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Abstract

Introduction. The problem of aircraft recognition can be solved on the basis of the formation of radar portraits that re-
flect the characteristic structural features of aerial vehicles. Radar portraits based on images of the propellers of aerial
vehicles have high informativeness. On the basis of such images, the number and relative position of the propeller
blades, as well as the direction of their rotation, can be determined. Such images may be obtained on the basis of math-
ematical models constructed from reflected signals.

Objective. The aim of the work is to develop mathematical models for the radar signal reflected from the main rotor
of a helicopter applied to inverse synthetic aperture radar (ISAR).

Methods and materials. ISAR processing is used to produce a radar image of a rotor in a radar with a monochro-
matic probing signal. The rotor blades in the models are approximated by different geometric shapes. The models
used to describe the reflection from the rotors of helicopters differ significantly from those used to describe fixed-wing
aircraft propellers. In the process of moving through the air, each helicopter rotor blade performs characteristic
movements (flapping, lead-lag motion, torsion), as well as flexing in a vertical plane. Such movements and flexings of
the blades influence the phase of the radar signal deflected from the main rotor. When developing an ISAR algorithm
for imaging the main rotor, the phase change must accurately account for the reflected signal.

Results. In the centimetre wavelength range, the mathematical model of the signal reflected from the main helicopter
rotor as a system of blades is most accurately described if each blade is represented as a set of isotropic reflectors lo-
cated on the leading and trailing edges of the main rotor blades. The distinct features of the actual signal are more
closely approximated by a model that takes the flapping movements and curved shapes of the blades into account.
Conclusion. The developed model, which takes the flapping movements and flexes of the helicopter main rotor blades in-
to ac-count, can be used to improve the ISAR algorithms that provide radar imaging of aerial vehicles.
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3A0 "Mpynna npou3eodcmeeHHbIx mexHon02ull U A8UAYUOHHO20 MAWUHOCMpoeHus Aspomaw”
yn. A3podpomHas, 3, n. Madyauuwu MuHckozo patioHa, Pecnybauka benapyce

2benopycckuli 20cydapcmeeHHsblIl yHUsepcumem UHGOPMAMUKU U padu031eKmpOoHUKU
yn. [1. bpoeku, 6, 2. MuHck, 220013, Pecnybauka beaapyce

MATEMATUYECKWME MOAENN PAANONTOKALMNOHHOIO CUTHANA,
OTPAXXEHHOI'O OT HECYLLIETO BUHTA BEPTOJIETA,
B MPUNOXEHUW K OBPALLLEHHOMY CUHTE3Y ANEPTYPbI

AHHOTauuA.

BeedeHue. B ocHoge pewieHUs 300a4u pacno3HOBAHUS 1eMAMEbHLIX aNNAPAMos aexcum $opmMuposaHue paduo-
JIOKAYUOHHbIX NOPpMPemos, ompaxcaroujux KOHCMPYKMueHsle 0CO6eHHOCMU 3mux annapamos. Beicokol uH@op-
MamusHocMeto 061a0arom nopmpemel, npedcmasastoujue coboli paduoNoKayUOHHbIE U306paxceHus sUHMO8 /e-
mamesneHbIX annapamos. OHU N0380AAHM PA3AUYAME KOAUYECMB0 U 830UMHOE pacnoodeHue sonacmeli BUHMA,
a MaKdie HanpassneHUe e20 8pawjeHUs. B ocHoge noaydeHUss Makux u306paxceHull 1excam MamemMamu4yeckue Mo-
0enu ompaxceHHsIX CU2HAN08.

Llenb pabomel. PaccmompeHue MameMamuy4eckux modeneli CU2HAAD, OMPAXEHHO20 Om 8UHMA 8epmosiema, 8
npunoxeHUU K obpaujeHHoMy cuHme3sy anepmypel aHmeHHol (OCAA).

Memooder u mamepuansl. O6paujeHHsIl CUHMe3 ucnoab3yemcs 0151 NOCMPOEHUs PAdUOIOKAYUOHHO20 U306padxce-
HUSI 8UHMQ 8 PAdUOAOKAYUOHHOM 0amyuKe C MOHOXPOMAMUYeCKUM 30HOUPYIOWUM CU2HaAA0M. Jlonacmu euHmMa 8
MOOe/IAX annPOKCUMUPYOMCA PA3HLIMU 2eoMempuyeckumu popmamu. Modenu, ucnonssyemsie 044 onUCAHUA om-
padceHUl om 8UHMO8 8€pMOEMO8 U BUHMOBLIX CAMO/EMO8, UMEem cyujecmeeHHsle omau4yus. B npoyecce ne-
pemeuyeHuUs Kaxoas 10nacme Hecyuje2o 8UHMA 8epmMo/ema cosepuiaem XapaKkmepHsie 08UXCeHUS (Maxoeoe 08u-
HeHue, Ka4aHue, 3aKpy4uBaHUE), @ Makxce uzubaemcs 8 8epmuKkabHOU naAoCKoCMuU. Takue 08UXCeHUSA U U32ubbl
si0nacmedi 0Ka3bI8AOM 8UAHUE HO $a308yr0 CMPYKMYypPy CU2HOAA, OMPAXEHHO020 0M Hecyuje2o suHma. lpu pas-
pabomke an20puMMa NOCMPOEHUs U306paxceHus Hecyuje2o 8UHmMa Ha ocHoge OCAA HeobxodUMO MAKCUMAGILHO
MOYHO y4eCmb 30KOH U3MeHeHUS Paz080li CmpyKmypsl OMpPaXeHH020 CU2HAAA.

Pe3ynemamel. YcmaHo08/1eHo, Ymo 8 CaHMUMemposoM OuaNa30He 0AUH 80/H MOMEMamu4eckas Mooesb CU2HAAO,
OMPax#eHHO20 0m Hecywe2o 8UHMA 8epmoaema Kak cucmems! sonacmel, Haubosee MOYHO onucsieaemcsi npeo-
cmaeneHueM Kax0ol aonacmu HabopoMm U30MPONHelXx ompaxcamesneli, PacnONOXeHHbIX HA nepedHell u 3a0Hell
KpOMKax onacmu. Ydem mMaxoseix 08uxeHUl U u3o2Hymeuix ¢opm sonacmeli 8 MOOeAU CU2HAAD, OMPAXEHHO20 oM
8UHMA 8epMoema, N0380A4em MAKCUMOLHO NPUBAU3UMLCSA K 0CO6EHHOCMAM peanbHo20 CU2Hana.

3aknoyeHue. Pa3pabomaHHOA MOOe/b, yHUMBbIBAIOWAA MAX08ble 0BUXCEHUS U U32ubbl fonacmell Hecyuje2o 8uH-
ma eepmosiema, MoXem UCno/6308aMbCA 0/ co8epuieHCMeosaHUs anzopummos OCAA, obecneyusaroujux no-
CmpoeHue paduosoKAYUOHHbIX U306paxceHUli iemamessHblX aNNAPAMO8.

KnioueBble crioBa: MaTemaTyeckas Mojenb, HeCyLLA BUHT, BePTOET, 06paLLeHHbIA CUHTE3 anepTypbl aHTEHHbI
Ana yntuposaHus: lelictep C. P, Hryen T. T. MaTematnyeckme mMmogenn pagnonokaumoHHOro C1UrHana, otTpa-

XKEHHOro OT HecyLlero BMHTa BepTo/eTa, B NPUIOXEHUN K ObpalleHHOMY CUHTe3y anepTypbl // 13B. By30B
Poccun. PagmnoanektpoHuka. 2019. T. 22, Ne 3. C. 74-87. doi: 10.32603/1993-8985-2019-22-3-74-87
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Introduction. Considered as an object of radar
surveillance, the movements of a single-rotor helicop-
ter's primary elements are complex, consisting not on-
ly the translational motion of the fuselage, but also of
the translational-rotational motions of the main rotor
(MR) and tail rotor, during which the angles of attack
of their blades change. When developing Inverse Syn-
thetic Aperture Radar (ISAR) algorithms for imaging
the rotors of different helicopters, it is necessary to ac-
count for the laws describing changes in the phase
shifts of signals reflected from the elements of each
rotor. The most commonly-used mathematical model
of reflected signals (RS) for MR, in which the blades
are represented as cylinders [1], only partially meets
this requirement. Therefore, in the present study we
set out to develop mathematical models for signals re-
flected from helicopter main rotors differing in the
form of their blades. In order to proceed with the
modelling, it is assumed that an aircraft can be repre-
sented as a complex of reflectors [2] in the centimetre
wavelength range of radio-waves with the overall sig-
nal reflected from it consisting in a superposition of
signals reflected from each reflector.

Model of the temporal structure of a signal re-
flected from a helicopter's main rotor. A rectangu-
lar coordinate system (0XYZ) is bounded with a ra-
dar sensor (RdS) (Fig. 1), with its origin coinciding
with the centre of the RdS and axis 0X parallel to

the helicopter velocity vector v. Fig. 1 shows nota-
tions: C— the MR rotation centre with coordinates

(Xc, Yc. Zc ), where zc =hc is the flight altitude
and r¢ is the distance from RdS to the centre C. The
helicopter's MR (Fig. 2) is considered as a system of
Nprot Dblades having an angular spacing
Adrot =271/Np (o, rotating clockwise (top view)

Fig. 1. Model of the helicopter’s movement
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with frequency Fo in the plane parallel to XOY,

and moving along the axis 0X with a constant ve-
locity. Blades are numbered along the rotation direc-

tion: Ny ot =1 Npror, Starting from the blade with
minimal positive angle relative to the axis 0X.

Let us introduce the local rectangular coordinate
system CX3Y;Z; with an origin in point C; axis CX;
directed to the helicopter tail; axis CZ; coinciding
with the MR axis of rotation and directed upward.
The angular position of ny o th blade relative to the

axis CX; at moment t could be determined using the
angular spacing of the first blade ¢y (t), which ini-
tial angular position ¢ at the moment t =0 is

(I)bnb.rot (1) = hpy () + Adot (nb.rot _1)' 1)

where

g () = 2nF gt + g, Mp.ror =1 Np rot-
Defining At =1/(FotNprot ), We transform ex-
pression (1) into the form:

Pbny or (t) = 2nF it + (g rot —1) 27t/Nb.rot +0p =
= 2ntFot [ t+ (Np.rot —1) At |+ do. )

The signal reflected from the rotor is represented
as a combination of signals reflected from point-
isotropic reflectors located on the surfaces of Ny (ot

blades. In general, the mathematical RS model on an
antenna output is described by the expression [3]-[6]:

URs (1) =
Nb.rot Nref L-1

= z z Z Uo [t - ITrEP B td:nb‘rot'nref (t)] %
Ny rot =1 Nref =1 1=0

XEp, n. (Dx exp{i [mOt + Oy o g (t)]} )

Y 270°
A Flight Direction of
Direction A Rotation
-— ¢rot F

rot

Ny.rot = Nb.rot

o

¢bl (t) Xl

My.rot = Nb rot

7
-~ Nprot =2
<u,1{\\,// A J '
/// 90°
o] g -
\/ Rds X

Fig. 2. Model of the helicopter’s main rotor
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where Ny — the quantity of the reflectors on a sin-
gle blade; Uy (t) — the modulation law of a single
probing signal (PS); L, Ty, — the quantity and the
period of repetitions of the single signals in the emit-
ting PS; (1), Py opaier (D)0 aNd

td,n, orner (1) — the laws of change of the amplitude,

E
Np.rot +Mref

phase and delay time of the signal reflected from
Nrer th reflector on the ny o th blade, oy =2nfy —
the PS carrier frequency.

A complex RS envelope [3]-[6] in the case of a

monochromatic probing signal (MCPS) is described
by the expression:

Up rot ()=
Nb.rot Nref A
- Z z Eny ot et (t)exp{l[(p,nb_mt,nref (t)]}. 4)

Np.rot =L Npef =1
The laws governing changes of amplitude, phase
and delay time of a signal reflected from ngf th re-
flector on the ny ot th blade could be represented in
the form:

Enb.ro’r'nref (t): 2Pre‘:'nb.rot'nref (t);
2
POGtGr}L an.rotvnref [WH (t):| .
@it () (5)

Np.rot»Nref
(Pnb.rot'nref (t) - 2krnb.rotvnref (t);
()= 2r.nb.rohnref (t)/C,

PrEfvnb.rot Nref (t) =

t
d7nb.r0t Nref

where B, — the power of RS reflected

ef,Ny rot Nref
from the nyg¢ th reflector on the ny o th blade; By —
the power of PS; G;, G, — the gain coefficients of
the transmitter and receiver antennas, respectively;
Oy o LW (1) ] — the radar cross-section (RCS) of

the nyf th reflector on the np ot th blade at an angle
Wy (05 M o, —thedistance tothe ne th reflector

on the Ny ot th blade; k =2n/A — the wave number;

A and ¢ — the wavelength and the velocity of PS
propagation, relatively.

In order to ensure accurate radar imaging, it is
necessary that the RS phase be represented correctly.
Expressions (3)—(5) show that this phase is deter-
mined by the laws of change of the distances to the
reflectors on the blades of the MR during rotation.
The primary reflections from the MR are produced

by the edges of its blades. Taking this into account,
we will assume that the reflectors are placed not over
the entire plane of the blade, but rather on its edges.
Let us consider the laws of the change of the distanc-
es to the reflectors relative to the phase centre of RdS
antenna for three options of the blade representation:

Option 1 — as a combination of isotropic reflec-
tors located on a straight line whose length corre-
sponds to the blade length;

Option 2 — as a combination of reflectors located
on straight lines corresponding to the leading and the
trailing edges of the blade;

Option 3 — as a combination of reflectors located
on the lines, which is bent due to flapping and nonu-
niform blade bending. Blade feathering is not con-
sidered.

The reflectors on the edges of the blades are iso-
tropic in the range of hemispheres directed toward
RdS for Options 2 and 3.

It is worth mentioning that a helicopter moves
according to the orientation and magnitude of the
thrust force vector of the main rotor with respect to
the gravity force vector. One may assume that the
thrust force vector is oriented perpendicular to the
plane of the base of the cone described by the mov-
ing main rotor blades except when the orientation of
this plane is changed by a pilot using a swashplate.
The reflected signal model, which takes the orienta-
tion of the blade system into account; its slope and
form during horizontal flight with constant altitude
relating to RdS is of interest in the application of ra-
dar imaging techniques for the main rotor.

The distance to the reflector in the case of
blade representation according to Option 1. Re-

flectors are located (Fig. 3) in the range from Ry,
t0 Rpax With a step of AR=2/4, therefore the re-
flector with the number ng is located in the dis-
tance of Ry - =Rmin +(Mref —1)AR, Nper =1 Nyeg

from the centre of rotation C.
At the beginning of the analysis, the centre of rota-

Reflectors

Fig. 3. Option 1 of the representation of the blade
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YA
-
Yoobe e
/U (9 )
(0]
RdS

Fig. 4. Determination of the coordinates of the reflector
for Option 1

tion is placed at the point having coordinates
(Xco: Yco: Zco) (Fig. 4). The flight velocity v of
advancing to RdS helicopter is negative. The dis-
tance to the nf th reflector on the ny o th blade is
determined by the expression:

nb rot»Nref ()=

B 2 2
_ \/z O+y2 (D (),

Np.rot Nref Np.rot »Nref

(6)

where
XN, rot Nre (t)=xco +Vt+ Rne COS [<|>bnb_mt (t)];
Yot Mer (V)= YC0 =R sin[¢bnbm ®];
2Nt rot Mre ()=

Distance to reflector in case of representation of
the blade according to Option 2. Let us label reflec-
tors on the leading and trailing edges by numbers

Nrefld and Neeryr  respectively (nref.ld =Neeftr =

=1 Nref) (Fig. 5). The distance from the reflector

with number nygf g to the centre of rotation C is equal

0 Ry 1y = Rmin +[nref_|d —l]AR. The distance from

the centre of rotation C to a projection of the reflector
with number ny On the leading edge is calculated

using the same formula. Coordinates X (1),

Y1 ot Mye1a (t) and 20 ot et (t) of Nref.1d th reflec-

tor (Fig. 6) are determined by the expressions analogous

Nrefid = Nret

Fig. 5. Option 2 of the representation of the blade
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YA
\ (bb”b.rot Frot
- C X
yCO ________ A »1
7
gy V=2 mm o2 ref
y 7, I
ref.ld /// 1 ! Nref 1 i : - Trailing
- , | | Leading
- I
t) —— t
o] /// *n f.ld ® : I anef.tr ©
RdS Xco
Fig. 6. Determination of the coordinates of the reflector
for Option 2

to the expressions in (6). Coordinates of nyef ¢, th re-
flector are determined by the expressions:

an.rotvnref.tr (t) =Xco+ vt +
+Rnfef-t" cos |:(|)bnb.rot (t):| + bb sin [(I)bnb,rot (t):|;
yr]b.rotrnref.tr (t) = yCO - Rnref.tr sin |:¢bnb.rot (t)] +
+bp €0| dpn, o, (V]

nb rot»Mref.tr ( ) Zco

where by, — the blade chord.

The distance to the reflectors of the blade with
respect to the change of reflection characteristics dur-
ing advancing and retreating of the blades relating to
RdS is described by the expressions:

nb rot»Mref.Id ( )

7
\/xz (1) +y? (t)+ 22 (t>( )

Mp.rot »Nref.1d Np.rot :Nref.1d Nh.rot Nref.Id

during advancing, and

(t)=

r
Nh.rot :Nref.tr

8
2 (t)()

2 2
Xn n + yn n n n
b.rot " ref.tr b.rot " 'ref.tr b.rot " 'ref.tr

retreating.

An expression for the condition corresponding to
the change of the reflecting edges during advancing
(retreating) of the blades for clockwise rotation di-
rection (top view) (see Fig. 2) is

—when

/2 4+ (O < dpp, (O <3m/4+y,, (D)

the ny (ot th blade retreats from RdS and its trailing

edge reflects;
—when

0<dpn, O <n/2+y, () u
3n/4+ vy () <dpp,  ()<2r

this blade advances to RdS and its leading edge reflects.
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Central rotor
shaft
Vertical (dragging)

Flapping
—CA (S Ymovement
Horizontal /! Change of
(flapping) hinge % “pitch an
7 A gle
Feathering \ "-
ragging

hinge \\‘_,’ —) o

Fig. 7. The main rotor mount and the blades movements

The distance to the reflector in the case of rep-
resentation of the blade according to Option 3.
The main rotor of the helicopter creates a lifting
force and a horizontal thrust force. In general, each
MR blade is installed on the central rotor head by a
horizontal (flapping) hinge (FH), a vertical (drag
hinge (DH) and a feathering hinge (FrH), with re-
spect to which flapping movements (FM), dragging
(lead-lag) and feathering (change of pitch angles) are
carried out (Fig. 7) [7]-[10].

A blade flapping angle reaches the values of 12—15°
that leads to the end of the blade being lifted to a
sufficient height with respect to the rotation plane of the
rotor head and influences the RS phase in centi-metre
range. In addition, the free end of the blade bends in the
vertical plane during rotation of the MR leading to a
change of the backscattering diagram and the phase of
refractions from the edges”.

Description of the flapping movement and fea-
tures of blade construction. We will assume for
simplification that the helicopter is oriented horizon-
tally during the flight and that the rotation plane of
the rotor shaft is parallel to the Earth's surface at the
point at which the helicopter is located. With respect
to this, a coordinate system CX;Y;Z; (Fig. 8), whose

centre is the rotational centre of the rotor, is used for

270° Rotation

direction Blade

describing FM. Axis CX; is in the rotation plane of
the rotor head parallel to the axis 0X and directed to-
ward the helicopter tail; axis CZ; is directed along
the upward vertical axis. The position of the blade on
the rotation plane is determined by angle ¢p; flap-
ping angle By; blade section setup angle 6y; shift
of the flap hinge from the rotor shaft axis ey,.

It is worth mentioning that the angle of the blade
section setup is the pitch angle of the blade cross-
section chord relative to the rotation plane, which is
perpendicular to the propeller rotation axis.

The flapping angle and pitch angle of the blade
in a stationary state of flight comprises the periodic
functions of its angular position ¢y,. Therefore, this

can be expanded in a Fourier series with respect to
this parameter [7], [8], [11]:

Bo (0b)=Bo —Brc cos(dp ) —Brs sin(dp) —..~
—Bmc €0s(Ndy, ) —Pms sin(ndy ) —..;

B (¢p ) =00 — 61 COs(dp ) —B1gsin(dp ) —...—
—Bmc €0s(Ndy, )+ Og sin(ndy ) -,

where By =Py (¢p) — the coning angle, determined
by the average value of the flapping angle By; Bmc.
Bms: M=1 2, ..— the Fourier-harmonics for the
flapping angle; 6, — the common step of the pitch
angle; Oy, Oy — the Fourier-harmonics for the

pitch angle.
In general, one should use only the first harmon-
ics for description of this movements [7]-[14]:

B (9 ) =Bo —Bac €os(dp ) —B1s Sin (dp );
B (dp ) = B0 —61¢ COS(dp ) — By Sin(dp ).

Z A

.€b Blade

> 0 * section

Top view

Rotation plane  FH
of the rotor
head

Rotation plane :\
i

of the rotor Rotation
head i axis of the
i propeller

Side view View from the end of the blade

Fig. 8. Flapping motion of the blade

* By the phase structure of the signal reflected from the blade edge is
meant a distribution of phases of the signals reflected from the edge
fragments.
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It is shown by the authors of this paper that in-
fluence of the pitch angle 6, on the RS phase is very

low, thus, let us consider only flapping angle By.
Coefficients of the flapping angle By, expansion are

determined according to the equilibrium conditions
of the inertial moments, centrifugal moment and aer-
odynamic forces of the blade relative to FH. It is
possible to obtain the equation of blade flapping os-
cillations relative to FH from the equation of the
moment’s equilibrium [7], [8], [11]:

i d®By [ ()]

J
dt?

2 2
+ Ip0rotV B [ 0p ()] =
Rmax
= j T[rsp, ¢p (1) Jrspdrgp, ©)
0
where Jg — the mass inertia moment of the blade
relative to FH; o,q =2nFo; — the angular velocity

of the propeller rotation; u:,f1+(SFeb)/J,: — the

nondimensional frequency of the blade flapping self-
oscillations relative to FH; Ry, — the main rotor

radius; T ry, ¢ (t) ] — the blade aerodynamic force
per unit length; ry, — the radius of the analysis point,

and Sg — the static moment of the blade relative to FH.

Solving equation (9) is complicated task. In the
considered case, one could use the results obtained in
the paper [11] assuming that a feathered blade is in
the rectangular form, while a flapping controller is
absent and the distribution of inductive velocities
along the sweep away disk is uniform.

For these conditions:

v |1 2 ),1 1 }
=—| =0 |1+ +=Xrot — = MrotO1s |5
Po 02[4 O( Hrot) 3 vrot 3Hrot 1s

2
1 n 4
gY Hrot £1+ r20t j(xrot +§90 _elsurotj B

Blc:
4
1 2( Hrotj 2 )
=2 Mot 1L (2 g
16" 4 (v 1)
1 2( H?otj
1,20 Mot g
16" 4 )
4
1 2( Hrotj 2 2
= 2[ g Mot (2 g
16" 4 (v2-1)
2
1 1 p 2
+Y{3Hrot50+491c[1+ rZOtH(U _1)'
4 ’
1 2( Hrotj 2 )2
L2l Mot | (2
16" 4 (v?-1)
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2
1 1
A )
4 2 \3
Pis = ) 2 ) +
2 Mrot 2
L2l Mot | (,2 g
16" 4] (v?-1)
4
1
3 o
+

; _
1.2 _“rot] 2_q
16Y (l 4 +(U l)

1 2 1 3
YKXrot +90)Mrot =05 ("'H?otﬂ(‘)z _1)

B 2 3 4 8
4 1
1 2[ Hrot 2 )2
v 1-2 4 v -1
16" 4 (
where
4
:bbpaooRmax
2JE
— the blade mass characteristic;
vcos (oot )
HrotZT
Orot "max

— the flight regime characteristic;
vsin(aygt ) +v1
Arot = '
®rot Rmax

— the flow characteristic, and p — the air mass densi-
ty; o, — the derivative of the lifting force coefficient
in the blade section with respect to the setup angle;
arot — the incidence angle of the propeller rotation
plane (the cone base plane) relative to the horizontal
plane; v; — inductive flow velocity.

An alteration in the general step of the pitch an-
gle 6g using the swashplate (SP) leads to a change
in the lifting force and, consequently, to a change of
the coning angle By. The change of the cyclic step of
the pitch angle 64, by deviation of the SP plate for-
ward or backward (in pitch) leads to a change of the
incidence angle of the cone base B;.. An analogous
change of the cyclic step of pitch angle 6,5 to the
right or to the left (in roll) leads to a change of the
incidence angle Pys.

The MR blades have the following construction
features. The base of the blade is a longeron forming
a leading part of the blade profile. The trailing part is
attached to this longeron. All-metal blades could be
divided into two groups: (1) — with a tube steel longe-



M3Bectua By30B Poccnn. PagnosnekTpoHuka. 2019. T. 22, Ne 3

Journal of the Russian Universities. Radioelectronics. 2019. vol. 22, no. 3

Sections of the trailing parts

/

Q

Blade leading part
Fig. 9. Blade design features

ron (Mi-6 and Mi-26), and (2) — with a extruded light
alloy longeron (Mi-2, Mi-8, Mi-24) [12]-[14]. The
trailing part of the blade is made in form of a split
construction for decrease the influence of a variable
strains, and usually consists of sections, which are
not bounded rigidly. These sections are based on cel-
lular structures with rubber inserts between them
(Fig. 9) [12]-[14]. In the case of longeron defor-
mation the trailing part is not stressed. Use of sepa-
rate sections in the blade construction allows the
blade to be feathered and the relevant section to be
replaced in the case of damage [12]-[14].

Model of the signal reflected from the main ro-
tor with respect to the flapping movements and
bends. The rectangular coordinate system 0XYZ is
used during the simulation (see Fig. 1). The edges of
the main rotor are represented as a set of reflectors
placed on the edge lines. Leading and trailing edges
are described by a piecewise linear function within
this model. For example, the leading edge of the main
rotor of the Mi-2 helicopter is approximated (Fig. 10,
a) by two sections whose lengths are Rjg; and Rygo,
respectively; the incidence angle of the second section
relative to the first section is P42 ; the trailing edge
(Fig. 10, b) is approximated by four sections, whose
lengths are Ryq, Ry, Ris.  Ryg. respectively,
while the incidence angles of the second, third, and
fourth sections relative to the first section are B¢o,

Bir3: Bira, respectively. The incidence angle of the
first approximation section of leading and trailing edges
corresponds to the current flapping angle By (¢b)-

Shaft axis

Nreid  Bo(Pp)+Biaz

Rotation plane
of the rotor
head

Let us define the distance from the center of rota-

tion C to the npefqth reflector as R, . . and the

distance from the centre of rotation to the projection

of Npetr th reflector on the leading edge as R, . .

Projections of these distances on the rotation plane of

the rotor head is defined as R and R ,
P Nref tr

P:Nref 1
respectively (Fig. 10). Let us assume that the reflec-
tors are placed on the edges at regular intervals AR.
The quantity of the reflectors on the sections is de-

termined by the rounding function:

Nldg =CEi|[R|dg/AR:|; g=1, 2

Nire = ceil[ Rye /AR ; £=1 4

2 4
Nref = > Nige = 2_ Nige-
¢=1 €=1

Projections Ry - and Ry, . is the functions

of ¢, because By, is the function of the ¢,. These

projections are calculated using of R

R
Nref.ld * Nref.tr

and the incidence angles of the linear sections.
The angular position could be represented as a
time function ¢y (t) = gt +dg. Let us assume that

the helicopter is moving to the RdS along the trajec-
tory parallel to axis 0X with constant velocity v at
fixed height (see Fig. 1). The laws of change of the

coordinates of the nygf g th reflector is described by
the expressions:

XMret g ()=
=Xco +Vt+Ryn . [ 061 (V)] cos[opy (D ];
Yietia (t)=
= Yc0 — Royngr g LOb1 (D]sin[ dpg (D ];

By (dp) +Brra Mrefir

of the rotor
i head

Fig. 10. Approximation of the rotor blade edges: a — the leading edge; b — the trailing edge
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et 1 ()=
200 + (et 1 —1) ARsin {By [ 91 (1]},
1< Nref g < Nigy;
=12c0 + Rigysin{Bp [op (D]} +
+(ref.1g — Nige —1) ARsin{Bp [ oy () ]+ Bz
Nid1 <Mref.ld < Nref

(10)

and coordinates of the nyf 4 th reflector by the ex-
pressions:

anef‘tr (t) =Xco * vt +
R0t [ 0z (1) ] cos| dpg (1) ]+ by sin[ oy (1)];
ynref.tr (t) =Yco -

_Rplnref.tr |:¢bl (t):| sin [(I)bl (t):l +by COS[¢bl (t):| ;
z, ()=

ref.tr

2c0 +(Mreftr —1)ARsin {Bb [cl)bl(t)]},
1<Npettr < Ny

200 + Rya Sin {Bp [ o (D]} +

+(nref.tr —Ngrp _1) ARsin {Bb [¢b1 (t)] + Btrz}’
Nir1 <Nreftr < Nirg + Niros

260 + Ryrg Sin {Bp [ 0pr (0]} +
+Ryrp sin {Bb [opy (D] + Btrz} +
+(Nref tr = Nirt = Nirp —1)
xARSsin {Bb [d)bl (t)] + BtrS}’

Nirp + Nir2 <Mrefr < Nirp + Niro + Niges;
2G0 + Ry Sin {Bp [ 91 (D]} +
+Ryr Sin {Bp [0p1 (0] +Byra | +
+Ryr3sin {Bb [0 (O] +By} +
+(Nreftr = Nire = Nir2 = Nyrg = 1)
XARSiN {By [ oy ()] +Byra .

Nirg + Nirp + Ngrg < Nrefgr < Npes -

(11)

It is worth mentioning that flight velocity v is nega-
tive during the helicopter's advancement to RdS and
positive during retreat.

The distance to an arbitrary reflector with respect
to the change of reflecting edges of the first blade
during its advancing and retreating is described by
the general expressions (7), (8) using new coordi-
nates (10), (11) and substituting the angular position
of the first blade by the angular position of the
Np.rot th blade, which is derived using expressions

(1) and (2). The change condition of the edges' re-
flecting characteristics remains the same.

Simulation results for the main rotor of a Mi-2
helicopter. The following variable values were used
during the simulation: rotation frequency of the propel-
82

ler Fot =4.119 Hz; number of blades Ny ot =3;
blade radius Rypax =7.25m, Rpyin =0.9 m; blade
chord by =0.4 m; initial coordinates of the rotor

centre Xco =206.8 m, Yco =209.2 m,
Zco =52.8 m; flight velocity v=7 m/s; initial an-
gular position of the first blade ¢p=30°

A=125.102 m; probing signal — MCPS, ADC
sampling rate F; =96 kHz. All reflectors are iso-

tropic within the approximation region.

The RS power for the leading edge is higher than
the power for the trailing edge in the case of a heli-
copter moving away, and vice versa [15]-[18]. Thus,
the RCS of the single reflector of the leading edge
for Options 1-3 is set to be

Oy g g (1) =45-107°m?, while the RCS of the

single reflector of the trailing edge for Options 2, 3 is
_ -3 2

set to be op n . (1)=5-10""m*. The lengths

and the incidence angles of sections are
Rig1=Rig2=0-5(Rmax—Rmin);  Bia2 =4.5% Ry =
= Rro=Rir3= Rtra=0.25(Ryax — Rmin )i Btr2=2.5%
Bir3 =4.5°% Pirg =6.5°. Empirical data on a Mi-2
helicopter presented in [9], [10] was used for calcu-

lating the flapping movement coefficients: the blade
mass characteristic y =0.762; the blade inertial mo-

ment relating to FH J, =804 kg - m2; the blade stat-
ic moment relating to FH S, =197 kg-m; the FH

shift e, =0.102 m; the incidence angle of the main
rotor rotation plane relating to the horizontal plane
oot =5°% the inductive flow velocity v; =9 m/s;
the pitch angle steps 6g =7°, 0;c =5.73°, 65 =0°.
The simulation results in the blade approxima-
tion according to Option 1 are shown on Fig. 11: a —
real part of RS ReUp o, b — the fragment of this

signal — two pulses of RS, ¢ — RS for the advancing
blade, d — RS for retreating blade, e — energy spec-
trum of RS S, and f — its fragment”.

Simulation results in the blade approximation
according to Option 2. Fig. 12 shows: a — real part of
RS, b — the energy spectrum of RS, ¢ — RS for the
advancing blade, and d — RS for the retreating blade.

Simulation results in the blade approximation ac-
cording to Option 3. Fig. 13 shows the dependence of
the flapping angle on the blade's angular position for

* fp —the Doppler frequency of the RS reflected from MR.
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ReUp ror, 1V

10.7

4

20 fg, kHz

e
Fig. 11. Simulation results in the approximation according to Option 1:
Reflected signals: a — from the main rotor; b — from the main rotor (fragment); ¢ — from the approaching blade;
d — from the retreating blade. Energy spectrum: e — full; f — fragment

different flight velocities. Fig. 14 shows the simula-
tion results: a — real part of RS, b — the energy spec-
trum of RS taking into account flapping movements
and blade bending at flight velocity 7 m/s, ¢ — RS for
an advancing blade, d — RS for a retreating blade.
Analysis of the simulation results. RS for
multiblade structure of MR comprises a set of pulses
with frequency modulation. Each RS pulse consists
of the chirp pulses adjacent to each other in the case
of the piecewise linear approximation according to
Option 3. Its quantity and modulation parameters are
defined by the quantity of linear sections, their posi-
tion on the edge, and propeller rotation frequency.
RS pulse frequency is defined by multiplication of
the blade quantity and the rotation frequency

Np.rot Frot Of the propeller (see Fig. 11, a; 12, a; 14, a).

ReUyp oty 1V

49.0 N \/ Y ms
-2 49.5
50.0

—4 d
S, W/Hz
1.0-107%2
0.5-107%2

0
20.0 20.1 20.2 fo, kHz

f

The spectrum structure of the signal reflected from
the MR is discrete (see Fig. 11, f). Spectrum compo-
nents are divided by the intervals Ny ot Frot- Peaks

in the RS spectrum observed during simulation for
approximation according to Option 3 (see Fig. 14, b)
are caused by a longer accumulation of the reflected
signals in the area of blade backscattering diagram
sidelobe. Analogue peaks present in the RS spectra
obtained during the experimental investigation are
additionally represented.

Results of the experimental investigation for a
Mi-2 helicopter. The experimental conditions were as
follows: the hovering helicopter slowly moves side-
ways to the RdS at a distance range from 40 to 30 m at
a height of 3 m. Probing signal is MCPS with circular
polarisation and A =0.0125 m. The RS sampling rate
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ReUy ror, 1V

t, ms

10.3 10.7

Fig. 12. Simulation results in the approximation according to Option 2:
a — the reflected signal from the main rotor; b — energy spectrum of the reflected signal;
¢ — reflected signal from the approaching blade; d — reflected signal from the retreating blade

is 48 kHz. Fig. 15 shows the results of investigation of
the signal reflected from MR after compensation of
the signal reflected from the helicopter body and the
disturbing reflections. Coherent accumulation time

(spectrum formation) T, =1.365s.

The figures show the real part of RS for MR (a —
general view, b — fragment), RS for advancing (c)
and retreating blades (d), the energy spectrum of MR
RS (e — general view, f — fragment).

Correlation of results. A comparison of the
simulation data and the experimental results shows
that the RS model of the helicopter MR, which takes
into account the flapping movements and the bended
blade forms, is close to the real RS. Each pulse of the
RS complex envelope (see Fig. 14, ¢ and d; 15, ¢ and
d) consists of short pulses adjacent to each other. The

Pp, K°

/ S \

/ ‘/" .\
ar /z
Vs v=7m/s N
0 | o~ | I I \

7 120 180 240 \'N\\~
%0 N,
4 300\

dp, K°

-8
Fig. 13. The dependence of the flapping angle on the angular
position of the blade (approximation according to option 3)
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quantity, duration and modulation parameters of
these pulses are determined by the quantity, position,
and orientation of linear sections on the correspond-
ing edge. In particular, RS of the leading edge of the
Mi-2 helicopter rotor consists of two pulses (see Fig.
14, c) during its advancement to RdS, while the RS
of the trailing edge during its retreat from RdS con-
sists of four partial pulses (see Fig. 14, d). The partial
pulse duration is determined by the backscattering
diagram sidelobe from the corresponding linear sec-
tion of the blade edge (see Fig. 11, c and d; 12, ¢ and
d; Fig. 14, c and d; 15, ¢ and d). Since the spectra of
the signals reflected from advancing and retreating
blades are placed symmetrically relative to the Dop-
pler frequency signal reflected from the helicopter
body, they have different levels (Fig. 12, b; 14, b; 15, €).

Conclusion. In the centimetre wavelength range,
the mathematical model of the signal reflected from the
main rotor considered as a system of the blades is de-
scribed most precisely by representing of each blade as
a set of isotropic reflectors located on leading and trail-
ing blade edges. Taking the flapping movements and
the bended forms of the blades into account allows the
actual signal features to be maximally approximated,
describing the signal phase structural change law more
precisely, and, consequently, increasing the quality of
the propeller radar imaging. The developed model
could be used for improving the ISAR algorithms used
to support the radar imaging.
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Fig. 14. Simulation results in the approximation according to Option 3:
a — the reflected signal from the main rotor; b — energy spectrum of the reflected signal;
¢ — reflected signal from the approaching blade; d — reflected signal from the retreating blade
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Fig. 15. Experimental results
Reflected signals: a — from the main rotor; b — from the main rotor (fragment); ¢ — from the approaching blade;
d — from the retreating blade. Energy spectrum: e — full; f — fragment
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JAUODJICKTPOHHAA 3aliuTa.
E-mail: hsr_1960@yahoo.com

Hzyen Toen Txaii — maructp TexHuku 1 TexHosoruu (2016), acupanT kadeapbl HHOOPMAIIMOHHBIX PaJJHOTEX-
Hosoruii besopycckoro rocyjapcTBEHHOTO YHHBEpCHTETa MH(GOPMATHKU M PaJANOdICKTPOHUKH. ABTOp 14 HaydHBIX
pabot. Chepa HAyIHBIX HTHTEPECOB — PAJAMOJIOKAIIMOHHOE paclo3HaBaHue; udpoBas 00padOTKa CUTHAJIOB.

E-mail: thairti@gmail.com
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