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Abstract

Energy storage systems are integral to modern power systems for integrating renewable energy sources. This study focuses on
a hybrid energy storage system integrated into a hydro power plant. The hybrid system comprises a battery and supercapacitor
and cooperates with the hydropower plant in providing primary and secondary frequency control through an ad hoc control
system. The control system has two main objectives. On the one hand, it distributes the frequency control effort between the
hydropower units, the battery and the supercapacitor, and on the other hand, tries to keep the state of charge (SOC) of the battery
and supercapacitors within pre-specified bounds. When the SOC of the energy storage units reaches the predefined upper or
lower bounds, the hydro power plant intervenes to restore the SOC to within such bounds. Two symmetrical SOC bands around
a central SOC value are defined for each, the battery and supercapacitor, for this purpose. The main goal of this paper is the
definition of the SOC control bands and central value to reduce battery aging and wear and tear on different components of the
hydro power plant, while providing a quality frequency control action. Specifically, the strategy addresses reducing penstock
stress, limiting the distance travelled by the wicket gates, and minimizing the direction changes in the wicket gate movement.
Simulation models of the hydro power plant, battery, and supercapacitor were developed to validate the proposed control system.
The results highlight the effectiveness of the strategy in achieving acceptable frequency control performance goals while
reducing wear and tear on both the energy storage components and the hydro power plant infrastructure.

Department of Energy is investigating, with a focus on fast-
response energy storage such as batteries, generation-side
storage solutions to support run-of-river (ROR) HPPs [5].
Similarly, the German utility RWE is engaged in a project for

1. Introduction

With ongoing changes brought into power system
architectures, largely driven by the swift expansion of

intermittent wind and solar renewable energy sources (RESs)
[1], significant challenges and opportunities have presented
themselves. Traditionally, hydropower provides grid
regulation services. Now, it has also to be involved in
supporting the variation brought about by RES integration.
This shift puts more demand on the capacity of hydropower
plants (HPPs) to respond efficiently and fairly frequently,
which in turn puts a certain polarization between the plants in
their operations and mechanical know-how [2, 3]. Hence, one
of the focus areas is how HPPs can further increase the
flexibility and responsiveness of their active power regulating
systems without leading to accelerated wear of equipment.
While the optimization of the current configuration of HPPs
remains of high interest, novel solution approaches are also
being pursued for increased operational flexibility. One, of
course, is the joint use of hydropower with battery energy
storage, so-called hydro battery regulation concept, which was
investigated through the European XFLEX Hydro initiative
[4]. In parallel, the Hydro WIRES program of the U.S.

the integration of large-scale battery energy storage systems
(ESSs) with ROR-HPPs [6].

Batteries may certainly act as support to hydropower for the
provision certain ancillary services. However, specific,
especially in regions where said technological integration is
currently rare, which is why more studies are to be conducted
yet. In the future, it is likely that HPPs will take precedence as
an instrument for grid regulation rather than merely supplying
energy. Frequency control is one of the main ancillary services
provided by HPPs, directly affecting grid stability and revenue
from plant operations [3]. Frequency control is generally
assessed in terms of stability and responsiveness, with stability
being of utmost importance. It is during these times that
challenges arise, triggered by negative damping effects from
governor actions and water hammer effects into the process of
ultra-low frequency oscillations (ULFOs), especially in
systems with high hydropower penetration [7]- [9].

As regards primary frequency control (PFC), highly sensitive
governor settings are applied by several HPPs. However, this



might increase the possibility of ULFOs, thus emphasizing the
contradictions between fast response and system stability. A
wide range of studies have been carried out that aim to find a
solution to this dilemma. For instance, numerous control
schemes and adjustments to governor parameters are
suggested to raise regulation quality [10], [11]. Others have
resorted to multi-objective optimizations and novel control
approaches to alleviate this negative damping while preserving
the responsiveness of PFC [12]-[14].

A frequency limitation controller (FLC) might be practical in
some situations, such as HPPs situated at high-voltage direct
current (HVDC) transmission endpoints [15], [16]. However,
this solution is difficult to apply to traditional alternating
current (AC) grids because it is specific to DC systems. This
highlights even more the need for cutting-edge, broadly
applicable solutions that improve flexibility. A viable way to
enhance grid services is by integrating fast-response ESSs with
the current hydropower infrastructure, particularly large-
capacity units. The possibility of strengthening frequency
regulation by combining HPPs with flywheels [18], [19], and
supercapacitors [20], [21] has been investigated in previous
studies. Research on battery-hydropower hybrid systems is
still lacking, though, especially when it comes to how well
they work together in frequency control situations. Although
joint operation in power regulation mode has been studied in
some studies [22], they frequently ignore dynamic behaviors
that are essential for PFC and secondary frequency control
(SFC).

A model predictive control strategy was proposed to reduce
penstock stress, but it did not take battery sizing into account
[23]. Other methods simplify hydraulic dynamics by modeling
them as ramp limits [24]. Overall, rather than evaluating how
such hybridization changes the fundamental dynamics of
hydropower systems, most of the previous research has
concentrated on control-level enhancements. Furthermore,
rather than implementation on the generating (or unit) side,
several studies focus on the coordination at the grid or system
level [25]-[27].

Driven by the increase in the penetration of renewable sources,
the focus on energy storage systems and technologies has been
further accentuated [28-30]. Various storage techniques
abound, such as batteries, supercapacitors, flywheels, and
compressed air. Each of these storage options exhibits diverse
technical characteristics, particularly in terms of power and
energy response characteristics. To compensate for the
deficiencies of single storage technologies, thereby improving
overall efficiency and reducing degradation, hybrid energy
storage systems (HESS) have been suggested [31-33]. Such
storage systems are hybrids of two energy storage
technologies, which normally involve the combination of
storage technologies with a high energy density and another
one with a high-power density, e.g. batteries with
supercapacitors. In places where power demand changes
aggressively, supercapacitors immediately respond because of
their high-power density and ability to discharge quickly. As
power demand starts to level off, batteries gradually take over
to ensure sustained and steady power delivery [34-36].
Besides, this strategic sharing of power between the energy
storage devices enhances the life span of HESS and cuts down
energy and material losses [37-39].

This paper focuses on the coordinated operation of a
hydropower plant with a HESS comprising a battery ESS
(BESS) and a supercapacitor ESS (SCESS). The coordinated
operation is meant to provide both PFC and SFC with the
highest possible quality and to reduce the wear in different
components of the hydropower plant and the aging of the
battery.

The main contributions of this paper are twofold:

1. To analyze how different control strategies and
control system settings influence the penstock stress,
wear in the turbine regulating mechanism, battery
ageing and control signal tracking error.

2. To investigate the dynamic behavior and interaction
of the supercapacitor with the hydropower units and
batteries, in a hybrid configuration.

2. Methodology

In order to pursue the above-mentioned objectives, a dynamic
simulation model has been developed using Matlab-Simuink.
Figure 1 shows an upper-level block diagram of the model. As
can be seen in the figure, the simulation model uses as input a
frequency signal. The simulation comprises submodels of the
automatic generation control system, the hydropower plant,
the battery and the supercapacitor. In addition, there’s a central
block by which the coordinated control of the hybrid power
plant is realized.
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Figure 1. Upper-level block diagram of the simulation model.

2.1 AGC model

The AGC model emulates the performance of the TSO’s
centralized control system, aimed to generate an SFC set-point
for each regulation zone providing SFC as a function of the
system’s area control error, and the company’s control system,
aimed to distribute the SFC set-point between the online units
providing SFC. The latter task can be modulated through a
specific parameter (named aFRR in the results section). The
AGC model is based on the one used in [40]. The k-factor and
time constants used in the AGC model are consistent with the



currently in force regulations and common practice in the
Spanish power system.

2.2 Hydropower plant model

The dynamic model of the hydropower plant is composed of
the conduits, the turbines, and their respective governors, see
Figure 2. The model receives as inputs the system frequency
(f) and the control signal for each unit (H_sp I and H sp II).
These signals determine the changes in the electric power that
the plant delivers to the system at each moment, H p I and
H p IL

To model the penstock shared by both units, the lumped
parameter method has been used in order to incorporate the
pipe's elasticity and the fluid's compressibility into the model
[41]. Given the short length of this conduit, a single segment
has been used. For the same reason, the sections connecting
the penstock to each unit and the discharge conduits have been
neglected. The water level in both the upper reservoir, hu 0,
and the discharge area, hd 0, remain constant throughout the
simulations.

The turbines have been modelled according to the guidelines
in [42]. It has been assumed that the dynamic response of the
electrical machines is instantaneous, so that the electrical
power is always equal to the mechanical power. A
conventional proportional-integral (PI) controller has been
implemented in each turbine governor. The dynamics of the
wicket gates movement have been introduced into the model
through a first-order transfer function. Similarly, the opening
and closing speed of the wicket gates has been limited in
accordance with [42].
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Figure 2. Hydropower plant block diagram.

2.3 Energy storage system models

There are several ways to model Li-ion BESS and SCESS, and
for this work a semi-empirical approach has been followed.
This approach allows for having mathematical models that
imitate the dynamic behavior of the devices using electric
circuit elements such as resistors, inductors and capacitors.
These models use ordinary differential equations, which
reduce the computational effort and facilitate implementation
with respect to other model architectures such as
electrochemical models. The models of both the BESS and the
SCESS are developed in MATLAB Simulink. It is important
to note that the parameters of both the BESS and SCESS
models have been calibrated from various experimental tests.

2.3.1 BESS model

The BESS model is adapted from the work presented in [43],
and builds upon the classical Shepherd model, which relates
voltage, current, internal resistance, and SoC.

The main difference from the standard Shepherd model, as
depicted in Fig. 3, is the representation of internal resistance.
In this version, it is split into two components: ohmic
resistance and polarization resistance. This distinction
modifies the voltage/runtime behaviour of the BESS system.
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Figure 3. BESS model scheme.

The thermal model consists of two parts: heat generation and
heat dissipation. Introducing thermal effects causes the
voltage/runtime parameters to vary with temperature. Heat
generation accounts for three contributions: ohmic losses,
irreversible heat, and reversible heat. Heat evacuation is
simplified by assuming only surface-to-ambient transfer.
Aging in the BESS model includes both calendar and cycling
degradation. Cycling aging depends on temperature, C-rate,
and Ah throughput, while calendar aging is influenced by SoC,
temperature, and storage time.

More detailed explanations are available in [43].

2.3.2 SCESS model

The SCESS model builds upon the formulation introduced in
[44], introducing key adaptations to account for the frequency-
dependent behavior of two SC cells connected in series, along
with their balancing circuitry. This structure enables

straightforward scaling to larger stacks of series-connected
cells. The model diagram is depicted in Fig. 4, where the

model parameters vary as a function of the SoC.
Rca

Rro

Ry,

Figure 4. SCESS model scheme.

The thermal behaviour of the SC is addressed using a similar
methodology to that applied in the Li-BESS model. It includes
a heat generation model, comprising both reversible and
irreversible heat sources, and a heat transfer model that
assumes energy exchange between the cell surface and the
ambient environment.

Further details can be found in [44].

2.4 Control system



Figure 5 shows the block diagram of the hybrid plant’s control

system. As can be seen in the figure, the hybrid plant’s control

system has 2 main objectives:

- Distribute the frequency control effort between the
hydropower units, the BESS and the SCESS.

- Keep the SOC of the BESS and SCESS within pre-specified
bounds (band sizes) through a coordinated effort of the
hydropower units.
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Figure 5. Hybrid plant’s control system.

The hybrid plant’s control system is based on the one
presented in [45]. The control loop aimed to distribute the
control effort between the hydropower units, the BESS and the
SCESS is based on a series of low-pass filters aimed to split
the frequency control effort into slow, intermediate and fast
components. These components are then sent, respectively, to
the hydropower units, the BESS and the SCESS. The control
loop aimed to control the SOC of the BESS and the SCESS is
based on a series of relays aimed to activate/deactivate the
participation of the hydropower units in the SOC control when
the SOC of the BESS or SCESS goes out of/in an outer/inner
band centred around a 50-% SOC. Two different band sizes
have been used in the results section, 5 % and 20 %, according
to Figure 6.
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Figure 6. Band sizes considered in the SOC control loop.
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3. Results

The simulation model described in previous section has been
used to simulate operation of the hybrid power plant assuming
different plant configurations, control settings and frequency
scenarios. 10 representative frequency profiles have been
obtained from a set of historical frequency time series of the
UK power system. The simulations have been performed
assuming 3 different plant configurations (config=1/2/3 —
hydropower only/hydropower-+tbattery/hydropower-+tbattery+
supercapacitor), 2 different “intensities” of participation in the
SFC (aFRR=0/1 — only PFC/PFC+moderate participation in
the SFC), and 2 different band sizes (BS=5%/20. The results
of the simulations are summarized in this section.

Figures 7-9 are aimed to present a general overview of the
performance of the hydropower plant when it operates in
stand-alone mode and when it operates in a coordinated

manner with the BESS and SCESS. Figure 7 shows the
response of the hydropower plant in the lower graph under the
frequency control set-points that can be seen in the
intermediate graph. These set-points are a consequence of the
frequency shown in the upper graph. The participation of the
hydropower plant in the SFC is moderate in the figure, i.e.
aFRR=I.
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Figure 7: Hydropower plant response (config=0, aFRR=1).
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Figure 9: Hybrid power plant response (config=0, aFRR=1,
BS=20%).

Figure 8 and 9 show in turn the response of the hybrid power
plant under the same frequency profile and with the same
aFRR as Figure 7, when the SOC control loop uses a band size
of 5 % and 20 %, respectively. By comparing these 2 figures
with Figure 7, one can easily see how the hydropower plant



output is smoothed thanks to the coordinated operation with
the BESS and the SCESS. Additionally, from Figures 8 and 9
one can also see how often the SOC of the SCESS goes out of
the outer band of the SOC control loop with the considered
band sizes. A smoother hydropower plant output should in
principle result in a lower tear in the regulating mechanism of
the turbine. However, we’d like to pay attention also to other
operational parameters, namely: penstock stress, battery
ageing and control signal tracking error.

The results below are organized as follows: first, several
figures showing the impact of the coordinated operation with
the BESS (config=2) are presented, and then, a table is
included summarizing how much such an impact changes
when the SCESS is added (config=3).

Figure 10 demonstrates that the BESS contributes in all
analysed cases to reduce the penstock stress, both when the
hybrid power plant provides only PFC and when it provides
both PFC and SFC, with the two considered band sizes. The
reduction in the penstock stress is higher with a band size of
20 %.
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Figure 10: Effect of the BESS in the penstock stress.

The wear in the turbine regulating system is analysed in Figure
11 as a function of the total distance travelled by the wicket
gates. As can be seen the figure, the BESS contributes to
slightly reduce the wear in the turbine regulating mechanism
only with the higher band size. With the smaller band size, the
total distance travelled by the wicket gates increases in the
coordinated operation with the BESS. As expected, the total
distance travelled by the wicket gates increases when the
hybrid power plant provides both PFC and SFC.
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Figure 11. Total distance travelled by the wicket gates.

Figure 12 shows another metric reflecting the wear in the
turbine regulating mechanism: the number of direction
changes in the wicket gate movement. As can be seen in the

Figure, this metric also benefits from the coordination with the
BESS. However, the effect of the band size is not systematic.
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The battery benefits significantly from wider bands, as can be
seen in Figure 13. As expected, the battery ageing increases
when the hybrid power plant provides both PFC and SFC.

12010

:FRR=0. config=2
N =FRR=1. canfig=2

Battery Aging
(Ah)

s20 s5
Band Size

Figure 13. Battery ageing.

Finally, the metric that most benefits from the coordinated
operation with a BESS is with no doubt the control signal
tracking error. As can be seen in Figure 14, it decreases
significantly thanks to the coordinated operation with the
BESS. The reduction is slightly greater with a band size of 20
%.
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The effects resulting from the coordination with the BESS and
the SCESS are summarized in Table I. Identifying systematic
effects (across all values of aFRR and band sizes) of the
SCESS on the considered metrics is not straightforward, e.g.
the penstock stress increases with the SCESS when a band size
of 20 % is used, but does not show a systematic trend when a
band size of 5 % is used. An analogous comment may be made
as regards the effect of the SCESS on the turbine regulating



mechanism: no systematic effect can be identified from the
results included in the table.

An evident advantage of incorporating the SCESS is the
overall reduction in the battery aging across all values of aFRR
and band sizes. The SCESS reduces the depth and frequency
of battery charge-discharge cycles by taking over of part of the
frequency control effort. . As shown in Table I, this effect is

consistent but becomes more pronounced with a wider SOC
control band. Another evident advantage of adding the SCESS
can be found in the control signal control signal tracking error.
As can be seen in the Table I it is significantly lower with the
SCESS. This may have important implications for the
system’s stability and could be leveraged through fast
frequency control ancillary services.

Table I. Compared results of Adding Supercapacitor on band sizes
Band Size 5%

1 signal AY
Penstock stress Direction Changes Wicket Gate Distance = Battery Aging COlltl:O signa %
aFRR  config A% tracking error
(p-u) (no.) (p-u) (Ah)
(p.u)
0 2 7.72157E-15 89 67 0.000979 0.468681873
0 3 1.90011E-14 99 67 0.0008629 11.86  0.005284618 98.87
1 2 2.30056E-14 99 85 0.0010558 0.572882449
1 3 2.26048E-14 97 85 0.0009183 13.02  0.005837589 98.98
Band Size 20%
0 2 3.33464E-15 93 65 0.0009326 0.358060688
0 3 5.44672E-15 93 65 0.0007995 1427 = 0.003843025 98.93
1 2 9.68872E-15 97 82 0.0009955 0.461460089
1 3 1.80341E-14 99 83 0.0008296 16.66 = 0.076999474 83.31

4. Conclusion

This paper studies the coordinated operation of a hybrid power
plant comprising a hydropower plant, a battery, and a
supercapacitor. The performance of the hybrid power plant is
analysed by means of simulations under different plant
configurations, control settings and “intensities” of the plant’s
participation in the secondary frequency control.

As can be seen from the results, the battery contributes to
reduce the penstock stress, the wear in the turbine regulating
mechanism and the control signal tracking error. In general,
the magnitude of these effects is higher with a wider band size
in the SOC control loop.

The incorporation of a supercapacitor may contribute to
further reduce the penstock stress and the wear in the turbine
regulating mechanism under certain circumstances, and helps
significantly reduce the battery ageing and, particularly, the
control signal tracking error.

Further work is required to study the optimal sizing of the
battery and the supercapacitor from a multiobjective
perspective, and to explore other control strategies.
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