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The results of a systematic study of two mathematical models of a multi-actuator electro-hydraulic drive
designed for a ring gate of hydraulic turbine movement are presented in the work. We have investigated the
main factors which have a negative impact on the synchronization of the servo cylinder movement, such as
the load capacity, the external forces — additionally applied to the servo cylinders, and the manufacturing
error of hydraulic cylinder pistons. Functional dependences of the synchronization error from these factors
have been obtained. These dependences allow to develop reasonable recommendations for selecting the
main parameters of the hydraulic drive and determine the operation regularities of this drive.
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B cratbhe IpUBOAATCS pe3ysbTaThl CUCTEMATUIECKOTO MCCICIOBAHMS IBYX MaTeMaTUUECKUX Momeei
MHOTOMAIIMHHBIX CASASIIMX TMIPONPUBOIOB, MPpeIHA3HAYSHHBIX IS MAHEBPUPOBAHUS KOJbIIEBbIM
3aTBOPOM TUIPOTYPOUHBI. MccitenoBaHbl OCHOBHBIE (haKTOPBI, OKa3bIBAIOIINE HETATUBHOE BIMSTHUE Ha
CUHXPOHHOCTb PA0OThI MCTIOTHUTENILHBIX TUAPOABUTATENIel, TAKUE, KaK: Macca IepeMellaeMoit Harpy3Ku;
BHEITHWE CUJIBI, TOMOJHUTEILHO TPUKIaabiBaeMble K CEpBOLMINHIPAM; pasHUIa 3(POEKTUBHBIX
nJIoIaneit mopiHei r’uaponBUrarteseil, Bbi3BaHHAsI TEXHOJIOTUYECKOM TTOTPEITHOCTBIO U3TOTOBICHMUSI.
HWccnenoBaHue mpoBeIeHO Ha OCHOBE MaTeMaTUUECKOTO MOIETMPOBAHNS THAPOTIPUBOIA B IPOTPAMMHOM
naketre MatLab. [TomyyeHbl 3aBUCUMOCTY OTHOCUTENILHOM OIIMOKU CMHXPOHU3AIMU TIepeMeIIeHUsT
TOPIITHEN CePBOIMIMHIPOB OT YKa3aHHBIX (DAKTOPOB, TMTO3BOJISIIONINE BEIPAabOTaTh 000CHOBaHHBIE pe-
KOMEH/IAlIMM JUTSI BBIOOpA OCHOBHBIX MapaMeTpOB TUAPOMNPUBOAA U OTMPENETUThL 3aKOHOMEPHOCTH pa-
GOTBI TAaHHOTO TIPUBOJIA, KOTOPBIE MOTYT OBITh MCITOJIb30BaHBI B KAUECTBE OCHOBBI JIJIST TIOCTPOCHMS
METOIMKY MOJAETMPOBAHMSI MHOTOMAIIMHHBIX TUIPOTPUBOIOB KOJIbLIEBBIX 3aTBOPOB.

KOJbLUEBOW 3ATBOP TWJAPOTYPBUHbBI; MHOTOMAIIMHHBIN CHEAALIUNA
T'NAPOITPUBO[]; CUHXPOHU3ALMA TUAPOLUMUINHAPOB; MATEMATUYECKOE
MOIEJTINPOBAHUE, MATLAB.

To shut-down the supply of water flow to hydrau-
lic turbine in the case of an accident or if need for
repair or maintenance work and to reduce leakages
through closed guide vanes and prevent the develop-
ment of a gap cavitation on blades of the guide vanes,
pre-turbine gate valve are often set in the penstock.
Their alternative are the ring gates, which have the
form of annular shield is located between guide vanes
and stay vanes. A characteristic feature the gate of
this design is use of multi-actuator hydraulic drive
for maneuvering of such shield. One of the main
requirements for ring gate hydraulic drives is to pro-

22

vide in-phase synchronous motion of all servo motors
(usually - cylinders) included in their structure.

The research results of ring gate multi-actuator
hydraulic drive, consisting of 6 cylinders and electro-
hydraulic servo control system are outlined below.

The main purpose of this study was to evaluate
the influence of external forces acting on the ring gate
and technological errors of pistons manufacturing on
synchronicity and in-phase operation of electrohy-
draulic drive. This evaluate could be the basis for the
calculation methodology of ring gates multi-actuator
hydraulic drive.
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The primary goals of the study were: obtaining
dependencies of displacement pistons synchroniza-
tion error on external factors: the mass of the movable
load, external forces, additionally applied to the hy-
draulic cylinders, as well as the difference of effective
area of the pistons, caused by technological errors
of manufacturing; evaluation of influence the ring
gate weight on synchronicity of servo actuators rods
movement.

Two mathematical models were considered. In
the first model, all rods of hydraulic cylinders con-
nected with a common ring by spring linkage and the
ring itself was considered absolutely rigid (fig. 1).

Hydraulic system for the first model consisted of
six blocks of the same type, with a common control
signal. Schematic diagram of such block is shown
in fig.2.

Fig. 1. Kinematic scheme of servodrive: RG — ring gate;
HCl,...HC6 — hydraulic cylinder; X1,...X6 — instantaneous
displacement of corresponding hydraulic cylinder;
Csll,...Csl6 — stiffness of corresponding spring linkage;
X — instantaneous displacement of common ring;

F_ — external forces

In describing mathematical drive model following
assumptions were made: parameters are lumped;
continuity condition of the working fluid is per-
formed; elasticity modulus of working fluid is con-
stant; throttling gaps flow coefficient of electrohy-
draulic amplifiers are constant; electrohydraulic

amplifiers design is ideal; in mathematical model do
not take into account the action of guide supports,
on which movement of the gate is performed. Dis-
placements and velocities of hydraulic cylinders and
pistons at the initial time were assumed equal to zero.
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Fig.2. Fragment of hydraulic
drive principle diagram: PS —
pumping station; HD -—
hydraulic distributor; RG — ring
gate; HC1 — hydraulic cylinder;
PGI1,PG2 — pressure gauge;
EhAl — celectrohydraulic
amplifier; FbT1 — feedback
transducer; PLC — program
logic controller

Each drive unit is described by four nonlinear
differential equations: the motion equation of elec-
trohydraulic amplifier, the motion equation of ac-
tuator movable part, the equation of flow continuity
through the pressure gaps of the spool and lower
cylinder chamber and the continuity equation
through the top cylinder chamber and drain gaps of
the spool.

Thus, the first mathematical model included six
systems of equations for each of the blocks and, in
addition, equations for common loading moving and
its turning.
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where m, — mass of the i-th spool; z, — displacement

of the i-th spool; K, — electromagnetic converter
gain of the i-th electrohydraulic amplifier; J; — control

signal strength of current for the i-th electrohydrau-
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feedback factor of the i-th electro-
magnetic amplifier; x, — stroke of the i-th piston;

lic ampliﬁer;](fbi —

Kw. — viscous friction coefficient of the i-th spool;
C  — spring stiffness of the i-th electromechanical

emci

converter; m, . — mass of the i-s pistons; p, |, P, 5

— pressures in lower and top chambers of hydraulic
cylinders respectively; S, (— effective area of respec-
tive pistons;K | . — viscous friction coefficient of
respective pistons; F, — dry friction forces, applied
to respective pistons; p, — coefficient of flow for the
i-th spool; P,
initial volumes of the lower and top hydraulic cylin-
ders chambers respectively; £ — effective bulk mod-
ulus of working fluid; C ,, _— spring linkages stiffness

— supply pressure; V,, V,, — values of

sll...6
of respective hydraulic cylinders with the common
load; X — displacement of the common load;R — ra-
dius of the ring gate shield; ¢ — rotation angle of the
ring gate; M — mass of the ring gate; K — viscous

friction coefficient of the gate; F, —dry friction force,
applied to the gate; Jp — polar moment of inertia for

the ring gate shield; K — viscous friction load coef-

ficient; K Mo —
The system of differential equations was solved in

an integrated environment MATLAB using built-in
functions ODE23s.

In the second model was considered hydraulic
drive, working with ring gate, conventionally divided
into six unrelated among themselves parts. Kine-
matic diagram of the second model is shown in fig.3.

It was assumed that such a simplified scheme may
be useful in the practice of design, when it is necessary
to fast (rapid) assessment of the design feature impact
on the proposed design solution. Assumptions and
initial conditions are taken the same to accepted in
the case of model with common gate. Each of the
drive, included in hydraulic system, is also described
by four nonlinear differential equations: motion equa-
tion of electrohydraulic amplifier spool; motion equa-
tion of movable part of hydraulic drive; continuity
equation through the pressure gaps of spool valve and
alower chamber of hydraulic cylinder and continuity
equation through the top chamber of hydraulic cy-
linder and drain gaps of spool valve.

positional load coefficient.

Thus, the second mathematical model includes 6
systems of equations of the following form:
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Fig. 3. Kinematic scheme of servodrive

The system of differential equations was solved in
a similar way. Calculations showed that at a uniform
distribution of the load, the mass attributed per each
cylinder, will be equal to 10 t. With this load cylinders
are moved synchronously, and synchronization error
is absent. During carrying out the numerical experi-
ment, deviation from nominal mass in the range of
-100 to 387 % for one of the cylinders was set. Thus,
in the final phase of experiment, gravity force of the
load was comparable with maximum force, which
can be achieved by hydraulic cylinder. According to
the results of this numerical experiment, dependence
has been built, as shown in fig. 4.

On the horizontal axis in fig. 4 value of relative
load is plotted:

mg

My =
PsS,

Ie
where m — load mass, moving by hydraulic cylinder;
g — acceleration of gravity; Sp — effective area of the
piston;

On the vertical axis in fig. 4 relative synchroniza-
tion error of piston displacement is plotted:
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A
rel — s

A

max

A

where A — instantaneous synchronization error;
A — permissible error.

From fig. 4,a can be seen, that dependence has
a non-linear character and error value increases
dramatically when approaching gravity force of the
load to the maximum value, which can be achieved
by hydraulic cylinder. However, in the values area,
limited by permissible value of synchronization er-
ror (4 mm), characteristic is linear (fig. 4,b).
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Fig. 4. Dependence of synchronization error of
hydraulic cylinders displacement from mass
deviation from nominal value in whole range of
mass change (@) and in a range, limited by
permissible error (b)

Analysis of fig. 4,b allows concluding that permis-
sible value of synchronization error is limited by the
ratio of the load weight to the maximum force equal
to 27,5 %. Thus the deviation of load mass from the
nominal value is 6,6 %.

During carrying out the numerical experiment, ex-
ternal load in the range from 0 to N was applied to one
of the hydraulic cylinders additionally apart gravity
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force. According to results of this numerical experi-
ment, dependence has been built, as shown in fig. 5.
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Fig. 5. Dependence of synchronization error of
hydraulic cylinders displacement from external
load, applied to one of the cylinder in whole range
of mass change (@) and in a range, limited by
permissible error (b)

On the horizontal axis in fig. 5 value of relative
load is plotted:

E,
MrelF = PS 2
s9p

where F, — external force additionally applied to

hydraulic cylinder.

On the vertical axis in fig. 5 relative synchronization
error of piston displacement is plotted as in fig. 4.

From fig. 5,a it is evident that dependence of syn-
chronization error from external load, applied to the
cylinder, is also non-linear, but in range of values,
limited by permissible synchronization error, is a
linear function (fig. 5,b).

Analysis of fig.5b allows to conclude that permis-
sible value of synchronization error is limited by the
ratio of external force is additionally applied to hydrau-
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lic cylinder to the maximum force equal to 1,26 %, i.e.,
maximum value of external load is 4792 N.

Impact of cylinders areas (diameter) difference,
which was obtained in the course of numerical ex-
periment, is shown in fig. 6. During calculations,
diameter of the cylinder pistons was changed within
tolerance, which in the manufacture of piston accord-
ing to h8, is 89 mkm for 320 mm nominal diameter.

On the vertical axis in fig.6 parameter AD_, is

plotted:
AD
AD, rel — ’
AD

max

where AD — instantaneous value of diameter de-
viation from nominal; AD_ — maximum value of

X

diameter deviation.
A,mm
0,0003 ' //
0,0002 - /
0,0001 /.
0

0 02 0,4 0,6 0.8 1
ADrel

Fig. 6. Dependence of synchronization error from changing
the diameter of one of the hydraulic cylinders

On the vertical axis in fig. 6 absolute value of
synchronization error is plotted.

From fig.6 it is evident that the synchronization
error caused by the change in the diameter of one of
the hydraulic cylinders, relative to the nominal value
is linear. Maximum synchronization error at a de-
viation of the piston diameter from the nominal
value at 89 microns is 0,284 mm.

Thus, the study of mathematical model of multi-
actuator drive with independent mass showed that:

maximum overload of the drive, caused by differ-
ent values of moved mass, relative to maximum force
of the drive, at which synchronization error is within
acceptable limits, is not more than 27,5%, or 6,6%
relative to the nominal value of the load.

external load, which are additionally applied to
hydraulic cylinder, in addition to the current gravity
force of the load, also has a significant impact on



Power Engineering>

synchronicity work of drives. Permissible value of
external force to the maximum force is 1,26%.

synchronization error, which is caused by an error
within the manufacturing tolerance is insignificant
and does not exceed 7% of permissible synchroniza-
tion error, but due to the action of other factors must
be taken into account.

The study of multi-actuator drive mathematical
model with a common load allows making the fol-
lowing conclusion:

the presence of common load substantially re-
duces synchronization error caused by the action of
external forces applied directly to the cylinders, how-

ever, makes the drive more responsive to forces ap-
plied directly to the gate. The latter is due to the fact
that these forces act on significant shoulders (up to
4,5 m), as a consequence, create considerable over-
turning moments.

The executed theoretical study of multi-actuator
hydraulic drive of ring gate for hydraulic turbine, al-
lows to determine common factors of this drive op-
eration, to identify the most influencing factors, and
to assess their negative impact on the synchronized
movement of pistons and develop sound recommen-
dations for choice of the main parameters of hydrau-
lic drive.
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