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a difficult task emerges in order to optimize the settings of a 

large number of local controllers with respect to their mutual 

influence. Automatic Voltage Controllers (AVC) and 

Automatic Speed Controllers (ASC) of rotor rotation [9]-[11] 

are considered as interrelated controllers for DG plants 

operating based on synchronous generators. 
In addition, when using several synchronous 

hydroelectric generators of the same type in the DG plant of 
a small-scale Hydroelectric Power Plant (HPP), the 
problems of optimization of their loading and group 
regulation shall be solved. This requires creation complex 
models of EES, PSS with DG plants and their controllers, 
and time-consuming calculations, taking into account a large 
number of the system interrelated parameters. There is 
another approach associated with the use of prognostic 
control algorithms [12], that ensure operation of the 
controller based on the computed control error forecast 
ε (t+Δt). Prognostic control algorithms are used in power 
electronics [13], [14], as well as in electric motor control 
[15], [16]. These works use complex predictive models with 
a finite set of controls. At the same time, it is easy enough to 
implement predicting with a linear model. The comparison 
of various prognostic control algorithms given in [12] shows 
that linear prognostic algorithms are able to compete with 
the best nonlinear ones. In [17] a universal search-free 
method for tuning linear prognostic proportional-integral-
differential (PID) controllers is given. The article [18] shows 
that linear prognostic PID controllers can be effectively used 
in a single-loop boiler superheater control system. Work [19] 
shows the advantages of a control system with a predicting 
module and gives recommendations for selecting the 
optimal predicting time to regulate the thermal process. 
Numerous studies based on computer models of EES with 
DG plants [17], [20], [21] indicate, that the application of 
linear prognostic link in AVC and ASC allows to improve 
the control quality indices. 

Below is the description of the methods used to control 

the voltage and frequency of a group of low power 

synchronous hydrogenerators, the description of computer 

models of DG plants and the proposed group controllers of 

prognostic type, as well as the simulation results for the 

modes of disconnecting communication with EES and short-

time three-phase fault. The research was conducted in 

MATLAB environment. The purpose of the study was to 
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Abstract—The application of a large number of distributed 
generation plants, built on the basis of synchronous 
generators in Electric Energy System (EES), requires 
solving the problem of their centralized control, adjustment 
of voltage and frequency local controllers, which entails 
taking into account a large number of interrelated system 
parameters. These problems can be solved using prognostic 
control algorithms. The purpose of the study was to 
determine the effect of the proposed group prognostic 
voltage and frequency controllers for small-scale 
Hydroelectric Power Plant (HPP) on various operating 
modes of the EES. The studies were conducted in the 
MATLAB environment using the Simulink and 
SimPowerSystems simulation packages. The results of 
computer simulation indicate that the use of group 
prognostic controllers significantly reduces overshoot, 
oscillability index, transient time and voltage dips, and 
frequency in the normal and emergency conditions. The 
proposed methods of the group prognostic controller 
formation and tuning allow to improve quality indices of 
small-scale HPP voltage and frequency control, while 
retaining the former settings of synchronous generators 

controllers.  

Index Terms—Distributed generation plants, small-scale 

HPP, synchronous generators, automatic speed controller,

automatic voltage controller, group regulation, prognostic 

control algorithms, simulation

I. INTRODUCTION

The application of Distributed Generation (DG) plants 

[1]-[6] in Power Supply Systems (PSS) located near power 

consumers makes it possible to reduce the load of the supply 

network, reduce transmission losses, and improve the 

reliability of power supply and power quality [7], [8]. In this 

case, DG plants on renewable energy sources contribute to 

reduction in harmful impact on the environment.

When using a large number of DG plants in Electrical 

Energy System (EES), a problem of their AC frequency 

centralized regulation and stabilization can emerge. Different 

DG plant types have their own local controllers which shall be 

tuned properly for different EES operating modes. Thus, quite 



determine the effect of the proposed group prognostic 

voltage and frequency controllers of a small-scale HPP 

hydrogenerators on various operating modes of the EES. 

II. THE METHOD OF VOLTAGE AND FREQUENCY GROUP 

REGULATION USING PROGNOSTIC AVC AND ASC 

The AC frequency is the most important parameter of the 

EES operating mode, which is subject to quite stringent 

requirements in terms of deviation from the nominal value. 

The application of linear prognostic models, which allow to 

improve classical ASC of synchronous generators, makes it 

possible to more effectively stabilize frequency avoiding 

changes in the controller settings [21]. When regulating the 

EES voltage, it is also possible to effectively use the 

prognostic AVC of generators [20]. 

The linear prognostic link (LPL), which can be used in 

the above controllers, is described by the following 

transfer function [17]: 

( ) 1p pW s T s= +                              (1) 

where Tp is the time constant of prognostic link; s is the 

Laplasian operator. 

To determine the time constants of the AVC and ASC 

prognostic link of each unit in different operating modes, 

it is proposed to use natural oscillations frequency of the 

generator rotor fp [22]: 
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where Ps is the synchronizing generator power, p.u.; Ug is 

the rated voltage, p.u.; δ is the angle between voltage and 

EMF Eq, elec. deg.; Xd is the inductive resistance along 

longitudinal axis, p.u.; 0 is the rated angular frequency, 

rad/s; Tje is the equivalent constant of mechanical inertia of 

the unit, s.  

The time constant of LPL in this case will be determined 

by the value inversely proportional to the natural 

oscillations frequency of the generator rotor as Tp=1/fp. The 

structural diagram of the proposed system of voltage and 

frequency control by means of prognostic AVC and ASC 

for a separate synchronous generator is shown in Fig. 1. In 

accordance with (2), the frequency fp, and hence, the time 

constant of the prognostic link Tp depend on the load angle 

of the  synchronous generator. When the operating mode 

changes, the proposed control system in Fig. 1 

automatically computes the forecasting time and 

reconfigures the prognostic links for AVC and ASC. 

In Fig. 1 the following transfer functions correspond to 

individual units: WASC is the transfer function of ASC; WAVC 

is the transfer function of AVC; WG is the transfer function 

of the generator; WE is the transfer function of the exciter; 

WT is the transfer function of the turbine; Wp is the transfer 

function of LPL (1). 

For group control of synchronous generators running in 

parallel, one of them can be assumed as a master and 

determine the time constants of LPL by the load angle of  

this generator. Using the master generator method makes it 

possible to build a group prognostic automatic speed 

regulator (GPASR) and a group prognostic automatic 

voltage regulator (GPAVR). As an example, Fig. 2 shows 

the structural diagram of GPASR. The structural diagram of 

GPAVR looks similar, but the generator voltage is the 

regulated parameter in it. It should be noted that there is only 

one unit in the considered GPASR and GPAVR, which 

computes the time constant Tp for all LPL in AVC and ASC. 
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Fig. 1. Voltage and frequency control system that uses LPL in AVC and 

ASC: Uz – generator voltage set value; Uf – generator excitation 

winding voltage; z – generator rotor set speed value; Pm – mechanical 

power on turbine shaft. 
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Fig. 2. The structural scheme of GPASR when using the master 

generator method: n is the number of units in the group with their 

prognostic ASCs. 

III. DESCRIPTION OF THE STUDY SIMULATION MODEL 

AND PROPOSED GROUP CONTROLLERS 

The research was conducted in MATLAB environment 

using the simulation model of a small-scale HPP developed 

using Simulink and SimPowerSystems packages, the 

schematic diagram of which is shown in Fig. 3.  
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Fig. 3. Schematic diagram of a small-scale HPP with local and group 

prognostic AVC and ASC: FS – frequency sensor; EW – excitation 

winding; VT – voltage transformer; T – turbine; G – generator. 
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The small-scale HPP under study consists of three 

hydrogenerators with capacity of 3.125 MVA each and 

voltage of 6 kV. Normal and emergency operating modes of 

a small-scale HPP, which is connected to the EES through a 

5 km long 6 kV overhead power line (OPL) with a load of 

9.3+j1.8 MVA at its receiving end, were simulated (Fig. 3). 

Normal steady-state mode with 50% loading of each 

hydrogenerator was taken as the initial one. The rest of 

the electrical energy to power the consumers at the end of 

the OPL was supplied from the EES. The diagram of the 

simulation model developed in MATLAB system is 

provided in Fig. 4. The presented model provides for 

possibility to introduce the following disturbances (Fig. 4): 

disconnection of communication with the EES using the  

Breaker unit; short-term three-phase fault using the 

Three-Phase Fault unit. 

The description of the AVC prognostic models used is 

provided in [21]. In this work, a modified model of the 

prognostic AVC is used, which allows to automatically 

compute the time constants of LPL depending on the load 

angle of the  master generator and to change them for 

various operating modes. At the same time, it is proposed 

to set LPL in the AVC separately in the voltage control 

channel and separately – in the frequency control channel. 

The diagram of the proposed Simulink-model of 

prognostic AVC is provided in Fig. 5 (when simulating, for 

practical reasons were assumed as follows AVC tuning 

factors: k0u =100, k1u = 50, k1If = 1, k0w = 1.28, k1w = 0.73). 

 
Fig. 4. The circuitry of the small-scale HPP simulation model in MATLAB. 

 
Fig. 5. The diagrams of the proposed prognostic AVC Simulink model: k0u, k1u, k1If, k0w, k1w are tuning factors. 
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Fig. 6. Diagrams of GPAVR simulink-model. 

The generators local ASC were simulated with 

controllers with PID control algorithms, described by the 

following transfer function: 

1 1

0.1 1
p i dK K K

s s
+ +

+
                           (3) 

where Kp, Ki, and Kd are ASC tuning factors (when 

simulating, for practical reasons were assumed as follows: 

Kp = 7.55, Ki = 2 and Kd = 0.75); s is the Laplasian 

operator. 

The prognostic links in the GPASR and GPAVR were 

considered separately for each generator, and the forecast 

time determining units had a common linkage by the load 

angle  of the master generator. The diagrams of 

Simulink-models of the proposed GPASR and GPAVR 

are shown in Fig. 6 and Fig. 7. 

The following hydrogenerator parameter values were 

used for simulation: Xd = 2.84 p.u., Eq = 1.1 p.u., 

Ug = 1 p.u., Tje = 3.779 s. 

The structural diagram of the hydraulic turbine model 

used with the main servomotor (Hydraulic Turbine units 

in Fig. 4) is provided in Fig. 8 [22]. 

 
Fig. 7. Diagrams of GPASR simulink-model. 
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Fig. 8. The structural diagram of the hydraulic turbine model with the 

main servomotor: A – the opening position of a wicket gate. 

IV. SIMULATION RESULTS AND MAIN CONCLUSIONS 

Using the described simulation model the following 

modes were studied: 

1) Transition of the small-scale HPP operating mode to 

the allocated load when the communication with the EES 

is disconnected on the receiving end of the OPL by the 

switch Q1 (Fig. 3);  

2) Short-term three-phase fault at the receiving end of 

the OPL (Fig. 3). 

Based on modeling results of the specified modes, the 

following regulation indicators of EES mode parameters were 

compared: generators load angle , voltage on the busbars of 

small-scale HPP and AC frequency in the network when 

using conventional AVC and ASC without the prognostic link 

with a typical setting, prognostic AVC and ASC, as well as 

GPASR and GPAVR tuned to the resonance frequency of 

natural oscillations of the master generator rotor of the small-

scale HPP (Fig. 6 and Fig. 7). It should be noted that 

generators AVC and ASC tuning was not changed in all the 

modes and control modes under consideration. 

Fig. 9 and Fig. 10 show the temporal dependencies of the 

above regime parameters when communication of the small-

scale HPP and EES is disconnected. The results of 

comparison of parameters of the above regime indicate that 

the use of voltage and frequency group prognostic 

controllers positively influences the indicators of control 

quality in comparison with the local control of conventional 

or prognostic AVC and ASC: voltage and frequency dip in 

the mains (Fig. 9) is reduced; transient time for frequency in 

the mains is reduced (Fig. 9, (b)); there is no voltage 

overshoot on the buses of small-scale HPP (Fig. 9, (a)).  
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(a) 

 
(b) 

Fig. 9. Temporal dependencies of PSS operating parameters when 

communication with EES is disconnected: (a) – the generator voltage; 

(b) – the mains frequency; 1 – conventional AVC and ASC without LPL 

used with typical tuning; 2 – the local regulation of prognostic AVC and 

ASC; 3 – the use of GPASR and conventional AVC without LPL; 4 – 

the use of GPASR and GPAVR. 

 
Fig. 10. Temporal dependencies of the mutual angle of the generators 

rotors =1–2 when the communication with the EES is disconnected: 

designations 1, 2, 3 and 4 correspond to Fig. 9. 

At the same time the use of GPASR and GPAVR allows 

to virtually eliminating possible fluctuations of mutual 

angle of two generators rotors of the small-scale HPP, 

which positively affects the intragroup movements at the 

station, while increasing the stability of parallel operation 

of synchronous generators (Fig. 10). 

Then, a three-phase short circuit was simulated at the 

end of the overhead power line, which was turned off using 

relay protection. Fig. 11 and Fig. 12 show the time 

dependences of the parameters of the EES mode at a three-

phase fault of 0.3 s duration. The use of GPASR and 

GPAVR in the short-time short-circuit mode also allows to 

exclude possible oscillations of the mutual angle of the two 

generators rotors of the small-scale HPP, which positively 

affects the uniformity of loading of units and intragroup 

movements at the station (Fig. 11).  

 
Fig. 11. Temporal dependencies of the mutual angle of the generators 

rotors =1–2 for short-time three-phase fault: designations 1, 2, 3 and 

4 correspond to Fig. 9. 

 
(a) 

 
(b) 

Fig. 12. Time dependences of the parameters of the EES under study for 

a short-time three-phase fault: (a) – the generator voltage; (b) – the 

mains frequency; designations 1, 2, 3 and 4 correspond to Fig. 9. 

 

The simulation results show that the use of GPASR 

and GPAVR improves the control quality in comparison 

with the local control of conventional or prognostic AVC 

and ASC: the transition process time and the 

overshooting value for voltage on the busbars of small-

scale HPP (Fig. 12, (a)); the oscillability of voltage after 

short-circuit failure is significantly reduced (Fig. 12, (a)); 

the transition process time and the value of overshooting 

for frequency in the mains is significantly reduced (Fig. 

12, (b)); the oscillability of frequency in the mains is 

reduced (Fig. 12, (b)). 

V. CONCLUSION 

The computer modeling results allow us to make the 

following conclusions: 

1) The use of LPL in AVC and ASC of hydro 

generators compared with conventional controllers with 

typical setting improves damping properties, while 
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significantly reducing overshoot, oscillability and 

transient time for voltage and frequency in the mains in 

case of disconnection of communication with the EES 

and especially during short-term three-phase fault.  

2) The use of voltage and frequency group prognostic 

controllers has a positive effect on quality control 

indicators in comparison with local control of 

conventional or prognostic AVC and ASC. Disconnecting 

the communication with the EES reduces the voltage and 

frequency sag in the mains, significantly reduces the 

transient time for the frequency in the mains, and also 

eliminates voltage overshoot on the buses of the small-

scale HPP.  

3) The use of the proposed group prognostic 

controllers of voltage and frequency for short-term three-

phase faults also improves the control quality in 

comparison with the local regulation of conventional or 

prognostic AVC and ASC: transient time and overshoot 

for station bus voltage are significantly reduced; voltage 

oscillation after short-circuit outage is significantly 

reduced; transient time and overshoot for mains 

frequency are significantly reduced; and frequency 

oscillability in the mains is reduced. 

4) The use of GPASR and GPAVR allows to exclude 

possible fluctuations in mutual angle of two generators 

rotors of the small-scale HPP for all considered modes. It 

positively affects the uniformity of units loading, 

intragroup movements at the station, while increasing the 

stability of synchronous generators parallel operation. 

5) Methods of formation and adjustment of voltage and 

frequency group prognostic controllers based on 

determination of oscillations resonance frequency of the 

master generator rotor are proposed. The proposed 

approach makes it possible to obtain the best quality 

indices of voltage and frequency control in the EES while 

retaining the previous settings of synchronous generators 

AVC and ASC. 
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