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ENHANCING HYDROPOWER RESILIENCE: THE ROLE OF
VARIABLE SPEED GENERATION IN ADAPTING TO
CLIMATE VARIABILITY

G. Zanetti, M. Siviero, G. Cavazzini, A. Santolin

Abstract: This paper presents a comprehensive numerical analysis
of the impact of Variable Speed Generation (VSG) on a small hydro
Francis turbine. A robust model was developed to assess
performance during runner speed deceleration under partial load
conditions. The findings demonstrate that VSG significantly
improves turbine stability by reducing radial force and pressure
perturbations, while optimizing flow dynamics in the draft tube, thus
extending the operational range and enhancing efficiency.

1. Introduction

The exponential rise in energy demand is significantly disrupting the climate balance,
with growing repercussions [1]. Although fossil fuels remain the dominant energy source,
raising environmental and public health concerns [2], many nations are implementing
measures to reduce greenhouse gas (GHG) emissions. Despite various mitigation
strategies, increasing clean energy production from renewable sources (RES) is the most
promising approach to reduce emissions from fossil fuels [3]. As intermittent RES facilities
expand and thermal power plants are decommissioned, additional measures are needed
to ensure grid stability, requiring greater flexibility and storage capacity. In this context,
hydropower plays a crucial role due to its predictability and programmability, making it an
essential pillar of the future power system. Hydropower currently accounts for 78% of
global renewable electricity generation and approximately 17% of total electrical output
[4].

To meet the regulatory demands of future power markets, hydropower plants must
enhance their flexibility and response time. Currently, the Francis-type reaction turbine is
the most widely used in hydroelectric plants, but it has limited flexibility, with a minimum
flow rate around 40% of the nominal value. Operating below this threshold increases
dynamic loads and pressure pulsations, restricting the permissible operating time [5]. As
hydropower plants are increasingly required to operate away from nominal discharge for
extended periods, adjusting the rotational speed of Francis turbines and pump-turbines
becomes crucial in extending the operational range. Variable speed generation
technology (VSG), by modifying rotational speed of the turbine, can indeed optimise the
hydraulic performance under extreme operating conditions both extending the operating
range and enhances overall efficiency.

[1] +39 3493442920
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VSG can also address other issues common to Francis turbines. For example,
frequent start-stop sequences cause significant wear, reducing the turbine's operational
life. VSG allows the rotational speed to be set lower than synchronous speed, enabling
smoother, less damaging start-ups [6—7]. Additionally, variable-speed operation can delay
leading-edge cavitation, provide runaway protection, and control runaway speed during
total load rejection [8].

Variable speed is achieved through a power converter that uses power electronics to
decouple the motor/generator from the grid, allowing independent control of reactive
power, voltage, and frequency. Currently, the two primary technologies for variable speed
hydroelectric power plant (HPP) units are the Full-Size Frequency Converter (FSFC) and
the Doubly Fed Induction Machine (DFIM). For a complete overview and in-depth analysis
of these technologies, readers are encouraged to consult the relevant literature, such as
[12].

Although the advantages of VSG technology are well-established, to the authors'
knowledge, no current approach effectively assesses the potential extension of the
machine's operating range. In a context where accurately predicting the hydraulic benefits
of VSG technology is crucial for evaluating the energy productivity of power plants,
computational fluid dynamics (CFD) emerges as a powerful tool to support the economic
analysis of the plant.

This paper aims to propose a numerical model capable of evaluating the benefits of
VSG adoption in a Francis turbine, while also accurately determining the required speed
variation to achieve a specific discharge target. To this end, a comprehensive numerical
model of a small hydro Francis turbine was developed to demonstrate the discharge range
improvements achievable with VSG technology.

2. The case study

The case study for this analysis involves a run-of-river small hydropower plant built in
2020, located in the north of the Veneto region (northern Italy). The power plant comprises
two twin Francis turbines units, each providing a rated power of 400 kW at a nominal
discharge Qn of 1.05 m®/s. The gross head is 39 meters, and the nominal rotational speed
Nn is 750 rpm.

Due to the deterioration of meteorological conditions, with periods of flooding
alternating with prolonged droughts, this plant has experienced a decline in energy
production over the years, particularly during the summer. The increasingly dry summers
affecting the climate in the Italian Alps often force the plant to cease production to ensure
the proper passage of the minimum ecological flow in the riverbed.

This issue arises from a direct industrial interest, which forms the basis of this article:
to lower the minimum flow rate of the plant to guarantee continuous operation throughout
the year. Currently, the minimum flow rate of the system is set at 40% of the nominal flow
rate of a single machine, equivalent to 0.42 m3/s. Today, this minimum flow rate cannot be
reduced further due to the significant increase in machine vibration. On the other hand, a
reduction of the minimum flow rate to 20% Q» would represent a great improvement for
the plant.
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As stated in the introduction, the adoption of variable-speed generation (VSG) could
represent a successful solution for enhancing the hydraulic machine operation range,
significantly reducing the minimum discharge value. However, there are currently no
readily available tools for assessing the actual benefits of adopting variable-speed
generation. Therefore, to provide an investigation strategy aimed at evaluating the
potential benefits of adopting VSG technology, a numerical model was proposed and
validated with reference to this case study.

3. The numerical model

3.1 Grid generation

The hydraulic machine under investigation is a medium specific speed Francis turbine
(ns=157 rpm m3%4s-12) characterized by a radial shrouded runner with 15 blades. The
distributor comprises 16 stay vanes and 16 guide vanes, while the draft tube is a straight
cone type.

Since the aim of the proposed approach is to fully characterize the machine behavior
under deep partial load operation, comparing hydraulic performances with and without
variable speed, a comprehensive computational fluid domain of the entire machine is
proposed. The entire fluid passage of the machine was divided into six sub-domains: spiral
case, stay vanes, guide vanes, runner, front leakage channel, and draft tube. Fig. 1
presents the meridional scheme of the model.

The spiral case, including the volute tongue, was discretized using an unstructured
mesh. For the leakage system, draft tube, guide vanes, and runner, structured meshes
were employed. Mesh refinements at the interfaces were performed to enhance the
accuracy of information transfer among domains. The commercial software ICEM CFD
was used for the discretization of the volute, leakage system, and draft tube domains,
while ANSYS TURBOGRID software was used for the stay vanes, guide vanes, and
runner.
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Fig. 1. Computational fluid domain and mesh: detail of volute, fixed vanes, guide vanes and runner
mesh

Mesh refinements at the interfaces were performed to increase the accuracy of
information transfer among domains. A preliminary study was conducted to evaluate mesh
independence by comparing the machine water head H for different grid resolutions. The
resulting computational domain consisted of 10.8 million nodes. The mesh statistics for
each component are summarized in Table 1.

Component Number of nodes Ave y+ Min y+
Volute 1M 30 0.2
Stay Vanes 1.7M 40 0.4
Guide Vanes 2.3M 21 0.3
Runner 4.1M 8 0.1
Leakage System 0.2M 68 4
Draft tube 1.5M 4 0.3

Total 10.8

Table 1: Adopted mesh statistics

3.2 Boundary conditions and simulation scheme

The commercial software ANSYS CFX 23.0 was used to perform an unsteady
incompressible turbulent flow numerical simulation of the full machine model.

As regards the boundary conditions, the total pressure difference was set between the
volute inlet and draft tube outlet section. A stochastic fluctuation of the velocities with a
5% free stream turbulent intensity was set for the inlet mass flow. At the draft tube outlet
section, an opening condition was adopted.

A general connection interface has been set between the volute, stay vane, guide vane
and leakage system domains while a transient rotor-stator interface has been set between
guide vanes, runner and draft tube.

The high-resolution advection scheme of the CFX software, based on the second order
backward Euler method for time integration, was used with a residual target set at 2e-5
for the root mean square (RMS) values (u momentum, v momentum, w momentum, tke).

Regarding the timestep adoption, 1° of impeller revolution was fixed. As demonstrated
by Braun [11], such approach represents a reasonable compromise between the
computational effort and the solution accuracy, even in off design conditions. Supporting
the goodness of the timestep settings, the average Courant number of the simulation
resulted below 2.5 for the entire transient simulations.

Passing to the turbulence model selection, a hybrid URANS-scale resolved approach
utilizing the Scale Adaptive Simulation-Shear Stress Transport (SAS-SST) model was
adopted. As reported by Nennemann et al. [9], the SAS turbulence model provides
superior accuracy in frequency prediction and yields more realistic force amplitudes
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compared to other two-equation turbulence models, such as the SST. Furthermore, this
approach allows the turbulence model to adapt to the local turbulence length scale by
switching from the LES model in unsteady flow regions to the RANS model, in steady flow
regions. Compared to the RANS-SST model, the SAS-SST model can generate smaller
turbulence structures with resolution down to the grid size [10].

3.3 Transient simulation settings

Since the aim of this study is to investigate the fluid field structure evolution during the
unit speed reduction at deep partial load operation, the machine hydrodynamic behavior
has been evaluated in a rather wide runner speed range from 100% to 60% of the nominal
speed (750 rpm) for a guide vane opening equal to 6°, corresponding at fixed speed to
the target new minimum stable flow (20%Qbep).

The idea behind this strategy consists in monitor the unit torque and forces vibration,
during the speed reduction, to identify the optimal runner speed for the considered guide
vanes opening condition. Therefore, time-depending boundary condition was set by slowly
varying the runner speed. A linear variation of the machine speed was set according to
the following equation:

n = 750 [rpm] — 93.75 [rpm s~ 1] - t[s] (1)

The speed linear variation of the runner was chosen to guarantee a constant
deceleration of the runner, hence limiting the possible effects caused by the variation of
the fluid inertia. To achieve the full development of the fluid field in the draft tube, which is
expected to play a key role in the radial forces and runner torque pulsations, the speed
variation was performed for 30 complete runner revolutions while the entire simulations
encompass 90 complete revolutions.

4. Validation of the numerical model

To validate the numerical model, a series of transient simulations with varying guide
vane openings were conducted to replicate the machine efficiency curve as recorded by
the plant's SCADA system. Specifically, 8 configurations with progressive guide vane
openings from 9° to 30° in 3° increments were simulated.

The plant's nominal head H was set as the boundary condition, representing the total
pressure difference between the domain's inlet and outlet sections. Consequently, the
relative discharge Q was evaluated by the software for each guide vane opening condition.

The total flow time for each simulated configuration was set to 20 complete runner
revolutions, with the reported values for discharge and water head calculated as the mean
value of the last 5 runner revolutions.
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Fig. 2. Comparison between measured and numerical efficiency

As shown in Fig. 2, the numerical model accurately reproduces the pattern of the
machine's hydraulic efficiency curve, although there is a predictable efficiency
overestimation that increases moving away from the efficiency points. However, it is
important to note that the data obtained from the unit's SCADA system were subject to
approximations due to uncertainties in the measurement system. Specifically, assessing
the water level in the outlet basin, which is critical for calculating the water head, proved
challenging. The presence of wave propagation, particularly at high discharge values,
made accurate readings difficult.

5. Numerical analysis of the turbine behavior at extreme deep partial
load operation

A preliminary assessment of the fluid field evolution was conducted by analyzing the
trends in runner torque, discharge and efficiency during the runner speed variation (Fig.
3). To better capture the relationship between these variables and rotational speed, the
speed y-axis has been inverted. As is clearly visible, the variation in runner speed,
performed under a constant water head, is associated with a sharp increase in both torque
and discharge. Specifically, a reduction in runner speed to 40% of the nominal value
corresponds to a 15% increase in discharge and a 92% increase in torque.

The underlying cause of this behavior can be attributed to the increased flow incidence
angle at the runner inlet as the speed decreases, leading to a rise in torque.
Simultaneously, the reduction in speed is associated with a diminished centrifugal field
acting on the flow, resulting in an increase in discharge. It is important to emphasize,
however, that the relationship between discharge and speed is highly dependent on the
runner’s geometry. Indeed, machines with a lower specific speed are more sensitive to
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speed variations due to their more pronounced radial development. Specifically, the
greater the ratio between the outer and inner diameters of the runner, the more significant
the influence of the centrifugal field on the fluid motion.
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Fig. 3. Influence of runner speed on the machine behaviour: a) runner torque, b) machine disharge, c)
hydraulic efficiency.

However, it is interesting to note that both discharge and torque reach an equilibrium
condition before the rotational speed variation ends, around 525 rpm, suggesting that
such an intense speed variation (from 100% to 60% of nominal speed) may not be
necessary to achieve the desired outcome at a 6° guide vane (GV) opening. Furthermore,
the speed variation is associated with a sharp hydraulic efficiency rise around equal to
20%. Nevertheless, also in this case the best condition is reached for a larger speed value
around equal to 550 rpm.

To better understand the impact of speed variation on the machine's hydrodynamics,
Fig. 4 presents the velocity field and streamlines at the mid-span section of the guide
vanes and runner for two rotational speeds: 750 rpm and 500 rpm.

At the lower speed, although the runner experiences a more uniform inlet flow, the flow
impacts the runner blades at an unfavorable angle. Nevertheless, as demonstrated below,
this operating condition is associated with more stable machine behavior, suggesting that
the flow conditions at the runner outlet have a greater influence on instability.
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Fig. 4. Velocity field and superficial streamline at guide vanes and runner midspan section: a) 750
rpm, b) 500 rpm

Passing now to the analysis of radial forces, as stated in the introduction and case
study description, the main issue associated with deep partial load operation in Francis
turbines is the onset of severe vibrations and pressure pulsations. This turbine is no
exception, as operation at a 6° GV opening (20% of Qbep at nominal speed) is
characterized by significant radial vibrations.

To demonstrate the benefits of adopting variable speed generation, Fig. 5 shows the
trend of radial force alongside with the speed value. As observed, the speed reduction is
associated with a sharp decrease in radial force, thereby confirming the utility of variable
speed generation in extending the machine's operating range. Moreover, as indicated in
Fig. 5, the stabilization of the radial force in the y-direction was achieved before the speed
variation period ended, specifically around 550 rpm, further supporting the hypothesis that
a smaller speed variation may be more appropriate for the analyzed configuration (6° GV
opening).
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Fig. 5. Influence of runner speed on the machine radial x-direction force.

Nevertheless, despite 60 complete runner revolutions have been performed before to
the onset of the rotational speed variation, it is important to note that the behavior of the
radial force has not yet reached a quasi-steady state in the constant speed region. This
behavior may be attributed to the extremely unstable conditions of the flow field,
particularly in the draft tube, where the presence of a strong residual tangential velocity
component is associated with the formation of highly unstable vortical structures.

The relation between the radial force perturbations and the development of flow
unsteadiness in the draft tube is demonstrated in Fig. 6 where the static pressure trend,
acquired in 2 different locations in the draft tube just downstream of the runner, is reported
together with the runner speed.
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Fig. 6. Influence of runner speed on the draft tube pressure filed: a) monitor point locations, b) static
pressure trend.
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As shown in Fig. 6, fixed-speed operation is associated with intense pressure
perturbations due to the significant residual swirl in the flow at the runner outlet. According
to Fig. 6, a neglectable residual swirl value is achieved at a rotational speed of 525 rpm.
Beyond this speed, an inversion of the tangential velocity component at the outlet occurs.

The improved draft tube hydrodynamic behavior at low speed it also testified by Fig. 7
where the static pressure field and normalized tangential velocity vectors are reported in
correspondence of a plane cutting the domain in correspondence of the Pdtl and Pdt2
control points at 100% and 60% ns. As visible, at nominal speed the fluid field is associate
with strong perturbations with multiple vortexes contemporaneity affecting the machine
hydrodynamic. On the contrary, at 60% nsa more homogeneous flow occurs together with
the flow tangential direction inversion in correspondence of the draft tube center area.

In addition to the positive effect of reducing the residual tangential flow component,
speed reduction also leads to a more uniform discharge across the runner outlet section
in the spanwise direction. At high rotational speeds combined with low discharge values,
the reduced flow inertia causes the flow to concentrate near the runner shroud.
Conversely, by reducing the rotational speed, the influence of the centrifugal field is
diminished, resulting in a more homogeneous and orderly flow at the outlet section.
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Fig. 7. Statc pressure field and flow velocity vectors in the draft tube: a) 750 rpm, b) 500 rpm

Conclusions

This paper presents a comprehensive numerical analysis exploring the impact of
Variable Speed Generation (VSG) on the performance of a small hydro Francis turbine.
A robust numerical model was developed to investigate the machine's performance during
runner speed deceleration under a small guide vane opening condition.

The analysis revealed that reducing the runner's rotational speed during deep partial
load operation significantly enhances turbine stability. Specifically, the study found that
lower speeds led to reduced radial force and pressure perturbations, indicating a more
stable operating condition. The results also demonstrated that improving the fluid flow in
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the draft tube is key to achieving stable turbine operation. In contrast, the flow incidence
at the runner inlet section does not appear to be particularly influential in improving the
deep partial load performance under variable speed conditions.

Additionally, the model proved versatile, enabling precise determination of the optimal
speed for the given guide vane opening condition. These findings confirm that VSG can
effectively address some of the common challenges faced by Francis turbines, particularly
under varying flow conditions, by optimizing efficiency and reducing mechanical stress.
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