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Abstract. Load Frequency Control (LEC) is an issue of top micro-hydro power plants (AMHPP) [2]. Since most MGs
importance to ensure microgrids (MGs) safe and reliable generating sources lack the inertia used by large
operation in AC MGs. Primary frequency control of each energy synchronous generators, an efficient primary frequency
source can be guaranteed in AC MGs in order to integrate other control is needed to reduce the impact of imbalances of
energy sources. This paper proposes a micro-hydro frequency electricity generation and demand, especially in AMHPP.
control scheme, combining the control of a reduced dump load Micro-hydropower is one of the most cost-effective
and the nozzle flow control of Pelton turbines operating in renewable energy technologies to be considered for rural
isolated from electricity grid. Some researchs have reported the electrification in deve]oping countries. When AMHPP
integration of dump load and flow control methods, but they did works isolated from centralized electrical grid, and as a
not reduce the dump load value and adjust the nozzl‘e flow unique source of energy, it is said to operate
linearly to the power value demanded by users, causing the autonomously [3, 4]. They require a good control system

inefficient use of water. Simulation results were obtained in
Matlab®/Simulink® using models obtained from previous
research and proven by means of experimental studies. The
simulation of the proposed scheme shows that instantaneous
frequency variation is about 2 % even for perturbations
magnitude up to 12 %. The validation result shows a 60 %
reduction in overshoot and settling time of frequency temporal
behaviour operating the micro-hydro autonomously.

to keep frequency and voltage outputs constant in spite of
changing user loads [3]. Frequency stability is the most
critical issue in isolated power systems due to their low
rotational inertia [5, 6]. Hence, maintaining frequency
within a certain range is indeed a challenge [7, 8]. Fig. 1
shows a typical behaviour of a Cuban’s AMHPP without
frequency regulation.

Key words. Microgrids (MGs), frequency control, ‘ o o o
isolated micro-hydropower operation, dump-load control.

o

1. Introduction

Fliactie egeney (Fr)

According to [1], a MG is a group of interconnected loads
and distributed energy resources within clearly defined
electrical boundaries that acts as a single controllable
entity with respect to the grid. MGs are being used mainly
to increase resilience and reliability of electrical grids, to
integrate the addition of distributed renewable energy

Fig. 1. Typical behaviour of the frequency of a micro-
hydropower without automatic regulation.

sources like wind, solar photovoltaic (PV) or micro- The electrical frequency generated in this AMHPP
hydropower generation, to provide electricity in isolated oscillates outside the allowable variation range of £1 % (+
areas not served by centralized electrical networks, and to 0.6 Hz) according to the Cuban standard of Cuba National
reduce greenhouse gases emissions. Electric System (NES) NC62-04 [9]. The standard applies

o to the power generation of the entire national territory,
More than 130 million people around the world are served including grid connected or isolated. Due to the size of
by MGs and a 67 percent of these are by autonomous grids, the energy demands of a large power electrical
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system represent a small percentage value in comparison
to a low-power autonomous system, such as the AMHPP.
They should not have the same technical requirement
regarding their dynamic and quality behaviour [10].

Good electrical energy quality must be guaranteed through
maintaining an uninterrupted power at rated electrical
voltage and frequency (60 Hz) for directly powering
loads. Hence, voltage is regulated by controlling the
generator excitation and the frequency by eliminating the
imbalances between instantancous generation and load
demand. In the latter case, controlling water flow through
the action of a water regulating device on the hydraulic
turbine can be achieved using a DC servomotor [11].
However, this solution cannot ensure good performances
when the load variation is large, which can lead to
instability and others negative effect of hydraulic
transients [12], like water hammer.

Classical speed governor is widely used in hydropower
control. However, due to the less dynamic response of
AMHPP and relatively high costs, the speed governors are
less preferred in AMHPP [13]. In Cuba, conventional
speed governor is not used due to prohibitively high cost
according to [14]; therefore, frequency is controlled by
resistive load [15] called dump load. On the other hand,
dump load control is proved to be cost effective only
when there is a hot water requirement [16] because it
dumped a lot of electricity and water. Therefore, the
reduction of a dump load value is needed as much as
possible [13] making the use of water more efficient.

An alternative to speed governors could be the
combination of a reduced amount of dump load with flow
DC servomotor for nozzle control. It guarantees frequency
control in nominal limits giving better dynamical response
than flow control alone at lower cost. Also, by adjusting a
nozzle setting in Pelton turbines could improve overall
energy efficiency from the point of view of water uses.

This paper is organized as follows. Section 2 describes the
frequency control review of the state of the art of
frequency control methods used in AMHPP. In Section 3
a combined flow-reduced dump load procedure (proposed
methodology). In addition, a plant case study of load
disturbances behaviour in AMHPP is discussed in Section
4. Simulations results are analysed and discussed in
Section 5 for the plant study cases. Finally, Section 6
outlines the main conclusions of this paper.

2. State of the art review

Several approaches are reported in the specialized
literature to keep hydropower plants operating at their
nominal values. Some works consider the use of
mechanical energy storage systems through flywheels
[17], interconnected systems [18], storage of electrical
energy [19] and use of MGs [20, 21]. Other papers
consider the use of asynchronous generators [22] and
isolated micro-grids [23]. Some of these solutions do not
include autonomous systems; therefore, they are not taken
into consideration in the scheme proposed in this work. In
the most general case, the AC MGs integrate the energy
supply from several sources, in which the equality of
frequencies, voltages, and phases is mandatory for
synchronization.
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From the operation of AMHPP point of view with the
Pelton turbines, two ways of frequency control are known:
manipulating the flow of water entering the turbine or
adjusting the generator load [24]. The first method seeks
to adjust the operating point of the turbine, regulating the
nozzle flow. The 95% of Cuban AMHPP operate with
Pelton turbines of TP-15 and TP-16 models. These
turbines have limited frequency regulation capabilities due
to the high costs of commercial speed governors.
Moreover, to avoid problems of transient pressure in the
gate, a large value of the setting time of the turbine nozzle
is commonly used [25].

The second method, based on the use of a resistive dump
load, ensures that the turbine works at a fixed operating
point, the maximum power, balancing the load that
represents the demand of the users with a second resistive
load connected in parallel [26]. This method of regulation
has a simpler design and good performance against
impulse and sustained disturbances. However, in classic
designs, the nominal power of the secondary load is
chosen 30 % higher than the nominal power [16]. In this
case, it is shown that it is profitable only when hot water is
required for different uses [19]. Some research suggests
matching the dump load power to the plant nominal power
[27], but at a high cost [28] and low efficient energy
source use. Other authors [16] propose the reduction of
the secondary load to 50% of the nominal power through
the adjustment of the turbine flow in fixed amounts of
30% and 50%. In previous investigations [4], a dump load
regulator was designed, with a dump load nominal value
of 30%, obtaining good control performance only when is
acting sustained disturbances of small amplitude.

In [29], by means of a mixed electronic regulator, a
reduction of the dump load to 10% of the generator
nominal power is proposed. According to the authors,
empirical rules are used, a demand load study is not
carried out and nor are evaluated the most frequent types
of disturbances. On the other hand, in [19], [27], a mixed
regulation scheme is proposed for flow control by means
of on-off valves that instantly increase or decrease the
turbine inlet flow by default values of 30% or 50%. In
these works, the frequency is maintained according to the
parameters designed for sustained disturbances of 2.4% of
the nominal power. In [30], a mixed load-flow regulator is
proposed, combining a PI regulator for the dump load
control and a fuzzy algorithm to control the nozzle flow,
refeeding the frequency measurement. The firmware and
hardware based on a micro controller is designed in [30],
but it is not intended to minimize the dump load, does not
refer to compliance with the regulations regarding the
permitted frequency variations and the design of the
control algorithms. These elements indicate that the
design of [30] is not oriented to the efficient use of water.

Through previous papers review, it seems that
combination of flow and reduced dump load is an intuitive
way to use the hydro energy source more efficiently and
guarantee the required frequency in nominal values. In
this form of operation, it is necessary to adjust the turbine
operating point. Load demand fluctuations are
compensated thanks to the speed of dump load control,
and immediately through flow control, to adjust the
operating point of the turbine to the power demanded.
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With this new method, the system could operate in a
regime close to demand instead of operating at maximum
power. As a result, energy would be supplied according to
quality standards and the water would be used more
efficiently by reducing the power of the dump load. The
dump load rate would be based on the desired quality
requirements of the electric power system (NC62-04 in
Cuba), and not on the percent of nominal power installed,
which would bring economic benefits by equipment
savings and increasing the water efficient use.

3. Combined flow-reduced dump load

method.

The installed power (P,) of a hydropower station is

determined by equation (1). The operating point at which
the turbine operates depends on the values of design

hydraulic head (H, ), flow, through the turbine (Q,) and
turbine efficiency at the nominal point of operation (7, ).

It can be adjusted by linearly changing the Pelton nozzle
setting, which will vary the turbine intake flow and
efficiency, considering that the hydraulic head remains
constant.

Po=p-g-QHym W ()
The flow to the turbine inlet is adjusted to the desired
value by means of a servomotor that moves the turbine’s

[0 <AI<21 mm], depending on the value of the

frequency measured at the generator terminals.

The turbine operating point is defined by the amount of
load demanded (electricity) by the users (Py). In addition,
the dump load control consists of balancing the increase or
decrease of user demanded power through the dump load
(P)). This point implies that the adjusting of the turbine
operating point is defined by equation (2):

AP, = AP, + AP, @)

_max ?
and the decision to adjust the operating point based on the
power demanded, represented by f(P,), depends on

function (3).

No Adjust - if [AP,|<|AP,

f(Pu): | _max (3)

Adjust - if |AP,|>|AP

I _max

The magnitude of the adjustment and the minimum value
of the dump load installed power depend on the desired
behavior of the combined scheme. In this case, it is
designed to obtain a maximum steady-state error (ess) of
+1 % (+0.6 Hz), a settling time (1) less than 60 s, and a
maximum overshoot (mp) of the error of +1.5 Hz, in
accordance with the Cuban standard NC62-04.
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Fig. 2. Proposed combined regulation scheme for AMHPP frequency control.

The scheme consists of two control loops: Flow control
(Fig. 2.a), and dump load control (Fig. 2.b). The first one
adjusts turbine operation point only when dump load
control cannot compensate frequency deviation. The dump
load control loop keeps the generator power constant only
in a limited range of a dump load value, adjusting the
power consumed in the resistive dump load, by the
controlled three-phase rectifier bridge. The modular value
of the change in the dump load is equal to the demanded
power change but in the opposite direction. This is only
possible when the user load demand amplitude in less or
equal than dump load installed.
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PID controllers have been widely used in hydropower
frequency control [32-36]. About 95% of the control
loops in industry are PID controllers and fundamentally,
most of them PI [37]. They are also common, making
them easy to design and implement this in
microcontroller application.

A PI algorithm is used to dump load control; another PD
algorithm to flow control. A PI algorithm is selected to
make cero a steady state error of frequency; thus, a PD
algorithm anticipates an inverse response due to non-
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minimum phase characteristics of turbine [24]. These
control algorithms were suggested in [38] for chemical
process control with non-minimum phase behaviour. A
combined control action can produce desired temporal
response of electric frequency in accordance with [9].

As flow control temporal response is precise but slower, a
user load demands can be compensated rapidly by a
reduced dump load. Next, slowly, it must be adjusted
linearly the Pelton nozzle setting in accordance to the
demanded load magnitude. A well-designed combined
flow-dump load control can guarantee a required temporal
response.

4. Simulations cases

According to the load studies carried out by the authors,
impulse load disturbances are associated with electrical
equipment that by its nature demands high electrical
consumption in a short time interval, e.g., electric arc
welding or motor starting in the existing mini-factories.
Most of a load of household appliances and lighting are
considered sustained loads and as such are modelled in this
research. The magnitudes of the disturbances are designed
from the analysis of the behaviour of the loads, obtained
from previous studies [4]. Therefore, the analysis of the
electric frequency temporal response is relevant for the
following cases:

0 When the duration of impulse load disturbances varies
between 2 and 3 seconds. To make sure a capacity of
reject impulsive loads.

0 When the power required by users does not exceed the
dump load nominal ValuelAPu|§|AP| max|. To test the

capacities of dump load control alone.
O When the power required by users exceeds the dump

load nominal value|APu|>|AP, al- To test the

capacities of combined control in most general case.

0 When the amplitude of the sustained disturbances is
much bigger than dump load amplitude. To test the
capacities of combined control in a limit special case.

Table I shows the types (Impulsive (I) and Sustained (S)),
magnitudes and times at which the simulated disturbances
are acting.

Table I. -Types and magnitudes of simulated disturbances

Type Amplitude Duration R/R AR
Cases
(kW) (s) (%) (kW)
Case 1 I 5 2 11 +3
Case 2 I 5 3 11 +3
Case 3 S 3/6 6.6/ 13.3 +3
Case 4 S 3/7 - 6.6/15.5 +3

According to the loads types that are usually present in
these isolated power generation systems, a dynamic
behavior in the case of impulse type disturbances of great
amplitude and short duration is simulated (Table 3 cases 1
and 2). As well as of the sustained type of small amplitude
in relation to the generator power, case 3. The dynamic
behavior is also simulated in the event of sustained
disturbances of up to 15.5 %, case 4.
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5. Results and discussion
A. Results for impulsive loads. Cases 1 and 2

Fig. 3 shows the temporal response to the separately
dump load and flow control, and in Fig. 4 the behaviour
of the frequency of the combined flow-dump load
control. In Cases 1 and 2, with the magnitudes of the
impulse type disturbance of up to 11 % of the nominal
power, dump load control alone stabilizes the frequency
in 3 seconds. It could be considered instantaneous
compared with the 60 s of the flow controls (Fig. 3).

1.5

s Dump load regulator| -

— Flow regulator
0.5 B

0
-0.5

-1
Best control performance, but low energy efficiency

15 -
of dump load regulator

Frecuency (60+f) [Hz]

-2

-2.5

Time [s]

L L L L L
] 10 20 30 40 50 60 70

Fig. 3. Response to 11 % impulse load. Independent flow and
dump load regulators.

Dump load control is suitable only when there is a hot
water demands. In this hypothetical case, the dump load
nominal value of 100 % of generator value is required,
implying inefficient water use. When user’s load demand
is greater than 11%, the frequency variations are greater
than 1 Hz, so they would be outside the norm considered.

0.5

0 \
.5 Settling time and B
/ overshoot inside norm NC62-04

Sk J

Combined flow-dump load regulator

Frecuency(60+f) [Hz]
s

Best control performance than other studied regulators

Time [s]
,

L 1 1 1 1
0 10 20 30 40 50 60 70

Fig. 4. Response to 11 % impulse load. Combined flow-dump
load regulator.

As shown in the previous figures, the dump load control
has a dominant effect for Cases 1 and 2. However, from
the point of view of the rational use of energy, the
efficiency of the combined control action could be
increased, as the value of the dump load installed
decreases.

B. Results for sustained loads. Case 3 and Case 4

For sustained disturbances up to 10%, the frequency
behaves within the limits allowed only for combined
flow-dump load regulation, as shown in Fig. 5. Flow
control alone converges to its desired frequency value,
but, very slow and with variations greater than those
admitted in the NC62-04 standard. Similarly, dump load
control by itself, not compensates the disturbances whose
magnitude is greater than £3kW, this conclusion is
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derived from (2). Fig. 5 shows that the settling time is
smaller than 25 s and the maximum overshoot is minor
than 1.8 Hz (3 %) only by means of combined flow-dump
load controller. This behaviour confirms the possibility of
to give better dynamic response of flow control, through
the combination of flow and reduced dump load control
schemes. At the same time, they can increase the energy
efficiency, ensuring frequency temporary response inside
technical standards.

2

Good control performance,
1 inside NC62-04 norm

Dump load regul;tor B
Flow regulator
Combined flow-dump load

Frequency (60+ f) [Hz]
w N
/l
/ /
~_|
j/x
=
|
\
4

\
al \\ / can't compensate
\ Y, load disturbance
5 \ / Large overshoot and
—settling time, outside NC62-04 Time [s]
6 . : .
(o] 10 20 30 40 50 60 70

Fig. 5. Frequency behaviour of all regulator with sustained load
disturbances of 10%.

When the load disturbance amplitude is up to 12 %,
considered excessively large limit, but possible in Cuban
isolated power systems, the settling time remains.
However, the overshoot increases by 5 % equivalent to
3Hz, which is outside the established norm, as Fig. 6
shows.

4 T T m

Dump load regulator
—Flow Regulator
A\ ——Combined flow-dump load

Overshoot outside
2 NC62-04 norm

Frequency (60 + f) [Hz]
b N

“~_can't compensate

load disturbance |
Large overshoot and

settling time, outside NC62-04

Time [s]
0 10 20 30 40 50 60 70

Fig. 6. Frequency behaviour of all regulators with sustained load
disturbances of 12 %.

Combined flow-dump load control scheme is best solution
than others, as showed Cases 1 to 4. Nevertheless, is
necessary to reduce a dump load value to guarantee water
savings and therefore energy source efficiency [31].

6. Conclusion

The simulation results have shown that frequency variation
in AMHPP with the limits states of NC62-04 norm is
guaranteed, if proposed combined flow-reduced dump load
control scheme is used. Instantaneous frequency variation
is about 2 % even for perturbations magnitude up to 12 %.
The NC62-04 standard, which considers connected and
isolated power plants on equal terms, could be modified to
allow possible frequency variations in AMHPP by up to 2
% without deteriorating control requirements. In addition,
it is possible to increase energy efficiency in the AMHPP
by reducing the value of the resistive dump load by up to
7.5 kW in a case study. A user load demand study plays a
necessary role in the dump load reduction and controllers
design.
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Nomenclature

g Acceleration due to gravity=9.81 m/s?
H, Turbine design head m
P, Electric Power kw
PI Installed dump load value kW
AP, Maximum value of installed dump load KW
Pmax Instantaneous maximum generator power kw
Prnin Instantaneous minimum generator power kw
PT Generator nominal power kW
Q, Design Flow m3/s
p Density of water kg /m®
77; Turbine efficiency %

References
[1] A. Hirsch, Y. Parag, and J. Guerrero, "Microgrids: A
review of technologies, key drivers, and outstanding
issues," Renewable and Sustainable Energy Reviews, vol.
90, pp. 402-411, 2018.

IRENA, "Off-grid renewable energy solutions to expand
electricity access: An opportunity not to be
missed,International ~ Renewable  Energy  Agency
(IRENA), Abu Dhabi," 2019.

H. Ashfaq, M. Saood, and R. Singh, "Autonomous micro-
hydro power system for distributed generation: A power
quality analysis," International Journal of Current
Engineering and Scientific Research (IJCESR), vol. Vol
2,2015.

P. L. Pefia, A. H. Dominguez, B. J. Fong, and P. J. A.
Garcia-Alzorris, "Regulacion de frecuencia en una
Minihidrolectrica por carga lastre mediante un pc
Embebido," in 9th Spanish Potuguese Congress on
Electrical Engineering (9CHLIE), Marbella, Espana. 30/6
-2/7 de 2005, 2005, pp. p. 151-152.

A. Fernandez-Guillamoén, J. 1. Sarastia, M. Chazarra, A.
Vigueras-Rodriguez, D. Fernandez-Mufioz, and A.
Molina-Garcia, "Frequency control analysis based on unit
commitment schemes with high wind power integration:
A Spanish isolated power system case study," Electrical
Power and Energy Systems, vol. 121, p. 106024, 2020.

N. Salehi, H. Martinez-Garcia, G. Velasco-Quesada, and
E. Garcia-Vilchez, "Inverter Control Analysis in a
Microgrid Community Based on Droop Control
Strategy," presented at the 19 th International Conference
on Renewable Energies and Power Quality: ICREPQ’21,
Almeria (Spain), 28 th to 30 th July 2021, 2021.

RE&PQJ, Volume No.20, September 2022



[7]

[10]

[12]

[13]

[14]

[15]

[17]

(18]

[22]

(23]

W. Guo, J. Yang, W. Yang, J. Chen, and Y. Teng,
"Regulation quality for frequency response of turbine
regulating system of isolated hydroelectric power plant
with surge tank," Electrical Power and Energy Systems,
vol. 73, pp. 528-538, 18 May 2015 2015.

V. S. Kumar and S. K. Singal, "Operation of hydro power
plants-a review," Renewable and Sustainable Energy
Reviews, vol. Vol 69, pp. 610-619, December 2017 2017.
NC62-04, "Sistema Electroenergético Nacional. Frecuencia
nominal y sus desviaciones permisibles," ed. Disponible en:
http://www.nc.cubaindustria.cu:  Oficina Nacional de
Normalizacion, 1981, p. 3.

P. L. Peiia, W. E. Farinas, J. L. Cordova, and T. Y.
Delgado, "Quality of energy, energy access and Law within
the Cuban hydropower context," Global Jurist, vol. 2020,
june 2020 2020.

H. Goyal, T. S. Bhatti, and D. P. Kothari, "A novel
technique proposed for automatic control of small Hydro-
power plants," International Journal of Global Energy
Issues, vol. 24, pp. 29-46, 2005.

V. Himr, V. Habéan, and D. Stefan, "Inner Damping of
Water in Conduit of Hydraulic Power Plant,"
Sustainability, vol. 13, 7125, 2021.

R. R. Singh, B. A. Kumar, D. Shruthi, R. Panda, and T. C.
Raj, "Review and experimental illustrations of electronic
load controller used in standalone Micro-Hydro generating
plants," Engineering Science and Technology, an
International Journal, vol. in press, 2018.

F. D. Pérez, "Una serie de turbinas Pelton para mini y
microhidroeléctricas,” Ingenieria Hidraulica, vol. Vol 1V,
pp. pp. 85-97, 1983.

G. Castillo, L. Ortega, M. Pozo, and X. Dominguez,
"Control of an island Micro-hydropower Plant with Self-
excited AVR and combined ballast load frequency
regulator," presented at the 2016 IEEE Ecuador Technical
Chapters Meeting (ETCM), Ecuador 12-14 Oct. 2016,
2016.

S. Doolla and T. S. Bhatti, "Load Frequency Control of an
Isolated Small-Hydro Power Plant With Reduced dump
Load," IEEE Transaction on Power Systems vol. 21, pp.
1912-1919, November 2006 2006.

A. A. A. Khodadoost, H. Karami, G. B. Gharehpetian, and
M. S. A. Hejazi, "Review of Flywheel Energy Storage
Systems structures and applications in power systems and
microgrids," Renewable and Sustainable Energy Reviews,
vol. 69, pp. 9-18, 2017.

M. Dreidy, H. Mokhlis, and S. Mekhilef, "Inertia response
and frequency control techniques for renewable energy
sources: A review," Renewable and Sustainable Energy
Reviews, vol. 69, pp. 144-155, 2017.

S.a. T. S. B. Dolla, T. S. Bhatti, and R. C. Bansal, "Load
frequency control of an isolated small hydro power plant
using multi-pipe scheme," Electric Power Components
System, vol. 39, pp. 46-63, Jan 2011 2011.

S. R. Mohanrajan, A. Vijayakumari, and S. K. Kottayil,
"Power Balancing in Autonomous Micro Grid with
Variable Speed Pump," presented at the IEEE International
Conference on Power, Control, Signals and Instrumentation
Engineering (ICPCSI-2017), 2017.

W. Gil-Gonzélez, O. D. Montoya, and A. Garces,
"Modeling and control of a small hydro-power plant for a
DC microgrid," Electric Power System Research, vol. 180,
p. 106104, 2020.

B. Guo, S. Bacha, M. Alamir, and H. Imanein, "An anti-
disturbance ADRC based MPTT for variable speed micro-
hydropower station," in IECON 2017 - 43rd Annual
Conference of the IEEE Industrial Electronics Society,
Beijing, China 2017, pp. 1783-1789.

W. Ali, H. Farooq, A. u. Rehman, and M. E. Farrag,
"Modeling and performance analysis of micro-hydro

https://doi.org/10.24084/repqj20.350

511

(24]

(23]

[26]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

generation controls considering power system stability,"
presented at the 2017 First International Conference on
Latest trends in Electrical Engineering and Computing
Technologies INTELLECT), 2017.

P. Kundur, Power System Stability and Control: The
EPRI Power System Engineering Series. McGraw-Hill
Inc 1994., 1994.

R. Singh, T. R. Raja, and P. A. Chelliah, "Power
electronics in hydro electric energy systems — A review,"
Renewable and Sustainable Energy Reviews, vol. 32, p.
16, 2014.

Z. d. Souza, S. A. H. Moreira, and B. E. da Costa,
Centrais hidreléctricas: implantagdo e comissionamento.
Editora Interciencia Ltda. 3ra Ed. Rio de Janeiro 2018.
522p, 3. ed., 2018.

S. Doolla and T. S. Bhatti, "Automatic Frequency Control
of an Isolated Small Hydro Power Plant," International
Energy Journal, vol. 7, pp. 17-26, March 2006 2006.

R. K. Yadav and L. Mathew, "Load Frequency control of
an Isolated Small Hydro Power Plant with Reduction in
Dump Load Rating By Using Variable Structure Control,"
International Journal of Engineering Science Invention,
vol. 3, pp. 8-15, Mayo 2014 2014.

V. H. Kurtz and H. R. Anocibar, "Sistema mixto para el

control de la generacion en micro centrales
hidroeléctricas," HIDRORED, vol. 2007, pp. 24-30,
febrero 2007 2007.

B. J. Fong, A. H. Dominguez, B. A. Abreu, and D. M. E.
Barrueco, "Design of a regulator of frequency for small
central hydroelectric in isolated operation," Journal of
Engineering and Technology for Industrial Applications,
vol. Vol 13, pp. 140-148, March 30th 2018 2018.

L. Pefia-Pupo, H. Martinez-Garcia, E. Garcia-Vilchez, E.
Y. Farifias-Wong, and J. R. Nufiez-Alvarez, "Combined
Method of Flow-Reduced Dump Load for Frequency
Control of an Autonomous Micro-Hydropower in AC
Microgrids," Energies, vol. 14, p. 8059, 2021.

E. J. Oliveira, L. M. Honoério, A. H. Anzai, L. W.
Oliveira, and E. B. Costa, "Optimal transient droop
compensator and PID tuning for load frequency control in
hydro power systems," Electrical Power and Energy
Systems, vol. 68, pp. 345-355, 2015.

A. Pappachen and A. P. Fathima, "Critical research areas
on load frequency control issues in a deregulated power
system: A state-of-the-art-of-review,” Renewable and
Sustainable Energy Reviews, vol. 72, pp. 163-177,
January 2017 2017.

R. Shankar, S. R. Pradhan, K. Chatterjee, and R. Mandal,
"A comprehensive state of the art literature survey on
LFC mechanism for power system," Renewable and
Sustainable Energy Reviews, vol. 76, pp. 1185-1207,
2017.

G. Martinez-Lucas, J. 1. Sarasta, J. A. Sanchez-
Fernandez, and J. Roméan-Wilhelmi, "Power-frequency
control of hydropower plants with long penstocks in
isolated systems with wind generation," Renewable
Energy, vol. 83, pp. 245-255, 2015.

G. Martinez-Lucas, J. 1. Sarasta, and J. A. Sanchez-
Fernandez, "Frequency Regulation of a Hybrid Wind-
Hydro Power Plant in an Isolated Power System,"
energies, vol. 11, pp. 1-25,2018.

J. L. Guzman, J. C. Moreno, M. Berenguel, and J.
Moscoso, "Inverse pole placement method for PI control
in the tracking problem," in 3rd IFAC Conference in
Proporcional Integral Derivative Control., Ghent,
Belgium, Mayo 9-11 2018, 2018, pp. 406-411.

G. Stephanopaulos, Chemical Process Control. An
Introduction to Theory and Practice. Prentice Hall Inc.
696 p., 1984.

RE&PQJ, Volume No.20, September 2022





