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1. Introduction

Under current regulations, there are 13 indicators of 
electric energy quality [1]. Deterioration in these indica-
tors relative to standard values could lead to significant 
negative consequences in the power supply systems at in-
dustrial enterprises, as well the energy system in general. 
Losses of electricity grow, service life of equipment and its 
reliability are reduced, static and dynamic resistance of 
elements within energy systems deteriorate.

For power generating enterprises, the most important 
indicator of electric energy quality is a deviation in the 
electric current frequency. This indicator is ensured at 
hydroelectric power plants by the effectiveness of work of 

the system for automated control over frequency and power 
of hydrogenerator units (a hydro-turbine and a generator). 
Specifically, indicators for their static and dynamic accura-
cy, which should provide for the minimum deviation in the 
rotation frequency of hydrogenerators and their power from 
the predefined operational values.

The permissible deviations in the frequency for systems 
equipped with hydraulic or electro-hydraulic controllers, 
are, respectively, 0.3 and 0.1 % [1]. 

At the same time, the Western European power systems 
UCTE ATSOI, BALTSO, ETSO, NORDEL and UKTSOA 
ensure, through primary and secondary regulation, a better 
quality of control over the frequency of electrical current. 
These energy systems are part of ENTSO-E (Integrated 
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Вирiшена задача пiдвищення якостi електроенер-
гiї, яка виробляється гiдрогенераторними установ-
ками. Актуальнiсть теми обумовлена тим, що iсну-
ючi системи регулювання частоти та потужностi 
гiдрогенераторних установок не в повнiй мiрi вiд-
повiдають мiжнародним стандартам щодо якостi 
електроенергiї. Поставлене завдання вирiшується 
на основi структурно-параметричного синтезу та 
оптимiзацiї систем автоматичного регулювання час-
тоти обертання та потужностi на основi рiшення 
зворотних задач динамiки гiдрогенераторної уста-
новки з удосконаленою системою метрологiчного 
забезпечення. Для аналiзу та синтезу прецизiйного 
регулятора удосконалено математичнi моделi гiдро-
генератора i виконавчого механiзму електрогiдрав-
лiчної системи регулювання. Удосконалення полягає 
в облiку протiчок, перетiчок та нелiнiйностi харак-
теристик сервомотору. 

Наведено структурну схему астатичного регу-
лятора, що вiдповiдає удосконаленiй математичнiй 
моделi, а також чисельнi значення параметрiв струк-
турної схеми, iдентифiкованi за результатами екс-
периментальних дослiджень. Використано принцип 
мультиплiкативного керування. Це дозволить спро-
стити структури, параметричний синтез i настрою-
вання параметрiв регулятора. Показано аналiз експе-
риментальних дослiджень, якi проводились на дiючому 
обладнаннi гiдроелектростанцiй (Байтун, Панама). 
Наведено порiвняльний аналiз роботи регуляторiв, 
побудованих на принципах ПIД-регулювання, регу-
лятора фiрми Емерсон та регулятора, побудованого 
на рiшеннi зворотних задач динамiки. Запропонована 
система автоматичного регулювання гiдрогенератор-
них установок забезпечує пiдвищення точностi регу-
лювання частоти обертання та потужностi майже в 
два рази, що пiдвищує якiсть електроенергiї, яка виро-
бляється на гiдроелектростанцiях

Ключовi слова: гiдрогенераторна установка, систе-
ма автоматичного регулювання, якiсть електроенер-
гiї, зворотнi задачi динамiки
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European network of transmission system operators) that 
provide for a uniform standard of quality. According to the 
norms of UCTE, frequency control is rated by:

– the magnitude and duration of time to employ reserves; 
– a static factor; 
– a dead zone in the automated control systems of hydro-

generator units at HPP.
Frequency tolerance constitutes no more than 0.06 % [1, 2]. 
At the same time, the normative-methodical documenta-

tion almost lacks universal normative methods for structur-
al-parametric synthesis of high-precision automated control 
systems (ACS) for hydrogenerator units, which could guar-
antee high indicators of precision in control over frequency 
rotation and power.

Improvement of efficiency in the automated control over 
hydrogenerator units represents an important and relevant 
scientific-technical task. Solving it will make it possible to 
significantly improve the technical-economic characteristics 
of hydrogenerator units, as well as electric energy quality, 
generated by hydraulic power plants. 

In this case, the focus of research is the development of 
systematic and standardized research methods, as well as 
technical solutions, aimed to substantially improve the pre-
cision of control over frequency and power of hydrogenerator 
units. That, in turn, will lead to the improvement of quality in-
dicators for electric energy generated at hydroelectric plants.

2. Literature review and problem statement

Acting Ukrainian standards and normative documents 
(GKD 34.20.507-2003, RD 153-34.0-35.519-98, etc.) on 
the control systems for hydrogenerator units at hydro plants 
mostly address general technical issues related to main-
tenance and repair. At the same time, there remain the 
insufficiently defined scientific and methodical bases for 
construction of precise control systems that would ensure 
high indicators of electric energy quality. Existing norma-
tive documents miss complete effective solutions that could 
greatly improve the accuracy and performance speed of 
electro-hydraulic monitoring systems for automated control 
over frequency and power of hydrogenerator units. There are 
also no uniform requirements to methods and techniques for 
ensuring the required quality parameters for the technologi-
cal process, reliability, and safety.

Controllers of different modifications are made and 
successfully operated at the largest hydro power plants in 
post-Soviet countries, as well as at HPP in Canada, Brazil, 
Yugoslavia, Argentina, Greece, Iceland, India, etc. 

Issues of structural features and mechanical components of 
electrical hydraulic controllers have been investigated in detail. 
Even though the optimization of processes related to regulating 
hydro turbines were examined in the 1980s [3], the tasks on 
enhancing the accuracy of control remain relevant [4].

Special attention is paid to the application and im-
provement of PID controllers. Parameters of controllers 
are optimized in order to improve the quality of control [5]. 
Research is being conducted into various modifications of 
controllers with subsequent comparative analysis [6]. The 
objective functions of controllers are adjusted in terms of 
their use in power units at electric power plants [7]. The 
principle of robust control is successfully employed, which 
makes it possible to improve the quality of control [8]. The 
accuracy of PID controllers is enhanced, based on improve-

ments to the tool base [9]. Modern algorithms are applied 
in the synthesis of controllers [10]. Self-tuning algorithms 
are successfully exploited [11]. The latest technology and 
materials are used [12].

Such a scale of research stems from the fact that about 
90‒95 % of controllers, which are currently in operation, 
employ PID algorithms. However, the accuracy of such 
controllers is not high enough. This is due to the presence of 
small increments in large magnitudes, and, as a consequence, 
the emergence of static and dynamic errors in control [13].

Control accuracy also depends on the mathematical 
models applied for the synthesis of controllers. In order to 
synthesize controllers over rotation frequency of a hydraulic 
turbine, scientists constructed mathematical models for ba-
sic elements of the control system [14]. The simplified math-
ematical models have been developed that reduce compu-
tational costs and effectively synthesize control algorithms 
based on modern computer systems [15]. However, existing 
mathematical models do not take into consideration all the 
factors affecting accuracy of regulation, which sets the task 
to improve mathematical models, specifically, accounting 
for factors that significantly affect accuracy. Such factors 
include, for example, forces of dry and liquid friction, leaks 
and fluid overflows in the servomotor, as well as the non-lin-
earity in characteristics of the servo valve [13].

A promising advancement towards improving the accu-
racy of control over frequency and power is the synthesis of 
precision (ultra-high precision) automated control systems 
of hydrogenerator units based on solving the inverse prob-
lems of dynamics [13]. In this case, the structural-para-
metric synthesis and optimization of controllers should be 
based on the refined mathematical models, modern meth-
ods of systems analysis, as well as the theory of automatic 
control [13].

3. The aim and objectives of the study

The aim of this work is to synthesize automated control 
systems of rotation frequency in hydro units based on solv-
ing inverse problems of dynamics, which would enhance the 
quality of electric energy by reducing the static and dynamic 
errors in control.

To accomplish the aim, the following tasks have been set:
– to improve mathematical models of electric hydraulic 

mechanisms for the automated control systems of hydraulic 
turbines, which are required for the synthesis of precision 
controllers; 

– to carry out experimental study into automated con-
trol systems for hydrogenerator units and to identify the 
mathematical models developed for controllers; 

– to implement a structural-parametric synthesis and 
the optimization of high-precision controllers over frequency 
and power of hydraulic turbines based on solving the inverse 
problems of dynamics.

4. Improvement of mathematical models for the system of 
automated control over hydrogenerator units

The basic object of research is the electro-hydraulic sys-
tem of automated control over a hydrogenerator unit, which 
is designed to maintain the predefined rotation frequency 
and power [13, 14].
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When a controlled parameter (of frequency or power) 
deviates from the value that is set by a central controlling 
device, a microprocessor-based controller generates a con-
trolling signal to the corresponding required position of 
servo motors, which control the position of the guiding 
unit. Thus, there forms a controlling signal that arrives at 
the input of an electrohydraulic converter that changes po-
sition of a valve and the pressure difference in controlling 
nozzles, thereby setting a spool into motion. In this case, a 
rod of the shut-off valve stops in the position correspond-
ing to the required value for pressure differential in the 
cavities of the servomotor. The rod of the servomotor shifts 
the regulating ring of blades at a guiding unit and changes 
the original settings of a hydrogenerator unit. That in turn 
changes its rotation frequency and power, and, as a conse-
quence, the magnitude and frequency of current, which is 
supplied into electric network. The presence of non-linear-
ity in the characteristics of elements in a control system, as 
well as the presence of unwanted leaks and fluid overflows, 
leads to the emergence of additional errors in control. It is 
impossible to physically eliminate these phenomena, which 
sets the task on accounting for these factors in a mathemat-
ical model in order to subsequently compensate for their 
negative impact.

In order to solve the task on constructing precision 
frequency and power controllers for hydrogenerator units, 
the refined mathematical models of hydraulic controlling 
elements in the automated control systems of frequency and 
power (F&P ACS) can be represented in the following form: 

– equation of motion of water flow along a penstock [13]:
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– equation of dynamics of the rotary motion of a hydrau-
lic turbine’s rotor and a hydraulic generator [13]:
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Structural mathematical model of electromechanical 
part in the electrohydraulic converter (EHC) is represented 
in the form of a differential equation of the second order:

+ + =x�� �2 ,2ehc ehc v ehc cv vehcX X iТ Т Х K    (4)

where ic is the controlling current at the output from an 
input summing amplifier; Хv is the coordinate of EHC valve 
position; Kehc, Тehc, xehc is the static transfer coefficient, the 
time constant, and the coefficient of relative damping of 
EHC electromechanical part. 

The process of change in the pressure in the control line 
of a cut-off valve is described by the balance equation of a 
working fluid consumption through the throttle slot of valve 
of EHC, controlling cavity of the cut-off valve, and a drain 
line, that is [13]:
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– the flow rate of a working fluid, respectively, through the 
throttle slot of valve of EHC, through controlling cavity of 
the cut-off valve, and through a drain line; Sv(Хv), Sc and Sco 
are the areas of the throttle slot of valve of EHC, controlling 
cavity of the cut-off valve, and a drain line; Рc, Ро, Рco are the 
pressures in the controlling cavity, in the power and drain 
lines; Vc is the reduced (considering the volume of underwa-
ter channels) volume of the controlling cavity; r and c is the 
density and adiabatic module of the volumetric elasticity of 
a working fluid.

Mathematical notation of dynamic processes in the cut-
off valve is based on the equation of motion of the valve’s 
plunger and the equation of balance of a working fluid flow-
rate that moves through slots and cavities of the valve.

The equation of motion of the cut-off valve’s plunger is 
represented in the following form:
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where Хv is the coordinate of position of the cut-off valve; mv 
is the reduced (taking into consideration the mass of sensors) 
weight of the cutoff valve’s plunger; v

ck  and v
stF  is the coeffi-

cient of fluid friction and the force of dry friction between a 
plunger and the valve’s sleeve;

= − + − +( )v
р c c b c b d dF P S P S S P S    (10)

is the resultant force of hydrostatic pressure on the valve’s 
plunger; Рb and Рd are the pressures in the valve’s respective 
cavities; Sb and Sd are the effective areas of working cavities 
in the valve; v

hdF  is the projection onto an axis of the plunger 
displacement (the x axis) of the hydrodynamic force that acts 
on the plunger; Gv=mv g is the weight of the plunger; jv is the 
angular deviation of the plunger from the vertical position.

Hydrodynamic forces that act on the cutoff valve’s 
plunger are represented as the sum of non-stationary and 
stationary components. In this case, the generalized ratios 
for the vectors of hydrodynamic forces that act in the re-
spective cavities in the cut-off valve are represented in the 
following form [13]:
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or, in projections onto the longitudinal (x) and transverse 
(y) axis of the valve:
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In formulae (11) to (16): 
lb, lv, lg, ld – lengths of the respective cavities of the cut-

off valve;
Qb,  Qv,  Q g,  Qd – flow rates of a working fluid through 

respective cavities; 
Sv=Sv(Хv) – areas of flow-through sections of working 

windows in the cut-off valve, which are the functions of its 
position (Хv coordinate);

qb, qv, qg, qd – inclination angles of velocity vectors of a 
working fluid that flows through respective working win-
dows, to the transverse axis of the plunger.

A mathematical model of the servomotor is represented 
by the equations of balance of a working fluid flow rate 
through the cavities of the servomotor, the equations of fluid 
motion along underwater channels, and the equation of mo-
tion of the loaded piston. 

The equation of balance of fluid flow rates through the 
piston and rod cavities of the servomotor are represented in 
the form [13]:
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– a working fluid flow rates, due to the movement of the pis-
ton and body of the servo-motor (the body is displaced due 
to the elasticity of its supports);
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– components of flow rates arising from pressing a working 
fluid in the piston and rod cavities of the servomotor;

( )pt pt pt
of of sm coQ k P P= −     (23)

and

( )rc rc rc
of of sm coQ k P P= −    (24)

– flow rates of fluid overflows from the piston and 
rod cavities of the servomotor;

( )pt rc
cs cs sm smQ k P P= −    (25)

– flow rates of fluid overflows between the cavities in the 
servomotor;

=pt
sm vQ Q  and =rc

sm gQ Q  – flow rates of the fluids that are 
fed into the piston and rod cavities of the servomotor (or 
discharged from them) through the cut-off valve’s working 
windows.

In formulae (17) to (25): Vpt and Vrc are the working vol-
umes of the piston and rod cavities in the servomotor;

= − = −
pt rc

pt rc pt rcsm sm
bd bd bd sm smpt rc

r r
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Х Х Х P P

C C
  (26)

‒ the total shift of the servomotor’s body due to the elasticity 
of its supports; 

pt
bdx  and rc

bdx  are the components of the total shift of the 
body caused by the fluid pressure in the piston and rod cavi-
ties; pt

rC  and rc
rС  are the rigidity of supports, installed from 

the side of the piston and rod cavities in the servomotor; 

ptV  and rcV  are the reduced volumes of the piston and rod 
cavities of the servomotor; о

ptV  and о
rcV  are the volumes of 

the piston and rod cavities in the starting (middle) position 
of the servo motor’s piston; bd

ptV  and bd
rcV  are the volumes of 

channels that supply fluid to the piston and rod cavities; pt
smP  

and rc
smP  are the pressures in the piston and rod cavities of 

the servomotor.
The result of mathematical modeling is the obtained 

closed system of equations, which describes the dynamics of 
an electrohydraulic controlling element of F&P ACS. The 
model takes into consideration leaks and fluid overflows in 
the servomotor, as well as the non-linearity of characteristics 
of the servo motor. That makes it possible to improve accura-
cy of the mathematical model and the control system in gen-
eral. The model forms the basis for theoretical research into 
the influence of various factors and parameters on frequency 
and power control accuracy of hydrogenerator units, as well 
as on the integrated indicators of ACS quality.

5. Identification of mathematical models

We have identified the constructed mathematical models 
based on experimental characteristics of hydrogenerator 
units at actual hydro power plants. Results of the identifica-
tion for hydraulic turbines in a hydrogenerator unit at HPP 
Bajtun (Panama) are shown in Fig. 1, 2.

Our study has established that the constructed math-
ematical model of the system for automated control of fre-
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quency and power is adequate; it takes into consideration the 
basic factors that affect the accuracy of frequency and power 
control. Deviations in the values, obtained when modeling, 
are within a 95-% confidence interval (Fig. 1, 2). The model 
could be used in order to analyze static and dynamic errors 
in control, and to work out scientific methods to reduce er-
rors in order to improve quality indicators of electric energy.

Fig.	1.	Dependence	of	relative	rotation	frequency	of	turbine	
on	time

Fig.	2.	Dependence	of	relative	head	of	turbine	on	time

The basic object of research was the vertical, radial-ax-
ial hydraulic turbine RO B-195, under operation at HPP 
Bajtun. 

We have conducted experimental study into operation 
of F&P ACS when resetting the load to idle and setting the 
load to the rated capacity under the following starting (prior 
to resetting) operating conditions (Table 1).

Table	1

Starting	operation	conditions

Capacity, 
N, kW

Head, 
Н, g

Reduced rota-
tion frequen-
cy, n¢, min.-1

Flow rate, 
Q1¢, m3/s

Relative 
opening of the 
guiding unit, µ

48,600 135.7 66.96 0.88 0.81

The torque and flow rate of water through the turbine 
were determined based on the model characteristics of the 
impeller. Introduction of model characteristics is carried out 
using a tabular technique ‒ by matrices of the reduced flow 
rate  Q1

¢ and the efficiency coefficient ηт in the function of 
two variables: relative opening of the guiding unit µ and the 
reduced rotation frequency:

=¢ .
nom

n
n

n

The equation of change in the water head due to a hy-
draulic impact is constructed considering the losses of head, 
wave processes in the water guide, and elasticity of the me-
dium. Law of motion of the guiding unit is defined taking 
into consideration:

– characteristics of the main turbine controller valve; 
– a damping device characteristics, which is enabled 

near a closed position of the servo motor of the guiding unit 
and pressure losses in the oil pipes of control system; 

– a change in the oil pressure in an oil-pressure unit in 
the course of control process at air expansion in the hydrau-
lic accumulator; 

– modelled force characteristics of the guiding unit’s 
vanes (сp and сm), assigned by the opening function of the 
guiding unit. 

Calculation results are given below in the form of Table 2.

Table	2

Results	of	calculating	a	hydrogenerator	unit	operation	at	Hmax

t, s α µ q h Hs.c., m Нu.i., m

0 1 0.819 1.02 1 143 5.91

0.5 1.11 0.804 1 1.04 148 5.87

1 1.21 0.73 0.959 1.17 165 5.71

1.5 1.31 0.655 0.868 1.3 183 4.72

2 1.39 0.581 0.757 1.33 188 2.99

2.5 1.45 0.509 0.618 1.36 193 1.16

3 1.5 0.441 0.496 1.33 190 –0.427

3.5 1.52 0.375 0.382 1.24 179 –2

4 1.53 0.311 0.296 1.21 175 –2.83

4.5 1.53 0.249 0.221 1.19 173 –3.3

5 1.53 0.189 0.157 1.16 170 –3.73

5.5 1.51 0.133 0.106 1.11 162 –4.2

6 1.47 0.0973 0.0768 1.07 157 –4.48

6.5 1.43 0.0803 0.0626 1.02 151 –4.78

7 1.39 0.0697 0.0563 1.02 151 –4.81

7.5 1.34 0.0592 0.0506 1.04 154 –4.7

8 1.3 0.0488 0.0427 1.04 153 –4.73

8.5 1.26 0.0385 0.0343 1.03 152 –4.76

9 1.22 0.0282 0.026 1.04 153 –4.72

9.5 1.18 0.0181 0.0169 1.04 153 –4.72

10 1.14 0.008 0.00755 1.03 153 –4.77

In Table 2: t ‒ current time coordinate; α ‒ relative fre-
quency of rotation; µ – relative opening of the servomotor 
of the guiding unit; q – relative flow rate of the turbine;  
h – relative pressure; Hs.c. – pressure in a spiral chamber;  
Нu.i. –pressure under the impeller.

Based on the results of experimental research, we have 
derived characteristics for the transient processes in a hydro-
generator unit, shown in Fig. 3. 

Calculations based on experimental data were performed 
under the following conditions: 

Running at idle and at isolated load, when the static 
circuit is turned off, a PID-controller transfer function takes 
the form:
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A transfer function of the electro-hydraulic monitoring 
system:

( ) ( )

D
= =
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+ + + 
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x K
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where K1=1/Tsm, Tsm is the servo motor time constant; Ts is 
the time constant of the proportional hydraulic distributor.

In the case of control based on water flow on, the equa-
tion for the controlled object is written in the form:

( )= −
1

,p t

dH
Q Q

dt F
    (29)

where d/dt is the speed of change in the level in a load cham-
ber; F is the cross-sectional area of the load chamber; Qp is 
the flow rate of water that enters the loading chamber; Qt  

is the water flow rate through the turbine. 
Based on a comparison of modelling results and exper-

imental data, we derived combined characteristics of tran-
sient processes during application of the existing system of 
PID control, the system of control made by firm Emerson, 
and the system with the proposed controller based on solv-
ing the inverse problems of dynamics. Comparative charac-
teristics are shown in Fig. 4.

Fig.	4.	Change	in	the	relative	frequency	of	rotation	of	a	
hydrogenerator	unit	when	setting	the	load	using	different	

control	algorithms:	1	–	classic	PID	controller;	2	–	proposed	
controller;	3	–	controller	with	the	technology	Feed-forward	

with	a	reference	model

Charts in Fig. 4 demonstrate that the characteristics of 
ACS with the proposed controller far exceed the charac-
teristics of ACS with a PID controller. A 50 % decrease is 
achieved in the time required to enter a permanent regime, 
the level of overshoot reduces (1.03 for the proposed con-
troller versus 1.17 for the PID-controller). Control quality 
indicators, when using the proposed controller, are at the 
level of indicators for the world leader in the field of control 
over hydrogenerator units (company Emerson).

6. Structural-parametric synthesis of 
precision frequency and power controller 

for a hydrogenerator unit

The synthesis of a precision controller 
employs the principle of multiplication. A 
general controller circuit consists of three 
autonomous contours: an electrohydraulic 
amplifier circuit, a servo motor circuit, and 
a hydrogenerator unit circuit. That makes 
it possible to simplify setting the controller. 

On order to determine coefficients for 
the controller, an original system of dy-
namics equations is represented in the vec-
tor-matrix form:

= +
� � �� ,X AX BU    (30)

where 
��X  is the vector of parameters for the 

state of an object; A is the matrix of the con-
trolled object’s parameters with elements; 
B is the control vector; 

�
U is the vector of 

controlling signals. 
A vector-matrix representation of the mathematical 

models of autonomous control circuits takes the form:
‒ a hydrogenerator unit with a pressure conduit:
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Fig.	3.	Transient	processes	when	changing	a	load	at	the	hydrogenerator	unit:	
f	–	current	frequency,	Hz;	N	–	active	capacity	of	the	unit,	MW;	Рi	–	pressure	
before	the	impeller,	kg/cm2;	ag.u.	–	position	of	the	servomotor	of	the	guiding	

unit,	%; asm	–	position	of	the	impeller’s	servo	motor,	%;	Рg.u.	–	pressure	after	
the	guiding	unit,	kg/cm2;	Рsc	–	pressure	in	a	spiral	chamber,	kg/cm2
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– electrohydraulic amplifier:

×

 
 =  
 

�

3 1

;
v

v

X

Х V

i

 

×

 
 
 
 x

= − − 
 
 
 −
 

2 2

3 3

0 1 0

21
;

1
0 0

v

i
Хehc

mm m
ehcehc ehc

e
ehc

K
A

ТТ Т

Т

 

×
=
�

1 1
;vU X  

×

 
 
 

=  
 
   

3 1

0

0 ;

iu
e
ehc

B

K
Т

=� ;v vX V
 

x
= − − +�

2

21
;v

i
Хehc

v v vm em
ehc ehcehc

K
V X V i

Т ТТ

= − +� 1
.iu

e e
ehc ehc

K
i i U

Т Т

The matrix ratio of the general circuit takes the form:

T
; ; ; ; ; ; ; ,hg sm sm v vX Q X V P X V i = ω D 

�
  (31)

where ωhg  is the rotation frequency of a hydrogenerator 
unit; Q is the flow rate; smХ  is the displacement of a servo 
motor; smV  is the speed of a servo motor; DP  is the pressure 
drop in the cavities of a servo motor; vХ  is the cutoff valve 
displacement; vV  is the speed of the cutoff valve; i  is the 
controlling signal.
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A solution to the inverse problem of dynamics for an 
equivalent control object is the law of forming a controlling 
signal in the form of a transfer function [16]:
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where r and C are the controller coefficients, respectively, for 
setting the influence and for an error. 

A principal diagram of the controller that employs the 
principle of multiplication and which corresponds to control 
law (34) is shown in Fig. 5.

An electronic controller includes the concatenated adder 
with five inputs, five integrators, an adder with four inputs, 
as well as eight proportional elements that enable four nega-
tive feedbacks and four positive links.

The assigned program of operation, formed in the 
setter, passes through an electronic controller, where the 
control law is formed based on the solution to the inverse 
problem on the dynamics of control object. The signal is 
sent to the additional adjustment unit that will ensure the 
implementation of an alternating gain coefficient of con-
trol circuit. Specifically: a high (two-and three-fold from 
the rated) gain coefficient in the range of small shifts of 
the object from the nominal position. That compensates 
for errors caused by static non-linear characteristics. The 
controlling signal, thus formed, is sent to the electric 
input of the servo valve, which enables the programmed 
motion of a hydraulic motor, combined with the control 
object.

This movement is registered by a feedback sensor, the 
signal from which is sent to the unit that corrects a feedback 
sensor, and then to the electronic controller (the main neg-
ative feedback). 
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 Fig.	5.	Principal	diagram	of	the	astatic	controller	based	on	the	solution	to	the	
inverse	problem	of	dynamics
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The application of the proposed controller makes it pos-
sible, compared to existing analogs, to significantly improve 
the static accuracy and performance speed of control sys-
tems, as well as reduce the cost of electronic controllers [17].

Based on the results of theoretical calculations and an 
analysis of experimental data, such a controller could ensure 
an increase in the accuracy of frequency and power control 
at hydrogenerator units, from 0.3 to 0.1 %, thereby providing 
for the indicators of electric energy quality at the level of 
existing international standards. 

The system with the proposed controller has the time 
of first adjustment of 59.5 s, which coincides with the time 
of control, while the basic object has, respectively, 42.5 s 
and 109 s (Fig. 4). Thus, the proposed controller ensures a 
twofold increase in performance speed compared to the basic 
variant.

7. Discussion of results of studying the construction of 
precision controllers for hydrogenerator units

This work aims to improve precision systems of auto-
mated control over hydrogenerator units at hydraulic power 
plants by designing the high-precision automated systems to 
control frequency and power. 

Results of the research could be used in hydro energy 
generation, namely, for the automated control over rotation 
frequency and power of hydrogenerator units at hydroelec-
tric plants HPP.

The proposed controller has been synthesized based 
on solving the inverse problems of dynamics. Static and 
dynamic control errors in the proposed controller are  
3‒5 times lower than those of existing PID controllers. This 
is predetermined by the difference in principles underlying 
the controllers. Specifically: the controller that is built on 
solving the inverse problems of dynamics includes no direct 
differentiation, while the transfer function of the controller 
approaches unity.

Application of the proposed controller would improve 
the accuracy of control over rotation frequency of hydro-
generator units under stationary (no-emergency) modes of 
operation. That would make it possible to resolve a relevant 
task on improving the quality of electric energy, namely to 
reduce deviations and fluctuations in the frequency of elec-
tric current generated at hydro power plants. 

The merit of our study relates to that the mathematical 
models of control system take into consideration those fac-
tors that affect accuracy of control. These factors include 
leakages and fluid overflows from the servo motor, the 
non-linearity in characteristics, dry friction. Accounting for 
these factors makes it possible to improve accuracy of exist-
ing mathematical models.

The main difficulty when setting up the proposed sys-
tems is the accuracy of determining coefficients for the 

controller, built on solving the inverse problems of dynamics. 
This is due, above all, to a measurement error from sensors of 
parameters of a hydraulic turbine, as well as flaws in math-
ematical models. Still unresolved is the issue of controller’s 
performance under emergency modes of a hydrogenerator 
unit operation, which imposes certain constraints on its 
application.

The shortcomings of this study are the limited scope of 
experimental data. That makes it impossible to fully gener-
alize the findings to include hydraulic units of various types, 
for example, ladle. 

Further research should be aimed at analysis of reli-
ability indicators for the developed control systems. Also 
promising is the issue on compiling a normative base on the 
development and implementation of high-precision control 
systems for turbo generator units at HPP.

8. Conclusions 

1. We have refined mathematical models of control sys-
tems for hydrogenerator units. They include those factors 
that affect the accuracy of control: overflows in a servo 
motor, the non-linearity in characteristics, dry friction, etc. 
Based on the developed refined and identified mathemat-
ical models, in line with the results from experiments, we 
analyzed the indicators for static and dynamic accuracy of 
control over frequency and power of hydrogenerator units. 
Parameters of the proposed controller far exceed the pa-
rameters of existing PID controllers. A 50 % decrease is 
achieved in the time required to enter a permanent regime, 
the level of overshoot reduces (1.03 for the proposed con-
troller versus 1.17 for the PID-controller). Control quality 
indicators, when using the proposed controller, are at the 
level of indicators for the world leader in the field of control 
over hydrogenerator units.

2. We have conducted a series of experimental studies 
into the system of automated control over frequency and 
power of the radial-axial hydro turbine RO V-195; based on 
them, we have verified the constructed mathematical models 
of systems for automated control over frequency and power.

3. The structure of the precision controller has been 
proposed, which ensures the compensation for or a signifi-
cant decrease in all kinds of errors and the corresponding 
improvement in control accuracy. We have performed a 
structural-parametric synthesis and the optimization of 
parameters for the controller over a primary circuit of the 
system of automated control over frequency and power of 
hydrogenerator units. The proposed controller provides an 
increase in the accuracy of control over frequency and power 
of hydrogenerator units from 0.3 (classic PID controller) to 
0.1 % and makes it possible to provide for the indicators of 
electric energy quality at the level of acting international 
standards.
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