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HYDRO TURBINE SPEED CONTROL SYSTEM

The article presents a mathematical model of an hydro turbine speed control system. In the world and domestic practice of creating hydraulic turbine
equipment, there is a clear tendency to create computer-based rotor speed control systems for hydraulic turbines. Computer systems provide an
opportunity to implement the introduction of effective algorithms using software that improve the static and dynamic characteristics of the system.
This in turn increases the importance of mathematical modeling both at the design stage and during commissioning. The analysis of the performed
works devoted to the mathematical description of the elements of the hydraulic drive of the regulator showed that they are reduced to linearized
equations without taking into account a number of important factors that will increase the accuracy of the mathematical model. Improvement of static
and dynamic characteristics and the system as a whole can be achieved by solving the scientific problem of studying its dynamics based on the
development of a more complete mathematical model. To reduce friction and hysteresis, to prevent obliteration, the electrohydraulic converter plunger
in the lower part is equipped with a segner wheel. Improving the dynamic characteristics of hydraulic turbine speed controllers requires the
development of nonlinear mathematical models with subsequent analysis of transients in the hydraulic drive of the speed controller. Evaluation of the
quality of transient processes and subsequent adjustment of parameters allows to achieve a reduction in the duration of transients, increase the speed
and accuracy of positioning at small movements of the servo motor. A number of unaccounted factors during the preparation of the mathematical
model of the electro-hydraulic converter makes it possible to increase its adequacy to the real object of study and increase the speed of the control
system of the rotor speed of the hydraulic turbine.
Keywords: control system, runner, Kaplan hydro turbine, regulator, mathematical model, positional hydro pneumatic drive, synthesis.

0. 1. TACIOK
CHUCTEMA KEPYBAHHS OBOPOTAMMU I'l JPOTYPBIHHN

VYV crarTi HagaHO MaTeMaTHYHy MOJENb CHCTEMU KepyBaHHS 00OpOTaMH TifpoTypOiHM. B cBiTOBiff Ta BITUM3HSAHIH NPAKTHI CTBOPEHHS
riapoTypOiHHOTO OONaJHAHHS BH3HAUYMIACS UiTKa TEHJCHIsS CTBOPEHHS CHCTEM YIPaBIiHHSA YaCTOTOI OOEpTaHHS poTopa rinpoTypOiHn Ha 0asi
koMIT'foTepiB. KoMI'foTepHi CHCTEMH BiIKPHBAIOTH MOXKIJIMBICTH 32 JOIMOMOIOI0 IPOrpaMHOro 3abe3ledeHHs] peanidyBaTH BBEICHHs e()EKTUBHUX
QIrOPUTMIB, IO IOKPALIyOTh CTATHYHI 1 AMHAMIYHI XapaKTepUCTHUKH cucremu. lle, B CBOIO dYepry, MiJBHIIY€ 3HAYMMICTh MaTEMaTHYHOTO
MOJISIIIOBAHHS SIK Ha CTaJii MPOEKTyBaHHsI, TaK i M 4ac IIyCKOHAJIAro/UKyBaJIbHUX POOIT. AHAi3 BUKOHAHHX POOIT, IPUCBIYCHUX MATEMaTHIHOMY
OITHCY EJNIEMEHTIB TiAPONPUBOLY PEryiIsATOpa, OKa3aB, [0 BOHH 3BOTHCS [0 JTiHEAPH30BAaHUX PIBHIHBb 0€3 ypaxyBaHHs sy BaXIHUBUX (aKTOpiB,
SIKi JIO3BOJIATH MiZBUIIMTH TOYHICTH MaTeMaTH4YHOI Mojeii. ITOKpalleHHs CTATUYHHMX i AMHAMIYHMX XapaKTEPUCTHK i CHCTEMH B IJIOMY MOXXHa
JIOCSTTH LIISIXOM BHPILICHHS HAayKOBOI HMPOOJEMH 3 IOCIHIKCHHS HOro JUHaMikk Ha 0a3i po3poOKku Ounbin 1MoBHOI MaremarwyHoi Mojemi. Jlis
3HIDKEHHST TEPTS 1 TiCTepe3HCy, YHEMOXIMBICHHS oOuiTepanil IUTyH)KEp eNeKTPOTiApaBIiyHOro IMEePeTBOPIOBaYa B HIDKHIM YAaCTHHI OCHAICHHI
CETHEPOBMM KoJiecoM. [lomNimiIeHHs IUHAMIYHUX XapaKTePUCTHK pEryJSTOpiB IIBUIKOCTI TiAPOTYpOiH BHMarae po3poOJieHHS HeTiHIiHUX
MaTeMaTHYHUX MOJENeH i3 IOJaNbIINM aHaTi30M IEpeXiTHWX NPOLECiB Yy TiAPONPHBOLI peryiasropa mBUAKOCTi. ONiHKa MOKAa3HHKIB SIKOCTI
MEepeXiHUX TMpPOLECiB I MOJaNblIe KOPHI'YBAaHHS MapaMeTpiB Ja€ 3MOTY JOMOTTHCS 3HIDKCHHS TPHBAJIOCTI MEPEXiJAHMX MPOLECIB, MiABUIICHHS
IIBUAKOAII Ta TOYHOCTI TMO3HIIOHYBAHHS 3a MaJIMX IEpPEMillieHb cepBoMOTOpa. Hu3ka HEBpPaxOBaHMX YMHHHUKIB MiJ 4ac CKJIAJAHHS MaTeMaTHIHOL
MOJITi €JIeKTPOTiIPaBIiYHOr0 MEPETBOPIOBaYa Ja€ 3MOTY MiJABUINUTHU ii aJeKBATHICTh PEalbHOMY O0'€KTY JOCII/KSHHS 1 MiJBHIIUTH IBUIKOJIIIO
CHCTEMH KepyBaHHs 4aCTOTOI0 00epTaHHs POTOpa IiAPOTYpOiHH.

Kio4oBi cioBa: cuctema KepyBaHHS, pobode KOJeco,
TiJPOITHEBMOIIPUBO/, CHHTES.

rizpotypOiHa KaraHa, peryisiTop, MaTeMaTH4HAa MOJENb, NO3UIIIHHUN

Abstract. The paper analyzes the existing control
systems for hydraulic turbines and provides frequency
control schemes for hydraulic turbines from leading
manufacturers of hydroturbine equipment. The design
features of the construction of circuits with discrete and
discrete-analog control methods with an embedded
computer system for controlling the speed of a hydraulic
turbine, which guarantees trouble-free operation in case of
load deviations and power failures, are considered. A fully
automatic method for controlling a hydraulic unit is
proposed, in which the computer system independently
controls the turbine based on the parameters of the
operation of the hydraulic unit recorded by devices in
accordance with the computer control program. The
analysis of the operation of the schemes is carried out,
taking into account the specifics of the functioning of the
control system. A nonlinear mathematical model of the
hydromechanical part of the regulator is considered to
assess the quality indicators of transient processes
occurring during start-up, shutdown and reverse operation
modes of a hydraulic turbine. The use of this
mathematical model and control algorithms improves the

positioning accuracy and reliability of hydropneumatic
systems with the possible simplification of circuit
solutions is an effective solution to control problems. A
gradual study of the dynamics of the runner hydraulic
drive was carried out. The obtained results prove that the
use of a positional hydropneumatic drive to build a system
for controlling the speed of a hydraulic turbine with
discrete and discrete-analog control makes it possible to
synthesize a hydropneumatic drive with high positioning
accuracy.

1 Introduction. The hydraulic turbine rotor speed
control system (RSCS) is designed to perform the
following main functions: starting the hydraulic unit
(hydro turbine and electric generator), in which the
mechanisms are actuated in the desired sequence (turning
the runner blades), the unit is turned around, synchronized
and connected to the network); work on the power system
of high power; work on an isolated (dedicated) load;
stable idling; work during load shedding with
disconnection of the generator from the power system, etc.
A significant place in RSCS is occupied by hydraulic
drives (HD), which are a set of hydraulic devices that
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ensure the coordinated performance of the functions of
adjusting the wicket gate (WG) and the runner ® of the
Kaplan turbine.

2 Literature Review. A literature review on the
topic discussed in the article showed that it is relevant and
considered in many works.

The work [1] considers the synthesis of a precision
regulator of a hydraulic unit using the method of inverse
tasks of dynamics, which makes it possible to provide a
transfer function of the general control loop tending to
unity, as a result, the maximum values of static and
dynamic accuracy are achieved a controller, which, unlike
the existing ones, does not contain differentiation
contours, is proposed. It implements differential control
laws.

In work [2], a mathematical model of a hydro-
generator and a control unit of an electro-hydraulic control
system for the synthesis of a precision controller is
developed. The problem was solved using structural-
parametric synthesis and optimization of automated
control systems for frequency and rotational power. All is
based on the solution of inverse tasks of the dynamics of
the hydraulic unit, which allows to register leaks,
overflows, as well as the nonlinearity of the characteristics
of the servomotor. The proposed automated control
system for hydro-generator units provides a two-fold
increase in the accuracy of speed and power control,
which improves the quality of electricity generated at
hydroelectric power plants.

The work [3] is devoted to the study of the operation
of controller algorithms for introducing adaptive add-ons,
namely gain planning and adaptive control of the
reference model, to existing speed controllers to improve
network synchronization performance. Experiments show
that the proposed add-ons compensate for the negative
impact of head loss during network synchronization and
operate close to ideal performance at nominal head.

In paper [4] the mathematical model of a
hydroelectric power plant is obtained by using physical
characteristics of a real-world is proposed. Then by using
this model and corresponding real-world data, a set of
controller parameters is designed by using tuning
methodologies based on heuristic optimization algorithms,
and their performances are compared with each other and
with a classical tuning methodology. The results also
indicate that as long as the desired performance criteria
are defined as accurate as possible, the performance of the
optimization algorithms is acceptable

In paper [5] mathematical model of a hydropower
plant with a surge tank and medium penstock is described.
The Massachusetts Institute of Technology (MIT) rule and
Lyapunov method were exploited in order to improve the
performance of the speed governor for frequency
containment control. The active power control with
frequency control was enhanced by the aforementioned
adaptive control methods. Both methods perform
significantly ~ better compared to  conventional
proportional-integrator control. The performance of the
conventional controller improved by 58,8 % using the
MIT rule and by 65,9 % using the Lyapunov method.
When the two adaptive control approaches were compared

with each other, the MIT rule outputted better results than
the Lyapunov method when the disturbance frequency
was higher.

In paper [6] study of a hydraulic turbine control,
considering that the gate opening depends on the velocity
of the water. The behavior of the mechanical power of the
turbine and speed control of the generator affected by
parameter uncertainties have been simulated using the
Matlab/Simulink environment.

In article [7] describe the small signal stability of the
load-frequency control with hydro-turbine. The effects of
parameter variation on the dynamic behavior of the power
system have been investigated. Application of
compensation in response water turbine with eigenvalues
analysis and behavior dynamic simulation of the power
system is shown. Also, using transfer function, PID
controller for load-frequency control in power system is
design and the change of the gains controller is
investigated.

In article [8] a solution to the problem of reducing
the complexity of operations and the cost of mechanical
machining of tempered steels with the provision of quality
indicators are of priority value in the modern hydro
turbine engineering. Application of modern equipment,
materials’ information and software allows increasing of
hard steel processing efficiency to receive with necessary
characteristics, which is possible due to the introduction of
new programming tools and Industry 4.0.

3 Research Methodology.

3.1 The current state of development of the
hydraulic turbine rotor speed control system. The
further development of computer technology, automation
tools, the elementary base of hydraulic equipment and the
theory of automatic control made it possible to move on to
the development and creation of more advanced control
systems of hydro turbines and its components HDgy i
HDk [9].

Fig. 1 shows the functional diagram of the computer
RSCS developed by ALSTOM POWER HYDRO
(France, Grenoble) [9,10]. Similar systems were
developed by Woodword (USA), VaTech (Austria), Voith
Siemens (Germany).

Most hydraulic turbines of hydroelectric power
plants (HPP) are operated with hydro mechanical and
electro hydraulic speed regulators of the RK and EGRK
type, which were developed and manufactured in the 50s
and 60s.

These regulators are reliable in operation and
maintenance, but today they are inferior to modern digital
electronic regulators in terms of such parameters as the
speed of the regulator's response to changes in the external
load, network power frequency, the ability to diagnose the
state of the regulation links and carry out fault finding, to
make decisions about the economical use of hydraulic
resources.

In order to solve the problem of modernizing the
existing system for regulating the rotational speed of
hydraulic turbines at HPPs, the "Regulator” consortium
(Ukraine, Kharkiv), together with the ALSTOM POWER
HYDRO company (France, Grenoble), developed,
manufactured and put under load at the Dnipro Cascade
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HPP digital regulators and feedback systems that allow
the regulation of Francis, Kaplan and Kaplan Bulb
turbines [10, 11].

The regulator provides both manual and automatic
regulation of the turbine, taking into account regular and
non-regular situations. The regulator is equipped with five
turbine protection systems against accidents. The regulator
consists of an electronic part (on-board computer), electro
hydraulic converters, hydraulic actuators and feedback
devices for the current and position of actuators of the
/S type.

H

Fig. 1. Functional diagram of the computer RSCS:
MTwus1, MTus2, MTswm1, MTsuz — measuring transducers of the
position of the main spool and servomotor, respectively;
OPU - oil pressure unit; ECM — electronic computing machine;
SM;, SM, — servomotors; EHC,, EHC, — electrohydraulic
converters; MS;, MS, — main spools; WG — wicket gate;

R - runner; HU - hydraulic unit; HDg — hydraulic drive for
turning the runner blades; HDyg — hydraulic drive for turning
the wicket gate vanes

The speed regulator can receive a command from the
speed of the turbine shaft, the position of WG or the
power of the generator:

1) quick start of the hydraulic unit (hydro turbine +
electric generator) and maintenance of stable operation in
various operational modes;

2) automatic synchronization of the operation of the
hydraulic unit and the electrical network;

3) optimization of the operation of the hydraulic unit
is aimed at increasing the efficiency of control by means
of collecting and processing information, controlling the
amount of load and the characteristics of the hydro turbine
in a wide range of heads;

4) autonomous operation of the hydraulic unit under
variable and stable loads.

The computer system for regulating the speed of the
hydraulic turbine guarantees trouble-free operation in case
of load deviation and power failures [12].

A fully automatic way of controlling the hydraulic
unit is possible, in which the computer system controls the
turbine independently, based on the parameters of the
hydraulic unit's operation taken into account by the
sensors, in accordance with the program of the control
computer. The control system constantly monitors the

operation of the hydro turbine, regulates its speed
according to the load and performs adequate control
operations.

The control system provides communication with the
operator: with the help of a personal computer keyboard,
the operator can change the points of the set of actions of
the system, change the control parameters and test the
entire system as a whole.

The system can be equipped with automatic local
control and safety devices that check the hydraulic unit,
control the temperature, vibrations, register failures, etc.

In general, the computer system for regulating the
speed of the hydraulic turbine is more reliable and
effective than the previously installed electro hydraulic
speed regulators at the Ukrainian HPPs.

3.2 Analysis of regulators. The electro-hydraulic
system for controlling the frequency of rotation of the
hydro turbine rotor (RSCS) "LMZ" of the EDR-211 type
differs from the previous ones in the wider use of means,
devices and equipment produced by the electrical,
electronic and instrument-making industry [13-15].

Fig. 2 shows the functional diagram of the system
and the mechanisms for generating the control signal of
this modification. The set value of the adjustable
frequency f; is applied to the input, with the help of which
the necessary changes in the rotation frequency of the
shaft of the hydraulic unit operating at idle speed or on an
isolated load are made.

Fig. 2. Functional diagram of the electro-hydraulic RSCS of the
new modification:
OPU - oil pressure unit; Iy, — main integrator;
MTC, MTV - current and voltage measuring transformers;
FSE-1, FSE-2 — frequency-sensitive elements;
A, Al, A2, A3 — amplifiers; OA — output amplifier;
EHC - electro-hydraulic converter; 1z — isodromic; St — device
for changing statics; EG — electric generator; RT — rotating
transformer; HT — hydro turbine; AD — adder; WG — wicket
gate; HDR — hydraulic drive for turning the runner blades;
HDw — hydraulic drive for turning the wicket gate vanes;
HU - hydraulic unit, PFC — phase-frequency converter;
FSE-11 — frequency-sensitive element

This input signal is compared with the actual
frequency on the output circuit of the electric generator fg
(measuring voltage and current transformers are used for
this purpose). The mismatch signal is sent to the amplifier
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Al, the integrator ly;, which are covered by the feedback
signal from the electrical isodrome 1z. At the output of Iy,
a task signal to change the position of the wicket gate
vanes (WG) is formed. At the adder (AD), this task signal
is compared with the signal of the actual position of the
rod of the servomotor of the wicket gate.

The mismatch signal is sent to EHC, which causes
the movement of the main spool (MS), and therefore SM,
until the frequency deviation that has appeared has been
worked out.

Features of the modification are: another method of
measuring the actual frequency of rotation of the
hydraulic unit (HU), other devices for converting the
signal on the hydraulic drive (HD) and reducing the
number of elements included in HD.

The normal functioning of the system is largely
determined by the dynamics of its hydro mechanical part.
For example, to rotate the vanes of the wicket gate (WG),
it includes the oil pressure unit (OPU), the main hydraulic
control valve (HV), two servomotors and the wicket gate
with the corresponding measuring transducers of their
position.

The mathematical model of this part contains the
equation of the area of the hydraulic control valve slit

A =2R*(a-sina);
( x) 1
o =arccos| 1 —— |,
R

the flow equation through the pressure and drain cavities
of the hydraulic control valve (HV)

the equation of pressures in the pressure and drain cavities
of a generalized (equivalent to two) servo motor (SM)

 (onile . [nial

1
VPV + Aar Xz VDV + Aar Xz

the equation of motion of the servo motor rod, which
rotates the vanes of the wicket gate

. 4

m).(.z:Aar(Pl_Pz)_Ffr_Bx.z_Fc; (5)

the expression that determines the movement of the spool
of HV caused by the control influence from ECM when
the load on the hydro turbine changes

x=x(t); (6)
here R — radius of the spool of HV; p, p — respectively, the

coefficient of flow and density of the working fluid (WF);
P, — pressure of WF in OPU; A, — cross-sectional area

of the inlet and outlet channels of HV;
E — volumetric modulus of elasticity of the working fluid
(WF); V,,,V,, — primary volume, respectively, in the

pressure and drain cavities of the servomotor; F; - force

of friction of the piston and servo motor rod against the
walls; m — total mass of the moving parts of the servo
motor; B — coefficient of viscous friction; A, — effective

area of the piston of the servo motor; x, — movement of the
servomotor rod; F. — resistance force.

When studying the mathematical model (1)-(6) and
the linear law of change x(t) in the environment of the
simulation package, the transient processes of the
movement X,(t) during the turning the wicket gate vanes
were obtained. The research formed the basis for choosing
the ratio of the opening of the edges of HV and the speed
of movement of the guide vanes to ensure the directive
time when starting and stopping the hydraulic turbine. The
graphs of transient processes taken during the adjustment
of the regulator in the turbine PL20-80Z of the
Kremenchug HPP showed that the digital regulator
significantly improves the characteristics of the turbine
with a wide change in external disturbing factors and can
be the basis for further improvement of turbine regulation
processes.

4 Results. To confirm the feasibility of using RSCS
as a control system for the operation of hydraulic turbines,
a study of the dynamics of runner HD was carried out.

The parameters of the EHC are determined, which is
the first to perceive the control action from the RSCS, as
an internal circuit of the system. Since the dynamic
characteristics of this unit affect the operating process of
the runner HD, the passage of a harmonic signal through it
was investigated. For this, the VisSIM software package
was used.

As a result of the research, diagrams of oscillations
of the input and two variable signals were obtained

(Fig. 3).
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Fig. 3. The passage of the harmonic component of the input
signal frequency in © = 6,283 sec™ (1 Hz)

The current curve i is practically sinusoidal. The
oscillations of the spool movement are triangular and are
not monoharmonic like the input signal Uy. This is due to
the nonlinearities of the EHC. Steady oscillations begin
one second after the transient. EHC freely passes
vibrations with a frequency of 1 Hz, and is not a filter for
this frequency.

With an increase in frequency to 62,83 sec™ (10 Hz),
the transient graphs are different (Fig. 4).

At the same amplitude of the input harmonic signal,
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the oscillation amplitudes have significantly decreased
compared to Fig. 3 and practically stop the passage of the
oscillatory component of the input signal further to the
hydromechanical part of the runner HD. Thus, as the
frequency of the input signal increases, the EHC becomes
a filter for frequencies above f = 10 Hz.
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"2 ALY P < EAARAAARARAY P12 2 o
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Fig. 4. Diagrams of processes of the EHC unit with the harmonic
component of the input signal frequency o = 62,83 sec™
(f=10Hz)

The spool was examined by issuing commands to
rise by 10 mm and stay in this position for 1,5 sec and
lower by 10 mm. After 4,5sec a signal is received to
return the spool to its initial position. The voltage Uout.k
is the input, the output is the displacement Xrz of the
spool.

Fig. 5 shows oscillograms of three variables: EHD
spool displacement, speed and displacement of the spool.

Thus, the curves on Fig. 5 confirm the efficiency of
the input into the control circuit of the PID controller and
feedback on the speed of the spool valve.

A study of the dynamics of the computing blocks of
the control device, which is part of the runner HD, was
also carried out.

Plot Plot Plot

L L) l ia 10
x L s % 3

2 eyt | g 24
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Fig. 5. Transient processes of the unit "EHD — spool valve"

Fig. 6 shows the oscillograms of six variables out of
thirteen during the development of the maximum setting
action, in which the SM rod traveled a path of 410 mm,
and the blades turned at an angle of 37°. Then, after 25 sec
there is a return to the starting position.
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Fig. 6. Transient processes of six variables of the runner

hydraulic drive at the maximum setting impact and m, = 0,025

The analysis of transient processes (Fig. 6) confirms
the normal functioning of the hydraulic drive at the
maximum setting action (Xz.cm =410 mm, electrical
signal 10 V) and the resistance force on the SM rod (due
to the hydrodynamics of the water flow in the runner)
equal to 7000 kN.

5 Conclusion. 1. The analysis of RSCS in recent
years shows a clear trend of introduction into the system
of modern instrumentation and electronic equipment,
including computers. This provides: on the one hand, a
significant reduction in auxiliary mechanical elements
(traction, levers, chains), hydraulic isodromes; on the
other hand, the installation of modern measuring
transducers (sensors) of rotational speed and the
movement of the spools of the hydraulic control valves
and servo motor rods.

2. The further development of computer technology,
automation tools, the elementary base of hydro pneumatic
equipment and the theory of automatic control and
synthesis of positional hydro pneumatic aggregates made
it possible to move on to the development and creation of
more advanced control systems of hydro turbines and its
components, the hydraulic drive for turning the wicket
gate vanes and the hydraulic drive for turning the blades
of the runner, which work according to combinatorial
dependence to ensure high efficiency and stable operation
of the hydro turbine.

3. A gradual study of the dynamics of the runner HD
based on the developed nonlinear MM and the
methodology for its implementation, starting with the
EHC, then the unit "EHD - spool valve" and the hydraulic
drive as a whole, allows to check: the operation and
frequency characteristics of the EHC, which is the input
electro-hydro device of the runner HD.
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