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INVESTIGATION OF THE MIRROR DEFLECTING OPTICAL SYSTEMS

FOR SOLAR CONCENTRATOR MODULES

D. Strebkov, A. Irodionov, N. Filippchenkova
All-Russian Scientific-Research Institute for Electrification of Agriculture,
Moscow, Russia

The results of investigation of deflecting optical system providing 100% passing of reflected beams
at the exit surface are presented. Optical calculation of ray path is given and the concentration factor of
solar modules with a mirror deflecting optical system and various types of concentrators is considered.
One of the trends of reduction of photovoltaic equipment cost is the use of photovoltaic modules with so-
lar concentrators. The purpose of this work is the development of the concentrator solar module with low
optical losses and high uniformity of illumination at a radiation receiver, as well as with high specific
capacity of the radiation receiver. One of simple and effective methods of providing uniform distribution
of concentrated solar radiation at the receiver surface is the use of mirror deflecting optical systems
(MDOS). However, known MDQOS on the basis of jalousie heliostats (JH) do not provide complete trans-
mission of solar flux because of optical losses due to shading and obstruction of rays. Losses caused by
shading and obstruction can reach 30% of incident solar radiation. In contrast to solar modules with
mirror concentrator systems MDOS uses parallel ray bundle at the receiver and provides 100% for pass-
ing rays, as well as zero optical losses characteristic of known mirror deflecting optical systems. The mir-
ror deflecting optical system can be used for trans mission of parallel solar flux to radiation receivers in

hot houses, buildings and underground facilities.

Keywords: electric power supply, photovoltaic plant, solar module, mirror deflecting optical sys-

tem, jalousie heliostat.

One of the trends of reduction of photovoltaic
equipment cost is the use of photovoltaic modules
with solar concentrators.

The purpose of this work is the development
of the concentrator solar module with low optical
losses and high uniformity of illumination at a radi-
ation receiver, as well as with high specific capacity
of the radiation receiver.

One of simple and effective methods of
providing uniform distribution of concentrated solar
radiation at the receiver surface is the use of mirror
deflecting optical systems (MDOS). However,
known MDQOS on the basis of jalousie heliostats
(JH) do not provide complete transmission of solar
flux because of optical losses due to shading and
obstruction of rays. Losses caused by shading and
obstruction can reach 30% of incident solar radia-
tion[1, 2, 3].

At Fig. 1 the diagram of the deflecting optical
system of jalousie heliostats (JH) and ray path there
in is shown.

A solar concentrate or has working surface 1
where on radiation 2 is falling, deflecting the opti-
cal system 3 with the surface of ray entry 4 and exit
5, height, width | and length L, comprising basic
mirror reflectors 6 placed at the angle ¢ to the verti-
cal of the working surface 1, and 1 and additional

mirror reflectors 7 placed at the surface of exit 5 of
the deflecting optical system 3 at the angle ;. Basic
mirror reflectors 6 are installed at the distance a,
from each other.

The number of basic 6 and additional 7 mir-
ror reflectors in the deflecting optical system 3 is 3

L .
n=—. Let us denote the ray entry and exit angles to
a

the basic mirror reflectors 6 in the deflecting optical
system 3 by B, and B;. The angles Bo and B, are
measured from the vertical to the working surface.
The angle B, is chosen up on the condition of max-
imal deflection of reflected ray at the exit of the
system at the distance OF = 2a — & from the of ray
entry line AB where & is an infinitely all value
providing total optical transparency of the deflect-
ing optical system 3.

At Fig. 2 ray transmittance of rays o from
the basic mirror reflectors 6 from triangles BDN
and DNK is as follows:

A=d-tgBg-cosy;
A=dy -tgpy, 1

where d; d; — dimensions of the basic 6 and addi-
tional 7 mirror reflectors.

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 83-89.
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Fig. 1. The diagram of the deflecting optical system of the concentrator solar module and ray path therein
(two-dimensional image)
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Fig. 2. Ray transmission in the in the deflecting optical system of the concentrator solar module

From (1) we obtain the relation for the width
of additional mirror reflectors d;:

_ d -cosg-sinBg
sin(B1 —Po)

The angle of ray exit B, for the Boin light rays
is equal to:

)

B2 =2¢1 —Bo =2B1 —Po- (3)

The installation of additional mirror reflec-
tors 7 makes it possible to deflect by an angle ,the
rays PBo, for which the deflecting optical system 3

comprising mirror reflectors 6 was transparent and
could provide 100% reflection of all rays B, falling
on the working surface 1 of the concentrator solar
module.

In the concentrator solar module 3 the de-
flecting optical system 3 with width B = QO creates
flux of parallel rays with angles B.and B,, on the
surface of exit 5, which come to the receiver 8 with
width 4 = OOy, installed along the path of 3, and B3,
at the plane OOy, perpendicular to the working sur-
face 1 and passing through the lateral side 9 of the
deflecting optical system 3.
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Fig. 3. Concentrator solar module Fig. 4. The concentrator solar module comprising
and a single-ended receiver two deflecting optical systems with a common receiver
From the triangle QOO;:
R-cos
ko = % = 2tgBy = 2Ky . (6)
A=00;=QO-ctghy =B-ctgpy.  (4) O3

Concentration factor for deflecting optical
system 3 QOO; with consideration to cosine losses
at Bo= 0 will amount to:

g = QO(')(ngBO _

B-cosBg
A

= tgPy -cospo . (5)

At Fig. 4 two refracting optical systems 10
QO0O0; and 11 ROO, have common two side re-
ceiver with size of A cos By, installed in the sym-
metry plane 12 OO; of the solar module. The an-
gle 0,005 is equal to the angle 0,00; and is
equal to Bo.

The section 0,0;0,0 is made in the form of a
mirror at reflector 13 with dimensions 24-sin 3.

The planes of ray entry 14 and 15 are angled
to the midsection plane 16 at the angles 3. The an-
gle between the planes of ray entry 14 and 15 is
180°-2f,, and the angle between the planes of basic
mirror reflectors 17 and 18 in the two deflecting
optical systems 10 and 11 is 2¢ — 2.

The concentration factor of the solar module
at Fig. 4 considering cosine losses is:

At Fig. 5 flat mirror reflector 19 is installed at
the medial line 111, AQO,O in parallel to the plane of
ray exit 5 QO in such a way that ray QI reflected
from the mirror reflector 19 gets to the point O. The
one-sided receiver 20 with dimensions 4 = Ol, is in-
stalled in the plane Ol,. Concentration factor of the
solar module at Fig. 5 considering cosine losses is:

_QO-cosPy .
k3 = “on, )
A=0L=1G=QG-ctgpPy; (8)
QO0=2QG; C))
M =2tgB1-cosPg.  (10)

QG -ctgpy

At Fig. 6 the concentrate or solar module has
two symmetrically installed reflecting optical sys-
tems 10 and 11 and two mirror reflectors I41, 19
and I5l, 21 installed at the medial line AQO,O
and AOQO,. The mirror reflectors 19 and 21 are
connected by the flat mirror reflector 22 with di-
mensions of 24-sinf,, and the receiver 23 with di-
mensions of A4-cosPy is installed in the symmetry
plane OO;,.

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 83-89.
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The concentration factor of the concentrator
solar module considering cosine losses is:

_QR-cosBp _
Ka 00, 4topy. (11)

The concentrator solar module operates in the
following way:

Solar radiation (Fig. 3) comes to the mirror
reflector 6 at the entry angle o and is reflected at
the angle B;. The mirror reflector 13 at the Fig. 4,
19 the Fig. 5, mirror reflectors 19, 21, 22 at Fig. 6
reflect parallel rays with angles §; and §3,, coming
from the deflecting optical system 3 to the radiation
receiver. The mirror reflector 13 at Fig. 4, 19 at Fig.
5, mirror reflectors 19, 21, 22 at Fig. 6 reflect

parallel rays with angles B, and B, coming from
deflecting optical system 3 to the radiation receiver.
We shall give several examples of concen-
trate or solar module configurations:
The deflecting optical system at Fig. 3 comprises
basic mirror reflectors 6 with dimensions of d = 50
mm, | = 1000 mm and additional mirror reflectors 7
with dimensions of d; = 6.86 mm, | =1000 mm.
The tilt angle of the basic mirror reflectors 6 to the
vertical plane is ¢ = 22.5° the angle of ray entry is
Bo = 5.4° the angle of ray exit is B; = 39.6°, the tilt
angle of additional mirror reflectors 7 is @, = By =
39°, the angle of ray exit is B, = 73.8°. The distance
between the basic mirror reflectors 6 is 6 « = 19.13
mm, transmission A = 4.37 mm.

Be 9
NSNNN _—
Q o Bi B
B~ - B 180-2B. B.
B V7 b %
I Iz\ 8 # &
™ 19 23 I 1
Iz 0‘ 13
" 21
B: 22
B
(o) (0] 0:

Fig. 5. Concentrator solar module
comprising a flat mirror reflector
parallel to the module working module

Fig. 6. Concentrator solar module comprising

two deflecting optical systems with a common receiver
and two flat mirror reflectors parallel to the surface

of rays exit
Table 1
Total area of mirror reflectors per 1m? of the module area, m*/m?
) 10° 20° 22.5° 25° 30° 35° 40°
S3o 5.76 2.92 2.61 2.37 2 1.74 1.56

Concentration factor for the receiver at Fig. 6
will amount to k, = 3.31.

Let us determine the area of the basic mirror
reflectors 6 Sso on the surface of entry 4 of the de-
flecting optical system 3 with dimensions for a con-

centrate or solar module 1x1 m. The area of one
mirror reflector 6 with 1 m length:

S1=1d,m% (12)
where d - width of the reflector, m.
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Fig. 7. Optical system and ray path in the concentrator solar module

The distance between mirror faceted reflector
a = d-sing (Fig. 1). The number of mirror reflectors
on the surface of a module with 1x1 m:

n= 1 , (13)
dsing
1
S3p =n-S1 =——=cosecy (14)
sin g

The total area of mirror reflectors does not
depend on the area of individual mirror reflectors
and their number but is determined by the angle of
the reflector ¢ to the vertical plane:

lim Sz = o0; At = 90°Sz = 1 m?.
po—0

In Table 1 the total area of mirror reflectors
per 1 m?of the module area is given, m%/mZ.

For practical applications it is important to use
jalousies where in the mirror length remains perma-
nent where in the mirror tilt angle ¢ is changed, and
the distance a between the mirrors is changed. Let us
fix the value AD = d - the width of the mirror reflec-
tor and o — the initial tilt angle of the mirror reflect
or at which points Band Dare in the same vertical
plane (Fig. 7).

Figure 7 shows that at ¢ > ¢o, d = const, B’ is
in the same plane with the point D'. At Fig. 7 there
are shown the positions of the second mirror B’'E and
the path of reflected ray AE" at d = const, at which B’
is in the same plane with D’.

At ¢ > @, to fit the reflected ray B, yinto the
size D'E’ = a, Bpand a must be increased.
The angle of reflected ray exit at Fig. 7:

By = arctg(2tge) = 29 — o . (15)

The distance between the miniature reflectors
at the initial angle @, of mirror reflectors:

ag =d-singy. (16)
At arbitrary tilt angle ¢ of mirror reflectors
a=d-sing. a7)
From (16) and (17) follows:

a=ag S_"W : (18)
sin ¢g

At Fig. 7 the deflecting optical system has
the device 23 for changing distance between mir-
ror reflectors and the tilt angle of the mirror re-
flectors.

In contrast to solar modules with mirror con-
centrator systems MDOS uses parallel ray bundle at
the receiver and provides 100% for passing rays, as
well as zero optical losses characteristic of known
mirror deflecting optical systems.

The mirror deflecting optical system 3 can be
used for trans mission of parallel solar flux to radia-
tion receivers in hot houses, buildings and under-
ground facilities.

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 83-89.
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Conclusions

1. The deflecting optical system (DOS)
providing 100% transmission of reflected rays at the
exit surface has been developed.

2. Optical calculation of ray path is given and
the concentration factor of solar modules with a
mirror deflecting optical system and various types
of concentrators is considered.
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HNCCIEAOBAHUE 3EPKAJIBHBIX
OTKVIOHAIOIUX OIITUYECKHUX
CUCTEM JIJIsI COJTHEYHBIX MOJYJENA
C KOHHEHTPATOPAMM

J.C. CtpedxoB, A.E. UponnoHos,
H.C. ®dununnyeHkosa
Bcepoccniickuii HayYHO-HCCIIeA0BATEIbCKUI
HHCTHUTYT IeKTPUPUKAIUM CeTbCKOr0 X03slii-
cTBa, MockBa, Poccust

Pazpaborana OTKJIOHSIOIIAS ONTHYECKas CH-
crema, obecrieunBaromias 100%-Hoe mporyckaHue
OTpaXKeHHBIX Jy4el Ha MOBEpXHOCTH Bhixona. [1po-
BeJIeH ONTHYECKWH pacdeT Xoja JIyded W ompese-
JieH KO3(Q(UIIMEHT KOHIIEHTPAIMU COJIHEYHBIX MO-
JlyJiell ¢ 3epKaJIbHOM OTKIIOHAIONIEH ONTHYECKOU
CHUCTEeMON W Pa3MUYHBIMH THIIAMH KOHIIEHTPATO-
poB. OTHUM W3 HaNpaBICHUA CHUKEHHS CTOMMO-
CTH U3AENHH (OTOINEKTPHUECKON SHEPIeTUKH SIB-
JSIeTCsl UCTIONB30BaHne (OTOAIEKTPUIECKUX MOJY-
Jell ¢ KOHIIEHTPATOpaMHU COJIHEYHOT'O H3IIyYEHUs.
Llenpio paboTHl SBIIETCS pa3paboTKa COMHEYHOTO
MOIyJN C KOHIEHTPAaTOPOM, HMEIOIIETO HHU3KHE
ONTHYECKHE TOTEPH U BBICOKYIO PABHOMEPHOCTH
OCBEIIIEHUS Ha TNPHUEMHUKE HW3ITy4YeHHs, a TaKxKe
TOBBIIIICHHYIO YJIEJIbHYI0 MOIIHOCTh NPUEMHHKA.

OpHUM U3 MPOCTHIX U APPEKTUBHBIX METOAOB CO-
3JITaHUS] PAaBHOMEPHOI'O paclpe/esieHus] KOHLIEHTPHU-
POBAHHOTO COJIHEYHOTO H3IY4YeHHsS Ha MOBEPXHO-
CTH TIPUEMHHKA SIBIISIETCS UCIIOJF30BAHUE 3ePKallb-
HBIX OTKJIOHsrOmMX ontudeckux cuctem (300C).
Omnako u3BectHbIe 300C Ha OCHOBE JKATFO3UMHBIX
remoctatoB (OKI') He oOecnmeyuBaroT ITOJHOTO
MPOMYCKaHUA COJHEYHOro IOTOKa M3-3a ONTHYe-
CKHUX TOTEPh HA 3aTCHEHHE M OJOKHUPOBKY JIYUCH.
[MoTepu Ha 3aTeHeHHE W OJOKUPOBKY MOTYT J1O-
crurath 30 % MOCTYNAIOIIETO COJHEYHOTO H3IY-
4eHUs. B oTaudne OT CONHEYHBIX MOJYIIeH C 3ep-
KaIbHBIMH ~ KOHIIEHTPUPYIOUIUMH  CHCTEMaMu
300C wucnonp3yeT napauiedbHBIA My4OK Jydel
Ha npueMHuKe U obecrneunBaer 100%-Hy0 mpo-
3padHOCTh JJIA MPOXOASIINX JIydeil 1 OTCyTCTBHE
ONITHYECKUX TIOTEPHh, CBOMCTBEHHBIX H3BECTHBIM
3epKaJbHBIM OTKJIOHSIOUIUM ONTHYECKHM CHCTe-
MaM. 3epKanbHas OTKJIOHSAIOIIAas ONTHYecKas CH-
cTeMa MOXEeT OBITh MCIOJb30BaHa IS Mepeadu
MapajyIebHOTO TMOTOKA COJHEYHOM HHEPruu Ha
MPUEMHUKU W3JIyYCHHUS B TEIUIMIAX, 3JIaHUSIX
U B NMOJ3EMHBIX COOPYKEHUSAX.

KuaroueBnle ciioBa: snexTpocHadxkenue, §ho-
TOPHEPTeTUYECKast CTAHIIUS, COJHEYHBIH MOIYJIb,
3epKajbHast OTKIOHSIONMIAS ONTHYECKas CHUCTEMA,
YKaIFO3UUHBIA TeIUOCTAT.
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THE DEVELOPMENT AND TESTING OF FOLDING, SECTIONAL
AND FLEXIBLE SOLAR MODULES

V. Panchenko
All-Russian Scientific-Research Institute for Electrification of Agriculture,
Moscow, Russia

Compact design solar photovoltaic modules solve a problem of charging of portable electronic de-
vices in lack of network power supply. The optimized designs both folding two-fold, and sectional com-
pact figurative solar modules are considered. They were tested under natural conditions for work in con-
junction with modern gadgets. Also flexible, thin and lightweight solar modules with standard layout and
with design execution are provided. The modules are suitable for charging lead-acid gel batteries with a
voltage of 12 V, and modern lithium battery with a voltage of 3,7 V. Along with universality modules
possess the small sizes, compactness, a sectional design with possibility of scaling, and also have the
small weight and possibility of an arrangement them on a curvilinear surface.

Keywords: electric power supply, sectional and folding solar modules, flexible solar module,

gadgets.

The problem of charging of portable elec-
tronic devices when there is no possibility of con-
nection to the power grid is rather urgent for tour-
ists, cottagers and travelers. Solar modules of com-
pact design are used for the solution of this prob-
lem. The article presents new design of such mod-
ules with optimized technical, design and electrical
parameters.

Solar modules of compact design 505 and
505C (Fig. 1 and 2) are meant for power supply to
compact mobile electric devices with USB standard
(5V, 0.5 A), as well as for assembling sections into
batteries. As an output connector it is suggested
to apply a standard USB-socket because of a wide

I[ma)

use of this standard for charging mobile electronic
devices. For connection to the USB-bus interface
a four-wire cable is used — two wires (twisted pair)
in differential connection are used for receiving and
transmitting data, and two wires — for power supply
to a peripheral device. Due to integrated power
supply lines, USB allows to connect peripheral de-
vices without own power source (maximal intensity
of current consumed by the device through power
supply lines of the USB bus must not exceed
500 mA, of the USB 3.0 — 900 mA).

Electric power is supplied to small-size elec-
tric equipment in autonomous mode via direct
connection to a solar module without adaptors and

Yoc=
Isc=
Pmax=

Rsh=

The test result (25 dég.C)
6.431V
0.476A
2.237wW

5 119V
0.437A
73.06%
3.245 ohm
738.193 ohm
10.359%
5.737%

Vim=
Im=
FF=
Rs=

Eff(Cel)=
Eff{Mod)=

P{w)

Fig. 1. Module 505 with 12 cells and its volt-ampere characteristic
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Fig 2. Module 505C with 12 cells and its volt-ampere characteristic

stabilizers. The design of a sectional module is
unified (Fig. 2), thus expanding the range of po-
tential customers when section commutation is
serial-parallel. Folding and sectional solar modules
are made with varying exterior design, standard
USB parameters and the possibility of sections
commutation.

In their electric characteristics, the size and
commutation of module solar cells are adapted to
the widespread USB standard of electric power
supply without any additional stabilizers and con-
verters (when stabilizers and converters are used,
the range of powered devices is expanded). There is
the possibility of direct power supply to various
electric devices via USB meeting the most demand-
ing electric requirements. In series-parallel connec-
tion, capacity is enlarged, taking into account re-
quired output electric parameters. Easily detached
connectors, eyelets and magnets make operation of
the modules much easier. Varying external design
and better esthetic characteristics will satisfy the
most demanding consumers.

The modules are composed of commutated
laminated solar cells with size adapted to USB
power supply standard, and hard substrate in order
to exclude solar cells bending and breaking. The
sectional modules completing parts include a USB
plug, a socket with wires and clams for 5V 0.5 —
1Aand5V 3 A, al2V jumper for power supply
and a set of alligator clips.

The parameters of volt-ampere characteristic
of the modules (BAX) (Pyaxey Uxx » Loy W, M, 1) were
measured with the use of a PICOSOLAR solar radia-

tion simulator with a single long-pulse flash. In test-
ing the indicators U, , l,, U, U, in natural condi-
tions, the level of the device charge is investigated.

The following measuring devices and equip-
ment were used during research:

- the solar radiation simulator with a single
long-pulse flash (1000 W/n?, 1.5 AM) PICOSOLAR;

- the electronic multimeter of the MY-64
type (a voltmeter, a thermometer);

- the magnetoelectric amperometer of the
M-1104 type;

- a metal rule for measuring linear dimen-
sions of photovoltaic cells groups and the solar
module dimensions.

After measuring the modules volt-ampere
parameters with the use of the solar radiation simu-
lator and research of basic volt-ampere parameters,
the parameters of the solar modules were measured
under natural solar radiation (the solar module is
oriented perpendicularly to solar rays).

The models researched

1. The model 505 (Fig. 1) (prototype — 12
cells by 1/8 part of the 125 x 125 mm cell), USB
standard (5 V, 0.5 A, 2.5 V), USB —plug at the
outlet, the module dimensions in a folded state -
130 mm x 110 mm, weight — 120 g.

The following electric devices have been
tested for operational performance and the speed of
charging by the 505 module:

1) the ventilator with a drive from the USB
port works (rotates) from the solar panel in nominal
mode;

Research in Agricultural Electric Engineering. Vol. 3, 2015, N23: 90-97.
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Table 1
Charging of assembly of accumulator batteries by the 505 C module
Time, hours:min 12:20 13:30 14:10 15:30 16:30 17:30 18:00
Uxx, V (no-load voltage) 5.90 6.20 5.97 5.45 5.97 6.15 5.33
Ik3, A (short circuit current) 0.37 0.38 0.39 0.05 0.38 0.36 0.05
Up, V (operating voltage) 5.60 5.80 5.66 5.35 5.74 5.81 5.35
Us, V (battery charge) 4.90 5.16 5.22 5.32 5.35 5.37 5.38
Table 2
Charging of the boost Li-ion accumulator by the 505 C solar module
Time, hours:min 11:20 | 12:00 | 13:30 | 15:00 | 16:00 | 17:00 | 11:20 | 12:45
Uxx, V(no-load voltage ) 5.70 5.90 5.85 5.87 5.82 6.04 5.85 5.90
I3, A (short circuit current) 0.30 0.40 0.41 0.38 0.39 0.35 0.37 0.39
Up, V(operating voltage) 3.80 3.90 4.03 4.08 4.12 412 4.07 4.17
battery charge, points
1-4 1 1 1 1 2 2 2 2

2) the lamp with one LED and power supply
from the USB-port works (shines) from the solar
panel in nominal mode;

3) the lamp with 8 LED and power supply
from the USB-port works (all 8 LED shine) from a
solar panel in nominal mode;

4) the compact speaker with power supply
from USB is steadily charging from the solar panel;

5) the mobile telephone Nokia 2700 (accu-
mulator 3.7 V, 1020 mAh) — was completely
charged in 2 hours 50 min;

6) the mobile telephone Megaphone MINI-
FON (accumulator 3.7 V, 450 mAh) was complete-
ly charged in 1 hours 20 min;

7) the tablet computer Explay Informer 701
(Li-Pol accumulator 3.7 V, 3000 mAh) (the tablet
computer is switched on) — 80 % charge in 6 hours
40 min;

8) the mobile telephone Motorola Droid Razr
M (Li-lon accumulator 3.7 V, 2000 mAh) (the tele-
phone is switched on) — 21 % charge in 2 hours 30 min.

2. The model 505 C (Fig. 2) (prototype — 12
cells by 1/8 part of the 125 x 125 mm cell), USB
standard (5 B, 0.5 A, 2.5 W). A USB connector at
the outlet, section dimensions: 210 mm x 143 mm,
possible number of section in the panel —1 — 12 and
more (2.5 — 30 V and more), weight — 140 g.

The following electric devices have been
tested for operational performance and the speed of
charging by the 505C module:

Points 1) — 4) are identical with those in test-
ing the 505 module;

5) the assembly of boost battery comprising 4
accumulator batteries of the AA type (1.2 V 2 300
mA each). The device charge and electrical indica-
tors are given in Table 1;

6) the boost Li-ion accumulator QUMO
PowerAid 6600 (5 B 6600 mA). The device charge
and electric indicators are given in Table 2.

All the above-mentioned electric devices
were steadily charged from the developed modules,
however, for more energy consuming devices (Iph-
one 4, etc,) the solar modules should be improved
via optimization of output voltage and the schemes
of the output USB connector. Of all developed
schemes of output USB connector we have chosen
the most flexible and efficient with optimal addi-
tional resistance, providing stable charging all the
earlier researched devices, as well as more energy-
consuming equipment. The same scheme is used in
all output USB-connectors of the compact solar
modules.

3. The model 505/505C (Fig. 3 and 4) (pro-
totype - 10 cells by 1/6 part of the 125 x 125 mm
cell), USB standard (5 V, 0.5 A, 2.5 V), a USB
connector at the outlet, The module dimensions
in a folded state: 140 mm x 130 mm, weight —
140 and 180 g.

The following electric devices have been
tested for operational performance and charging
rate by the 505C module with 10 elements by 1/6
part of the 125 x 125 mm cell:

Points 1) — 4) are the same as in testing the
505 module with 12cells;

5) the mobile telephone Nokia 2700 (accu-
mulator 3.7 V, 1020 mAh) is charged steadily;

6) the mobile telephone Megaphone MINI-
FON (accumulator 3.7 B, 450 mAh) is charged
steadily;

7) the tablet computer Explay Informer 701
(accumulator Li-Pol 3.7 V, 3000 mAh (the tablet
computer is switched on) is charged steadily;
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Fig. 4. Module 505C with 10 cells and its volt-ampere characteristic

8) the assembly of boost accumulator of 3
accumulator batteries of the AA type (1,2 V 2300
mA each) ) is charged steadily;

9) the boost Li-ion accumulator QUMO
PowerAid 6600 (5 B, 6600 mA) is charged
steadily;

10) the mobile telephone Iphone 4 (accumu-
lator Li-lon 3.7 V, 1420 mAh) (the telephone is
switched on). The device charge and electric indica-
tors are given in Table 3;

11) the mobile telephone Motorola Droid
Razr M (Li-lon accumulator 3.7 V, 2000 mAh) (the
telephone is switched on). The device charge and
electric indicators are given in Table 4.

4. The model 505 (Fig. 5) (prototype — 10
cells by 1/4 part of the 125 x 125 mm cell), USB
standard (5 V, 0.5 A, 2.5 W), USB-connector at the
outlet, the module dimensions in folded state:
180 mm x 150 mm, weight — 230 g.

The following electric devices have been
tested for operational performance and charging
rate by the 505C module with 10 cells by 1/6 part of
the 125 x 125 mm cell:

Points 1) — 9) are the same as in testing the
505 C module with 10 cells by 1/6 part of the 125 x
125 mm cell;

10) the mobile telephone Iphone 4 (Li-lon
accumulator 3.7 V, 1420 mAh) is charged stead-
ily;

11) the mobile telephone Motorola Droid
Razr M (Li-lon accumulator 3.7 V, 2000 mAh) is
charged steadily;

12) the boost Li-ion accumulator QUMO
PowerAid 6600 (5 V, 6600 mA). The device charge
and electric indicators are given in Table 5.

While using solar panel with expanded ar-
ea of solar cells (1/4 part of the 125 x 125 mm
cell), increase of speed of charging of all the electric
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Table 3
Charging of Iphone 4 by the 505 C solar module with 10 cells
by 1/6 part of the 125 x 125 mm cell
Time, hours:min 11:00 | 13:00 | 14:30 | 16:30 | 18:00 | 13:00 | 14:20 | 15:30 | 16:00
Uxx,V ((no-load voltage) 5.01 5.12 5.04 5.10 4.27 5.38 5.04 5.14 5.01
I3, A (short circuit current.) 0.39 0.2 43 0.42 0.02 0.57 0.57 0.55 0.53
Up, V (operating voltage) 4.69 4.64 4.75 4.60 4.26 4.60 4.76 4.83 4.98
Charge state, relative units 0.09 0.35 0.51 0.54 0.74 0.52 0.82 0.94 1
Table 4
Charging of Motorola Droid Razr M 4 by the 505 C solar module with 10 cells
by 1/6 part of the 125 x 125 mm cell
Time, hours:min 11:30 12:30 13:30 15:30 17:00 18:00 18:30
Uxx, V(no-load voltage) 5.40 4.99 4.90 4.87 4.96 4.99 4.95
Ix3, A (short circuit current) 0.45 0.50 0.50 0.49 0.45 0.35 0.24
Up, V(operating voltage) 451 4.48 4.47 4.47 4.46 4.43 4.39
Charge state, relative units 0 0.20 0.30 0.52 0.70 0.78 0.81
I{méa) Py
‘{'/I’éi:test resulst-é%iseg,c) ?
0 3 Vv
Fig. 5. Module 505 with 10 cells and its volt-ampere characteristic
Table 5
Charging of the Li-ion accumulator QUMO PowerAid 6600 by the solar module 505
with 10 cells by 1/4 part of the 125 x 125 mm cell
Time, hours: min 11:30 12:30 13:30 15:30 17:00
Uxx, V (no-load voltage) 5.23 5.08 5.00 4.97 4.99
Ik3, A (short circuit current) 0.25 0.75 0.74 0.72 0.67
Up, V (operating voltage) 3.95 4.48 4.45 4.45 4.48
Charge state, points 1-4 1 2 2 2 2

devices is observed, as the module current is in-
creased in proportion to the solar cells area.

In the course of compact modules develop-
ment, solar modules of two types with various exter-
nal design have been made — folding clamshell mod-
ules and single sectional modules. In order to reduce
charging time and increase output current, a module

with 10 solar cells by %4 of the 125 x 125 mm cell
with short circuit current about 1 A was suggested.
For further increase of current or voltage the sec-
tional modules are connected in series, in parallel or
in series/parallel.

Alongside with folding and sectional solar
modules, flexible transparent solar modules with
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Fig. 6. Flexible transparent solar modules and their volt-ampere characteristics,
with 17 V operating voltage (to the left) and 5 V operating voltage (to the right) designed for AGM (12 V)
and lithium (3.7 V) accumulators

various parameters and cells configuration have
been developed and fabricated. For research of
experimental models and the use inside the prem-
ises, solar modules with unusual design and 12 V
and 6 V voltage have been developed (Fig. 6 to
the left and to the right). Two various indicators
of voltages are related to the use of 12 V AGM
accumulators and 3.7 V boost lithium accumula-
tors of mobile devices for which operating voltage
about 5 V are required, as in connection to the
USB port.

The line of flexible solar modules also in-
cludes three types of standard 12 V modules —
with operating current about 4 A, 2 A and 1 A
depending on the area of the cell (Fig. 7). Opti-
mal number and thickness of adhesive and lami-
nating films allows to reliably protect solar cells
both from external actions and makes it possible
to impart bending form to modules, which is

widely used in architecture and transport. All
flexible modules offer the original solution of
outlet of the MC 4 plugs, which allowed to ex-
clude the use of a matchbox without sacrificing
impermeability, and impart flat, even and thin
form to the modules.

Therefore, considering the developed solar
modules, it can be concluded that they are suited for
charging of a wide range of energy-consuming de-
vices. The possibilities of recharging the developed
solar modules are not limited by AGM 12 V accu-
mulators — with their use it is possible to successful-
ly charge both portable handheld devices with lithi-
um accumulators and boost lithium accumulators
with 3.7 voltage. Alongside with flexibility, the
modules are characterized by small size,
co,mpactness, sectionability with the possibility of
scaling, as well as by low weight and the possibility
to place them at curved surface.
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PABPABOTKA U UCIIBITAHUE
CKJIAJHBIX, CEKHUOHHBIX
N I'MBKUX COJIHEYHBIX MOAYJIEN

B.A. IlaH4yenko
Bceepoccuiickuii HAyYHO-HCCJIeA0BATeIbCKUIA
HHCTUTYT IeKTPpUupUKaLun
ceJibCKoro xo3siictea (BUICX),

r. MockBa, Poccust

ConHeunble  (DOTORNEKTPUUECKUE MOZYNH
KOMITAKTHOW KOHCTPYKIMHU peIaroT mpodieMy 3a-
PSLIKM NEPEHOCHBIX AJIEKTPOHHBIX YCTPOUCTB B OT-
CYTCTBHU CETEBOTO 3JIeKTpocHaOxeHus. PaccMot-
peHBl  ONTUMHU3UPOBAaHHBIE KOHCTPYKLHMH  Kak
CKJIaJHBIX JIByCTBOPYATBHIX, TaK M CEKIHMOHHBIX
KOMITAaKTHBIX MEPEHOCHBIX COJHEYHBIX MOIYJICH.
[MpoBeneHsl UCTBITaHUS WX Pa0OTHl B HATYPHBIX
YCIIOBHUSIX COBMECTHO C COBPEMEHHBIMU T'a/KETaMU.
Taxke mnpencraBieHbl T'MOKHE, TOHKHME W JIETKHE
COJIHEYHbIE MOIYJIH, KaK CTAaHIAPTHOW KOMIIOHOBKH,

TaK U B AU3AHHEPCKOM HCTIONHEHUH. Moaynu mpu-
TOJIHBI KaK JIIsl 3apsIKK CBHHIIOBBIX TEJICBBIX aK-
KyMYJSTOPOB ¢ HampspbkeHneM 12 B, Tak u nutune-
BBIX COBPEMEHHBIX aKKyMYIATOPOB C HaIpsKEHU-
em 3,7 B. Hapsany ¢ yHHBEpCaqbHOCTBIO MOJIYIHU
00naal0T MalbIMH pa3MepaMH, KOMITAKTHOCTHIO,
CEKIIMOHHOCTHIO C BO3MOKHOCTBIO MacIITaOHupoBa-
HUf, a TaKKe€ UMEIOT Majblid BEC M BO3MOXKHOCTH
PACIIONIOKEHHUST UX HA KPHUBOJUHEHHOM MOBEPXHO-
CTH.

KioueBbie ciaoBa:  3JeKTpocHaOXKeHUE,
CEKIIMOHHBIN U CKJIaJIHOW COJIHCYHBIC MOJTYJIU, THO-
KU COJTHEYHBII MOIYJIb, TA/IKETHL.
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THE REGENERATIVE WATER-AIR HEAT EXCANGER

R. Serebryakov', S.G. Batukhtin?
1All-Russian Scientific-Research Institute for Electrification of Agriculture,
Moscow, Russia,
*Transbaikal State University, Chita, Russia

The article describes an energy-efficient scheme for using solar energy in district heat supply sys-
tems reducing capital and operation costs and to a great extent replacing conventional heat sources. The
versatility of systems using this scheme provides their multi-zone applications: from cottages to heating
industrial premises and greenhouse complexes. The principle of the suggested scheme is as follows: a
solar collector is attached through heated medium is to an air duct and to antifreeze circulating in the
contour tank — accumulator — solar collector. The method of intensification of heat exchange due to the
use of intensifiers of hole type. Such intensification efficiency is determined by calculation of daily heat
absorption of two-dimensional air collector with intensification by holes and without it, as well as eco-
nomic effect of the implementation of the suggested method. In accordance with calculations, the suggest-
ed scheme of heating and intensification of heat exchange on the surface of integrated collector can pro-

vide significant economic effect if implemented.

Keywords: solar collector, heat-carrying medium, design, simulation system, experiment, consum-

er, control, heat, energy saving, load optimization.

The strategic aim of state energy policy in the
field of development of rational fuel-power balance
is the optimization of production structure, domestic
consumption and export of fuel-power resources
with due consideration of requirements of energy
security, economical and energy efficiency and im-
provement of Russia foreign economical perfor-
mance. It should be considered that the overriding
priority of the «Energy Strategy of Russia for the
Period until 2030» is the growth of importance of
renewable energy sources in satisfying public energy
demands. Without implementation of technologies
that can drive out organic fuel from the country fuel
balance, It is impossible to fulfill basic provisions of
the Strategy envisaging maximum efficient use of
natural energy resources and potential of power-
generating sector for steady economic growth and
the improvement of the quality of life of the RF pop-
ulation. For most RF regions the most promising of
renewable energy sources is solar energy.

The Heat Supply Scheme

So far a wide range of various schemes of solar
energy use in hot water supply and heating systems
has been developed. Heating premises with hot air
using heat sources of various types in many cases
allows to considerably reduce capital and operational
costs. Solar heating with the use of collectors of vari-
ous types will make it possible to considerably in-
crease such systems efficiency and to expand re-

placement of conventional heat sources. In such sys-
tems, depending on temperature mode, water or air
are heated or combined heating is applied - water for
hot water supply and air for heating. As our final ob-
jective is heating air in premises, it is exactly these
complexes that allow to obtain maximum efficiency,
excluding all intermediary processes and conversion.
As energy source heat of combusted fuel, as well as
heat generated by solar collectors, can be used [1].

The versatility of such systems determines
their multi-zone application - from cottages to heat-
ing huge industrial premises and greenhouses com-
plexes.

The advantages of air heating are as follows [2].

1. Heat economy - heat is generated directly
in heated premises.

2. Improved living conditions in premises, as
air heating by 40-70 °C is sufficient for positive
pressure ventilation.

3. Fast response as the hot air heating system
makes it possible to provide full heating of premis-
es for 1.5-2 hours.

4. The absence of intermediate heat-carrying
medium, that allows to exclude the construction of
water heating systems. In winter season the risk of
defreezing the system is excluded.

5. High degree of automation allows to gen-
erate heat as required.

Most of the advantages of this system are
possible only when non-freezing solutions are used
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Fig. 1. Solar air heating system:
1 - storage tank; 2 — pump of solar contour; 3 - solar air collector; 4 - calorifier;
5 —automated control system; 6 — intake air ventilator; 7 — triple valve of the solar contour

in solar collectors. Air can be heated both in an in-
termediate heat exchanger from liquid heated in the
collector, and directly in it. The Fig. 1 shows the
scheme of the solar heat use allowing to combine
these methods [3].

The given scheme will make it possible to use
the advantages of air heating systems in the imple-
mentation of solar collectors of combined type (with
combined heating of air and liquid heat-carrying me-
dium) and to lower down the temperature of radiant
heat absorbing plate, and so radiation loss as well.

The principle of the suggested scheme is as
follows: a solar collector is attached through heated
medium is to an air duct and antifreeze circulating
in the contour «tank — accumulator — solar collec-
tor». Air through solar radiation equipment and due
to forced convection in flowing tubes and a plate is
heated, after which it is supplied to the air heating
system. A storage tank through A storage tank
through accumulating heat-carrying medium is
connected to cold water pipe and extraneous heat
source powered through submerged heating surface.
At Fig. 1 connection circuit and operation mode of
the solar plant are presented.

The collector efficiency (Fig. 1) can be con-
siderably increased through intensification of heat
exchange on surfaces with semispherical holes due
to increased heat exchange surface area.

As early as in 1990-ies R.A. Serebryakov,
G.l. Kiknadze, Yu.K. Krasnov and others in their
works [4. 5, 6] studied a new class of quasipotential

gas and liquid swirl flows formed either due to
merging of specifically directed jets of working
continuous medium, or due to streamlining its
three-dimensional «holesy (so-called vortex genera-
tors) at heat exchange or carrying areas.

Highly-efficient practical application of such
flows became possible due to large-scale thermo-
dynamic research and design and development
works. Thus, in accordance with experimental data,
vortex flows formed in keeping with exact solutions
of hydrodynamic equations increase gas or liquid
consumption twice in comparison with flows with
other structures at similar gas load in pipelines of
similar size and form. Such swirled flows are self-
organized in flows of energy carriers streamlining
energy exchange surfaces formed by special pro-
files «vortex generator» [5, 6], considerably intensi-
fy heat and mass exchange while aerodynamic drag
of energy exchange channels is reduced.

Calculation of daily heat absorption

To determine intensification efficiency, daily
heat absorption of flat-plate water-air collector with
hole intensification and without it [7].

Climatological data: Chita: longitude - 113
hours 23 min., latitude - 52 hours 6 min., October 1,
2013.

Surface orientation: incidence angle to hori-
zon - 45 °, azimuth direction 180°.

Plate: accepted size 1000x100x1mm, mate-
rial - copper, wall thickness - 2 mm.

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 98-102.
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Fig. 2. Average (on the hole surface) relative coefficients of heat transfer for spherical hole

Pipes: number - 10, diameter - 25 mm, mate-
rial - copper, wall thickness - 1 mm, coverage - 50%,
thermal interface - tin, layer thickness - 500 p.

Absorber: paint - mat black (degree of ab-
sorption - 95, blackness - 5, selectivity - 0.4).

External insulation: glass - two layers, thick-
ness 1 mm, attenuation coefficient 0.4 1/mm, air
passage size 30 mm.

Air parameters: air temperature at the inlet —
0 °C, air consumption - 1000 m*hour.

When calculating daily heat absorption of the
regenerative water-air heat exchanger with high
efficiency of heat exchange with the use of standard
method, coefficients of heat transfer are increased
in proportion to average (on the hole surface) rela-
tive coefficients of heat transfer. To consider in-
crease of heat exchange surface, it is necessary to
assess its relative increase Kg and include it in

standard technique.

For suggested geometric parameters of hemi-
spherical holes Kg assumes values from 1.09 to

1.116 in dependence on packing density (for pre-
liminary calculation Kg =11 was assumed). Cal-

culations showed that flow pattern was turbulent:
Re = 696364. For such pattern during intensifica-
tion in spherical intensifier it is assumed that
a =1.25( Fig. 2 [8]).

Results and their discussion

The results of the calculation of daily heat
absorption of the flat-plate water-air collector are
presented in Table 1.

Intensification provided efficiency increase
by 2.43%. Yearly efficiency of the collector effi-
ciency will amount to 106 kW/m?.

Considering the current tariff in the Chita dis-
trict, heat supply system (1 925 rouble/Gcal) eco-
nomic efficiency is 175.5 rouble/m®.

Table 1

Results of the calculation of a flat-plate collector
(air inlet temperature = ambient temperature = 0 °C)

Local time Heat usefully absorbed Heat usefully absorbed by the collector (inten-
by the collector sification: Kg =1.1, & =1.25), w
(without intensification), w

9:00 0 0

10:00 150 152
11:00 362 377
12:00 550 590
13:00 625 635
14:00 670 675
15:00 655 660
16:00 585 595
17:00 455 465
18:00 260 267
19:00 50 52

20:00 0 0

Total 4362 4468
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Conclusions

The calculation of economic efficiency of the
suggested scheme of solar air heating and intensifi-
cation of the integrated collector by holes demon-
strated considerable economic effect from the im-
plementation of these methods.
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PET'EHEPATHUBHBIN BOJIOBO3 1Y IIIHbINA
TEINIJIOOEMEHHHUK

P.A. Cepeopakos’, C.I'. bBaryxTun?
"Beepoccuiickuii HAy9HO-UCCIE0BATEIbCKU
HHCTHTYT IEKTPHU(PUKALMH CETbCKOr0
xo3sriictea (BUICX), r. MockBa, Poccus
23adaiikanbCKuil rocyiapcTBeHHbIH
yYHUBepcHTeT, . Uura, Poccust

PaccmoTpena sHeproaddexkTuBHas cxema
ucnosb3oBanus SHepruu CoJHIA B CHCTEMax IEHT-
PAM30BAHHOTO TEMJIOCHAOKEHUS, TO3BOJISFOIIA
YMCHBUINTH KalTUTAJIbHBIC 3aTPaThl U OKCILIyaTalu-
OHHBIC pacxXodbl U YBCIWYUTH CTCIICHb 3aMCIICHUA
TPAJUIIMOHHBIX HMCTOYHUKOB TEIUIOTHI. YHHBEp-

CaJILHOCTh CHUCTEM C HCITOJIb30BaHUEM JaHHOW CXe-
MBI 00YCJIOBJIMBAET IIHPOKYIO Chepy UX MpHUMEeHe-
HUSA: OT JIOMa KOTTEDKHOIO THIA J0 OTOIUICHUS
MPOMBIIIIJICHHBIX TOMEIIEHH W TEITMYHBIX KOM-
ruiekcoB. CyIIHOCT TpeaiaraeMoi cXeMbl 3aKITo-
YaeTcsi B TOM, YTO COJIHEUHBIH KOJUIEKTOp II0
HarpeBaeMoi cpejie MOJKIOYAIOT K BO3AYXOBOJY,
COCIMHEHHOMY C OTAaIUTUBACMBIM IMOMEIICHUEM, W
aHTU(PHU30M, LUPKYJIUPYIOIIUM B KOHType: OaK —
AKKyMYJIATOp — CONHeuHbI kosuiektop. Ilpemso-
KEH Crmoco0 WHTCHCU(HUKAMA TeIIooOMeHa 3a
CYET MCIOJIb30BaHNsl HHTECHCU(PHUKATOPOB JIyHOUHO-
ro tuna. OnpeneneHa 3QpPeKTHBHOCT HHTEHCU(H-
Kallui TIOCPEJICTBOM pacieTa CyTOYHOTO TEIIOBOC-
MPUATHS TFIOCKOTO BO3YIIHOTO KOJJIEKTOpA C WH-
TeHcH(UKaen TyHKaMH 1 0e3, a TaKKe 3KOHOMHU-
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4YeCKUH IPQPEKT OT BHEAPCHUS MPEIJIOKCHHOTO
crrocoba. CoriacHo pacdeTaM MpejIoKeHHas CXe-
Ma OTOIUICHHSI M MHTEHCH(UKAIWS TeTIo00MeHa Ha
MOBEPXHOCTH BXOASIIETO B HEE KOJUICKTOpa MOTYT
JIaTh OIyTUMBIN SKOHOMUYeCKUi d(pekt mpu BHEN-
PCHUML.
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TETJIOHOCUTEIb, KOHCTPYKIIUS, CUCTEMA MOJICITUPO-
BaHUsI, DKCIIEPUMEHT, TOTPEOUTENh, PETyIHpOBa-
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ACCELERATORS OF LOW-POTENTIAL WIND FLOW
IN WIND POWER PLANTS

S. Dorzhiev, Ye. Bazarova
All-Russian Scientific-Research Institute for Electrification of Agriculture,
Moscow, Russia

The article presents the prospects of the use of wind power plants for energy supply to relatively
small-size and distributed objects situated in zones with low load density. The necessity of researching the
application of various design of flow accelerators of various design to increase wind power plants effi-

ciency in regions with low wind activities is revealed.

Keywords: wind receiving device, flow concentrator, confuser, diffuser, Venturi tube, efficiency,
regions with low wind activities, wind flow accelerators.

Introduction

For more economical energy supply to con-
sumers it is necessary to use various energy
sources, both centralized and local. Therefore, re-
cently in Russia and abroad research for the use of
renewable energy sources has been expanded. The
use of power plants converting wind and water en-
ergy into any other energy is primarily designed to
improve energy supply to relatively small and dis-
tributed objects located in remote regions with low
load density situated far from large-scale electric
grids and oil and gas pipelines [1].

The analysis of existing wind power plants
demonstrates that they are effectively used in re-
gions with annual average wind velocity above

7 m/s where daily and monthly wind velocity histo-
grams are even. It should be mentioned that wind
power plants with small blades have proved them-
selves most effective in the above mentioned re-
gions. However, conducted research shows that in
regions with annual average wind velocity of 4-7
m/s high-speed small-blade wind power plants
(specific speed Z = 6-9) operate in design mode
from 152 to 720 hours, or 2-8 % per year [2].

The Analysis of Existing Models

of Wind Flow Accelerators

Basic requirements made by consumers and
experts to wind power plants are aimed at provision
of steady operation of power plants even at low

Fig. 1. Flow concentrators designed to increase efficiency of wind energy use
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wind velocity (3-3,5 m/c). Currently most relevant
is research of the use of flow accelerators of various
design to raise efficiency of wind power plants in
regions with low wind activities. Recently a whole
range of proposals have been developed for the ap-
plication of additional devices (flow concentrators,
flow accelerating elements) designed to raise effi-
ciency of the wind energy use, in power plants de-
sign (Fig. 1) [3].

Common peculiarity of these power plants is
the use of various types of flow-directing devices or
flow concentrators, for organized input and output
of air flow to the working wheel. Flow concentra-
tors are confuser of diffuser devices installed in
close vicinity to the working wheel of an energy
plant. It is assumed that in the result of their action
the velocity of flow in the wheel zone and conse-
quently, flow energy efficiency are increased.

However, the problem of concentrating air
flow proved to be not quite simple. Even such sim-
ple devices as confusers proved to be inefficient. If
the ratio of the diameters of inlet and outlet holes is
insignificant and amounts to 1.3-1.5, flow velocity
can be increased by 20-25%. Further increase of
the confuser inlet hole does not result in increased
velocity. But even such increase will raise the wind
power plant efficiency twice. But it should be un-
derstood that similar energy increment can be ob-
tained by increasing the swept area of wind power
plant twice. In this case the size of the wind power
plant blades should be increased 1.4 times (up to
the size of the confuser inlet hole). It turns out that
the use of confusers is inefficient — it is easier to
enlarge the blades size than to build a structure with
a confuser that in addition must be wind- oriented.

Simulation of operation

of tandem boosters of wind flow

The theory of a perfect wind power plant
theory limiting coefficient of wind energy usage
(CWEU) by the value of 59.3%, assumes that air
outcoming from the wind energy plant with veloci-
ty three times less than wind velocity, extends to
infinity as solid cylinder. In practice, even at in-
significant distance from the wind energy plant
encircling flow erodes outgoing cylinder and ac-
celerates it. Acceleration reduces pressure which is
transmitted to the back side of the blades thus
providing additional capacity. That is why concen-
trators directing jets of external rapid air inside
outcoming slow flow, result in increased
CWEU [4].

In accordance with the classical theory of an
ideal wind power plant, the loss of velocity in the
wind wheel plane is equal to one third of wind veloc-
ity, and total wind velocity loss behind the wind
wheel exceeds the velocity loss in the rotation plane
twice. Therefore, wind velocity in the plane of the
WPP is arithmetic average of wind velocity in front
of the wind wheel and wind velocity behind it

_V1+Vp

\Y,
BK 2

1)

where V; — wind velocity in front of the wind
wheel; V, — wind velocity after the wind wheel.

Let us replace the wind wheel by circular air
permeable disc (Fig. 2) and assume that at the disc
section so much energy is taken from wind that
as velocity behind the disc only reaches the value
V,=1/3V, (in ideal case).

Fig. 2. Schematic representation of the air-permeable disc operation
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Fig. 3. Schematic representation of operation of the disc equipped with the tube
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Fig. 4. Testing bench for simulating the disc operation in the «no-tube» mode (a)
and in the mode with the tube (b)

This phenomenon results in slight air reten-
tion (deceleration) by the wind wheel. Its velocity is
transformed into pressure as in the case when a
body is falling onto spring platform where kinetic
energy is transformed into spring tension. Conse-
quently, air is supplied to the wheel with reduced
velocity but with increased pressure. To generate
higher energy at the wind wheel it is first of all nec-
essary to reduce kinetic pressure behind the wind
wheel by increasing velocity.

It is known that the internal part of the wind
wheel of all conventional impeller wind power
plants remains unused because of structural peculi-
arities and low efficiency (wind flow in front of the
wind wheel is crushed, incidence angle is changed
and consequently, efficiency is reduced). That is
why it is assumed that one third of actual radius
of the wind wheel is not used [5].

In accordance with the formula (1), in order to
increase velocity in the disc V,, section, it is neces-
sary to increase wind velocity behind the disc V,. For
this purpose at the center of the disc the tube with
diameter d = D/3 is installed and the disc is blown
over by wind flow with the same velocity V; (Fig. 3).

In this case the tube will not impede easy
passage of wind flow, so at the outlet the velocity of
the flow V5 will be little less than V;. Therefore, in
air flow behind the disc velocity gradient will be
observed and due to viscosity (particles coalescence
with each other) air layers moving faster, carry
away layers moving slower, velocity behind the
disc V; is increased and, consequently, velocity in
section of the disc V, too.

Fig. 4 presents the testing bench for simula-
tion of the wind-receiving device operation. The
testing bench is adisc through which air flow is

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 103-107.
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Fig. 5. Wind receiving device with the wind flow accelerator:
a - computer model; b - physical model

passed through special slots with variable size. While
the slots size is increased or decreased, the drag coef-
ficient of the wind receiving device is also changed.

In the process of experiment, the disc is
swept over by wind flow in the «no-tube» mode
(the central part with diameter d = D/3 is closed)
and in the mode with the tube (the central part is
opened)/ With the use of the anemometer the indi-
cators of wind velocity behind the disc V, at differ-
ent drag coefficients are taken. The experiment
demonstrated that in the mode with the tube veloci-
ty V, is increased in comparison with the «no-tube»
operation mode at the same drag coefficient.

One of the aims of our research is the develop-
ment of the design of the wind-receiving device with
awind flow accelerator [6, 7]. Fig. 5 (a, b) presents
computer and physical models of the wind-receiving
device. The wind-receiving device comprises
the wind wheel 1 and the aerodynamic flow accelera-
tor made in the form of the Venturi tube 2 and locat-
ed in the center of the wind-receiving device. The
wind wheel 1 is freely rotating at the bearing 3 in-
stalled at the Venturi tube 2, being the wind wheel
axis.

In addition, the wind receiving device is
equipped with the special holes 4 through which
rapid air flow (driving flow) passing via the Venturi
tube carries away slow external air flow (driven
flow) thus generating some rareficition behind the
wind wheel 1 which in its turn generates rarefication
behind the wind wheel and increases the velocity of
air flow passing through the wind wheel.

The use of the suggested wind-receiving de-
vice with a tandem aerodynamic booster of wind
flow will make it possible to increase both daily and
annual energy output and will raise installed capaci-
ty utilization factor up to 52%.

Conclusions

Basic competitive advantages of wind en-
ergy plants with wind flow accelerators are as
follows: annual energy output increase up to 400
% depending on annual average wind velocity;
increase of installed capacity utilization factor up
to 55-62 %; minimal service maintenance. More-
over, the use of composite materials will not only
make cheaper the structure and alleviate it, but
will also increase the wind power plants service
life.

Wind energy plants with wind flow acceler-
ators can be applied for electric power supply to
consumers distributed at the territory with low
specific load (agricultural consumers, farms, fish-
eries, hunting entities, individual farms, etc.), as
well as for electrification of social infrastructure of
territories (cellular communications, information
support, meteorological stations, EMERCOM
posts, video surveillance, security functions, moni-
toring, etc.).

Serial production of small-size wind power
plants will allow to implement effective power sup-
ply systems in decentralized regions and will make
the idea of using wind energy more popular among
the population and administrations of RF regions.
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YCKOPUTEJIM HU3KOIIOTEHIUAJIBHOI'O
BETPOBOI'O IIOTOKA B BETPOYCTAHOBKAX

C.C. Jopxues, E.I'. BazapoBa
Bcepoccuiickuii HAy4HO-MCC/1e10BaTeIbCKUI
HHCTHTYT JIeKTPHPUKALMH CeTbCKOI0
xo3siicTBa (BUICX), r. MockBa, Poccus
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THE LIANIT THEORY OF CYCLOTOMIC EQUATIONS

L. Akopyan
All-Russian Scientific-Research Institute for Electrification of Agriculture,
Moscow, Russia

An efficient algorithm based on lianit algebra has been developed for the calculation of nth primi-
tive roots to cyclotomic equations. The developed approach and its applications have a number of ad-
vantages over the standard Galois theory.

Keywords: cyclotomic equations, lianit roots, transforming polynomials, nth primitive roots, dummy index
identities

Introduction

The n™ cyclotomic equation (CE) for any positive integer n is defined [1], [2] as a polynomial
equation, whose roots are the n'" roots of unity,

C'"(x)=x"—1=(x-DE" "1 +x"2+--+x+1)=0.

Since Gauss [3], the only theoretical method of calculating the n™ primitive roots of unity has
been the so called method of Gaussian periods. In essence, Gauss had developed a specific modifi-
cation of Galois theory for f™(x) = x™ — 1. However, in [4], [5] CE of n=5,7 were solved via the
lianit solutions [6], [7] of pseudo-algebraic polynomials [8], [9] without group-theoretical reason-
ings or that of Gaussian periods of classical cyclotomy. In [9] the 11" roots of unity were calculated
using a similar approach. The famous case of Gauss's heptadecagon [3] was also solved in [9] and
all primitive 16" roots of unity were calculated in quadratic radicals. These results led us to con-
clude that the lianit theory is capable of producing a unified algebraic solution to the problem of
CE. In this paper we formulate such an algorithm based on a two-element lianit algebra and provide
a universal method for calculating the n™ roots of x™ + 1 = 0 for any natural n. The paper is
organized as follows.

In Section 2 we prove a general theorem that establishes the standard form of the pseudo-
polynomial f™(o) if its numeric analogue shares common roots with a quadratic polynomial. This
important theorem provides a deep insight into the possible structure of pseudo-polynomials made
up of weighed superposition of various degrees of lianits. The existence of a two-parametric
polynomial @™ 1(p, q) of degree n — 1 entering the standard form of f" (o) manifests the solvabil-
ity of arbitrary degree polynomial in radicals. We conclude Section 2 by discussing two important
consequences of the theorem proved: the first is a purely algebraic proof of the theorem of multiple
roots of polynomials (without resorting to the concept of continuity). The second consequence es-
tablishes the conditions of “collinearity” between two pseudo-polynomials. The collinearity be-
tween two pseudo-polynomials is understood as proportionality relation between their respective
elements. The latter property is interesting since lianits are departures from matrices and/or complex
numbers. The property of “collinearity” between two polynomials as non-linear superposition of
lianits might serve as basis for further research into building a possible lianit calculus. In Section 3
we apply the formulae received in Section 2 to develop a universal algorithm of solving CE of any

n-1
natural degree. We discover a general parametrical polynomial f 2 (p) whose parametric solutions
p; generate exactly nT_l quadratic equations x? + p;x + 1 = 0 sharing n — 1 numeric roots with the

required CE. We introduce the term transforming polynomial (TP) for fn%(p). We show that the
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roots of TP satisfy certain dummy index identities p;p; = —(p, + pw) (i # j, v # w) that ensure
the solvability of TP by radicals. We conclude Section 3 by providing a universal formulae for cal-
culating the coefficients of transforming polynomials for any equation x™ + 1 = 0 with odd n. In
Section 4 we provide a general criterion of solvability for any quantic equation and calculate by
way of illustration the 5™ primate roots of unity. In Section 5 we consider the equation of heptagon
and calculate all the 7™ primitive roots of unity. Section 6 illuminates in great detail each step of
solving the equation of hendecagon so the reader may fully appreciate the universality and straight-
forwardness of the developed non-numeric theory of CE. All 11" primitive roots are calculated. In
Section 7 we successfully extend our algorithm over the case of CE x™ + 1 = 0 with even n. Final-
ly, the results of our work are discussed in the Summary.

Solvability by Radicals and Transforming Polynomials

In this paper we use the lianit algebra, well-known from our previous research [6], [7], [8],
[9].

01 03 = (%1, %) (Y1, ¥2) = [x1(¥1 + ¥2), %271] 1)

with right-hand unity element e = (1, 0) and k = (k, 0) as the analogue of the complex number k.

Theorem. Let the polynomials f™(x) = x™ + a;x™ ' + -+ a,_1x + a,, and f?(x) = x% +
+px + g share at least one common complex root x,,, and let ¢ = (x4, x,) be the principal lianit
root of £2(x) within the algebra (1). Then there exists a polynomial ¢ 1(p,q) of degree n — 1
such that,

F1(@) = [xo1 -0 @) L 0" )]s 2 0) @

where x, is the other complex root of £2(x).

Proof. By the Theorem's hypothesis o = (x;, x;) is the principal lianit root of f2(x) = x? +

px + q,thereby o = (x1,x,) = (—p, %) since within the set (1), the equation f2(o) = 62 + op +

q = (0,0) leads to the only possible lianit root o = (xq,x,) = (—p, g). Consider ¢™, where m is

arbitrary natural number and the polynomial f™(x) = x™ + ax + b, for which the lianit o =
(x1,x,) serves as a secondary root within the same set (1). In that case a; = (xy4,0) and o, =
(x02,0) are equivalent to the complex roots of f™(x) = x™ + ax + b (see the Theorem of Princi-
pal Lianit Roots [6], [7]) i.e., f™(c) = 6™ + ac + b = (0,0). Hence,

X+ axg, + b =0, X3 — Xo1 3 xgit — it
m a=——""; b=xpXo2 | ———— ) 3)
X02 + aXpo +b = 0, Xo1 — Xo2 Xo1 — Xo2
From f™(c) =c™+0o-a+ b = (0,0) we have: 6™ = (x1,x,)™ = (—axy, —ax,) +
(—b,0) = (—ax; — b, —ax,). Taking (3) into account we obtain,

m m m—1 m-—1 m m

m m X01 — Xo2 Xo2 = — Xo1 X01 —~ X02
o™= (x,x)" = |x)  —————+ X1 Xy —————————; Xy - —————|. 4)

Xo1 — Xo2 Xo1 — Xo2 Xo1 — Xo2
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To compile the lianit f*(¢) =c"+ o™ ' -a;, +06™"?-a, + -+ 0 a,_; + a, we employ
p

the formula (4), atm =n — 1,n — 2, ... . The second element of f™(o) is the sum,

n n n-1 n-—1 2 2
X01 — Xo2 Xo1 = — Xo2 Xo1 — X02
Xyg—— 4+ A Xg———————+ o+ Ay Xy ———— + XUy =
2 1X2 — n—2%X2 — 20n—1
Xo1 — Xo2 Xo1 — Xo2 Xo1 — Xo2
n n n-—1 n—-1 2 2
(xg1 — x02) + as(xg1 ~ — xg7 ) + -+ ap_2(xg; — x57) (5)
= xZ + an_l ==
Xo1 — Xo2

= X0 (X1, X02)-
Given g = (x1,x,) = (—p, g), we rewrite (5) as: x,¢0™ 1 (x91, X02) = %(pn_l(p, q). For the

second element of f™ (o), using the Vieta relations xy; + x¢2 = —p, X91X02 = ¢, the formula (4)

gives,
n n n—-1 n-—1 n-—1 n-—1 n—-2 n—-2
Xo1 — Xo2 Xo2 = — Xo1 Xo1 = — Xo2 Xo2 ~ — Xp1
X ———+ X9 Xgy ————————— + A4 X —————————— + A1 X1 Xgy ——————————— + -
1 01%X02 1X1 1X01X02
Xo1 — Xo2 Xo1 — Xo2 Xo1 — Xo2 Xo1 — Xo2 (6)

+ an_zx1(X01 — X02) + An_2X01%02 + Ap_1%1 + ap.

Since, by the Theorem's hypothesis, x,, is the common complex root of f2(x) and f™(x), the
expression (6), being the first element of the lianit f*(¢) = 6™+ 0™ - a;+ -+ 0 a1 + a,,
may be readily written as,

(X1 — x02) + a; (xg7 t = x57 ) + -+ an_o (x51 — X57)

X01 + ay_q| = x0190™ (0, q) (7)
Xo1 — Xo2

(in view of the identity x%, + a;x05 1 + ayxly 2 + - + ap_1x02 + @, = 0) which proves the theo-
rem.

As a direct consequence of the proven Theorem, one can derive, strictly algebraicly, the con-
ditions for the existence of multiple (double) root of the polynomial f™(x). Setting xy; = x4, and
removing the idle multiplier xy; — x4, in (5) and (6) beforehand, we derive the expressions:
(m—Dxl5%+ (m—2)x3+ -+ ap_q and (s + axdst + o+ ap_1xoz +ay) +

+[(n— Dx52+ (n— 2)x%53 + -+ + a,_,]. On the other hand, the condition xo; = x,, implies

- - _ _ _ g _ _@ _ _XE - - _
that the lianit 0 = (xq,x,) = ( p,p) = (2x01, > ) = <2x02, - ) renders into a secondary lia
nit root for f™ (o), that is,

F1(@) = {£"Ce02) + Xoal " o)) s =2 [ (xo2)]'} = (0,0),
where by [f*(x02)] = (n — D52 + (n — 2)x85 2 + - + a,_, we have denoted the first derivative
of the polynomial f™(x), at the point x,, = x,,. The set of equations f™(a) = (0, 0), obviously stipu-
lates that the values of f™(x) and its derivative at xy,; = x4, Simultaneously vanish. From (2) follows

another consequence. Let o = (x4, x,) be the principal lianit root of £2(x) with numeric roots x,;, X
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and let f™(x), f*(x) are any given polynomials with at least one common root with £2(x) (which we
take as x,,). Then the corresponding elements of ™ (o) and £* (o) are proportional.
Indeed, according to the Theorem above within the set (1) for both £f™(x) and f*(x) there ex-

ist polynomials ¢ (p, q), ¥~ *(p, q) such that,

f™(o) = [x01<p£”‘1(p, q),%q)?“l(p, q)] = (Y1, ¥2)»

F©) = [rmel o) ] 087 0.0 = (1),

y2 _ 97" 0a)

Hence it readily follows, & = 22 =
Y z1 oz 9§ tpa)

. It is not hard to see, that this property remains

valid in any N-element lianit sets with commutative rule of addition and distributive rule of multi-
plication. If f™(x) holds a principal lianit root o = (x4, x5, ..., xy) and its n — 1 complex roots out
of n are common with f™(x) and f*(x) then, the elements of lianits f™(c) = (y,y,, ..., yy) and

(o) = (24, 2y, ..., zy) satisfy the condition: y— = const (i =1,2,...,N), for N > n.
l

The Lianit Algorithm for the n'" Roots of Unity
We now investigate the general problem of finding the n™ roots of x™ — 1 = 0 via the formu-

la (2) from the already proved Theorem. To establish explicitly the function ¢ *(p, q) one needs
to perform an identity comparison between the elements of the lianits /(o) = ¢ + 6" 1-a, +
«+0-a,_q1 +a,and (2). Itis easy to see, that within the set (1) for the first element of the lianit
o"=0-0-(0-1) = (xq,x,)™ we have,

n-1 ., N (n—2)(n—3) n-2,7 4 mn—3)(n—4)(n—-5) 3

no=x1+ TR o Xy X3 3 1 Xt
n-4)n-5n-6)n-7) ., , (=-5m-6)n-7)n-8)n-9) . . (8)
41 X1 Xy + 5l Xy x5
+...

The number of summands in (8) is exactly "T“ if n is odd and "TJ'Z if n is even. For the second

element of the lianit ™ = (x4, x,)", following the multiplication algorithm in (1), we have, n} =

1 1

, where n}~1 is the first element of ¢" 1. The sum (8) can be written more

—_ n—
=X2'M

compactly as,

n-—1 n
I B

77?=ZCin—ixIl—i-xé,ifn=2k+1; n?zzcin_ix?_i'xé,ifn=2k. (9)
i=0 i=0

Let f"(o6) =0 1+0c" 1 -a;+ - +0 a,_1+a, = [z,(x1,%3),2,(x1,%x,)]. Comparing

it with the lianit (2) and taking account the Vieta relations x,; + x,, = —p we obtain,

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 108-120.



112 L. Akopyan

p- 9" (0.q) +z:1(p,qQ)
"' (p, q) '
According to the hypothesis of the theorem, x,, is the common numeric root between

Xo2 = — (10)

f?(x) =x*+px+q and f*(x) =x"+ a;x" 1+ -+ a,_;x + a,. Substituting x,, from (10)
into the equation f2(x) = x% 4+ px + g = 0 leads to a general parametrical equation F"*(p,q) = 0
of degree n with respect to p or q. For each fixed value of the parameter g, with respect to p we ob-
tain an equation Fj'(p, qo) = 0 the numeric roots p; (i = 1, 2, ..., n) of which have the property: at
least one of the numeric roots of the equation x? + p;x + qo, = 0 is also root to f™(x) = x™ +
a;x" 1+ -+ a,_1x + a,. In case of f*(x) = x™ — 1, the comparision of f*(g) = ¢ — 1 with
(2.2) yields,

_ _ q .
ot —1=M -1 =0 —Lx, -} 1) = [x01<p" L(p, q),?p” )| (11)

In view of xy; + xo, = —p, we obtain,

p-ni 40t —1 _ _
o2 = _[ : i1 - ; Mt =" (). (12)
1

Substituting x,, from (2.12) into the x% + px + g = 0 leads to a general parametric equation

of degree n with respect to p (q appears as a free parameter). Since one of the numeric roots of
f™(x) = x™ — 1 is the unity, whatever the chosen value of ¢ = q,, the restraint 1 + py- 14+ q, =0
lowers the degree of the parametric equation F"(p,q) =0 by one: F'(p,q)=[p+ (1+
+q0)1FY Y (p, q0). From the general formula (2) the condition @™ 1(p, q) = 0 turns automatically
the lianit o = (x;,x,) into secondary lianit root for f™(x)as f™(o) = (0,0). Analyzing
" (p,q) through xg;,x0, Using (7), and taking, that F}'*(p,q) =0, we see, that at
o =1 = x¢1 - X9, the polynomials ¢™ 1(p,1) =7 1(p,1) and F}* 1(p,1) have common nu-
meric roots, that is, the polynomials thereof have a common form-factor (of parameter p) of degree
? = "T_l Therefore the set of primitive n" roots of unity can be found as roots of quadratic equa-
tions x2 + p;x + 1 = 0, where p; are the numeric roots of the abovesaid polynomials of degree

"T_l. To standardize the developed formalism we introduce for these polynomials the term trans-

forming polynomial (TP) for the cyclotomic (and related palindromic) equations taken in the form:
x™ + 1 = 0. Thus, within the framework of the suggested theory, the problem of searching for the
solutions of CE renders to the problem of calculating their corresponding TPs.

1. Based on the results above we are now able to formulate an algorithm for finding the TP
forany CE x™ — 1 = 0, where n is odd natural number:

a) The TP is of degree fznT_l and its roots satisfy the dummy index identities

pipj = —(Dy + D) (L # j, v # w).
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n-1
b) The absolute values of the coefficients &;,6,, ..., 8, of the TP ff(p) = f =z (p) =p’ +
+68,p°* + 8,p°% + --- + 8, are determined by the rule,

)

K = @T)'(g)' if kiseven, (13)
(-5
O = @ (%)' if kisodd. (14)

c) The sign of the coefficients 6, (k=1,2,..,¢ = nT_l) are determined by signature
(= =+ + ==+ +..).

2. For the equation x™ + 1 = 0 (n is again an odd number) the coefficients of the TP are giv-
en by the same formulas (13)-(14), but the signs &, are given by signature (+,—, —, +,+,—, —, ...)
since the roots of the TP differ from the roots of fnT_l(p) only by sign. The identity for the roots p;
in this case is: p;p; = (py, + pw); [ # j, v = w. The dummy index identity p;p; = —(p,, + py) for

n-1 n-1
numeric roots p; of TP fz (p) = f*(p) obviously means, that in a decomposition fz (p) =

n->5 n-7

P> +ap+ay)- (p% +bipz +-+ bn_—s) the possible coefficients a4, a, are the roots of one

)
2!(?)!’

The index identity holding for any TP fn%(p) definitely guarantees the solvability of the cor-

and the same equation of the order N=

where n is the degree of the CE x™ — 1 = 0.

responding equations fnT_l(p) = 0 in radicals. The calculation of parameters p; (i = 1,2, nT_l)

allows to find the primitive roots of n'" CE f™(x) = x™ + 1 for odd values of n. If n is a prime

number and nT_l has dividers 5, 7,11, ..., the roots of TP are readily calculated via the Lagrange re-

solvents in conjunction with the index identity restraints: p;p; = —(p,, + py). This is the case, for
n-—1

example with x11 — 1 = 0. If, on the contrary, n is a prime number and ¢ = -~ then the index

identity relations trivially simplify the root finding procedure (this is the case when n =
5,7,13,17,19,...). Of course, of particular interest are the well-known classical cases of odd prime
n, namely: n =11,13,17,19. The corresponding TPs are readily calculated via the algorithms

(13)-(14), wherein, for any n, the general parametric condition F*(p,q) = 0, at ¢ = 1 assumes:

n-1 2 n-1
F'(p,1) = (p+2)-|f = (p)| , where f72 (p) is the TP for x™ — 1 = 0 (the case with p = —2,

q = 1, trivially maps to x? — 2x + 1 = (x — 1)? = 0 since one of the roots of x™ — 1 =0 is al-
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ways the unity). To help our reader get a hands-on experience with the developed lianit formalism
of cyclotomic equations, we turn now to several important illustrations.

llustration 1: The Quintic Equation
Consider the parametric conditions for the quintic polynomial taken in the normal form:

£5(x) = x5 + apx + by. Comparing the lianit £>(o) = 0> + ayo + b,y With (2) we have,

—p3q + 2pq* — by

. 15
p* —3p?q +q* +ao ()

o*(, @) =p*=3p*q+q* +ay xp =

Substituting x,, into x + px + g = 0 we arrive at a parametric equation,
bop® — agqp® — 5boqp® + 4agq*p? + (agby + 5boq*)p — (q° + 2a0q® + agq + b§) = 0.  (16)

Any pair (p, q) satisfying (16) defines uniquely a trinomial f2(x) = x? + px + q one of the
roots of which is a root for the original f°(x) = x> + ayx + by. If one takes a, = 0, by = —1, we
have the cyclotomic case f>(x) = x°> — 1, and taking in (16) the free parameter as ¢ = 1, we ob-
tain, as expected: —p°® +5p3 —5p —2 = —(p + 2)(p? —p — 1)?, where f2(p) =p? —p—1s
the TP for x> — 1 = 0. As in the case of n = 11, the nominator and the denominator in the fraction
(15) are divisible by f?(p)=p* —-p—1, that is: —p3+2p+1=—-(p+1D)P?—p—1);
p*—3p?+1=@*+p—1)(P?—p—1).For f2(p) = p?> —p — 1 the identity of indices checks
out: p; - p, = —(p; + p,) = 1. Since n = 5 is a Fermat number, the primitive roots of f>(x) =

=x%—1 can be expressed in square radicals. This indeed, is the case: p?—p—1=0;

12% =%g. The 5" primitive roots are thus found by solving the quadratic equations:

x2+(%\/§)x+1=0.

Illustration 2: The Equation of Heptagon

For f7(x) = x” — 1, from (13)-(14), we readily obtain the TP: f3(p) = p3 —p? —2p + 1.
All six primitive roots coincide with the roots of x? + p;x + 1 = 0, where p,, p,, p; are the roots of
p>—p?—2p+1=0. The index identities for p;,p,p; are: pip, = —(py + P3);
pips = —(p1 + p2); p.p3s = —(p. +p3), in full accordance with the Vieta relations for
the cubicals f3(p).

Illustration 3: The Equation of Hendecagon
For the so called Vandermonde’s case f™(x)=x!—1 we raise the required lianit

o = (x1,x,) to degree n =11 by (8) and comparing o!* — 1 = (x;,x,)'t — (1,0) with (2),
we have,

¢'°(p,q) = p'® — qp®q + 28p°®q* — 35p*q* + 15p%q* - ¢°, (17)

_ —p°q +8p’q* — 25p°q® + 20p3q* — 5pq° + 1

02 7 )10 —9pBq + 28pSqZ — 35p*q° + 15p2q* — ¢°

(18)
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Substituting x,, into f2(x) = x? + px + q, we obtain the general parametric condition for

the f2(x) = x? + px + q and f11(x) = x'1 — 1 to have at least one common numeric root x,.
That is,

p't — 11p°q + 44p”q% — 77p°q® + 55p3q* — 11pqg® + q** + 1 = 0. (19)

For any g = q, the equation (19) can be represented as [p + (1 + qo)]1F*°(p, qo) = 0. For
each of the ten roots of the equation F1°(p, qo) =0 there is a single quadratic equation x? + p;x +
+qo = 0, one of the roots of which is the primitive root to f11(x) = x** — 1. Choosing q, = —1,
we have: p(p° + 11p® + 44p® + 77p* + 55p? + 11) to illustrate how the degree of the general

TP can be reduced by one. At g = 1 the denominator of [¢'°(p, g)] and (19) have a common mul-

tiplier in form of a polynomial of degree "T_l = 5, that is, the TP reads,
fP)=p°—p*—4p° +3p*> +3p— 1. (20)

in exact accordance with the derived algorithm of finding the TP by (13)-(14). All ten primitive

roots of x'—1 =0 with the roots of the set of quadratic trinomials x? +p;x+1 =10
(i =1,2,3,4,5), in other words o; = (x!,x}) = (—pi,pli) (i=1,2,...,5) being principal roots to
f?(x) = x% + p;x + 1 are secondary lianit roots for f11(x) = x* — 1.

As was stated above, the case n = 11 utilizes Lagrange resolvents. The decomposition of (20)
by the scheme f°(p) = (p% + a1p + a,)(p® + byp? + byp + b) is ineffective. This is resulted by
the existence of index identities p;p; = —(p, + pw); (i # j, v # w), which stipulate the unknown
coefficients a4, a, to be the roots of the one and the same equation of the 10th order (2'5—'3' = 10),

namely,

aty + 4aj, — 6a, — 35a], — 8a$, + 67aj, + 37at, — 28a3, — 13a?, +3a,, + 1 = 0. (21)

Thus in (21) the set of values for a; = —(p; + pj) simply coincides with a, = p,p,, implying
that (21) cannot have factorizing polynomials with integer coefficients lower the 5th degree. In fact,
only from five expressions of the structure - (pl- + pj) (i # j) one may receive a sum with an inte-
ger value, for instance, take the set, —(p, + ps), —(p2 + p3), —(P2 + P4), —(p1 + 04), —(p3 + Ds)
with the sum —2(p; + p, + ps + ps + ps) = —2. This evidently infers, that (21) may be decom-
posed only into factoring polynomials of the 5th degree: f5(a;) = f°(ay) = a3, + kiai, +
+koal, + kzaZ, + ksaqi, + ks, with k; as the conjectured integers. One can easily verify, that
(21) decomposes as follows,

(a3, + 2a}, — 543, — 2a?, + 4a,, — 1)(ai, + 2a}, — 543, — 13a?, — 7a,, — 1) = 0.
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The identity of indices in combination with Lagrange resolvents for the polynomial f°(p) =
p°> —p* — 4p3 + 3p? + 3p — 1 effectively achieves the goal. The system of Lagrange resolvents
for f5(p) is,

(5p1—1=a1+ a2+a3+ a4,
5p2_1= Aa1+Da2+Ca3+Ba4,

{ 5p3 - 1 = Bal + Cafz + Da3 + Aa4, (22)
5p4_1= Cal +Aa2+Ba3+Da4,

k5p5_1 ES Da1+Ba2+Aa3+Ca4.

In (22) A,B,C,D are the primitive roots to x°>—1 =0 which being the solutions to

x2+%\/§x+1=0read,

LTl VE Vo104 2YE S -1V 4 V104295
- 4 T 4 ’

(23)
o —1+V5-v-10-2V5 D - ~1++V5+v-10-2V5
- 4 ] - 4 .
aq, a,, a3, a, — are the Lagrange resolvents,
@y =p1 +Dpy+ Cps + Bp, + Aps; ay = p1 + Dpz + Cp, + Bp, + Aps; (24)

a3 =py + Dp, + Cps + Bps + Aps; a, =p; + Dps + Cp, + Bps + Ap,.

Raising the equations of the system (22) to degrees 2, 3, 4, 5, and taking into account the Vieta
relations for the f°(p) = p° — p* — 4p3 + 3p? + 3p — 1, we have,

[a1a4, + a3 — 22 = 0, a1, = A3
J ata; + aia, + atay + aja, + 11 = 0,

Lafaz +aja, +ada; + ajaz +11-31 =0, (25)

al +as+a3+a;—11-89=0.

In (25) the additional condition a a, =a, a; =11 follows from the identity

pipj = —(py + pyw). Indeed from (24) we have,

ayas = (pf + -+ pg) + (C + D)(p1ps + P2p3 + P2Pa + P1P4 + D3Ds)
+ (A + B)(p1p2 + P1P3 + Pabs + P3P4 + D2Ds),

azas = (pf + -+ pé) + (C + D)(p1p2 + P1P3 + Pabs + P3Pa + P2Ps)
+ (A + B)(p1ps + P2P3s + P2Ps + D1P4 + P3Ds).

As the roots p; and p; (i # j) enter each of the brackets symmetrically, with the help of the

index identities, we receive: p;ps + pps + P2Ps + P1Ps + P3Ds = P12 + DP1P3 + DaPs + P3Ps +
+pops = —2(py + P2 +P3 +pa+ps) =—2.  Since  pf+p;+pi+pi+pi=9  and

—1+5 -1-5

C+D= > A+ B =

,then A1y = A3 = 11.
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Introducing new denotions y = aja,, z = afa; and taking into account that a,a; = 11 we

have y - z = 11a}. Then the second and the third equations of the system (25) can be rewritten as,

( z2+ 11z + 113
| y2 + 1 cy + 1122 =
2
4 2y (B2 ) =0 ~
L 2Z2+113 )Y T
As in the case with (25), the equations of (26) are identical at Z--221L — 321211112: that is,
z*+ 1123 —9- 11222 + 11*z + 11° = 0. (27)
which in its turn decomposes into a product of two quadratic trinomials,
11 11
|72+ 5 (14 5V8)z + 17| |22 + 5 (1 - 5VB)z + 11| = 0. (28)
Let’s take, for instance, one of the roots of the trinomial from the first bracket, (28). We have,
5 1+5V5
[( 1-5V5) + S+ 5V5) (29)
5+ 2v5
the corresponding value of y from (26), calculates,
11 S0+ 3v5
y:T[(_M 5v5) — ( )l (i =V-1). (30)
V5 +2v5
Taking that y - z = 11a3, we obtain the value of a; as,
5(5 - 7V5
[ (89 +25V5) +i ( )l (31)
5+2V5
hence we have finally:
y z 11
5p1—1=a1+a2+a3+a4=a1+—3+ + —. (32)
a a? o

The exact values for the primitive roots of x'* — 1 = 0 are recevied as roots to the quadratic
equations: x> + p;x +1 =0, (i = 1,2, ..., 5). The equation with integer coefficients for a3 reads,

a9 —11-89a® +11% - 35a1% — 11° - 89a + 1110 =
10 11 5 5 10 11 5 5
= [a1 — 7(89 +25V5)af + 11 ] [a1 —7(89 —25V5)af + 11 ]

For reference purposes, we write out the system of dummy index identities
pip; = —(py + pw) for the TP f3(p) = p°> — p* — 4p® + 3p* + 3p — 1 in the expanded form,

P1Ps = —(P2 +Ps), P3Ps = —(p2 + Da),
p2p3 = —(Ps + ps), P1ps = —(p3 + ps),
P2ps = — (01 +P3), P1iP2 = —(P1 + Da), (33)
P1Ps = —(03 + P4), Pabs = —(p1 + Ds),
p3ps = —(p1 + P2), P2ps = —(p2 + p3).
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Cyclotomic Equations of even n
Since the theorem from Section 2 is valid for arbitrary polynomials f™(x), it also gives us the

algorithm for construing TPs for f™(x) = x™ + 1, where n is any even number. Of course, the non-
trivial cases are n = 8,16, 32, ... . Using the same reasoning as in Section 3, the algorithm of con-
structing TP for any f™(x) = x™ — 1, formulates as:

a) The TP has degree of N = g i.e. fg(p), one of its roots is always equal to 2 as the num-

ber xy, = —1 isasolutionto x™ — 1 (as well as xy, = +1).

b) The coefficients of the TP fg(p) = ft(p) = p? + 8:p?71 + 8,p° % + --- + 6, are deter-

(r-1-2)

If k is an even index, then O = (34)

- k
(f—l—k)!(z)!
k+1
(¢-5):
(#—k)!(%)!
c) The sequence of signs of the coefficients are given by the signature:

(=—=++—-—=++..).

mined by the rule,

If kis an odd index,then &, = (35)

The secondary lianit roots of x™ — 1 = 0 within the set (1), for any even n, are given by

n
o; = (—pi,pli), where p; are the numeric roots of fz(p). The numeric roots of x™ — 1 = 0 are the

roots of the quadratic equations: x? + p;x +1=0; (i = 1,2, g) It is readily appreciated that the

algorithm of finding TP for f™(x) = x™ + 1 (n is even), follows quite straightforwardly, though,
obviously, they also appear in the TPs of f2"(x) = x?" — 1 = 0 as form-factors of their corre-
sponding f™(p). The TP for x™ + 1 = 0 for concrete cases n = 8,16,32, ... may be found in our
next publications.

Summary
We solved the general n™ degree cyclotomic equation using a purely non-numeric algebraic

approach. The developed formalism does not use any group-theoretical reasonings or the Gaussian
periods of classical cyclotomy. On the other hand, the lianit-algebraic approach has computational
and methodological advantages over the Galois Group Theory: it is straightforward and methodo-
logically simpler. It does not require construction of specific algebraic structures but rather all the
information on the roots is already “packed” in the original lianit algebra. In this sense, the lianit-
algebraic approach is better suited to solve the cyclotomic equations. Complete computation of the

n'" roots up to n=32 will be provided in our next paper.
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JUAHUTOBAS TEOPUSI YPABHEHUI
JAEJIEHUSA KPYT' A

JI.B. Axonsin
Bcepoccuiickuii-Hay4Ho-HCCIe0BaTe1bCKHIl HHCTHU-
TYT JIeKTPUPUKALMH €eIbCKOIo X03siicTBa
(®I'BHY BUICX), MockBa, Poccust

Pa3zpaboran HOBBI TeopeTHUECKHil ammapar
JUTSL pacueTa MmepBoOOpas3HBIX (MPUMHUTHBHBIX) KOP-
Heil crenenn n u3 enuauibl ([IKE) B ocHOBHOM
1oJie Ha OCHOBE JIMAHUTOBOW TEOPUH TICEB0ANTe0-
pandeckux ypaBHeHWil. B ocHoBe mnpeanaraemoit
metonuku pacueta [IKE momoxena mpocras Mo-
JieNib IBYX3JEMEHTHOM JIMAaHUTOBOM anreOpbl, XO-
polio 3HaKomasi U3 mpeApaymux padot. [Ipensa-
PHUTENBHO JI0Ka3bIBACTCS OPUTMHAIBHAS TeopeMa O
CTHENHAIbHOM BHAE TMCeBIOMHOrOWIeHOB [ (o),
YbHM YUCIIOBBIC aHAIOTH UMEIOT XOTSI OBl OJJUH 00-
IUHA KOMIUIEKCHBII KOpEHb C KBaJpaTHBIMH YpPaB-
HEHUsIMH. B pamkax 3TOil TeopeMbl IIOKa3bIBAETCS
CYLIECTBOBaHHE M €IMHCTBEHHOCThH CIIELUAIBLHOIO
JBYXIapaMETPUYECKOr0  YUCIIOBOTO  TMOJMHOMA
" Y(p,q) n—1,  0IHO3HAYHO
OTIPEIEIISAIONIEr0 BU TiceBAoMHOrowIieHa f (o).
" 1(p,q) daxruueckun sBIAETCA
YaCTHBIM KPHUTEPUEM Pa3peIIMMOCTH MTOJTUHOMOB B

CTEINEHN
TTosBnenue

panukanax. llpuiokeHne JaHHONW TEOpEMBI K
KJIaCCy TaK HAa3bIBAEMBIX YPaBHEHU JIEJIEHUS Kpyra
(YIAK) mpuBomuT k oOmeMy mapamMeTpuiecKoMy

n-1 -1
f 2 () CTENECHU nT,

KOTOPOTO

MHOTOWICHY

nMapaMeTpUUYeCKUe  peUmleHus P

n-1 .
TMOPOK/IAIOT POBHO —— KBAJPATHBIX yPABHEHHH

x2+pix+1=0, obmamaromux n— 1 obmumMu

KopHsiMu ¢ ucxoaHbiM YJIK. [l MHorousneHa
n—1
f 2 (p) BBOAMTCSA HOBBIH TEPMHH — NEPEXOOHOIU

mHozounen (IIM). llokazano, uro kopam [IM
YI0BJIETBOPSIIOT BITIOJIHE onpeeIeHHOMY
ModCoecmsy  YCIOGHbIX pipj =
—(py + pw) (i #Jj, v # W), CMBICII KOTOPBIX KpO-
ercsa B paspemnmoctd IIM B pagukanax. Tem ca-
MbIM Beruucienue 1IKE cBoguTcs k ompenencHuio
[IM. BreiBenena oOmas ¢opmyna st pacdera Ko-
s¢¢pummento I[IM  mns  npousBosbHbix YK
x"+1=0 c neyerHpiM n. Ha ocHoBe pa3spabo-
TaHHOTO TEOPETUYECKOro ammapara MpeaioKeH
o0l  anropuT™M I TPAKTUYECKHX PacueTOB
MepBOOOPa3HBIX KOPHEW MPOU3BOJIEHBIX CTEIICHEH.
Pazpaborannasi Teopusi 3aTeM MEPEHOCUTCS U Ha
ciayyait YJIK ¢ uetnbim n. [Ipennaraemast MmeToauka
WUTIOCTpUpOBaHa Ha mpumepax Beruucienus [IKE
msn=>5711.

KaloueBble cioBa: ypaBHEHUS [I€JCHUA
Kpyra, 1mepBooOpa3Hble KOPHHU W3 €AWHHUIIBI, IICEB-
noanredpandecKkiue ypaBHEHHsI, JIMAHUTOBBIE KOP-
HU, TIEPEXOTHOH MHOTOYJIEH, TOX/ECTBA YCIOBHBIX

UHOEKCO8

HHJICKCOB.

Jlureparypa
1. Jlene C. Anrebpa. M.: Mup, 1968.
2. 5. JI. Ban dep Bapoen. Anre6pa. M.: Hayka, 1979.
3. I'aycc K.@. Apudpmernueckue uccnenosanus / Ilep. ¢
Hem. — M.: AH CCCP, 1959.

Research in Agricultural Electric Engineering. Vol. 3, 2015, Ne3: 108-120.


mailto:loran.akopyan@gmail.com

120

L. Akopyan

4. Axonsin JL.B. O6 ypaBHenuu aenenus kpyra // Jlokna-
mel Axamemunm Hayk PA. 2008, Bem. 108, 4. 2,
c. 133-141.

5. Axonan JILB., Axonan B.C. PenieHue ypaBHEHUS
nenenust kpyra 6e3 mepuonos ['aycca // Jloknagsr Axa-
nmemrn Hayk PA. 2010, Beim. 110, 4. 4, c. 348-358.

6. Axonau JI.B. HeuucnoBele KOpHH aireOpandecKux
ypaBHeHuii: coobmenne | // Yuensie 3amucku Epesan-
ckoro ['ocymapcteenHoro Yumepcureta. 2007. No 2
c. 23-34.

7. Axonau JI. B. HeuncnoBble KOpHH ainreOpandeckux
ypaBHenwmii: coobmienue |l // Vuensie 3amcku Epesan-

ckoro T'ocymapcrBennoro Yumsepcureta. 2007, Ne3,
c. 33-43.

8. Axonsn JL.B. I/ Yuennie 3anucku Epesanckoro 'ocy-
nmapctBeHHOro YHuBepcurer. 2007, N4, ¢. 21-35.

9. Axonsan JI.B. HeuncnoBele KOpHHU TceBHoanredpamde-
CKUX YypaBHEHHWH. IHC. KaHA. (u3.-MaT. Hayk,
A.01.06: «Anrebpa u Teopus gucem». Epesan: ['ocynap-
CTBEHHBIN MH)KeHepHBIN yHUBepcuTeT Apmennn, 2008.

Cgenenus 00 aBTope:

AxonsH Jlopan BaranoBum4 — kaHI. (u3.-MaT. HayK,
®I'bHY BUDCX, r. Mockaa, Poccus,

e-mail: loran.akopyan@gmail.com

ATTENTION TO AUTHORS!
Rules of registration of articles

The editors accept for publication manuscripts in 2 copies, printed
through 1,5 intervals on the computer. The manuscript should be signed by all
authors. Along with paper copies required disc with the text typed in Word 97 /
2000/ 2003 / 2007/ font 14 PT, or e-mail file vestnikviesh@gmail.com.

Article volume up to 12 pages, including tables (no more than 5), draw-
ings (not more than 10), bibliography (up to 15 names).

Article formulas should have explanations and decryption of values indi-

cating units in Sl. A table must have a serial number and the name.
All graphic material should be made clear (pictures of jpg or tif format with res-
olution not less than 300 dpi), inserted in the text, numbered, signed and have
the link in the text. Literature used is given in the order of mention in the text -
to-digital references in square brackets. The list of references is placed at the
end of the article (in the Russian and English languages) and issued in ac-
cordance with GOST 7.05-2008.

The article should contain the following mandatory elements (in the Rus-
sian and English languages):

1. Surname and name of authors.

2. Summari (200-250 words or 2000 characters).

3. Keywords (3-6 words/phrases).

4. The list of references.

5. Information on all authors (the end of the article) - surname, name, pat-
ronymic (completely), a scientific degree, academic rank, full name of the sci-
entific or educational institutions and its structural subdivisions, contact phone
and e-mail address of the author.

Manuscripts will not be returned. The author is issued free of charge one
copy of the journal with its publication. Post-graduate students the fee for the
publication is not charged.



mailto:loran.akopyan@gmail.com
mailto:vestnikviesh@gmail.com

	С. 1_Титул Англ журн_3_2015
	С. 2_Русский Титул Англ журн_3_2015
	С.83-89_Стребков_Филиппченкова-испр
	С.90-97_Панченко
	С.98-102_Серебряков+Батухтин
	С.103-107_Доржиев+Базарова
	С.108-120_Лоран_3_в 1 кол

