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Extremely high maneuverability of the Ka-50 helicopter requires to develop software for
analysis ef flight dynamics.

This paper presents a brief description and functions of the NSTAR program system to provide
processing, analysis and registration of the records from the on-beard recording devices. This
system performs analysis and errer elimination in recording by test instrumentation, filtration for
partial restoration of recordings by using kinematic ratios in Euler or Hamilton/Rodriges forms.

Using records made by test instrumentation, NSTAR system makes possible to restore the
flight path and to calculate values of immediate inmesuarable flight parameters specifically in dead
(band) of manometric/aneroid pressure transducers, vane {aerometric) sensors, i.e. at low flight
speeds / large attack and slip angels. The paper describes a solution of track restoration and
indirect flight parameter calculation at helicopter motion equation integration.

The paper presents examples of aircraft record processing by means of NSTAR system and
tracks of Ka-30 helicopter maneuvers.

Notation
tHD, P, outside air temperature / pressure, deg. C/ mercury columy, mm
A relative air density / value increment
Kier Xp pilot's cyclic stick positions {positive to left and fore), mm
85X, 0X; blade angle amplitudes depending on cyclic stick position, deg.
Biyap £ Aty blade tip plane incidence, lateral / longitudinal (positive to left and fore), deg .
Xy 0X g Qom pedal position, differential collective pitch , mun, deg; collective pitch, deg.
Yo, W, Wy O roll, pitch, yaw, magnetic heading, deg.; track inclination angle, course angle, deg.
o, P angle of attack at fuselage, sideslip angle at fuselage, deg.
Oy /g incidence of resultant velocity to hub plane / to blade tip plane, deg.
@558 gy, @y angular velocities in fuselage axes system, deg/sec., rad/sec.
g:.G;P acceleration due to gravity (m/s); helicopter weight, kg. ; main rotor load, kg/m®
N, 0,0, g-loads in Earth axis system
Ny, Ny, Ny longitudinal, normal, lateral g-ioad in fuselage axis system
oR; n,n, blade tip speed, m/sec. ; rotor speed, gas generator speed, %
W,, Oy wind speed / angle, m/sec., deg.
Vnp Y, V.V, Calibrated, indicated, true, equivalent airspeed, m/sec, kmvh
R; X, Y,Z Main rotor radius, m; helicopter ¢.g. coordinates in Earth axis system, m
Hep, He, Hy pressure altitude, geometric altitude; altitude on kinetic energy, m

16-G'n, /(A-(@R)*-7R?)

Cg/67=

V.V M, M,

Dotted value means derivative with time of the given value. Coordinates are presented in Fig.1 .

N,-c/zmR

relative flight speeds; Mach number (overage, total)
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1. Introduction

For the flight limitations monitoring while aerobatic maneuvering of the Ka-50 helicopter, a detailed analysis of track and
maneuver parameters 1s Iequired. For this purpose KAMOV Company developed NSTAR program system to perform
processing and analysis of the parameters and visualization (animation) of the flight track.

NSTAR system is compatible both with “GAMMA” system providing record and processing of the test flight parameters
and with standard “TESTER-U3" system.

Usage of univerzal NSTAR system enables saving in specialists, hardware / software and facilitates tracking and
modification of the integrated processing algorithm.

5 List of Ykt d

Measured flight test parameters may be divided into several main groups:
Helicopter control parameters:  Xs, Xk, Xi, Qg etc.
Power plant ratings specifyving parameters: nrg, g etc.
Helicopter motion parameters: Ve, Heap Hr, ¥, Wy, 3, 0, B, ng, Ny, 0, @ 4, @ y12@ 5 etc.

oW

Weather conditions specifving parameters:  ty, ty, Py, W, 5W ete.
Additional parameters provided for the specific flight test program may be measured if required.

Parameters mentioned above are registered by on-board test instrumentation on magnetic medium in a form of digital

data files with At time discrete step in a form which can provide their processing and analysis with the help of ground
computer-based system.

Flight parameter records, read out from on-board memory stores, can contain both casual malfunctions and systematic
errors defined mostly by the test instrumentation precision (including precision of its calibration) and a preliminary processing
for algorithms of the flight data on-ground processing is required,

At the preliminary processing first stage files of recorded digital flight data are checked for avatlability of the simple type
errors and malfunctions to be easily confined and corrected algonithmicaily:
- single sharp measurements outliers (corrected by “three point scheme”);

- time sequence (At) discreteness malfuactions of flight data recordings;
- single repeat recordings with the same on-board time (elinunated from the data file);
- single skip of records according to on-beard time (eliminated by linear interpolation on the neighboring recording portions).

More complicated types of digital record errors and malfunctions are eliminated at the second stage of the preliminary
processing according to the following algerithms.

4. Fiitratl ig

The following well known methods and algorithms solve the probiem of experimental data smoothing-off: Kalman
filter, Ormsby filter, Potter-Bickford-Glase filter, Brison-Frisier smoothing-off procedures { 21, 23, 24 1.

More simple and effective procedure of the signal smoothing off is flight data filtration with the help of symmetric digital
differenting {ilter [3} with no phase {frequency} distortion of parameters fillered off,
Basic configuration of the svmmetric filter is given in linear transformation of the following type:

m
X(0= 2 hgx(t+s), (tem+1,....,T-m),
S=-m
where X, fi - discrete signals prior to / after filtration correspondingly; fi; - weight factors.
At (Zm+1) filtration interval points (m — preceding the t point values and m - follewing the t point), discrete initial data are

approximated by polyromials of degrees 2 {(q=2) or 3 (g=3) :

x,(ts) = a,(t) +a,(ts+.+a,(t)s*, (se-m,...m).

Base of filter {m) is selected by experiment to provide requested smoothing off.
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Convenience in usage of differential filter lies in the fact that time derivatives of the flight parameters which we nesd,
for example 0Xp, 0Ky, ¥, W, 3,0, @ ,,, @, €ic., can be obtained by the polynomial smoothing factors simultaneously.
Higher requirements to the given task are made on filtration of @, ,®,,0, angular velocity components and

Ty Dy Iy g-ioads considered as the main parameters to be used for integration of the helicopter motion equations.

A practical usage of a differentiating filter confirmed its functioning and reliability at flight test results processing.
Parameter filtration results are presented befow:

- for helicopter control: Xg, Xz, Xu, Qo s (f=8 Hertz, m=4) (ref to Fig.6);

- for helicopter motion: @ ,® PELCIEIN (SRS (PP o WIS (f=8Hertz, m=8) (ref to Fig. 8, 9).

5. Comection of recordi

By using of kinematic relations between measured flight parameters it is possible to upgrade substantially
the quality of experimental data processing. The well-known [13] differential kinematic relations in a form
of Euler / Rodriges-Hamilton (ref to Fig2) are used. Convenience in usage of Kkinematic relations in a form

of Rodriges-Hamilton lies in the fact that (1RH) relations are symmetric and linear about parameters at © ., ,® 10 @y

specified angular velocities. Besides, right parts of (1RH) differential equations are always fixed unlike (1E) Euler relations
which become uncertain at [$| ~ 71/2 pitch values.

It is notable that before use of Euler or Rodriges-Hamilton kinematic relations it is necessary to put record files of the
helicopter angular positions to a (4) form by the following manner:
- the \/,, magnetic course angle recorded in the range of O <y, < 27 shouldbeputto — T <y < T yaw angle by the

following formula {26} : tgw = S'm(-—- WM) / COS(— WM) . (5)

- if the helicopter pitch angle is registered within ~ 7% <8 <7 range and the recording encloses an information
on inverted flight conditions (of Nesterow loop type), at temporal recording portions, where |8| > ‘;t/ 2, reduction
to —w/2<9 < 7/ 2 is performed by the following formula:
tgd =sind / lcos 8[; &)
In the same temporal record portions, pitch/roll angle records should be corrected and “jumps” inserted:

y = - sig.n(‘/)ft © (7 W=y - Sign(\[f)fc. (8)

It is verified that in case of combinations (4) completed kinematic relations in forms of Euler and Rodriges-Hamilton
are fully identical except € -vicinity of a spectal point: |8| = Tc/ 2 where (1E) Euler relations become uncertain.

(1E), (2E), {IRH), (2RH), (3RH-E), (3E-RH) relations (ref. to Fig.2) can be used for data correction obtained as a result
of tests, in different conditions, depending on measurements, Iteration process (ref. to block-diagram, Fig.3) enables to correct
records of angles and angular rates. With cormrectly selected relaxation factor of 0 < K <1, iteration process may be
converged stably in 5 — 6 iterations. Flight recording processing experience revealed that data correction method on the
algorithm given in the block-diagram is available and a selection of kinematic relations type to be used in a form of Euler or
Rodriges-Hamilton depends on specific analyzed flight mode,

As an exaraple (Fig.7) we refer to initial ¥, W, 8 angle records corrected to filtered angular rate records (ref, to Fig.8).

- ,

In the practice of flight tests, different means and methods are used to provide registration of flight path [ 1, 12], as follows:

- with the help of measuring photographic camera (fixation of flight path per one still frame),
- camera-read theodolite method (this methed was first used by Rynin (Russia) in 1910);
- with the help of TV and video sets;
- radar method etc.

The given methods for flight registration are carried out with the help of ground aids and depending on outside conditions
they have different accuracy and demands for more labor consuming measurements.

More simple is the flight path calculation methed by means of the helicopter motion equation integration (ref. to Fig.4)
according to records of data concerning c. of g. / angular position / angular velocity performed by on-board recording devices.

In the practice of Russian aviation, this method has been applied originally by V.S.Vedrov in 1933 during investigation of
spin in flight performed by the P-5 airplane [7, 8, 9]. This method was at a later time developed and adapted to the helicopter
subjects and used by KAMOV Company successfully at processing and analyzing of aerobatic flight modes.
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: . ¢ the hell

It is known that [10, 17] equations of the helicopter motion In fuselage coordinate system (ref. to Fig.4), in a vector
formn appears as a principle of momentum (9) and in fixed Earth coordinate system they have been recorded directly in a form
of main dynamic equation of the material point (9g).

Two conventional differential (D.E.S.) equations of the first-order (10) / (10g) corresponded to { 9,16 ], represented by g-
loads, can be gained in the appropriate coordinate axes.

Solution to (I10) / (10g) equation systems have the same result at the full compliance of flight parameters

v, 3,0 1@y @, records with the kinematic relations (ref. to Fig.2). But numeric soluttons of (10g) equation system

are carried out more simple algorithmically because all mcluding equations are independent. Equauan system choice
{ (10) or {10g) ) depends upen completeness of the flight data recorded.

Initial integration conditions to sclve (10) or (10g) equation systems are set at initial portion recerd of the maneuvers
at steady-state imterval. In this case the following information should be used (ref. to Fig.4):

- calibration relations [ 1]: V; = [ (Vnp, B, OL) & weather information concerning wind speed { W, ) and direction (8 ),

- known kinematic relations between ¢, 3, V flight parameters.
After DE.S. equation solution in a form of (10} or (10g), c. of g. coordinates are defined completely in the nommal Earth

coordinate system by D.E.S. (14) integration according to calculated Vo, ng,Vzg velocity projections. Flight parameters

(ref. to Fig.5) are calculated additionally.

S Time | \

Solution of the conventional D.E.S. of the first order {10, (10g), (14) are carried out with the help of standard Runhe-
Cutta method of the fourth order, in this case discrete functions of the right equation parts are interpolated between nodes by
modified polynomial method 4].

It is known [ 9, 18 ] that when integrating on great time intervals, measurement errors should be added to emrors of
numeric equation system solutions, which, when accumulated, could change significantly the result. For example, with

An = +0.05 steady error in recording of any g-load components in the At = 10sectime interval of integration, velocity and

coordinate errors should be estimated at AV = An-g- At~ £5m/s and AS = An.g- At / 2 = £25m correspondingly.

Flight test processing practice demonstrated that the method mentioned above is usable for relative short time intervals up
10 10...15 sec which would suffice for processing of the majority of the helicopter asrobatic flight modes.

9. Numerical results

Based on the mathematicai model mentioned above NSTAR program system is developed to provide processing,
analysis and recording of the flight information ¢onsisting of the following units:
- unit intended for anatysis and error correction, filtration and partial restoration of the flight data records using kinematic

relations in a form of Euler or Rodriges-Hamilion;

- unit intended for indirect flight path and parameters caleulation when helicopter motion ¢quations integrated,
- unit intended for graphical displaying of processing results.
NSTAR system enables using 23 recorded flight parameters to calculate indirectly up to 63 flight parameters including values
of immediate inmesuarable flight parameters specifically in dead band of manometric / anercid pressure transducers, vane
(aerometric) sensoss, i.e. at low flight speeds / large attack and slip angels. A comparison between indirectly calculated and

measured flight parameters ( Vi, Heer, ¥, W 3. @ ®,,, o,B ) enables to verify authenticity of records made

x] @ yi
what is the equal of installation of an additional stand-bv instrumentation / recording system inside the helicopter.

The findings of the NSTAR system operation for each flight mede are presented in the “Catalogue for the coaxial
helicopter maneuver elements™ in a form of canenical set of graphs, tables, print-outs both in paper and magnetic records.

For example, Fig. 6-14 presents a part of graphs taken out from “Catalogue” according to record processing of the right
leop maneuver performed by Maj.-Gen. B. Vorobyov.

Summarized, ene can recognize quite sufficient compliance of flight parameters indirectly calculated and with the

measured ones.
10. Conclusions

NSTAR system operution results are uscd for the following tasks:
- to check for flight limitations, especially while performing acrobatic maneuvers;
- to analyze pilot’s actions and to assist pilots in standard and acrebatic maneuver training;
- to analyze and forecast loads and clearances { & | of the coaxial rotors blade tips;
- as initial data for numerical simulation of dynamics and loads according to ULISS-6 aerolastic mathematical model of the
coaxial rotors [ 2, 3 ].
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SYSTEMS OF COORDINATES
SIGN CONVENTION

OoXgYgZg- NORMAL EARTH AXES SYSTEM

OXgYgZg- NORMAL AXES SYSTEM Y1
{ to the left)

OX1Y1Z1 -FUSELAGE AXES SYSTEM \g v
F

OXHYHZH - HUB - SHAFT  Yg

AXES SYSTEM

Zg

71 + U (moseup)

N, X
) Aoog

5]
S
Wo- wind speed; 0w - wind angle Fuselage axes system
in normal Earth axes system; & normal Earth axes system.
Wi - magnetic heading. Y/ - yaw - - pitch -» 7 - roll

General rotation matrix:
Lm(y, B,W) = L3("{)L2(S)Ll(\y) - from Earth to fuselage axes system;
Ly (v, 8,7) = WL (9L (v) = Ly (v, 8,w) - from fuselage to Earth.
Sequential rotation matrixes:

COS v 0 —sin Vi cosd  sind 0 1 0 0 :
L{v)=] 0 1 0 ; L,(8)=|-sin8 cos8 Of; L,(y)=]0 cosy siny!
siny 0 cosy 0 0 1 0 —siny cosvy

Fig.1
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KINEMATIC RELATIONS

Euler (E) Rogriges-Hamilton (RH)

. - gbz-—(co“x+my,p+mz,v)/2;
T=0,—-wvsind; .
\-lj_myl COSY_CDzISinY kz(mxlp_myiv'*-mz[p)/z;

s (1E) [ (1IRH)
cos p=(mxlv+mylpma)zll)/2;

8 =w,siny+0, cosy.

\'J=(—0)xlp+a)y,l+u)zip)/2.

Inverted relations:

o, =7+ysiny; Wy =2(Pl“7¥b+ﬁw“\"}i);
©, = 3siny +ycosy cos §; 7 (2E) o, =2(pg_pp+\',7hmiv); (2RH)
®, = 9cosy —ysinycos 9. @ :2(p\'f—v{3+ip.—l.1?\.).

Relation between Rodriges-Hamilton parameters & Euler angles:

~

W 3 v .9
p:cos—cos—cos':;—Smgsm—sml;

2 2 2 2 2 2
csinYsinS cos L+ cos L cos L sin L
lmsmzsmzcosz.COSZCOSZSII’lz,
cin¥ eos 2 cost + cos¥sinDsin Le b e sreLE
;L—smzcoszcosz.coszsmzsmz, ( -E)
. v 8 .
VmCOS%S[I‘L—COS%—Sm}i{COS—Slnl'

2 2 2 272
Pl et +vi=1

Euler angles through Rodriges-Hamilton parameters:

Range
tey = 2(9}\, - V;J.)/ (pz + “3 —vio }_3); of angles:
tow = 2(pp ~ av)/ (p? + 27—t =7, —n<y <
tg9 = 2(p‘-’+7\.p)/%(p2 FRTLIIRY _}‘1) /_—1+tg2 l=>(3E-RH) —T< YT ()
I 7
= 2oy + 2}/ fp? + 0 2 =T tg%p\. EERAATE

Fig.2
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BLOCK - DIAGRAM
OF “ANGLES - ANGULAR VELOCITIES”

CORRECTION

i=0 L

!

Initialization
for integration (t=1ty)
VW35 PjrAgs s V) GRE-E)

¥

Iteration counter

A4

j=j+1

‘TRUE?

h 4

Differential equation system
(1E), (1RH) integration

Angles iteration
% = K* +{(1-K) *

=l

(*‘stsg)

No

Angular velocities iteration

F 8

Check for convergence

* _ %k
’Yj!qjjssj; Pj:kja}-‘-j,\’j J*j—*j—l < E ] )—18
. . . x-T,¥,3) {(x-Y, W, )
and derivations calculation
VW8 0phR, Y,
(3RH-E)
A 4
y
Angular velocities calculation
(2E), ZRH) Wy = Oy
(Dxlj!w_vlj:mzu Yes (- x%32)

‘FALSE’ @y = Ko +{(1-Ko.,,
{ %=X
v (3E-RH)
No Yes
Fig.3
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MOTION EQUATION INTEGRATION
(HELICOPTER CENTER OF MASS)

Normal Earth axes system: Fuselage axes system:

dP/dt = R (9g) dP/dt+Qx P=R (9)

P - momentum vector;

Q - angular velocity vector of fuselage axes system;
R - total force vector.

<.

xg = gnxg; nxg nxl Vxl mcz)zl\/w —myl Vz[ + g(nxl - s ‘9);

Vyg =g(nyg “1); (10g), In,,|= Lm(\p,S,*{)x N Vyl =0, V, -0,V +g(nyl ——cosScosy); (10);

V=g, n, Hal  V,=0,V,-0,V, +g(nzl +cosSsiny).

Initialization of integration
Alrspeed components
in fuselage axes system:

V., =Vcosacosf;
V, =-VsinacosB;p (11)
V., =Vsinp.

Wind speed components
in normal Earth axes system:

W, =-W,cosd,;
W, =0 (12)
W, =~W;sind,,.

Alirspeed components
in normal Earth axes system:

—\” wag“ V]
Vi =W [+ L, 9,7) x|V, | (13
V. W, v,

{nitialization of integration

Differential equation system integration:

AX = Vs

AY =V b (14) ¢

AZ=V,,.
Fig.4
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FLIGHT PARAMETERS INDIRECTLY ACCOUNTED

Helicopter speeds:

- airspeed: V= Vi/JK,
where: V, = (V,,.B,cr), &=0379B./(273+ .}, By =760(1 - Hy,p /44300

- in hub-shaft axes system: - in tip path plane axes system:
qu (ng B th) Fn XH
Vi = Li(e) x Ly (v, 8,9) < )V, - W, I Vol = L5 (Binp ) % L Ay ) V]
V., (Vs - W) Vi Vel

where: A, =8Xjc0s8;, B, =08X,c0sd;; J,-angleof A-coupling.

lynp

Angular velocities:

- in hub-shaft axes system: -angular velocities of tip path plane tilt:
Wy ;
" X O = Oy ~ Apyps| . : .
= L) x o, e 5 e } Ay = 8K, c088,, By, =5X, cosd,.
@ 5y W O = D e
Angles:

- track inclination angles, course angles: @ =V, IV ., gV ==V, _/V,:
- attack angles, slip angles {of fuselage): g =~V, /V,, tgB=V,cosa/V,;
- design & tip path plane attack angles: tgoty =~ Vo Vo r 1805 ==V Vs -

X, Y, Z in normal Earth axes system:
- “energy” alitude: H, = V?/(2g).

Similarity criteria:

- rotor bearing capacity: Cglo, = l6P/(A(coR)2c57), where: P=nG/ (ﬂRz);
- relative flight speeds: V= Vaxm/(zﬁfP/A), V=V,../(0R), u=Vcosa,;

- Mach number (overage, totat): M, = oR/ (20 273+t ) , M, = Mﬂ(l + V) :
Fig.5
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Fig.7 Helicopter roll, magnetic heading, pitch

angles & their time derivatives
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Fig.8 Angular velocities of helicopter
s ( in fuselage axes system )
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Fig.9 Longitudinal, normal, lateral g-loads of helicopter

(in fuselage & Earth axes systems )
ADO04 - 12




Vixs, Vxi
vop, km/h

Viz1
Vzi Vaxuze ces iy
kv VY, Jo/h Vys
000 Wi +
17 375+
50t
}gs 325-- v
g g: E—l_’—"‘— s Vizn T
200 -
sy sy )<——---u--~--“
-50 150+ N
75 125+ \/ [
-0 o0 L
- 251 VaxHzu |
-i50 sod
-175 25
-200 & + + + + ~- # + f
TIME, SEC 1738 1738 ™ Har 1™ Hral:| 1m™a 1750 1752 HE 1756
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W helicopter airspeeds projections
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Fig.11 Inclination angels of track / course;

sideslip / attack / pitch
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Fig.12 Differences of helicopter C.of G. coordinates

- & airspeeds in Earth axes system
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Fig.13 Similarity criteria
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