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JIns noziunanna nomyxcHocmi, wo 6upobasemo-
€51 8iNbHOI0 MYPGiH0I0, NPU HAZEMHUX 6UNPOOYBAHHAX
asiayitinux myp6oeanrvHux eazomypéinnux 0euzynic
3acmocosyomovCcs 2i0po2anbMo6i YCMAHOBKU PIZHUX
xoncmpyxuiti. Hazemni eunpobyeanns asiauitinux
mypbosanvhux eazomypdinnux 06uzymie iz 3acmocy-
GAHHAM MAKUX 2i0P02ATLM MONCYMb NPU3BOOUMU 00
HepO3pPAX06aHUX PeNCUMAM POOOMU CUCmeMU aABMOo-
Mamuunoz0 ynpasainna 06uzyHom 6 obaacmi po6o-
mu pezyasamopa ob6epmis 6invHoi myp6inu. OcroeHo0
nPUMUNOIO He POPAXYHKO0B0T POOOMU cCuCmeMU asmo-
MaAMuun020 Ynpasninns € Hegionosionicmv 3aeéam-
MANCYBATLHUX XaAPAKMEPUCUK 2i0PO2ANLM 3A6aH-
MaNcy8anvHuM XapaKxmepucmuxam noeimpsaHozo
26unma, Wo NPUCOOUMHCS 8 00EPMAHHI BLILHOIO MYP-
6inoro deuzyna.

IIpedcmasneni excnepumenmanvii 3aeanmaicy-
GaNbHI Xapaxmepucmuxu 2i0pozanoma i Hecy10zo
26UHMA 6EPMONLOMY NOKA3YIOMb CYMMESY PI3HUUIO
danux xapaxmepucmux 3a eauMunolo Koeiuicuma
nocunenns. Jlna ycymenns oamnoi 6iominnocmi pos-
2710AEMBC. MOINHCTIUBICID MOOENIOBAHHA OUHAMIYHUX
napamempie necyuux a6o zpeGHUX 26UHMIG Npocmu-
Mu 3acobamu aemomamuzauii. /{na piwmenns danozo
3aedannsa 0Yno po3pobieno ninilny mamemamuuny
MOOens ma cCmpykmypuy cxemy a6mMoMaAmu3o8anoi
cucmemu YnpasainHa 2i0po2anbMoM, NPUHaAueHoi
0151 HA3EMHUX BUNPOOYBAL MYPOOBATILHUX 2a30MYP-
Ginnux oeueynis. OGTpYHMOBANO 3AKOH pe2ynioeau-
HA 3asanmasicennam eziopozanoma. IIpedcmasnena
CMpYKMYpHO-0UHAMIMHA CXeMA A6MOMAMU30EAHOT
cucmemu ynpaeninus, axa po3pooasemvcs, i nage-
deni po3paxynxosi popmyau 0as eusHaveHns napa-
Mempis pesyaamopa. Buxonano pospaxynxu nepexio-
HUX Xapaxmepucmux 2i0pozansmoeoi ycmanosxu Ges
3acobie aemomamuzayii ma iz 3acMoOCYEAHHAM A6MO-
Mamu306anoi cucmemu Ynpasuinta 3a6AHMANCEHHM.
Pesynvmamu pospaxynxis, w0 npeocmasneni, noka-
3ylomv, WO 3acmocyseanns 3aco6ie asmomamusayii
0036016 NOBHICMIO eMYA08AMU XAPAKMEPUCTUKU
HeCYHux 26UHMI6 6epMOILOMIE

Kniouoei canosa: asmomamusayis 2iopozanvm,
3aeanmadcyeéanvHa xapaxmepucmuxa, OuHAMIUHI
napamempu, 3aKOH pezynto6anHs, nepexioni xapax-
mepucmuxu
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1. Introduction

Unsatisfactory operation of systems for automatic reg-
ulation of free turbine rotation speed is often observed in
ground tests of turboshaft gas turbine engines. It manifests
itself as steady-state fluctuations of engine parameters. In
some cases, continuous increase in fluctuation amplitude up
to triggering of automatic protection systems is observed.

When engine is running as a component of a helicopter
power system, a free turbine drives the helicopter rotor
(HR). In this case, the free turbine (FT) with a connected
rotor (FT+HR) is the object of control.

Ground tests of helicopter turboshaft gas turbine en-
gines (GTE) with a free turbine are most often performed on
hydraulic brake units to absorb (utilize) power generated by
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the FT. In this case, a free turbine with a connected hydrau-
lic brake (FT+HB) is the object of control.

Hydraulic brake units are designed for a certain con-
sumed power and loading characteristics. Inertial properties
of the hydraulic brake are determined by its design features.

It should be noted that loading characteristics and in-
ertial properties significantly differ from loading character-
istics and inertial properties of the HR. This difference can
lead to unsatisfactory operation of the free turbine speed
regulator (FTSR) during ground tests of the engine in con-
junction with HB.

It is a very laborious and expensive task to change HB
design in order to change its characteristics. Therefore, it is
relevant to search for solutions that will provide emulation of
specified characteristics with simple automation tools.



2. Literature review and problem statement

Continuous improvement of aviation turboshaft gas
turbine engines requires the same continuous improvement
of HB units for ground testing both by developing and intro-
ducing new units [1] and upgrading existing ones.

The issue of development and use of air brakes for ground
testing of gas turbine engines is considered in [1]. Calcu-
lations of power absorbed by an air brake are presented.
However, an air brake is considered not as a way to change
dynamic parameters of the brake unit but as a means of re-
ducing the cost of developing brake units by using low-pres-
sure compressors of existing gas turbine engines. The prob-
lem of improving dynamic characteristics of the brake unit
through the use of a compressor remain unsolved.

The use of automated control systems in ground tests of
aircraft gas turbine engines is one of new ways to improve-
ment of test benches. When developing automated control
systems for ground testing of aircraft gas turbine engines,
main attention is paid to automated data acquisition and
processing systems [2—4].

Issues of automating tests of aircraft gas turbine engines
based on LabView SCADA system are considered in [2].
Possibility of integrating the test results obtained using the
LabView SCADA system and DVIGwp simulation system is
shown. Capabilities of a new automated information acquisi-
tion and measuring system described in [3] make it possible
to conduct real-time processing and transmission of data.
Results of development and application of an intelligent test
bench for testing aircraft gas turbine engines are presented
in [4]. Practical application of the results obtained in [2—4]
to automation of test benches can significantly reduce time
and material expenditures in ground engine tests. However,
possibilities of automating tests of aircraft gas-turbine en-
gines are considered in these works as a means of measuring
parameters in steady-state engine operating conditions.
Capabilities of automation to control braking torque have
not been considered.

Automation of test benches taking into account dynam-
ics of the processes occurring in testing engines on hydraulic
brake units is the subject of works [5—7]. Methods for con-
trolling stability of measurement systems during excitation
of shaft oscillations are considered in [5]. Objective difficul-
ties when measuring reactive moment of a hydraulic brake
are shown. General approaches to provision of stability of
the system for measuring reactive moment of a HB under
dynamic loads are considered. One of the ways to overcome
difficulties in measuring reactive moment of a hydraulic
brake with low-frequency shaft oscillations was proposed
in [6]. This paper discusses an adaptive system for measuring
reactive moment of a hydraulic brake with low-frequency
shaft oscillations by introducing time delays into the mea-
surement system. Design of a hydrodynamic dynamometer
for measuring reactive moment of a hydraulic brake under
impact loads is considered in [7].

The HB shaft dynamics (natural and forced vibrations) is
considered in these papers. Automation tools are used there
to ensure the measuring system stability under dynamic
loads. Dynamics of automated system s for regulation of FT
shaft speed near the equilibrium point was not considered.

Causes of low-frequency oscillations taking place in
testing engines with the use of hydraulic brake units are
considered in [8, 9]. A model of calculating excitation of
low-frequency oscillations in a system for measuring reactive

moment by high-frequency oscillations of fluid flow pressure
is presented in [8]. However, this model does not explain
occurrence of self-oscillations of the engine parameters or
unstable operation of the engine during operation of auto-
matic FT rotational speed control system and absence of
fluctuations in operation of the turbocompressor rotational
speed regulator. Experimental and theoretical studies of the
oscillatory processes arising in tests of high-power turbo-
prop engines on a hydraulic brake unit are presented in [9].
It was shown that one of the causes of fluctuations in the
FT rotational speed consists in entering of a non-stationary
or two-phase (cavitation) flow in the gas turbine. It is also
noted in [9] that a possible cause of occurrence of low-fre-
quency fluctuations in the FT rotational speed consists in
interaction of the engine and the HB but these causes could
not be fully identified.

Issues of design and manufacture of hydraulic brake test
benches for testing various types of engines were considered
in [10, 11]. Recommendations are given in [10] for choosing
parameters of newly designed hydraulic brake units. How-
ever, methods for changing loading characteristics and their
adaptation to characteristics of real objects are not consid-
ered. Paper [11] raises problems of creating latest hydraulic
brake units with ability to emulate characteristics of ship
and aircraft screw propellers. However, concrete data on
hydraulic brake control methods, calculation results or ex-
perimental data are not provided.

As the published data analysis has shown, issues of
modeling dynamic characteristics of real objects using
hydraulic brake units by automation means have not been
given a due attention. Objectively, this is caused by the fact
that different objects are tested on hydraulic brake units
including those that are not prone to development of oscil-
lations. For such complex objects as turbo-shaft gas turbine
engines, issues of interaction of an automatic engine control
system with a hydraulic brake unit are extremely acute.
The problem consists in that parameters of the free turbine
speed regulator (FTSR) are selected in accordance with the
HR parameters and do not correspond to parameters of the
hydraulic brake used in ground tests. The problem can be
solved by means of a system of automated HB rotor torque
control which provides full emulation of the HR dynamic
parameters.

The above-mentioned allows us to conclude that it is
advisable to conduct studies on development of automated
systems for controlling loading of hydraulic brake units.

3. The aim and objectives of the study

The study objective: development of an automated control
system (ACS) for a hydraulic brake unit designed for ground
testing of turboshaft gas turbine engines. Automation of
hydraulic brake units will eliminate discrepancy between
dynamic parameters of hydraulic brakes and helicopter rotors
and ensure correct operation of the system for automatic reg-
ulation of speed of free turbines during ground engine tests.

To achieve this objective, it is necessary to solve a series
of tasks:

— develop a block diagram of the developed ACS;

— substantiate the law of regulation of HB loading;

— provide mathematical description of the study object;

— conduct computational studies of dynamics of the de-
veloped HB ACS.



4. Mathematical description of the study object

The study object: an automatic regulation system (ARS)
for regulation of rotational speed of a free turboshaft engine
turbine including:

— a dynamic model of an FT rotor with HB (FT+HB);

— a dynamic model of an FT rotor with HR (FT+HR);

— a dynamic model of the HB regulator.

Let us consider an equation of dynamics of a working

rotor [12] of a free turbine with an HB:
TEI(FFHB) dny; .
TW:MFT_MHB’ @
where I(p+pp) is reduced moment of inertia of the free tur-
bine rotor and the hydraulic brake rotor; npr is the rotational
speed of the FT rotor; Mgt is FT torque; Myg is the moment
of resistance of the HB.

Equation of dynamics of a working rotor of a free turbine
with HR:

il (FT+HR) an’r _

30 dt M =My (2)

where I(pr+ur) is the reduced moment of inertia of the free
turbine rotor and the helicopter rotor; My is the moment of
resistance of the HR.

In general terms, torques of the free turbine, HB and HR
are complex functions:

M, ZMFT(nFT;nTc;PI;TI); 3)
My =My, (nFT;(X‘FT;tW); 4)
My =My, (nli'r;q)llR;Pl;TJ); ®)

where nrc is the rotational speed of the engine turbocom-
pressor (TC) rotor; P; is the total air pressure at the engine
inlet; T;is the total air temperature at the engine inlet; ¢, is
the water temperature at the HB inlet; ¢; is the position of
the valve that controls water flow through the HB; @y is
the HR blade angle.

Assume for simplicity that the engine ground tests are
conducted in a standard atmosphere. This will allow us to ne-
glect influence of variation of external conditions (P,;7;;¢,,)
at the initial stage.

Taking into account the above assumptions, equation of
the working FT rotor in a linear statement and in relative
variables for (FT+HB) will be as follows [4]:

Tor ner+ npr = KFy

e

nre +1<H% Oli; (6)

where Tyjg is the time constant of the rotor (FT+HB), s; ner
is the relative rotational speed of the FT rotor;

is relative rate of variation of rotational speed of the FT
rotor;
_ Angpr

K =—
H%Tc Antc

is coefficient of effect (gain) of the turbocompressor rota-
tional speed on the FT rotational speed;

Anpr
K =—
H%HB A(XHB

is coefficient of effect (gain) of the HB control valve on FT
rotational speed.
Equation in a linear object statement (FT+HR):

T ;FT"F;FT:K ;Tc+K o ) 7
HR II%TC II%HR q)HR ( )
Values of the coefficients of gain K”V and KIly can
e Opr

be determined from loading characteristics of the HR and
the HB (Fig. 1):
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Fig. 1. Variation of rotational speed of the TV3-117 free
turbine when working with HR and HB

Fig. 1 shows that the (FT+HB) object reacts much
“sharper” to the change of the engine rotational speed (pow-
er) than the (FT+HR) object. That is, increment of the FT
revolutions at the same variation of the TC revolutions is
greater in the hydraulic brake than that in the HR:

KH% ) >KHRn . (9)

As the analysis has shown, equations of dynamics of
(FT+HB) and (FT+HR) are identical in structure but their
dynamic parameters differ. Therefore, we can conclude that
to maintain similarity of dynamic processes, it is enough to
observe equalities:

T

HB

=T (10)

KII%H =K11% - (1)

5. Substantiation of the law of regulation by HB loading

Based on mathematical description of elements of the
automated system for controlling HB loading, it is possible to
compose a structural and dynamic diagram of the ARS(nyp),
Fig. 2.

It is necessary to find transfer function of the regulator
that provides dynamic parameters of the ARS(nyp) close to
dynamic parameters of the object (FT+HR).
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Fig. 2. Structural and dynamic diagram of the automated
regulation system ARS(nyg)

When choosing transfer function of the regulator, the
following should be considered. General form of equation
of ARS(npp) dynamics should correspond to the general
form of equation of the HR dynamics. In addition, to model
dynamic parameters of various propellers, it is necessary to
provide independent effect both on the gain coefficient and
the time constant ouf the ARS(nyp).

When frequency of the TC rotation changes, transfer
function of ARS(nyg) has the form:

Ky
= T . 12)
(Tusp + 1) + WREG(n,.m) : Ku%

ARS(myy)

In general case, transfer function of the regulator takes
the form:

_ Aree (P) (13)

Lie (p)

where A (p) is polynomial of numerator of transfer func-
tion of the regulator; Ly, (p) is polynomial of denominator
of transfer function of the regulator; p is Laplace operator.

It follows from analysis of the transfer functions W ekctn)
and W )that:

ARS(ny

a) in order to preserve form and order of the ARS(nyp)
dynamics equation corresponding to the HR equation, charac-
teristic transfer function polynomial of denominator of the reg-
ulator should tend to unity and numerator polynomial should
not exceed the first order;

b) in order to provide an independent effect on the coeffi-
cient of gain and time constant of the ARS(nyg), numerator
of the transfer function of the regulator should have two
independent coefficients.

Thus, transfer function of the regulator in a standard
form should correspond to the real boosting corrector:

REG(ny)

K, (TFp + 1)

W =7 14
REGlm) Tpeep+1 R

where K, is the coefficient of gain of the regulator; T} is the
time constant of the boosting corrector; Ty, is the time con-
stant of the regulator.

As noted above, time constant of the regulator should be
asmall quantity Trgg=0. In this case, inertia of the regulator
itself can be neglected. With this in mind, determine trans-
fer function of the ARS(ny;g) with a boosting corrector when
speed of the TC rotation changes:

1+ K, K
WARS(n”B) = e . (15)

T+ KFKH% T:
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Denote:
KHB
K =t 16
ARSm 4 KFKHBu (16)
(7115 + KFKUy TI')
Tipe = LI 17
ARSyp 1+KFKHB ( )

Oip

Transfer function is obtained in a standard form:

K
st = T (18)
TARS,mp +1
Proceeding from the above, it is possible to determine
the regulator parameters that provide dynamic parameters
of the stabilized HB the same as for the HR:

KHB

— me Ko 19
1+1<FKH7 HR (19

(THB KKy, TF)
14K, K,y

OHB

=Ty (20)

Having solved the resulting system of equations (20),
(21), values of the regulator parameters for a concrete HR
are obtained:

KIIB
A’rc -1
KII% )

K,=| £ | @1
! Kll%
THR(1+KFKW )—THB
T.= . 22
¥ KFKH% (22)

Block diagram of an automated control system ACS(n1p)
for controlling the helicopter rotor speed is shown in Fig. 3.

The hydraulic brake is controlled by changing water
flow rate at the inlet, Gy row, In equilibrium modes, the HB
rotation speed is stabilized by a closed automatic regulation
system ARS(nyp) according to the program:

nHp = (T’lus) (23)

SET

Tester

nuB
NET
-



In this case, the tester controls the hydraulic brake not
directly but through setting of the ARS(ny;g) simulating the
specified HB blade angle.

6. Results obtained in the computational studies

Dynamics of the developed system of automated control
of loading the hydraulic brake unit was studied for dynamic
parameters of the HR and the HB close to real values.

Fig. 4 shows variation of rotational speed of the FT
when working with the HR and non-stabilized HB with the
following parameters:

As can be seen from Fig. 5, with correct selection of the
ARS(nyp) regulator parameters, automated hydraulic brake
adequately reflects the HR dynamics. Difference between
the stabilized HB and the HR rotational speeds did not ex-
ceed 1.5 % in the transitive process.

When changing dynamic parameters of the regulator, it
is possible to ensure resemblance of dynamic tests with the
HRs taken from different helicopters.

In a general case, it should be noted that equation of the
HR dynamics depends also on external conditions. In order
to take into account effect of external conditions on the HR
characteristics, it is necessary to introduce appropriate cor-
rections to the automated brake control system.

7. Discussion of results obtained in the computational
study of transient characteristics of a hydraulic brake
unit with automated loading control

Ky, =15, Ty =2, KH%”=5.9, T, =0.8,s.
0.12
0.1 _ HB
0.08
< /
£ 0.06 /
=1
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/ HR 44—
0.02 o
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0 2 4 6 8 10
t,s

Fig. 4. Transitive process of the FT when working with the
HR and non-stabilized HB

Fig. 4 shows that dynamics of the FT with non-stabilized
HB does not correspond to dynamics of (FT+HR). A 4-fold
difference between the HB and the HR rotational speeds in
the transitive process can be reached.

Fig. 5 shows variation of rotational speed of the FT when
working with the HR and stabilized HB. The regulator pa-
rameters calculated from formulas (22), (23) were taken as
follows:

K,=0978, T,=2.41s, Ty =0.08T,,.
0.03

P
ASR(nyp) | | e
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e £
0.01
/
/I
0
0 2 4 6 8 10
t,s

Fig. 5. Transitive process of the FT when working with HR
and stabilized HB

When developing an ACS for the HB loading, correspon-
dence of transient characteristics of the automated HB to
transient characteristics of a real object (a helicopter rotor)
is a criterion for fulfilling the task.

Studies of transient characteristics have shown that dy-
namics of the stabilized hydraulic brake corresponds quite
well to the rotor dynamics (Fig. 5). The greatest difference
was observed at the initial stage of the transitive process. It
was decreasing over time. This is due to the peculiarity of
dynamics of the boosting regulator and its inertia. It should
be noted that difference between the transitive process in-
creases continuously for the non-stabilized HB with respect
to that for the HR (Fig. 4).

Thus, computational studies confirm correctness of
the chosen method of hydraulic brake stabilization during
ground tests of turboshaft engines.

The method proposed for the HB stabilization features
application of the boosting law of load regulation (15). Typ-
ically, P, PI, or PID regulation laws are applied to stabilize
object parameters. However, application of such laws contra-
dict the condition (a) from Section 6.

Limitations of the method application:

1. From analysis of stability of the hydraulic brake ACS,
dynamic parameters of the hydraulic brake itself have the
following limitations:

Ky > Ky

Typ <Tr (1 +K Ky

)

Failure to comply with these restrictions will inevitably
lead to unstable operation of the ARS(nyp).

2. In addition, it was assumed in the studies that the
regulator is fast-acting with time constant Trr;=0.08Tyg.
Structurally, this requirement is achievable. However, when
designing automatic control systems for gas turbines, it
should be taken into account that a decrease in the regulator
speed will lead to a deviation of dynamic parameters of the
ARS(npr) from dynamic parameters of the HR. That is, the
desired effect from the use of an automated control system
for the hydraulic brake will decrease.

Disadvantages of the method include the fact that influ-
ence of changes in external conditions on dynamic param-
eters of the HR such as atmospheric pressure and ambient



temperature was not taken into account. On the one hand,
this influence is not so significant and if it is necessary to
take it into account, it is sufficient to use a regulator with
variable settings or an additional loop for regulation of water
discharge from the HB.

Further development of this method of controlling the
hydraulic brake loading may consist in adapting the regu-
lator parameters to dynamic parameters of the rotors and
propellers of various types and taking into account effect of
external conditions on them.

8. Conclusions

1. A block diagram of the SAR(ngr) for a hydraulic brake
unit has been developed. Basic elements necessary for its
practical implementation were shown. The developed diagram
features a regulator with a proportionally differentiating reg-
ulation law and a high-speed actuating mechanism for the HB
loading. Application of other regulation laws may not have a
positive effect or even lead to unstable ARSngt operation.

2. Application of the proportionally differentiating law
of regulation of a hydraulic brake loading was substanti-
ated. It was shown that to ensure similarity of dynamic
parameters for (FT+HB) and (FT+HR), the regulator time
constant should be small, i. e., the regulator’s actuator must
be fast-acting.

3. A linear dynamic model of a system for automated con-
trol of the hydraulic brake loading has been constructed. An
equivalent transfer function of ARS(npr) for the hydraulic
brake unit was obtained which makes it possible to calculate
the regulator parameters (K, Tr) for specified dynamic pa-
rameters of a real object.

4. Computational studies of transients of the helicopter
rotor and the hydraulic brake without stabilization and with
an automated loading control system have been performed.
These studies have shown that with a selected structure of
the HB ACS and a correct choice of the regulator param-
eters, transient processes of the ARS(nyp) are close to the
transient processes of the HR. As can be seen from Fig. 5,
difference between the stabilized HB and the HR rotational
speeds does not exceed 1.5 % in the transient process.
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