
the effective linear voltage of the generator; k. — factor of
the generator’s electromotive force; o, — the rotational
speed of the generator; i, —therectified current; y — the
angle of the diodes' commutation.

For the evaluating calculations it can be admitted that
Xk & X1 (X — the inductive reactance of generator's stator
winding).

One-line scheme of wind turbine's circuitry is shown
inFig. 4.
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Fig. 4. Equivalent scheme of the system

Mathematical description of the system’'s power
storage and inverting circuits (SIC) is developed well



enough in the previous papers published by authors[7, 10],
therefore it will be skipped in this paper. Synchronous
generator with permanent magnets (PMSG) can be loaded
in two ways depending on state of the switches s; and s;:

0 to supply the generated electric power into the heating
dement (HE, R,) when s; is switched off and s, is
switched on,

0 to supply the power into the electric grid over the
inverter, when s; is switched on and s, is switched off.

Therefore mathematical description of the wind-based
water heating system must evaluate both ways of PMSG
loading.

Permanent magnet synchronous generator (PM SG)
can be described by means of the system of differential and
algebraic equations as follows:
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where My — the torque of generator; M; — the torque of
wind rotor; M; — the combined torque of viscous friction of
rotor and load; J — the combined inertia of rotor and load; i
— reduction (multiplication) factor of the gear; wq — the
angular velocity of the generator’s rotor; k., — torque
factor; k; —friction factor; P, —the power produced by wind
turbine; L; —the inductance of the generator‘s winding.

System of equations (6) is valid for both modes of
WT’s operation. When the generator is loaded by the
heating element, the voltage u,, = 0 and when the power
from generator is supplied into the electric grid, the drop of
voltage Ry =0.

Generator is rotated by the rotor of vertical wind
turbine. Mathematical description of this WT is based on
its power curve, which is given in wind turbine’s technical
documentation. Polynomial of the sixthly order is used for
the approximation of the power curve on purpose to have a
sufficient adequacy the mathematical description. So, the

74

power curve of vertical wind turbine mathematically can
be described by this equation

P =-0.0461-vS +2.1317-vJ, —36.5307 - Vi +
271.5777-v3 —731.0533- v2 +531.6232-v,, + (7)
+85174.

Mathematical model (Fig. 5) for the PMSG can be making
up using the systems of equations (6) as well as equations
(1+5) and (7). Mathematical model (Fig. 5) of the storage
and inverting circuits (SIC) is created by applied the
previously works of an authors[7, 10].
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Fig. 5. Mathematical model for the WT*s power system

Mathematical model for the WT's power system
consist of three functional parts: the converter, which
includes inverter, power storage circuit and control pulse
former, witch includes counteraction electromotive force
and modulator blocks, the generator and the wind turbine.
Operating mode block is used to switch the system into the
water heating mode or into the power inverting mode.
TTVS block performs the control of generator's load. The
load of generator is controlled by means of varying the
value of stator’s rectified current. The reference rectified
current is calculated in the model’s block WT according to
the following formula:

. R
WR=1 : - (8)

|s'km'mg
where ks — coefficient of rectifier's scheme (for three-
phase six-pulse rectifier ki=0.78).

The given current i, reaches the TTVS block through
theinlet “iref” and the measured rectified current — through



the inlet “id". The signal formed by the controller TTVS
onitsoutput “R_Q” is sent to the generator of model.

Results of the WT*sload control system research

As it was mentioned above, WT can supply the
converted wind energy to the water heating system or into
the electric grid when the heat storage tank is fully
charged. The load of WT must be properly (effectively)
controlled in both cases. Quality of the load control in the
proposed wind-based water heating system was researched
by means of mathematical simulation. Results of
simulation are presented below in form of experimental
Ccurves.

Results of research for the case when WT charges the
heat storage tank are presented in Fig. 6. There is shown
the process of control when the wind velocity suddenly
drops from 9 m/sdown to 5 m/s.
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Fig. 6. Curves of the WT*s power system parameters at the jump
of wind velocity v, when system is working in heating mode (v,
jump from9to5m/s, att=23)

As it can be seen from the curves, the WT's load
control processis sufficiently qualitative.

Similar curves were received at the same conditions
for the case when the power from WT is supplied into the
eectric grid (Fig. 7).
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Fig. 7. Curves of the WT's power system parameters at the jump
of wind velocity v, when system is working in energy conversion
mode (v, jump from9to 5 m/s, at t=2 )

Analysis of the presented curves shows that process of the
load control isfairly qualitative as well. The overregulation
of the angular speed is not considerable. However the form
of the inverted current is not sinusoidal. Therefore the
filters for the inverted current must be installed on output
of the inverter.

As we can see from Fig. 6 and Fig. 7, WT after the
jump moves to another point of operation. After this the
angular speed and torque of the WT, the rectified current
and power of the generator's stator decreases.
Consequently, the power supplied as into heating unit, so
into electric grid decreases as well.

Conclusions

1. Wind-based water heating systems already are
becoming competitive in windy regions due to the
skyrocketing prices of oil and natural gas.

2. Load of the wind turbine's generator must be
controlled dependently on the wind velocity in
order to maximize the energy output.

3. The scheme of wind-based water heating system
with WT’s load control and temperature of heated
water control is suggested in this paper.

4. Temperature of water in the heat storage tank is
controlled by means of the two-step controller.

5. The suggested scheme alows supplying the
surplus of electric power from WT into electric
grid when the heat storage tank is fully charged.

6. Control of the water heating process and the
power supplying into electric grid process in the
suggested scheme is realised by using the pulse-
width modulator.

7. Mathematic model for the presented water heating
system was worked out and researched.

8. Research of the mathematical model disclosed that
using of the pulse-width modulator allows
controlling the water heating process (Fig. 6) and
the power supplying into electric grid process
(Fig. 7) rather efficiently.
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Small-scale wind-based water heating system is proposed and researched. System has a small wind turbine with permanent magnet
synchronous generator loaded by the heating element, which is placed in the heat storage tank. The pulse-width modulator is used for
the load control. The suggested scheme allows supplying the surplus of electric power from the WT into electric grid in cases when the
heat storage tank is fully charged. Control of the water heating process and the power supplying into electric grid process in the
researched scheme is realised by using the load control unit, two-step controller and the pulse-width modulator. Mathematic model for
the presented water heating system was worked out and researched. Research of the mathematical model disclosed that using of the
pulse-width modulator allows controlling the water heating process and the power supplying into electric grid rather efficiently. The
possibility to maximize the wind turbines power by adjusting the load to every value of the wind velocity was checked. Results of the
simulation also allowed estimating that the form of the inverted current is not sinusoidal. Therefore the filters for the inverted current
must be installed on output of theinverter. I11. 7, bibl. 10 (in English, summariesin English, Russian and Lithuanian).
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PaccmarpuBaroTcs BOIPOCH! HCIIOIB30BAHUS BETPOIIEKTPOCTAHIUHI Marod MOIIHOCTH IJIsi IPOU3BOACTBA TEIUIOBOM SHEPrHU U
nepefayd HEUCIONb3yeMOH 3SHEpPrMHM B 3NIEKTpoceTh. PaccMaTpuBaeTcs BETPOAIEKTPOCTAHIMSA C CHHXPOHHBIM T'€HEPAaTOpOM C
MOCTOSIHHBIMH MarHuTamMu. YToObl MOMYYNTh MAKCHMAJbHOE HCIIOJIb30BAHHE SHEPTHM BETpa M SIEKTPOCTAHIMHU, MPH H3MEHEHUU
CKOPOCTH BETpa MPHXOAUTCS PEryInpoBaTh BEIWUMHY Harpy3kd. B craTee paccmaTpuBaeTcsl IIMPOTHO-UMITYIBCHOE PETYIHPOBAHUE
Harpy3ku JJIs ClydaeB, KOTAa BETPO3IEKTPOCTAHLUS COEIAWHEHA C JIEKTPUYECKOH CEeThI0 M KOraa K Hel NMPHCOeANHEH TENIoBOi
aneMeHT Harpea. Co3jaHa MaTeMaTHYeCKast MOJENb BETPOIIEKTPOCTAHIUH C IIHPOTHO-UMITYJILCHBIM PEryJTHPOBAHUEM HArpy3KH UL
o0oux ciydaeB. Pe3ynbraTel MOAENMPOBAHHMS ITOKA3EIBAIOT, YTO IIPH HCHOIB30BaHUN IHPOTHO-MUMITYJILCHOTO PETYJINPOBAHUS HATPY3KH
reHeparopa Juisi 000X CIydaeB, T.€. KOTJa BCS DHEPIUs MepenacTcsi B TEIUIOHAKONUTENb WIH B 3JIEKTPOCETh, BOSMOXKHO MaKCHMAJIEHO
JOCTUTAaeMOE HCIHOJIB30BaHUE MOIIHOCTH BETpa IS JAHHOM BETPOAIEKTPOCTAHIMU. VIcciaenoBaHus IOKa3any, 4To B CIydae paboTHI
BETPORJIEKTPOCTAHIIMY B pPEXUME WHBEPTHPOBAHUS DSHEPrUM, IepelaBacMas B CEThb JHEPrus HECHHyCOMJaidbHa. [lo sTomMy mnpu
COCIMHEHNH BETPOINEKTPOCTAHLIUH C AJIEKTPOCEThIO HY)KHO HCIOJIB30BaTh dIeKTpuueckue GpuibTpsl. M. 7, 6u6ia. 10 (Ha aHrIHiickoM
A3BIKE; pedpepaThl Ha AHTIIMICKOM, PYCCKOM M JINTOBCKOM 513.).

V. Adomavitius, C. Ramonas, V. Kepalas. Véjo eektrinés apkrovos valdymas siekiant maksimizuoti jos energijos gamyba //
Elektronikair elektrotechnika. — Kaunas: Technologija, 2008. — Nr. 8(88). — P. 71-76.

Nagringjamos nedidelés galios véjo elektriniy generuojamos elektros energijos naudojimo galimybés vandeniui Sildyti bei
atliekamos elektros energijos tiekimo | elektros tinkla klausimai. Nagrin¢jamoje schemoje naudojamas sinchroninis generatorius su
nuolatiniais zadinimo magnetais. Nurodyta, kad, norint maksimaliai panaudoti véjo turbinos kuriama galia, butina reguliucti
generatoriaus apkrovos dydj. Darbe sitlomas platuminis-impulsinis apkrovos reguliavimo budas tiek véjo elektrinei tiekiant energija
vandens sildymo elementui, tiek invertuojant jos pagaminta energija i tinkla. Sudarytas tokios véjo elektrinés matematinis aprasymas.
Sistemos kaupimo invertavimo dalies matematiniam aprasymui sudaryti panaudoti ankstesni autoriy darbai. Sudarytas tokios véjo
elektrinés, dirbancios su kaitinimo elementu, arba invertuojancios energija i tinkla, apkrovos valdymo matematinis modelis.
Modeliavimo rezultatai rodo, kad naudojant platuminj Siy dvigju VE darbo rezimy valdyma — kai visa energija atiduodama $ilumos
kaupikliui arba perduodama i elektros tinkla, galima maksimaliai isnaudoti véjo turbinos galia. Tyrimai parode, kad véjo elektrinel
dirbant energijos invertavimo { tinkla rezimu, invertuojama srové yra nesinusiné. Todél inverteriui sujungti su tinklu batina naudoti
filtrus. 11.7, bibl. 10 (angly kalba, santraukos angly, rusy ir lietuviy k.).

76



