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This paper proposes innovative control schemes for Pelton turbines to improve frequency regulation in isolated power systems
with high penetration of variable renewable energy sources (VRESs). Traditionally, Pelton turbine deflectors are used as safety
mechanisms; however, this study explores their potential for continuous frequency regulation, alongside the conventional needle
control. The proposed strategies, including a deflector-based control and a mixed control (combining both injector as well as
deflector actions), aim to address the limitations of traditional methods. The results obtained from dynamic model simulations
demonstrate significant improvements in system performance and stability compared with the traditional needle-based control. In
particular, the mixed control strategy achieves a balanced solution, minimizing frequency deviations, reducing water losses, and
maximizing renewable energy integration. These findings highlight the potential of advanced turbine control to optimize the
operation of isolated power systems and support the transition to sustainable energy systems.
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1. Introduction

The nonstop increase in electrical consumption, together with
the increasingly notorious environmental effects of the emis-
sions due to conventional power plants, has caused the evolu-
tion of electrical grids worldwide [1]. As a consequence, most
countries are replacing their polluting power plants (coal-, oil-,
gas-, and nuclear-based) with variable renewable energy
sources (VRESs; mainly wind and photovoltaic installations)
[2]. Among them, wind energy is a cost-effective and sustain-
able VRES that many countries are adopting to increase clean
energy in their grids [3]. However, this high wind penetration
has raised several problems in terms of power systems’ stability,
as it depends on a natural and uncontrollable resource and is
electrically decoupled from the grid by power converters [4]. In

fact, as the integration of wind increases, power systems have
lower inertia, and the power fluctuations due to the stochastic
process of the turbulent fluctuations in wind speed may reduce
the power quality of the electrical grid [5, 6].

Isolated power systems face unique challenges with high
levels of wind integration, due primarily to their limited con-
nectivity and smaller grid size compared to interconnected
systems [7]. Without the stabilizing influence of external power
systems, these isolated grids are more susceptible to fluctua-
tions, which can lead to significant issues in maintaining fre-
quency and voltage stability [8]. The intermittent nature of
wind introduces an added layer of complexity, forcing isolated
systems to rely on a combination of fast-responding backup
resources or energy storage systems to stabilize the grid [9, 10].
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When doing the electrical transition planning, the charac-
teristics of each power plant must be considered: depending on
them, the power plants can play different roles within the
power system [11]. One of the main aspects of power plants
is their flexibility, where gas and hydroelectric power plants are
the most effective options [12]. Given their operational flexibil-
ity, hydroelectric power plants are supposed to play an increas-
ingly critical role in the future energy landscape, particularly as
the transition away from fossil fuels intensifies [13, 14].
Recently, an extensive review of the factors that can affect the
flexibility of hydroelectric power plants was carried out [15].
Moreover, hydroelectric power plants have the ability to serve
as energy storage capabilities through pumped storage, posi-
tioning them as a vital component in achieving a reliable and
sustainable electrical system [16].

Currently, there are several isolated power systems with
high wind power integration and (pumped storage or not)
hydropower plants, which are usually equipped with Pelton
turbines. Katsaprakakis et al. [17] analyzed the implementation
for the isolated power system of the isles Karpathos and Kasos
(Greece), which were initially fueled by 5 diesel engines and a
wind power plant. The proposed system kept the wind power
plant, but included a pumped storage system with 2 Pelton
turbines of 2 MW each to minimize the use of fossil fuels. A
medium-sized islanded power system in the European Atlantic
region is analyzed in [18, 19]. These authors evaluated the
feasibility and impact of integrating a pumped storage hydro-
electric power plant into such an isle, reliant on thermal and
renewable energy sources (RESs). The proposed hydropower
plant included a 7 MW Pelton turbine and 7.5 MW of pumping
capacity. Similarly, Sebastidn and Nevado [20] examined a
wind-hydro isolated microgrid designed for remote autono-
mous operation, including a hydropower plant with a Pelton
turbine, a wind turbine, and a dump load for dissipating excess
energy. The microgrid can operate in three modes: hydro-only,
wind-only, and wind-hydro, transitioning between them based
on power supply and demand. Moreover, the island of Eigg, in
Scotland, has a hybrid system consisting of three hydroelectric
generators (100, 6, and 5 kW), four wind turbines (6 kW each),
and a photovoltaic installation (170 kW), supplying 95% of the
demanded electricity on the island [21]. In Spain, one notable
case stands out. A hybrid wind and pumped-storage hydro-
power facility known as Gorona del Viento was commissioned
in June 2014 within the El Hierro power system. This pumped-
storage plant includes four Pelton units (4 X 2.83 MW), six
fixed-speed pumps (6 X 0.5 MW), and two variable-speed
pumps (2 X 1.5MW). In recent years, the importance of this
complex power plant has grown within the power system.
During the summer of 2019, electric demand was met contin-
uously and solely by RES for a total of 596 h [22].

Pelton turbines are installed in about 20% of hydroelectric
power plants [23]. These turbines are suited to the use of very
steep waterfalls (between 30 and 1000 m) and relatively small
flows (between 0.1 and 11,0001/s) [24], which means that they
are used in power plants with long conduits. The nozzle, which
is the organ that regulates the flow rate impinging on the
turbine runner, is fitted with a needle valve whose position
determines the opening level and, thus, the flow rate [25].
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FiGure 1: Diagram of Pelton turbine components.

Sudden movements of the injector can cause pressure waves,
that is, water hammer, in the penstock [26]. These pressure
waves hinder the frequency regulation of the electrical system
itself, as has been discussed in several publications [27, 28]. In
addition to having an injector, the Pelton turbine also has a
deflector. It consists of a metal surface designed to deflect the
water jet and prevent it from impacting the cups, as can be seen
in Figure 1. The deflector is usually used as a safety feature:
when a hydroelectric unit is suddenly shut down, the wicket
gate of a reaction turbine is normally closed quickly to prevent
overspeed of the runner, which can be very damaging [29].
However, this sudden closure of the wicket gate causes an
overpressure (water hammer) in the conduits. In the case of
action turbines, such as Pelton turbines, the deflector allows the
water jet to be deflected, preventing the water from hitting the
cups, that is, avoiding overspeed in the runner without the need
to close the nozzle abruptly, and therefore avoiding overpres-
sure in the penstock.

Together with the safety feature, the deflector has some-
times been studied to enhance the frequency regulation of
power systems. The works carried out by Johnson et al. [30,
31] described the problems that occur in the Kenai grid
(Alaska) when the line connecting it to the main system was
damaged; in such a situation, the Kenai grid changed from
exporting electricity to being an isolated system, and the Pelton
turbines had to drastically reduce their generation. To over-
come that, the authors proposed a new control for the turbine
deflector, which operated simultaneously with the injectors,
eliminating the instabilities caused by the overspeed of the
groups. Wang et al. [32] developed a Pelton turbine and gov-
ernor system dynamic model in association with the character-
istics of a deflector overspeed control for a Pelton turbine.
Recently [33], sought to counteract the difficulties caused by
water hammer in the frequency control of a Pelton turbine,
considering a hydropower plant in Austria. This needed to
limit the speed of movements in the injector to 3%/s in the
power plant studied. To improve the action of the frequency
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control, the authors proposed a PID control for the deflector,
which could only act by limiting the power when there was an
overfrequency. This same proposal was used in [34] by locating
the deflector close to the water jet, which allowed the distribu-
tor controller to be more energetic, as there was no “bouncing”
effect on the frequency.

Thus, the frequency regulation in Pelton turbines can be
achieved by using both electromechanical elements: the nozzle
and the deflector. The nozzle regulates the water flow through a
needle operated by servomotors, as is usually. Additionally,
deflector plates, also controlled by servomotors, can divert a
portion of the water jet emitted by the nozzle, ensuring that
only a specific percentage impacts the runner bowl. This
reduces pressure waves and overpressure in the penstock dur-
ing frequency regulation or plant shutdowns. However, using
the deflector instead of the nozzle needle for complete fre-
quency regulation results in a partial or total flow loss, as water
continues flowing through the pipe without impacting the run-
ner [35]. Consequently, deflectors are typically employed solely
for overspeed scenarios, as justified by the previously published
works. To the best of the authors’ knowledge, no frequency
controller has been proposed so far that includes continuous
action of the deflector. This may be due to the fact that using
the deflector, either exclusively or partially, for frequency regu-
lation would lead to an excessive loss of water. However, the
increasing penetration of VRES, particularly in isolated power
systems, provides a new context in which this hybrid control
strategy becomes globally efficient despite the associated water
losses.

This combined control strategy can be considered analo-
gous to other hybrid control schemes involving hydropower
plants and fast storage systems, such as batteries or flywheels.
In such schemes, the storage system provides a fast response to
frequency deviations, similar to the one that could be delivered
by the deflector of a Pelton turbine. For instance, [36] described
a hierarchical hybrid frequency control composed of a hydro-
power plant and a flywheel system. Through a specific algo-
rithm, the flywheels absorb sudden frequency variations, while
the hydropower plant manages the state of charge of the fly-
wheels, maximizing overall performance. In the study con-
ducted by Vasconcelos et al. [37], a flywheel system
performed proportional control in response to frequency
deviations in an isolated power system. In [22], the authors
proposed a hybrid frequency control combining a hydropower
plant, wind turbines, and flywheels.

Another type of hybrid control comparable to the one
proposed here is found in systems where variable-speed wind
turbines provide synthetic inertia for frequency regulation.
These turbines can quickly inject or absorb active power,
much like the deflector of a Pelton turbine, at the cost of the
kinetic energy stored in their rotors. In [38], a hybrid control
scheme is proposed involving a hydropower plant and a group
of wind turbines in an isolated system, whereas [39] addressed
the combination actions of a photovoltaic and a wind power
plant for frequency control in an isolated system.

This paper proposes a novel approach that incorporates
continuous deflector control for both overfrequency and
underfrequency regulation. Priority has been given to the

ease of implementation of the new controllers by adopting an
architecture similar to the existing proportional-integral (PI)
controller. This control is particularly valuable for isolated
power systems with large RES integration, where the VRES
generation can sometimes be limited due to frequency variabil-
ity, even though the natural resource would be able to provide
more electricity [40]. By stabilizing frequency variability, this
strategy allows greater VRES integration while maintaining
acceptable frequency margins.

To thoroughly evaluate these schemes, a dynamic simula-
tion model was developed in MATLAB Simulink, accurately
reflecting an isolated power system that includes a hydroelec-
tric plant with Pelton turbine deflector behavior, among other
advanced technologies. The case study presented validates the
effectiveness of these control strategies in real-world condi-
tions, demonstrating the model’s potential as a valuable tool
for optimizing VRES integration and improving system resil-
ience. The rest of the paper is organized as follows: Section 2
describes the developed dynamic model; Section 3 proposes
different control schemes for the Pelton turbine, which are
applied to the case study described in Section 4; and finally,
the conclusions are given in Section 5.

2. Dynamic Model

In order to study the proposed frequency control strategies
provided by the Pelton turbines using their deflector in an
isolated system, an aggregated inertial model is developed in
MATLAB Simulink to represent grid frequency variations [41].
This assumption, applicable to isolated power systems, has
been previously used both in the electrical system of El Hierro
[42] and in the modeling of the Irish electrical system [43]. The
considered isolated power system with wind energy penetra-
tion, along with the model developed in MATLAB Simulink,
consists of a hydroelectric power plant equipped with four
Pelton units, a pump station with two variable speed pumps
(VSPs) and six fixed speed pumps (FSPs), a wind power plant
with five variable speed wind turbines, an automatic generation
control (AGC), the equivalent power system, and a frequency-
sensitive power demand (Figure 2). The dynamics of transmis-
sion lines are considered negligible for grid frequency varia-
tions [44]. Furthermore, it is assumed that electromagnetic
transients are much faster than other components in the model,
and therefore their impact on the system’s dynamics can also be
disregarded [27].

The equations used to model the hydroelectric power plant
(except Pelton units, whose model is detailed in Section 2.1)
and the pumping station have been previously employed by the
authors [42]. Both the pumping station and the hydroelectric
power plant share the upper and lower reservoirs, though each
operates through a distinct hydraulic circuit with its own pen-
stock. Given the length of the penstocks, an elastic water col-
umn model is necessary to accurately represent their dynamic
behavior. The lumped parameter approach has been adapted
by the authors to account for the specific characteristics of the
penstocks. The modeling strategy yields a system of ordinary
differential equations, which can be conceptualized as a
sequence of interconnected I'-shaped modules. Within this
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FIGURE 2: Block diagram of the dynamic model.
TasLe 1: Hydropower plant model parameters.
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scheme, the physical properties of the conduit, namely inertia, Mpi \?
.. p Y. . prop . . Y Pni= (Cp,iqz2 + bp.iq + ap,i) . (5)
elasticity, and friction, are distributed proportionally to the Mpom.i

segment length L.. The specific configuration and alignment
of these I"-shaped elements depend on the boundary condi-
tions applied at the pipe’s upstream and downstream ends.
Accordingly, the governing equations that describe the
dynamic behavior of the penstock are given in Equations (1)
and (2), where the water starting time T, is defined by
Equation (3). Parameters used in the hydropower plant model
are listed in Table 1.

dqp,m n, r
T_T—wolm — g1 —z_nt%,m’qpsmo ’ (1)
dh,, Ty,
=gt (o = ) @)
L Q,
T f— .
-1 3)

Regarding the pump station, the net head for each pump is
calculated using Equation (4), while the mechanical power
required by the hydraulic machine to elevate the flow is
obtained from Equation (5) [45]. Both equations are derived
from the characteristic pump curves corresponding to nominal
rotational speeds under FSP and VSP operating modes.
Hydraulic similarity laws are applied to extrapolate the net
head and mechanical power for off-nominal rotational speeds.

Ny \2
i = (cnigi + bh,i‘1+ah,i)( 2 ) . (4)

nnom,i

Equation (6) is employed to evaluate the speed deviations
of each electrical machine, 1, ;, as a result of the imbalance
between mechanical and electrical torques. This formulation
applies to both FSP and VSP cases, with the inertia constant J;
varying accordingly [45] as follows:

dn,; 1
My i d—ltj = ]—1 (pe,i - pp,i)~ (6)

The electrical power consumed by the fixed-speed asyn-
chronous machines is obtained using Equation (7) as follows:

(KM + va,-/dt> (f = fret) +p0; fori=1,8

ei My i
- N,
— S _m forie [2,7]

Shom Nnom,i

(7)

The values of all the parameters used in the pumping station
model are provided in Appendix A of [45].

Although all eight electrical machines are asynchronous,
units 1 and 8 are equipped with full converters, allowing
them to adjust the power they consume. In these units, a PI
controller regulates the electrical power drawn from the
grid [45].

The wind power plant model, which includes the quantifi-
cation of the mechanical power produced in the wind turbine
from the wind speed as well as both pitch control and torque-
based maximum power point tracking control of each variable
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TasLE 2: Wind turbines model parameters.

- 0.6 K, 0.12 2H, 3.718s

speed wind turbine, is derived from [46]. The power extracted
from the wind is modeled using Equation (8) as follows:

P
Pwind = EArsz)Cp(/L ﬂ) ’ (8)

where the power coefficient C, is a fourth-order function of
the turbine tip speed ratio 4 and the pitch angle g [47].

Pitch control is a combination of conventional pitch angle
control and pitch compensation. The conventional pitch angle
control implements a PI control that computes the difference
between the rotor and reference rotor speeds [48]. Further-
more, the pitch angle control considers the compensation
through a different PI control that computes the difference
between the mechanical wind power and maximum rated
power for each wind speed [49].

The torque-based maximum power point tracking control
controls the rotational speed by regulating the electromagnetic
torque, recovering the optimal speed once the frequency tran-
sient has subsided. It was considered the simplest controller to
make the conclusions more general. Therefore, a PI controller
obtains a power reference, Ap,, (Equation (9)) based on the
difference between the rotational speed and the optimal rota-
tional speed [50] as follows:

Ap, = [pr + Km,/dt] (@0 = Wpef). (9)

The total power supplied by the electronic converter will be
the sum of the mechanical power initially produced by the
wind and the power increment Ap,, that has been previously
described.

For the rotor’s mechanical model, a single-mass rotor
model is employed as expressed in Equation (10), which is
sufficient in scenarios where the power converter decouples
the generator from the grid [51]. Parameters used in
Equations (9) and (10) are listed in Table 2.

do 1 1

—_(pw _pnc)' (10)

dt  2H,

Although modern wind turbines are capable of contribut-
ing to frequency regulation and inertia emulation [38], this
study assumes no such contribution from this generation tech-
nology as in other previously published research [52]. In the
simulation model, power demand and wind speed are treated
as input variables.

System frequency oscillations occur following imbalances
between the power supplied by the generating units, that is,
hydroelectric units (pyq) and wind turbines (p,,), and the
power demand by the pump station, which includes both
fixed-speed pumps (pg,) and VSPs (py,) as well as consumer
loads (pgem). The sensitivities of the consumer load to

frequency variations are included in the model by means of
the parameter (D, ). Thus, the frequency variations are for-
mulated in Equation (11) as follows:

i_l

dt 9 thd (phyd + Pw _pfsp _pvsp — Pdem — Dyt - Af) .

(11)

The system’s inertia term (H,yq) corresponds to the inertia
constant of the hydroelectric units operating at each moment.
Wind turbines are connected to the grid through power con-
verters, so they cannot directly provide inertia to the grid.

Frequency control is delineated into two sequential phases.
In the initial phase, frequency deviations are rectified by the
generation units and VSP by adjusting their power output/
input in accordance with the droop assigned to each unit, a
process known as primary regulation. In the subsequent phase,
the steady-state frequency error resulting from the initial con-
trol action is addressed by the AGC, which determines the
secondary corrective action. The AGC system is modeled as
described in [53]. The total secondary regulation effort (ARR) is
obtained as indicated in Equation (12) as follows:

ARR = -Af K;. (12)

Ky is determined according to the ENTSO-E recommenda-
tions [54]. This regulation effort is distributed among each i
synchronized generating unit as a function of their participa-
tion factors (K, ;), as expressed in Equation (13) as follows:

1 -1
Ap;ef :T—/ARRKUJ dt:T—/Ku,le dt ’ (13)

u,i u,i

where i represents each online generation unit. Note that the
participation factors of generating units disconnected from
the grid are considered as 0. Consequently, it is assumed that
all generating units connected to the power system actively
participate in secondary regulation. The participation factors
are obtained as a function of the speed droop of each unit
[55], being the sum of all participation factors equal to 1.

2.1. Pelton Units. Due to the importance of the modeling of the
Pelton turbine, the expressions governing its operation are
detailed below. Equation (14) [56] gives the relationship
between p.u. values of flow g, head h, and nozzle opening z,
where i correspond to each online Pelton turbine from 1 to 4.
Since there is only one penstock, it is assumed that the head
upstream of each turbine is equal.

;= zVh. (14)

Equation (15) is used for p.u. shaft torque corresponds to
ideal rated conditions, where the absolute fluid speed is twice
the runner peripheral speed [26], corresponding i to each
online Pelton turbine from 1 to 4 as follows:
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Ci:qi(z\/z)- (15)

However, this expression is valid in cases where the total flow
out of the injector impinges on the turbine cups, that is, when
the action of the deflector is not taken into account. There-
fore, if the regulation capacity of the deflector is to be used, it
is necessary to distinguish the flow through the penstock and
out of the injector g from the flow that finally hits the turbine
runner g,. The relationship between the two flow rates is
defined by the deflector opening level d, also in p.u. values,
as shown in Equation (16), analogous to the model devel-
oped by Polster et al. [33]. The parameter d; takes the value 1
when the deflector does not touch the water jet, while it takes
the value 0 when it deflects all the flow completely.

Gpi =i - di. (16)

The subscript i refers to each of the four connected Pelton
turbines. It follows that, if the deflector is moved, it is satis-
fied that d; <1, and therefore the relationship g, ; <g; is also
tulfilled. This means that part of the flow through the pen-
stock does not reach the turbine cups and is therefore wasted.
For example, d; = 0.9 implies that the flow out of the injector
impinging on the turbine cups (i.e., the turbine flow rate)
represents 90% of the total flow through the penstock and,
therefore, there is a loss of water equivalent to 10% of
this flow.

Subsequently, it is necessary to reformulate Equation (15),
which provides the turbine shaft torque, by considering the
flow that effectively impacts the turbine runner cups, as

expressed in Equation (16). This leads to the actual expression
for the torque, given by the following Equation (17), when the
deflector is in use.

G=q;d;- (Zﬁ) (17)

3. Proposed Frequency Control Schemes

As described in Section 1, Pelton turbines have two electrome-
chanical elements that can modify the flow of water impinging
on the runner. These are the injector needle, which regulates
the flow rate of the penstock, and the deflector, which deflects
the water jet impinging on the runner and modifies the flow
rate impinging on the runner. Thus, it is possible to establish
control schemes on both elements as shown in Figure 3 and as
described below.

Obviously, many control strategies involving both regula-
tory elements can be proposed. However, priority has been
given to the ease of implementation of the new controllers by
adopting an architecture similar to the existing PI controller,
which is described in Section 3.1 as the “needle control
scheme.”

3.1. Needle Control Scheme. The governor model of the hydro-
electric units used in this study is formulated as indicated in
Equation (18), and it is based on [57]. This controller monitors
both system frequency and load through feedback signals from
the frequency error and power variation. The control loop
incorporates the measured frequency system error (Af) as well
as the hydroelectric power reference provided (Apyf hya) by the
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AGC. The governor’s action enables the correction of power-
frequency errors in response to electrical load variations. The
error signal is processed by a conventional PI controller, result-
ing in an adjustment of the nozzle position (4z). The model
takes into account both the limits on gate position and its rate
of change. This control scheme is the one traditionally used in
all Pelton units, and it has been considered in this work in order
to compare the results of the new proposed schemes with the
usual practice. The main problem with this control scheme is
that the movements of the injector needle produce important
pressure variations that are transmitted to the generated power,
and therefore make frequency control difficult.

Az; = |:Kp,ne -+ Ki,ne/dt:| (—Af + Ohyd * Apref.hyd)- (18)

The variables K}, ,,, and K; ,,, represent the proportional and
integral gains of the PI controller, respectively. The mechanical
power of the turbine is modified by the increase or decrease of
the flow rate to the turbine due to the actuation of the injector
needle. Note that, in this control scheme, the deflector is con-

tinuously fully open, so the condition that d; =1 is satisfied.

3.2. Deflector Control Scheme. The control carried out by the
Pelton turbine deflector is similar to the control carried out by
the injector needle, except for the electromechanical element in
charge of the control. In this case, the PI controller monitors
the same power-frequency error described in the previous sec-
tion, but it acts on the position of the turbine deflector (Ad),
which is responsible for deflecting the water jet over the tur-
bine, as it is formulated in Equation (19). In fact, with this
control scheme, the injector needle is completely open and
immobile (ie., z; =1 and d; <1). This control scheme implies
that the flow out of the pipe is the maximum, but a part of it is
lost and not used to produce energy.

Ad; = |:Kp.de + K de / dt} (=Af + Ohya - Aprernya)- (19

The variables K, 4, and K; . represent the proportional and
integral gains of the PI controller, respectively. The mechan-
ical power of the turbine is modified by the variation of the
flow impinging on the turbine by the operation of the deflec-
tor, without changing the flow through the penstock. In
contrast to the traditional “needle control scheme” described
in Section 3.1, this one can be much faster because the flow in
the penstock is constant, and the regulation does not cause
changes in the penstock pressure.

3.3. Mix Control Scheme. The proposed mixed control consists
of distributing the frequency control effort carried out by the
hydroelectric unit between the two electromechanical elements
of the turbine. This controller is based on the hierarchical
frequency control implemented in many power systems,
divided into primary and secondary regulation. In such sys-
tems, after a frequency disturbance, primary control acts pro-
portionally to the frequency deviation. This control action must
be very fast in order to halt the growing error. Subsequently,

secondary control, much slower in response, relieves the pri-
mary control action and restores the frequency to its nominal
value through an integral controller.

A similar scheme is adopted by variable-speed wind tur-
bines when providing synthetic inertia. This synthetic inertia is
based on a proportional control that evaluates the frequency
deviation and rapidly adjusts the injected electrical power inde-
pendently of the available wind power, by leveraging the kinetic
energy stored in the rotor, which results in a variation in rotor
speed. This speed variation is then slowly corrected by an inte-
gral controller that restores the turbine’s speed once the system
frequency has recovered.

This hierarchical control strategy has been transferred to
Pelton units. On the one hand, it is proposed that the deflector
reacts by deflecting the water jet proportionally to the measured
power frequency error, as shown in Equation (20), analogously
to primary control or wind turbine synthetic inertia control. In
this way, the deflector’s deviation of the jet of water allows rapid
action to be taken after the occurrence of the frequency imbal-
ance. The advantage is that this rapid power correction does
not cause pressure fluctuations in the pipe, as the flow rate of
the pipe is not changed.

Adi — Kp,de . (—Af + Jhyd . Apref.hyd)' (20)

Note that, in this control scheme, the initial reference posi-
tion of the deflector (d) must be defined, which must be less
than one (d, < 1) since the turbine must be allowed to increase
the power supplied due to the movement of the deflector. This
strategy is similar to the concept of “spinning reserve” of a
generator; however, in the case of the Pelton turbine, an elec-
trical power lower than the nominal power is not being sup-
plied, but rather a certain flow is being discharged in so that, if
necessary, it can be turbined due to the movement of the dis-
tributor increasing the power supplied by the turbine. For
example, the controller may be configured to have a margin
of 5, 10, or 15%... depending on whether the initial position of
the deflector is dy = 0.95, dy = 0.9, or d, = 0.85, respectively. It
follows that the further away the initial position of the distrib-
utor (d,) is from the total aperture (d, = 1), the greater the
wasted flow, but the greater the regulation capacity.

On the other hand, an integral action must be included to
correct the steady-state frequency error that the proportional
control is not able to correct, which is provided by the turbine
injector, as shown in Equation (21), analogously to secondary
frequency regulation or wind turbine rotor speed restoration
control. In this way, these small and slow corrections do modify
the flow rate through the penstock, but in a smoother way,
which smooths out the possible pressure oscillations of the
penstock.

AZZ- = Ki,ne/ (_Af + Ohyd * Apref,hyd) dt. (21)

Although a dual PI control scheme, one for each actuator,
could potentially replicate this behavior, such an approach
would require an external supervisory controller to coordinate
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TasLE 3: Initial power in simulations.

Pelton turbines Wind power plant

Fix speed pumps

Variable speed pumps Demand

4 x 1.50 MW 5 X 1.50 MW

6 X 0.50 MW

2 X .50 MW 7.50 MW

the distribution of frequency error and prevent mutual inter-
ference between loops. Given these constraints, the control
architecture proposed in this work offers a simpler yet effective
solution. Nevertheless, the implementation of a coordinated
dual PI strategy remains a promising direction for future
research, with potential benefits in terms of energy efficiency
and dynamic control performance.

4. Case Study: El Hierro Island

To test the operation and performance of the new control strate-
gies for Pelton turbines proposed in the previous section, the
isolated electricity system of the island of El Hierro, belonging to
the Canary archipelago in Spain, is modeled. This system is
powered by the Gorona del Viento power plant: a hybrid system
with five wind turbines of 2.3 MW each; four Pelton turbines of
2.83 MW; and eight pumps; six of them of 0.5 MW (FST) and
two of them of 1.5 MW equipped with power electronics so that
they can vary their operating point (VSP). The system also has
a power plant with nine diesel units with a total power of
14.94 MW. The island’s electricity demand has a peak value of
8.6 MW. Over the last few years, the system has managed to run
for many hours on 100% RES. Frequency control, when dispens-
ing with diesel generation, that is, in 100% RES scenarios, pre-
sents enormous difficulties as shown in [40]. Frequency control
in these cases is performed by Pelton units together with VSP.
Wind turbines do not participate in the regulation. In other
words, the pumped storage hydroelectric power plant, in order
to guarantee the stability of the system, operates under the so-
called hydraulic short-circuit, turbining and pumping at the
same time, which means a considerable loss in the efficiency
of the installation. The capacity to handle the frequency regula-
tion of the pumped storage power plant is not sufficient, as
shown in [40]. The length of the penstock is long, so that the
inertia of the water limits the speed of response of the Pelton
turbine needles. Therefore, as a complementary action, it is also
necessary to limit the power of the wind turbines so that wind
variability does not affect wind power and, therefore, the fre-
quency. In order to achieve the set objectives and to test how new
operating strategies can improve frequency control and overall
system performance, two different simulations of the model are
considered. The most important numerical characteristics of the
dynamic model are shown in [28]. First, the dynamic response of
the system is obtained for a situation with variable wind and
second, the accidental electrical disconnection of one of the
wind turbines, that is, the generator set with the highest con-
nected power, is simulated. In this case, it is assumed that the
wind speed (and, therefore, the power of the wind turbines) is
constant. Each of the simulations has been carried out for a given
combination of initial powers of the Pelton units, wind turbines,
pumps, and demand shown in Table 3.

In order to be able to analyze numerically and graphically
the effect of the new control strategies, the two simulations are
carried out in the following cases:

e Base scenario: Pelton units perform the frequency regu-
lation in the conventional way, that is, by means of the
needles.

e Limited wind power: The limitation is introduced in the
wind power plant, following the usual practices in the
plant. Three maximum powers are proposed for the
wind power plant: 7.5, 7.0, and 6.5 MW. The maximum
power of wind turbines is 11.5 MW. In this scenario,
regulation is carried out by the injector.

e Deflector control: The needles remain completely open,
and the frequency control is carried out by the move-
ments of the deflector. In this case, there is no need to
limit the power of the wind turbines.

e Mixed control: This is the control scheme resulting from
the joint action of needles and deflectors. Three possible
initial openings of the deflector (d,) are proposed, 95%,
90% and 85%, so that the smaller the initial opening, the
greater the regulation capacity. In this simulation sce-
nario, the power of the wind power plant is not limited.

Figure 4 shows the wind speed record used to simulate the
system response for variable wind power conditions. This wind
signal was recorded at the plant itself in March 2019.

In order to numerically evaluate the results obtained during
simulation with variable wind, applied to the scenarios
described above, attention is paid to the frequency, the energy
balance, and the efficiency of the system, and, finally, to the
wear of the mechanical parts in charge of controlling the flow
and therefore the power in the turbines, that is, the needles and
deflectors. With respect to the frequency, the maximum and
minimum values throughout the simulation (CENIT and
NADIR, respectively), the mean square error of the frequency
(MSE), and the time in which the frequency remains outside
the range 50 + 250 - 10~ Hz have been measured. From the
performance point of view, the energy supplied or consumed
by each technology, turbination, pumping, and wind turbines,
is measured. The total volume of pumped and turbined water
in the pumped storage power plant is also presented, as well as
the difference between the two, which determines the overall
water balance. Finally, to evaluate the wear of the mechanical
regulating elements, the sum of the total movements of the
needle and the deflector of the Pelton turbines throughout
the simulation is measured according to Yang et al. [58]. Table 4
shows these measured variables under the varying wind con-
ditions of Figure 4 for each scenario.

The numerical and graphical results of the base scenario
when simulating a variable wind signal, presented in the first
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Ficure 4: Wind speed signal.
TasLE 4: Simulation numerical results assuming a speed signal in the different scenarios.
Scenario
Variable Base Limited wind power to: Mix control: d,
Deflector
7.5 MW 7.0 MW 6.5 MW 0.95 0.9 0.85
NADIR (Hz) 47.82 48.81 49.07 49.37 49.68 49.33 49.36 49.46
CENIT (Hz) 53.13 51.56 51.05 50.63 50.34 50.50 50.48 50.47
MSE (Hz?) 0.797 0.140 0.071 0.042 0.015 0.042 0.037 0.035
tys0 (8) 718.9 326.5 269.6 214.0 49.3 231.7 206.36 204.7
Epya (MWh) 1.50 1.67 1.75 1.84 1.60 1.57 1.58 1.58
E, (MWh) 1.94 1.78 1.70 1.60 1.94 1.94 1.94 1.94
Eps (MWh) -1.31 -1.32 -1.32 —1.31 —1.42 1.39 1.39 1.39
Eppv (MWh) 2.13 2.13 2.13 2.13 2.13 2.13 2.13 2.13
Volyq (m?) 941.6 1049.8 1099.1 1159.0 1794.0 1061.0 1104.9 1163.1
Volpg (m?) —541.9 —542.1 —537.6 —534.0 —591.8 577.0 577.6 578.3
Balance (m?) 399.7 507.7 561.5 625.0 1201.2 484.0 527.3 584.8
fA(Z) (p-u.) 8.194 3.269 2.515 2.025 0.000 1.678 1.486 1.399
fA(d) (p-u.) 0.000 0.000 0.000 0.000 7.617 6.850 7.846 8.505

column of Table 4 and in Figure 5, respectively, show that this
frequency control requires improvements. Currently, wind tur-
bine power is limited in order to reduce wind power variability
and, consequently, frequency fluctuations. Columns 2, 3, and 4
of Table 4 and Figure 6 show how limiting the wind power
plant output to 7.5,7.0, and 6.5 MW progressively improves the
dynamic behavior of the system frequency. Clearly, this results
in a loss of system efficiency, as the unused wind energy pre-
vents pumping a greater amount of water. Fully opening the
injectors and controlling hydraulic power through the deflector
(deflector control scenario) is an option that works very well in
terms of frequency control, as shown in column 5 of Table 4
and in Figures 7 and 8. However, this control strategy involves a

very high loss of efficiency, as indicated by the hydraulic bal-
ance. Finally, the results obtained with the mixed control strat-
egy, using both injector and deflector on each turbine, are
presented in the last columns of Table 4 and in Figure 8, for
different initial deflector openings (0.95, 0.90, and 0.85). The
results show frequency control similar to that achieved by lim-
iting the wind power, but with improved system efficiency. The
wear of the moving parts of the injectors is also reduced, but at
the cost of introducing movements of the deflectors. A detailed
and comparative analysis of the different scenarios is presented
below.

The numerical results obtained from the variable wind
simulation in the base scenario show that the frequency control
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FiGure 5: Dynamic response of the system (frequency, wind power, power consumed by the pumps, and power generated by the Pelton

turbines) when Pelton units provide frequency regulation conventionally.
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and frequency fluctuations due to this wind power when Pelton units provide frequency regulation conventionally.
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FIGURE 7: Power system frequency and wasted flow, needle opening, and deflector position in the Pelton turbine considering proposed control
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FIGURE 8: Power system frequency and wasted flow, needle opening, and deflector position in the Pelton turbine, considering proposed
control schemes, comparing different d,, values.

performed by the Pelton turbines and the VSP is not sufficient.
The NADIR reaches a value below 48.0 Hz. This frequency
behavior would have triggered the unmodelled load shedding
scheme, which would cause the 500 kW pumps to shut down

when the frequency drops below 48.9 Hz. Figure 5 shows how
the Pelton turbines and VSP react to the high variability of the
wind power, but this regulatory action does not prevent the
frequency from remaining far below 50 Hz for a long time. As
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TaBLE 5: Simulation numerical results assuming a wind turbine disconnection in the different scenarios.
Scenario
Variable Base Limited wind power to: Mix control: d,
7.5 MW 7.0 MW 6.5 MW Deflector 0.95 0.9 0.85
NADIR (Hz) 49.45 49.45 49.45 49.45 49.82 49.69 49.78 49.79
T; (s) 20.1 20.1 20.1 20.1 56.8 56.4 58.8 60.2

shown in Table 4, the parameter t,5, reaches 718.9 s. During the
1000 s that the simulation lasts, the hydraulic balance indicates
that 399.7 m? have passed from the upper reservoir to the lower
reservoir.

Limiting the wind power of the wind turbines obviously
improves the dynamic frequency response of the system. The
results get better as the value limiting the total wind power of
the wind power plant is reduced. Thus, as shown in Table 4, the
NADIR reaches 48.81, 49.07, and 49.37 Hz when the power is
limited to 7.5, 7.0, and 6.5 MW, respectively. The MSE values
show a drastic reduction from 0.797 Hz? in the base scenario to
only 0.042 Hz* when the wind power is limited to 6.5 MW. The
value of t,5 is also considerably reduced by 70.2% in this case.
The improvement in frequency response can also be seen in
Figure 6, which shows how the limit on wind power in all three
cases has a significant influence on frequency.

The limitation of wind power logically leads to a decrease in
the energy provided by the wind power plant, which must be
compensated by the Pelton turbines. Wind energy decreases
from 1.94 to 1.78, 1.70, and 1.60 MWHh, respectively, when its
maximum power is limited. This affects the water balance sig-
nificantly so that the volume flowing from the upper to the
lower reservoir increases by 27.0%, 31.9%, and 40.1%, respec-
tively. However, the decrease in the variability of the wind
power facilitates the work of the Pelton turbine needles.
Thus, for the maximum limitation (6.5 MW), their regulation
effort ([Az) is reduced by almost a quarter.

If the control is done exclusively by the deflector, the fre-
quency control improves drastically without the need to limit
the wind power. The NADIR does not go below 49.68 Hz while
the MSE is reduced to 0.015 Hz2. In this case, only for 49.3 s
does the frequency exceed the £250 mHz limit. Figure 6 shows
the comparison between the dynamic frequency response of
the base scenario without wind power limitation with the
deflector control. The same figure shows how the regulating
task of the deflectors is similar to that of the needles in the base
scenario. But since their movements do not produce sudden
pressure changes in the penstock (water hammer), the fre-
quency control is much more effective. Regarding the mainte-
nance of the control devices, the wear of the Pelton turbine
deflectors ( f Ad=7.617 p.u.) is similar to that of the needles in
the base scenario without wind power limitation ( [Az = 8.194
p-w).

However, the disadvantage of these frequency improve-
ments is a significant loss of energy efficiency. Despite the
fact that the wind power is not limited, and the pumped volume
is increased, the volume of water passing through the turbines
is very high because the needles are fully open throughout the
simulation. This results in a three-fold increase in the volume of

water lost from the upper reservoir compared to the base sce-
nario (from 399.7 to 1202.2 m?). Figure 7 shows the flow that is
diverted by the deflectors and does not hit the Pelton runner of
unit IL.

Finally, in Table 4, the last columns show the results of the
scenarios where mixed frequency control is implemented
through the Pelton turbine needles and deflectors together.
The numerical frequency results show how the mixed control
gives similar results to those obtained by limiting the power of
the wind power plant. In particular, the mixed control with a
deflector initial position of 0.90 p.u. presents values of NADIR,
MSE, or t,5, very similar to those obtained when the wind
power is limited to 6.5 MW. The most important benefit of
the mixed control is seen in the water volume balance. While
the upper reservoir loses 625.0 m? of water when wind power
is limited to 6.5 MW, in the case of mixed control with d, =
0.90 p.u., this volume decreases to 527.3 m®. This represents a
reduction of 15.6%. Obviously, the base scenario is the one that
offers the best hydraulic balance, but with unacceptable fre-
quency values. Figure 7 shows how the mixed control reduces
the flow that is diverted by the deflector compared to the con-
trol with the deflector alone.

With regard to the wear of the mechanical devices that
carry out the regulation, the joint action means that the work
of the needles is considerably reduced. Since the needles are
responsible for the integral action of the control, their action is
much smoother, as can be seen in Figure 7. Compared to the
base scenario, the mixed control reduces the regulation effort of
the needles by between 4.9 and 5.8, and compared to the sce-
nario with a limitation of 6.5 MW wind power, for example, the
effort is reduced by between 1.2 and 1.4. However, since the
mixed control distributes the proportional control to the
deflector, which is very demanding, its wear ranges between
6.85 and 8.51 p.u. This fact must be considered by the plant
owners when inspecting and maintaining these devices. It
should not be forgotten that, initially, these regulating elements
were only activated as a safety measure when the plant was
shut down.

In the case of the simulation showing the dynamic response
of the system after the sudden disconnection of the wind tur-
bine, it is only interesting to pay attention to the frequency
records, since the duration of the simulation is very short. In
this case, the NADIR and the settling time T, that is, the time
in which the frequency stabilizes, are measured. Table 5 and
Figure 9 show the numerical and graphical results obtained
after the simulation of the accidental disconnection of one of
the wind turbines in the different scenarios. The results
obtained in the scenarios with wind power limitation are iden-
tical to each other and also identical to those of the base
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FIGURE 9: System frequency, and power supplied, needle opening, and deflector position in the Pelton turbine after the simulation of the
accidental disconnection of one of the wind turbines, assuming different scenarios.

scenario, because in this simulation, the wind speed is constant.
Once again, the control carried out exclusively with the deflec-
tor is the one that offers the best results. Graphically, it can be
seen that the response does not show any trace of oscillation,
given that the water hammer in the conduits is completely
avoided. In the case of mixed control and initial position of
the 0.95 deflector, as shown in Figure 7, the deflector reaches its
maximum opening so that its saturated action is limited. This
causes the pressure oscillations to be transmitted to the sup-
plied power, as in the base scenario. The action of the deflector
in all scenarios, which is much faster than that of the needles,
allows the overall system response to be smoothed. This implies
an increase in the frequency stabilization time, but at nonda-
maging values.

Focusing on the energy balance expressed in terms of water
volume (m?), the mixed control strategy represents a signifi-
cant improvement over the current practice of limiting wind
power for limiting frequency deviations. To quantitatively
assess this saving, for instance, two scenarios with similar
frequency performance are compared. The scenario with a
6.5 MW wind power limitation exhibits a minimum NADIR
of 49.37 Hz, an MSE of 0.042 Hz?, and a t,5, of 214.0's, while
the mixed control scenario with an initial deflector opening
(dy) of 0.95 shows a minimum NADIR of 49.33 Hz, an MSE
of 0.042 Hz?, and a t,5, of 231.7s. Wind power limitation
results in a water loss from the upper reservoir of 625.0 m?,
whereas in the mixed control case, the loss is reduced to
484.0 m* (22.6% reduction).

Injector actuation is also positively impacted by the mixed
control. In the 6.5 MW wind-limitation scenario, the cumula-
tive injector movement amounts to 2.025 p.u., compared to

1.678 p.u. in the mixed control scenario with dy = 0.95, repre-
senting a 17.1% reduction. The only drawback of the mixed
control approach is the wear associated with continuous deflec-
tor movement, which totals 6.850 p.u., whereas in the wind-
limitation scenario, deflector movements are null. Naturally,
this wear should be incorporated into the turbines’ mainte-
nance planning, as previously mentioned.

As a future line of research, it would be of interest to
monetize all these aspects and economically quantify the
improvements that this new control strategy could bring to
El Hierro’s electrical system.

5. Conclusions

This study addresses the challenges of frequency regulation in
isolated power systems with high renewable energy integration,
using El Hierro Island as a case study. It highlights the limitations
of traditional needle-based control in Pelton turbines and
explores alternative strategies, including the deflector of the tur-
bines, to enhance stability and efficiency. Traditional needle-
based control showed poor frequency stability, reaching unac-
ceptable values, and making it necessary to limit the wind power
generation. In that case, limiting the wind power improved the
frequency stability to admissible values, but it sacrificed renew-
able energy utilization (up to 40% of the wind energy was
unused). The proposed deflector-based control significantly
enhanced stability without limiting wind power. In fact, it
achieved the best frequency stability, but it entailed tripling the
volume of water coming from the upper reservoir to generate the
same energy, with the consequent water loss. The mixed control
scheme, combining needles and deflectors, offered the best
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balance, as it reduced the frequency deviations, minimized water
loss, and improved overall system performance compared to the
traditional needle-based control with wind power limitation.
These findings demonstrate the potential of advanced control
methods to maximize renewable energy integration while main-
taining operational resilience in isolated systems.

Nomenclature

A, Area swept by rotor blades (m?)

AGC: Automatic generation control

p: VSWT blade pitch angle (°)

c Shaft torque of the Pelton turbine (p.u.)

Chi» b ap. it Coefficients of pump characteristic function

Cp.is bp.is Qp i Coefticients of pump characteristic function

CENIT: Maximum frequency value

Gy VSWT power coefficient

d: Deflector opening level of the Pelton turbine
(pu.)

dy: Initial deflector opening level of the Pelton
turbine (p.u.)

Ad: Variation of the deflector position (p.u.)

Af: System frequency error (p.u.)

APref hyd: Hydroelectric power reference variation (p.u.)

ARR: Total secondary regulation effort

Az: Variation of the nozzle position (p.u.)

D Sensitivity of consumer load to frequency
deviation (p.u.)

Epem: Energy demand (MWh)

Epyq: Energy provided by the hydroelectric units
(MWh)

Eps: Energy consumed by the pump station
(MWh)

E,: Energy provided by the wind turbines
(MWh)

f: System frequency (p.u.)

g: Gravity acceleration (m/s?)

Hy: Base head (m)

Hipyq Inertia constant of the hydroelectric units (s)

H,: Wind turbine inertia constant (s)

h: Net head of the hydroelectric units (p.u.)

h,,: Net head (p.u.)

h,; Pumped head by each pump (p.u.)

i Online Pelton turbine number

Ji: Rotor pump inertia (s)

K K-factor in the control area (MW/Hz)

K 4e Integral gain of the PI controller of the deflec-
tor control

Ki e Integral gain of the PI controller of the nozzle
control

K Integral gain in PI VSWT speed control

Kp de Proportional gain of the PI controller of the
deflector control

Kp e Proportional gain of the PI controller of the
nozzle control

K, Pump integral gain

faRalte

TR,

SE:
nnom,i:
Ny, i
ny:
N
NADIR:
pe.i:
pfsp:
phyd:
Pnc
P

Dp.i
pvsp:

DPw'
p,:
Pwind:

PI:
q:
dp.m*
Qp:
RES:

p: Air density:

r/2:

Snom *

O] hyd:
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Pump proportional gain

Proportional gain in PI VSWT speed control
Synchronized generating unit participation
factors

Ratio of rotor blade tip speed to wind speed
Penstock length (m)

Mean square error of the frequency (Hz?)
Nominal rotational speed of each pump (p.u.)
Rotational speed of each pump (p.u.)
Number of segments of the penstock
Synchronous speed (r.p.m.)

Minimum frequency value (Hz)

Power consumed by each pump (p.u.)
Power consumed by fixed speed pumps (p.u.)
Power supplied by hydroelectric units (p.u.)
Power supplied by VSWT converter (p.u.)
Power reference provided by VSWT speed
control (p.u.)

Mechanical power of each pump (p.u.)
Power consumed by variable speed pumps
(pu)

Power supplied by wind turbines (p.u.)
Power supplied by wind turbines (MW)
Wind mechanical power (MW)
Proportional-integral

Flow of the hydroelectric unit (p.u.)

Flow pumped by each pump (p.u.)

Base flow in the penstock (m>/s)

Renewable energy source

1.225kg/m* (kg/m’)

Continuous head losses coefficient in the pen-
stock (p.u.)

Electrical machine slip (p.u.)

Wind speed (m/s)

Penstock cross-sectional area (m?)

Flastic time (= L/a) (s)

Settling time (s)

Time constant of the AGC system for each
generation unit i (s)

Penstock water starting time (s)

Time frequency is outside =250 mHz limits (s)
Turbined water volume (m?)

Pumped water volume (m?)

Variable renewable energy source

VSWT rotational rotor speed (p.u.)

Nozzle opening of the hydroelectric units (p.u.)
Variation of the nozzle position (p.u.)

Hydro units speed droop (p.u.).
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