
Academic Editor: Helena M. Ramos

Received: 22 December 2024

Revised: 26 January 2025

Accepted: 28 January 2025

Published: 30 January 2025

Citation: Cebeci, C.; Parker, M.;

Recalde-Camacho, L.; Campos-Gaona,

D.; Anaya-Lara, O. Variable-Speed

Hydropower Control and Ancillary

Services: A Remedy for Enhancing

Grid Stability and Flexibility. Energies

2025, 18, 642. https://doi.org/

10.3390/en18030642

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Variable-Speed Hydropower Control and Ancillary Services:
A Remedy for Enhancing Grid Stability and Flexibility
Cagatay Cebeci *,† , Max Parker , Luis Recalde-Camacho , David Campos-Gaona and Olimpo Anaya-Lara *

Electronic and Electrical Engineering Department, University of Strathclyde, 204 George St., Glasgow G1 1XW, UK;
max.parker@strath.ac.uk (M.P.); luis.recalde-camacho@strath.ac.uk (L.R.-C.); d.campos-gaona@strath.ac.uk (D.C.-G.)
* Correspondence: cagataycebeci@osmaniye.edu.tr (C.C.); olimpo.anaya-lara@strath.ac.uk (O.A.-L.)
† Current address: Electrical and Electronics Engineering Department, Osmaniye Korkut Ata University,

Osmaniye 80000, Turkiye.

Abstract: Variable-Speed Hydropower Plants (VSHP) are becoming more promising for
stabilising power grids with the increasing integration of renewable energy sources. This
research focuses on improving fault ride-through capabilities and delivering efficient ancil-
lary services for VSHPs to support the grid by developing a comprehensive control strategy.
The control system proposed integrates a machine-side controller, a Frequency Support
Controller (FSC), a Virtual Synchronous Machine (VSM), a Vector Current Controller (VCC)
for the grid-side converter, a turbine governor for regulating turbine speed, and a DC-link
controller. PID with an anti-windup scheme and a Model Predictive Controller (MPC)
were employed for the turbine governor. The MPC turbine governor results demonstrate
the potential of advanced control methods for enhanced performance of the VSHP. A
benchmarking between the MPC and the PID governor was made. The benchmarking
results have reported that the MPC can achieve reference tracking improvements up to
99.42%. Tests on a diverse set of grid scenarios were conducted, and the graphical results
showed significant improvements in mitigating the frequency drops through the effective
governor response. The synthetic inertia provision is swift, completing within seconds of
a frequency drop. Compared to the fixed-speed approach, the VSHP improves the grid’s
overall stability by minimising frequency dipping and achieving steady-state recovery
remarkably faster. The fixed-speed approach only begins to recover minutes after the
VSHP reaches the settling time. By effectively providing critical ancillary services such as
frequency support, synthetic inertia, and smooth fault ride-through capability, the VSHP
can become a transformative solution for future power grids, which are estimated to be
more reliant on renewable energy sources.

Keywords: Frequency Support Control (FSC); Grid Stability; Model Predictive Control
(MPC); Renewable Energy Integration; Variable-Speed Hydropower (VSHP)

1. Introduction
Measures taken to reduce greenhouse gas emissions in electricity generation are

leading to an increased share of converter-connected and variable generation, for instance,
wind and solar power, being connected to national electricity networks, along with the
decommissioning of older thermal plants. The situation has increased the difficulty of
frequency regulation—matching supply and demand—requiring generation and energy
storage with increased flexibility and response speeds. Variable-Speed Hydropower (VSHP)
aims to improve the flexibility and responsiveness of hydroelectric power plants by using a
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power electronic converter between the generator and grid, allowing the turbine speed to
vary independently of the grid frequency.

Early VSHP installations concentrated on improving the flexibility of pumped-storage
plants using Francis turbines [1]. In the pumping mode of operation, the turbine guide
vanes are kept fully open with the turbine run in reverse, and the power input from the grid
is fixed due to the fixed turbine speed. Additionally, the optimum speeds for pumping and
generating are different, meaning that efficiency in the generating mode is compromised.
Replacing the synchronous generator with a Doubly-Fed Induction Generator (DFIG), with
the rotor connected to the grid through a converter, allows a limited turbine speed variation
(typically around 10% [2]), allowing some variation in the pumping power and improved
efficiency when generating. In such a system, the main economic advantage is to allow the
plant to provide frequency support services during pumping operations.

Improvements in the response speed during generating operations are possible [3]
due to the decoupling of the turbine speed from the grid frequency, as grid interactions
limit the stable governor bandwidth in a fixed-speed system. However, the mechanical
response speed is still ultimately limited by the waterway dynamics, so variable-speed
plants can take energy from the generator inertia to provide instant power, slowing down
the generator. As the slower-reacting hydraulic system catches up, the turbine speed
is recovered.

DFIG-based systems used for early installations [1] employed thyristor-based cyclo-
converters to limit the converter size required. Still, there is an increasing interest in
using fully-rated converters [4]. Recent studies have considered the enhancements of fully
rated converters by designing new configurations [5]. The idea of fully-rated converters
was initially brought about by the development of converters with a power rating of 100
MW and higher based on the Modular Multilevel Converter (MMC), and operating at
the generator voltage without the use of a step-down transformer [6]. These are easier to
retrofit to existing installations as the existing generator can be used, and the converter can
be bypassed when not required to maximise efficiency. Fully-rated converter systems allow
a wider variation in turbine speed, increasing the amount of inertial energy available for
fast response. They can also increase the power range of the turbine during generation by
reducing the turbine speed at lower power levels to avoid operating modes, which would
reduce the turbine’s lifetime. DFIGs for the VSHP still attract researchers. In a recent study,
some performance improvements were introduced [7].

The existing literature on VSHP has largely concentrated on the capabilities of a fast
response to changes in power demand and an enhanced operating range. Several additional
benefits were considered in a number of studies. These include but are not limited to:

• In comparison to fixed-speed systems, the variable-speed approach can enable consid-
erable growth in production [8].

• An expanded operational range during generation mode by operating the turbine at
reduced speeds for lower power levels, which helps to minimise vortex rope formation
in the outlet [9].

• An enhanced capability to track and maintain peak efficiency across the entire
power range.

• A superior dynamic response by disconnecting turbine speed from grid frequency,
enabling the utilisation of turbine inertia for immediate power delivery without being
constrained by the slower dynamics of the waterway system [10].

In some cases, the ability to compensate for varying wind farm outputs has been
evaluated by directly modifying the VSHP power demand based on the measured wind
farm output [11]. Studies relating to the provision of grid frequency support services have
largely concentrated on the potential revenue improvements [12].
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To explain the concept of generation inertia, a qualitative analysis of methods is
shown in Table 1. Using generator inertia has been one of the core approaches to stabilise
the grid against frequency deviations. The conventional choice of method for this is the
utilisation of synchronous generators. The synchronous generators enable the provision of
physical inertia using the kinetic energy supplied by their rotating machinery components.
Since renewable energy integration has begun to advance rapidly, it has caused a shift in
generation methods, which has resulted in a lack of physical inertia in power generation
mixes. Therefore, grids have been facing significant stability challenges. To tackle the
problem of reduced inertia, methods of synchronous generators, VSMs, power converters,
and fast frequency response have been considered. VSMs, power converters, and fast
frequency response methods can provide synthetic inertia. Each method comes with its
advantages and limitations, as listed in Table 1. This research investigates the provision of
synthetic inertia through the VSM and the VCC (power converter). By integrating these
controllers, the proposed control framework aims to enhance grid stability.

Table 1. Qualitative analysis of generation inertia methods.

Method Description Advantages & Limitations *

Synchronous Generator This method generates
physical inertia by spin-
ning the rotors of syn-
chronous generators. The
resulting kinetic energy
is used to help stabilise
the grids.

+ Validated reliability.
+ Direct and continuous

inertia.
− Low availability due to

the decline of conven-
tional plants.

− High costs of operation.

Virtual Synch. Machine A power electronic config-
uration that imitates the
behaviour of synchronous
generators.

+ Compatibility with
renewable systems.

+ The inertia provided
is controllable.

− Use of complex
control algorithms.

− High-performance con-
verters are necessary.

Power Converters Power converters provide
inertia that mimics the be-
haviour of physical inertia
produced by traditional
synchronous generators.

+ No need for
rotating machinery.

+ Responds faster than
physical inertia.

− The provision of in-
ertia is limited by
energy availability
(e.g., batteries).

Fast Frequency Response This solution generates
inertia with the help of
energy storage systems
or demand-side responses
with an intention to sta-
bilise the grid rapidly.

+ Effective for intermittent
nature of renewables.

+ Grid stabilisation is fast.
− Energy storage de-

mands lots of space.
− Costly to scale for

larger grids.

* The + and − signs refer to advantages and limitations, respectively.

From the control perspective, conventional strategies such as the Proportional-Integral-
Derivative (PID) were considered for VSHP. In [13], a VSHP model is developed and
validated using such conventional control methods to understand the limitations brought
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by the hydraulic system, paving the way to implementing more sophisticated approaches
like multi-variable or optimisation-based advanced controllers.

Regarding advanced controllers, Model Predictive Control (MPC) has been shown
to be a promising approach for VSHP. Among the works in the literature, ref. [14] takes a
combined strategy where a linear MPC controls the VSHP by adjusting the turbine guide
vane opening to maintain the reference turbine rotational speeds, and is supported by
a VSM to handle deviations in the frequency through the converter. The controller also
uses a Kalman filter to estimate the hydraulic system variables. Despite having similar
principles, refs. [15,16] use a non-linear MPC approach and utilise a moving horizon
estimator. The results show improved performance, faster response, and reduced rotational
speed deviations.

Another well-established non-linear control approach, the sliding mode controller,
was deployed by the researchers in [17] for a VSHP. They carried out a benchmark of the
approach with a traditional PID as the baseline method, and the results indicated a faster
transient response. In [7], a second-order sliding mode controller was considered to deal
with the DFIG system. The problem of low-frequency oscillations was addressed in [18]
by developing a control technique that combines sliding mode control and fuzzy logic.
Another second-order sliding mode controller was proposed to improve the guide vane
opening and rotor regulations for frequency support in [19].

There are other contributions from the domain of hydropower plant control in which
different MPC strategies are used. Among these contributions, ref. [20] designed a non-
linear MPC and performed a Lyapunov stability analysis. The shortcomings of the conven-
tional PID control were discussed, and a scalar MPC controller was proposed in [21]. The
benefit of the prediction of future water levels for a hydropower plant was investigated
using an extended Kalman filter [22]. The authors of [23] employed fuzzy methods to im-
prove the performance of an MPC. The work in [24] proposed an intelligent MPC. However,
the majority of such research follows the assumption of turbine speed syncing to the grid
frequency and thus needs to pay more attention to its variability. Considering the steady
rise of renewable energy technologies and even electric vehicles, it is important to provide a
higher level of flexibility for the security of the future’s grids. VSHP could help the grid by
providing fast frequency reserves as an ancillary service. A recent, comprehensive review
of several hydropower plant models, including VSHP, was presented in [25]. The survey
also discusses the rapidness of VSHP in supporting a balanced grid frequency, which may
come in handy, especially with the intermittent nature of renewables in mind. The flexibility
of a real-world hydropower plant was studied, and its capacity was improved through
optimisations in [26].

VSHP is not a newly discovered technology, but has remained an underexplored
research topic. However, it is gaining momentum on the course to reach its maximum
potential. Some important research gaps or unresolved issues include:

• Conventional PID-based turbine governor methods face limitations in dealing with
variable speed systems due to frequent operating point changes. Their lack of adapt-
ability leads to sub-optimal control performance. In other words, their need to be
re-tuned frequently is not ideal for controlling VSHP.

• While advanced control strategies such as MPC have shown promise, further research
is needed to investigate their practical limitations. For example, their impacts on
hydraulics and mechanical actuators or integration with electrical systems like fully-
rated converters have been underexplored. For example, a recent paper [19] presents
a strategy to deal with the impacts of frequent opening of the guide vanes.

• The limitations of DFIG systems, which are used conventionally for variable-speed
installations, and the challenges in implementing their alternatives.
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• A lack of real-world implementations because most studies are based on simulations.
More field validations are needed to further verify research results.

• Few recent studies [27] investigating the economic costs vs. benefits of VSHP exist.
• There exists a lack of comparisons of VSHP with alternative solutions [28] in terms of

their ability to meet the flexibility demands of the renewable energy-rich grids.

This paper presents the findings of the project in [29]. The figures and results used
are fully adapted from the project report, which the same authors wrote. This study has
developed an integrated control strategy consisting of a few control approaches to allow a
VSHP based on a fully-rated converter to provide frequency support services, including
fast frequency response and synthetic inertia. The list of novelties from the work and the
paper includes:

• Comprehensive Control Design: The proposed control strategy integrates a Frequency
Support Controller (FSC), an anti-windup PID or Model Predictive Controller as
the turbine governor, and a VSM/VCC for the grid-side converter, machine-side
controller, and DC-link controller. As a result, not only is frequency support improved,
but also fault ride-through capability is increased. Owing to the collective benefit of
the controllers that make up the approach, a generalised performance enhancement
for VSHP has been observed.

• Large-scale System Model: The research aims to simulate a realistic hydropower
model, so several hydraulic system components, electrical systems, and controllers
were considered.

• Thorough Validations: The control designs are validated thoroughly by considering
various grid conditions, such as stiff grids and grids with power mixes that feature
low inertia and high renewable penetration. The project demonstrates enhanced
capabilities for primary and secondary frequency responses and synthetic inertia
provision through simulations in both stiff and representative grid conditions. The
results show improved stability compared to fixed-speed systems. The amount of
validations extends beyond what is commonly observed in prior studies.

• Use of Fully-Rated Converters: The research emphasises the implementation of fully-
rated converters but diverges from prior research by implementing a Frequency Sup-
port Controller, which combines synthetic inertia with advanced damping techniques.
Intense testing under diverse grid scenarios (stiff and low-inertia grids) may provide
a deeper understanding of fully-rated converters’ performance for VSHPs.

Although a comprehensive control framework has been designed and validated, this
research’s findings are derived from simulation studies and have not yet been tested in a
real-world application. In addition to the need for implementation, economic feasibility
and scalability were not particularly investigated by this study, but they impose important
considerations for the bigger picture of the topic. These define some current limitations of
this research. More insights into the future work will be given in the discussion section.

The organisation of this paper is as follows: Section 2 introduces the hydro-system
models and controllers, and Section 3 evaluates their performance using a stiff grid and
representative grid model. The results presented in Section 3 demonstrate the frequency
support under grid frequency dipping and over-frequency cases, respectively. Additionally,
the grid fault response is investigated. Section 4 summarises and concludes the paper.

2. Materials and Methods
The complete structure of the model and control system is shown in Figure 1. The

system is modelled using MATLAB/Simulink R2023b (23.2), with the electrical domain
modelled using the Simscape Electrical Specialised Power Systems block set.
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Figure 1. Structure of the model and control system (“*” notation in figures throughout this paper,
denotes the reference value of the corresponding variable).

The waterway model provides the pressure head at the turbine, HT , based on the
turbine flow QT . The turbine model functions as a variable throttle on the hydraulic side,
calculating the QT based on HT , the turbine speed, ω, and the guide vane opening K. The
mechanical torque is also calculated, and this is used in the mechanical model along with
the electrical torque from the generator, Te, to calculate ω.

For the controller, the turbine governor regulates the turbine speed through the guide
vane opening, while the grid power is determined by the frequency support controller
and regulated by the grid side controller. The machine-side controller is used to regulate
the converter’s DC-link voltage. The power demand is also fed forward to the turbine
governor to improve performance. This method allows the stored energy in the turbine
inertia to be used to improve the system’s response speed. However, it is unsuitable for the
pumping mode of operation, where the turbine speed determines the pumping power. For
simplicity, only the generating mode of operation of the plant will be considered.

The waterway, turbine, and control systems operate in the per-unit (p.u.) system,
with the electrical domain using real-world units. The various blocks in Figure 1 will be
described in more detail in the following sections.

2.1. Waterway, Turbine, and Mechanical System

The model implements a typical high-head system, with a waterway consisting of a
long headrace, surge chamber, and a short penstock connected to a single Francis turbine.
The waterway headrace is modelled based on non-compressible flow, while a travelling-
wave model is used for the penstock, and this arrangement is described in [3]. The waterway
model was discretised to improve the simulation speed, particularly with the comparatively
short timesteps required for the converter model, with integrators implemented using the
Backward Euler method to eliminate algebraic loops.

The discretised waterway model is shown in Figure 2. HR, HS, and HT are the pressure
heads at the reservoir, surge tank and turbine, respectively. QH and QT are the flows in the
headrace and turbine. The parameter Te is the wave travelling time [13] in the waterway
which causes the delay d. The delay parameter d is calculated as in (1), based on the
sampling time step Ts, for which 1 ms is used.

d = round
(

2Te

Ts

)
. (1)
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The values of the parameters fp1, fp2, Tw2, f0, Cs, and Te are given in Table 2 and taken
from [13]. The parameter ηW is the waterway efficiency at the rated reservoir head and
flow and is included so that the turbine head will be 1 when operating at rated conditions.

Figure 2. Waterway and turbine model structure.

Table 2. Waterway and turbine parameters.

Model Parameter Value Unit

Waterway Rated Head 425 m
Rated Flow 170 m3/s

Headrace fph 0.02 s4/m5

TWh 4.34 s
Surge Tank f0 0.036 s4/m5

Cs 0.099
Penstock Z0 9.61

Te 0.126 s
fPp 0.049 s4/m5

Turbine Rated head 425 m
Rated flow 144 m3/s

σ 0.015
ψ 0.404
ξ 0.918

α1R 0.745

For the turbine, a Euler model is used [30], providing a more straightforward imple-
mentation than the lookup table-based models used in many turbine-focused studies and
greater accuracy at speeds below rated compared with the simple models used in system
studies [3].

The turbine throttling equation is given by (2), while the mechanical torque Tm is given
by (3). These use the non-dimensional starting torque ms, given by (4), which depends on
the guide vane angle α1, given by (5):

QT = KqK
√

HT − σ(ω2 − 1), (2)

Tm =
QT
HT

(ms − ψω), (3)
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ms = ξ
QT
K

(cos α1 + tan α1R sin α1), (4)

sin α1 = K sin α1R. (5)

The turbine parameters σ, ψ, ξ, and α1R are taken from the same source as the
waterway [13], and provided in Table 2. They represent a typical high-head turbine. As
this study is concerned with the generating mode of operation, the pumping mode is not
implemented in the turbine model. Mechanically, the rotating system is modelled as a
single lumped inertia representing the combined inertias of the generator and turbine, as
shown in (6). Te is the generator electrical torque and H is the inertia constant. ηT is the
turbine efficiency at rated speed and power. The mechanical model is discretised at the
same 1 ms timestep, with integration using the Forward Euler method.

ω =
1

2H

∫ (
1

ηT
Tm − Te

)
dt (6)

2.2. Generator and Converter

Built-in models from the Specialised Power System block set of Matlab/Simulink
were used to model the generator and converter. A fifth-order model was used for the
generator, representing a salient-pole machine with damper windings. Parameters for a
typical low-speed high-power hydroelectric generator were used [31]. and are given in
Table 3.

Table 3. Generator parameters.

Parameter Term Value Unit

Rated Power 325 MVA
Line-line Voltage 13.8 kV

Poles 64
Rated Frequency 50 Hz
Inertia Constant 6.5 s
Stator Resistance rs 0.0019 p.u.

Stat. Leak.
Reactance Xls 0.12 p.u.

Stat. Synch. React.,
(q-axis) Xq 0.48 p.u.

Stat. Synch. React.,
(d-axis) Xd 0.85 p.u.

Field Resistance
(stat.) r

′
f d 0.00041 p.u.

Field Leak.
Reactance (stat.) x

′
l f d 0.249 p.u.

Damper Resistance
(q-axis, stat.) r

′
kq 0.0136 p.u.

Damper Leak.
React. (q-axis, stat.) X

′
lkq 0.1029 p.u.

Damper Resistance
(d-axis, stat.) r

′
kd 0.0141 p.u.

Damper Leak.
React. (d-axis, stat.) X

′
lkd 0.16 p.u.

Stat. refers to the stator; Leak. refers to leakage; and React. refers to reactance.

For the converter, an averaged model was used, which represented the AC side as a
controlled voltage source and the DC side as a current source based on the applied duty
cycle. The averaged model resulted in a faster simulation time compared with a switched
model and little reduction in accuracy for the dynamics of interest in this study [32].
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While the converter is likely to be based on an MMC, for simplicity, it was modelled as a
2-level voltage-source converter, as it was expected that the circulating current and voltage
balancing controls needed for an MMC would have minimal impact on the dynamics.
The 5 kHz sampling frequency used in the machine and grid-side controllers was based
on the typical sampling frequencies used in an MMC. A converter with fewer levels
would significantly reduce the sampling frequency, limiting the current control bandwidth.
Converter parameters are given in Table 4.

Table 4. MMC parameters.

Parameter Value Unit

Rated Power 325 MW
Rated AC Voltage 13.8 kV
DC-link Voltage 22 kV

Sampling Frequency 5 kHz
DC-link Capacitance 750 µF

Grid Inductance 187 µH
Grid Resistance 0.59 mΩ

2.3. Turbine Governor

The purpose of the turbine governor is to regulate the turbine speed. To track the
reference turbine speeds, the turbine governor configurations used in this research (PID
and MPC) control the turbine guide vane position K.

2.3.1. PID Controller

The governor structure is shown in Figure 3 and is based around a PID controller. Feed-
forward is used to improve dynamic performance, with a lookup table used to calculate the
guide vane feed-forward KFFD from the turbine speed ω and the power feed-forward value
PFFD. The guide vane position is subjected to saturation, and a rate limit is used to prevent
pressure pulsations in the waterway, as is common practice in hydroelectric installations.
As demonstrated in Figure 3, guide vane actuation dynamics are based on a first-order
response with a time constant τg. As the rate limit, in particular, has a significant effect on
the system’s response speed, the integrator features anti-windup using back-propagation,
using the gain KW . The values of the controller parameters are listed in Table 5.

Table 5. Turbine governor parameters (variable-speed).

Parameter Term Value Unit

Proportional Gain Kp 3
Integral Gain KI 0.1

Derivative Gain KD 1
Anti-Windup Gain KW 1

Rate limit ±0.05 1/s
Sampling
Frequency fs 100 Hz
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Figure 3. Governor structure for variable-speed system.

Additionally, a fixed-speed governor (shown in Figure 4) was implemented so the
performance of the variable-speed system could be compared with a conventional fixed-
speed. The fixed-speed governor is based on a conventional two-stage hydraulic position
servo, with permanent and transient droops [3].

Figure 4. Fixed-speed governor system.

Parameters for the fixed-speed governor were taken from the same source as the
turbine and waterway models [13], and are listed in Table 6.

Table 6. Turbine governor parameters (fixed-speed).

Parameter Term Value Unit

Permanent Droop RP 0.05
Transient Droop RT 0.4
Governor Time

Constant τP 4

Reset Time τR 5 s
Rate limit ±0.05 1/s

2.3.2. Model Predictive Controller

MPC has been the most popular advanced control method recently, owing to its fast
and effective optimisation-based solutions being more available due to the well-established
computing power standards of today. MPCs are also robust and are good at handling
non-linear systems such as hydropower plants [20–24]. They were also validated for VSHP
systems in a few studies [14–16].

For the purposes of this research, a local output (turbine speed ω) feedback linear
MPC on the turbine governor side has been designed to achieve the optimal turbine speed
ω∗. Figure 5 demonstrates the MPC turbine governor control diagram. The demanded
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electrical power Pbase is used as the measured disturbance signal. The control signal is
denoted by K (guide vane opening).

ω*

ω

MPC

Mechanical System

Pbase Electrical System

Turbine System

Te

Tt

K

K�

ω

Qt

Ht

ω
Reference

Output

Measured Disturbance

Control Signal

Figure 5. MPC turbine governor.

The MPC optimisation problem [33] is based on the minimisation of the quadratic cost
function J(x, u) subject to constraints on the states xk ∈ Rn and the control input uk ∈ Rm:

J
(

x, u
)
=

Hp−1

∑
k=0

1
2

xT
k+1Wxxk+1 +

Hc

∑
k=0

1
2

uT
k Wuuk +

1
2

ϵTWϵϵk, (7)

s.t. xmin − ϵ ≤ xk ≤ xmax + ϵ,

umin ≤ uk ≤ umax,

for the discrete-time linearised state-space system represented by:

xk+1 = Adxk + Bduk + vk, k = {0, . . . , Hp − 1}. (8)

For the cost function (7), the prediction and control horizons are defined by Hp and Hc,
respectively. The weightings are given by Wx, Wu, and Wϵ. The term ϵ is a slack variable
(non-negative) for the worst-case constraints. For the state-space model (8), the variable
vk ∈ Rl represents the measured disturbance. Assuming ηT = 1, the mechanical system
in (6) becomes:

ω =
1

2H

∫
(Tm − Te)dt, (9)

and the electrical system is defined as:

Pbase
ω

= Te. (10)

Recall the set of Equations (2)–(5) for the turbine and waterway models, and assume
the ratio Kq = 1. Substituting (2), (4) and (5) in (3), the mechanical torque is redefined as:

TT =
QT
HT

(ξ
QT
K

(Kcosα1R + tanα1RKsinα1R)− ψω). (11)

Substituting (10) and (11) in the derivative of (9), the turbine speed dynamics become:

ω̇ = − 1
2H

(
QT
HT

ψ +
Pbase
ω2 )ω +

1
2H

(ξ
QT
K

(cosα1R + tanα1Rsinα1R))K. (12)

Augmenting the speed dynamics ω̇ with the rest of the turbine and waterway equa-
tions (parameters Hp, Qh, Hs) [29], it is possible to represent the complete non-linear
Variable-Speed Hydropower system by the generalisation below:

ẋ = f (x, u, v),

y = Cx. (13)
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In the non-linear representation (13), the state vector is chosen as x =
(

Hp, Qh, Hs, ω
)T

,
the control action is given by u = K and the measured disturbance v = Pbase. The output
y = ω uses the parameter vector set to C =

(
1 0 0 0

)
. The non-linear model is

linearised around the operating points x0 =
(

Hp0, Qh0, Hs0, ω0

)T
and u0 = K0.

Taking the Jacobian linearisations around x0 and u0, the state matrices are calculated:

A =
∂ f (x, u)

∂x

∣∣∣
(x0,u0)

, B =
∂ f (x, u)

∂u

∣∣∣
(x0,u0)

. (14)

Using ∆x = x − x0 and ∆u = u − u0, the state-space model below can be defined:

∆ẋ = A∆x + B∆u + v,

y = Cx. (15)

Note that v was not involved in the linearisation process because it is a measured output
disturbance and cannot be manipulated.

For the MPC turbine governor, the sampling time Ts = 0.1 s was chosen. Then,
omitting the delta terms for the purpose of clarity and using the forward Euler approach
for discretisation, the final state-space model of the system becomes:

xk+1 = Adxk + Bduk + vk,

yk = Cxk. (16)

The MPC uses a Kalman filter for estimations:

x̂k+1|k = Ad x̂k|k−1 + Bduk + vk + L(yk − ŷk),

ŷk = Cx̂k|k−1, (17)

where x̂k|k−1 represents the estimated states and ŷk denotes the estimated system output.
The term L is the Kalman gain.

The control horizon is chosen as Hc = 5 and the prediction horizon is selected as
Hp = 30. The control limits are set to 0 ≤ u ≤ 1 and 0 ≤ du ≤ 1, as constraints. The
weights are Wx ≈ 0.644 and Wu ≈ 0.155.

2.4. Machine-Side Controller

Field-oriented control is used in the generator-side controller to directly regulate the
generator torque by controlling the stator current flowing in the rotating reference frame
and the field current.

In the per-unit system, the generator electrical torque is given by (18), where ϕd,qs

is the stator flux linkage in the rotating reference frame, with the d axis aligned with the
field, and id,qs the stator current. Given knowledge of ϕd,qs, the current demand i∗d,qs can be
calculated to achieve the desired torque:

Te = ϕdsiqs − ϕqsids. (18)

For simplicity, the controller uses the generator air gap flux calculated in the model.
This approach is analogous to using flux sensors within the generator. Sensorless observer
systems can be used to estimate the flux [34], but these are complicated to implement as the
current in the damper windings is unknown. The terms ϕds and ϕqs may be expanded as:
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ϕds = Llsids + ϕmd,

ϕqs = Llsiqs + ϕmq.
(19)

The stator voltage equations are then given by:

Vd = idsRs + ωrϕqs +
dϕds
dt

,

Vq = iqsRs + ωrϕds +
dϕds
dt

,
(20)

where Rs and ωr stand for the stator winding resistance and rotor angular frequency,
respectively.

The current references are calculated using (18), a standard vector current controller
based around a Proportional-Integral (PI) controller (shown in Figure 6) with cross-coupling
compensation and feed-forward of the generator EMF (calculated from the measured flux).

Using a sampling frequency of 5 kHz, the stator current controller gains were tuned
following the Internal Model Control (IMC) method [35] principles, with KP = 0.65 and
KI = 10 providing a reasonable first-order response with no overshoots. The mathematical
model of this controller and the calculation of its gains are given by:

C(s) = K(1 +
1

sTi
),

K = αL,

Ti =
L
R

,

αc =
6 − 4

√
2

tcd
,

(21)

where α denotes the desired frequency response bandwidth, αc stands for the maximum
bandwidth without overshoots, and, tcd is the controller time delay.

Figure 6. Generator current controller.

The generator field current is controlled to maintain a constant 1 p.u. flux in the d-axis.
The required field current, referred to the stator, i

′∗
f d, is given by (22), where ϕ∗

d is the d-axis
flux demand, Lls the stator leakage inductance, Lmd the magnetising inductance, and id the
stator current in the d-axis. The field current is regulated using a PI controller as well:

i
′∗
f d =

ϕ∗
d − Llsid

Lmd
+ id. (22)
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The field current controller proportional and integral gains are KP = 20 and KI = 20,
respectively. The tuning parameters were selected manually to obtain a slower response
than the stator’s current controller. The same sampling frequency value of the stator
controller was used.

Recall that the generator used is a fifth-order salient-pole one. For further reading
of generator reactance calculations, the reader may refer to [29]. The generator torque
demand, which determines the current demand, is limited to 2 p.u., allowing full power
output down to 0.5 p.u. generator speed, which was selected for flexibility during the
controller development. Further refinement of the current limit, allowing for a reduced
converter current rating, would need to take into account the operating speed range of the
turbine as well as the control of the generator excitation.

2.5. Grid-Side Controller

Two methods are implemented to control the power on the grid side of the converter: a
conventional Vector Current Controller (VCC) and a Virtual Synchronous Machine (VSM).

The primary purpose of a VSHP is the flexibility it can provide to the grid among
the inflexible converter-connected solutions like solar and wind power. However, a VSHP
needs a converter in front of the generator because of its structure. This positioning
may reduce the inertia on the grid side, although less so than inflexible power solutions.
Therefore, synthetic inertia was introduced to balance it out by researchers [36] in a case
study on wind turbines. However, some mechanical problems were observed due to the
incompatibility of the synthetic inertia controller with the turbine controller. A VSHP may
be more practical, since its synchronous generator can quickly provide synthetic inertia
service using its real inertia.

A modified version of a conventional VCC can provide the synthetic inertia needed,
but it is dependent on the differentiation of the grid frequency measurement and a Phase-
Lock Loop (PLL) mechanism and, thus, may suffer from noise that may cause issues in
fragile grids. A VSM can mitigate the disadvantage of weak grids by handling converters
with low virtual inertia while keeping high virtual inertia for the synthetic inertia support.
As a result, the grid-side converter controller of this research combines the VSM and VCC
for efficient synthetic inertia gain.

Note that the constraints on converter current and voltage are crucial for the system’s
safety and reliability [9]. The current controller discussed in Section 2.5.1 and the anti-
current controller outlined in Section 2.5.3 offer valuable insights into the current constraints
employed in this research. While the converter voltage constraints are not explicitly
implemented, they are subject to the limits of the DC-link voltage.

2.5.1. Vector Current Controller

The VCC and its current controller are demonstrated in Figure 7 and in Figure 8, respectively.
The PLL (7) synchronises to the grid voltage vabc. The vabc and the grid current

iabc go through the d-q transformations for the current controller. The current controller
produces the converter voltage denoted by Vcd,q. It is tuned using the IMC method [35] for
100 Hz bandwidth.

Due to limits to the converter current capability, the d-axis current reference is limited
to 1 p.u., while the magnitude of the current reference is limited to 1.2 p.u. The voltage
demand is not limited, except by the limits of the DC-link voltage. In this study based
around a simplified converter model, the converter typically operates at a modulation
index of around 87%, providing significant voltage headroom. A more realistic imple-
mentation would operate at a higher modulation index in order to maximise converter
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utilisation, but this would require a more detailed converter model to fully analyse the
potential interactions.

Figure 7. Vector current control layout.

Figure 8. Current controller.

2.5.2. Virtual Synchronous Machine

The structure of the VSM is shown in Figure 9. From the measured grid voltage and
current, vabc and iabc, the instantaneous real and reactive powers P and Q are calculated
using (23) and (24). PI controllers are then used to set the reference angular velocity ω

and magnitude |V| of the reference voltage, with ω being further integrated to obtain the
reference angle ωt. These are used to generate the reference phase voltages vcabc, from
which the duty cycles dabc for the three phases are obtained:

Figure 9. Virtual synchronous machine implementation.
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P = vaia + vbib + vcic, (23)

Q =
1
3
(ia(vb − vc) + ib(vc − va) + ic(va − vb)). (24)

The dynamic performance of the synchronous machine is calculated by:

2H
ωs

d2δ

dt2 = Pm − Pe, (25)

where the term Pm stands for the p.u. mechanical power input, and Pe denotes the p.u.
electrical power output. The reference angle ωt is obtained by:

ωt =
ωs

2H

∫ ∫
(P∗ − P)dt, (26)

where δ is the load angle between the grid voltage vector and the electromotive force (EMF)
of the generator.

An issue with modelling a synchronous machine is the emulating the effects of the
damper windings; for instance, some methods produce a permanent frequency droop
characteristic [37], and while this may be desired, it is better to be decoupled from the VSM
operation. Therefore, in this research, a PI controller (shown in Figure 10) has replaced (26).

Figure 10. VSM angle reference.

Here, the integral gain determines the virtual inertia according to:

KI =
ωs

2Hv
(27)

where ωs is the synchronous speed of the grid, and H is the virtual inertia constant. The
proportional gain, KP, can be tuned to achieve the required level of damping in the response,
and a higher level of damping is used than would be found in a real synchronous machine.

2.5.3. VCC and VSM Combined

The VCC and VSM combined control structure is depicted in Figure 11. This is inspired
by the controller in [38] used for power synchronisation. Note that the figure contains two grid
frequencies, the ωG and the ωV , which stand for the PLL and VSM frequencies, respectively.

The resonance damping block shown on the combined controller is expanded as in
Figure 12. It is a first-order high-pass filter used to damp resonances that may be present in
VSM systems.

The anti-current controller block is shown in Figure 13 in detail. Its purpose is to
supply current demand values to the existing current controller, such that the voltage
demand vcdq equals the reference from the VSM, vvdq, in this way the current-limiting
functionality of the current controller is maintained.
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Figure 11. The combined control structure.

Figure 12. Resonance damping.

Figure 13. Anti-current controller.

The current controller (8) contains cross-coupling terms for which the integral com-
ponent of the PI compensates. Therefore, the integral action may be seen as optional and
removed under certain circumstances because the resulting steady-state error will be mini-
mal. In the case of the combined controller, while the VSM is operating, the integral action
is disabled. The current controller output Vcdq depends on vdq, idq, and i∗dq; the anti-current
controller generates a current reference i∗vdq so that the output of the current controller Vcdq

is equal to v∗vdq. Note that, since the i∗vdq passes through a hard limit, the current limitation
will still be enabled. The entire set of grid-side control parameters is given in Table 7.

Table 7. Grid-side controller parameters.

Parameter Value Unit

VCC-KP 0.2
VCC-KI 0.63
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Table 7. Cont.

Parameter Value Unit

VCC bandwidth 100 Hz
Virtual inertia constant 6.5 s

VSM-KP 5
Virtual Excitation-KP 0.1
Virtual Excitation-KI 10

HF Damp. Virtual Resist. 0.1
HF Damp. Cut-off Freq. 5 s

Sampling frequency 5 kHz

2.6. DC-Link Voltage Controller

The DC-link voltage control scheme is illustrated in Figure 14. In the operational mode,
the frequency support controller sets the real power demand for the grid-side converter, P∗

G.

Figure 14. DC-link voltage control scheme.

The real power demand for the machine-side converter, P∗
M, is used to regulate the DC-

link voltage of the converter using a PI controller, and to improve the response, the measured
grid power is used in a feed-forward fashion. The proportional gain was set to KP = 1 and the
integral gain to KI = 0. These presets were sufficient for the PI controller, but under different
scenarios, further adjustments, especially on the integral action, might be necessary.

2.7. Frequency Support Controller

This research takes the UK Grid Code Issue 5 [39] as a reference for the grid tests in its
simulations. The grid code declares the items below for frequency support services:

• Primary: The response reaches the desired value within 10 s when the grid frequency
experiences a drop, and it must sustain at no lesser reduction after that.

• Secondary: The response reaches the desired value within 30 s when the grid frequency
experiences a drop and must sustain for at least 30 min.

Note that, as of 2024, UK Grid Code Issue 6 is in place, which can be accessed from [40]
along with its update packages and previous grid codes. The primary and secondary
frequency responses are governed by frequency droop control. The droop control offers
extra power proportional to the drop and is limited within −0.5 Hz below the nominal
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value. Meanwhile, the generator must offer at least 10% of the rated power. Furthermore,
a deadband with the range ±0.015 Hz within the neighbourhood of the nominal value is
allowed. The generator can receive payment for such optional frequency support services.
Should the frequency exceed the nominal value, reducing the power output is mandatory.
This can become an additional payment source for the generator. Another frequency
support service is the fast start. In this case, the generator must rapidly start from a standby
condition, which is one of the strengths of Variable-Speed Hydropower Technology.

2.7.1. Operating Limits

Ref. [9] defines the limits on the operating region of the turbine during the generation by:

• Minimum and maximum values for the rotor speed to disallow the cavitation and
blade damage the high angle of attack may cause.

• Introducing a minimum power limit for the given speed, as considering the turbine
is running at a high speed on low power and discharge speed, it is highly likely that
there will be excessive swirl in the discharge tube. The minimum power limit can
stop the forming of cavitation and vortex rope. This measure can allow operational
stability for the plant. Maximum power limits are introduced in the case of vice versa.

• Imposing limits on the generator and converter currents.

The first set of limits appears to be the most crucial for the controller because the
generator providing energy for a rapid frequency response will slow down the rotor, which
may cause blade damage if the rotor speed ends up decreasing dramatically.

2.7.2. FSC Control Structure

This subsection presents the FSC layout divided into three pieces: the power change
calculation, power limit implementation, and power reference calculation. Figure 15
demonstrates the calculation of power change (primary and secondary), performed by
taking the difference of FG, denoting the grid frequency, and FN the nominal frequency.

After that, the headbands are implemented. Droop represented by KPΥi calculates
the primary response, which is limited by the 20 s delay block and a low-pass filter. The
secondary and high-frequency responses are kept separate and also go through low-pass
filters. The structure shown in Figure 16 calculates the power limits. Of these, PLim1 works
against the turbine stall, which may occur if the demand exceeds the maximum power
available for the current speed. The speed is regulated back to the reference value ω∗ with
the help of a look-up table set for the actual speed ω and the droop gain, KL1, which can
lower the power demand and re-accelerate the rotor.

Figure 15. Derivation of power change.
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On the other hand, PLim2 is a preventive measure to halt the speed from falling behind
the minimum value allowed and enables a linear reduction of the power using the droop
gain denoted as the KL2.

Figure 16. Power limit implementation.

As the last piece of the FSC, Figure 17 shows the calculation of the grid converter’s
power reference PG

∗ and the turbine governor’s feed-forward term PFFD.

Figure 17. Power reference calculation.

The FSC control parameters are provided in Table 8.

Table 8. FSC parameters.

Parameter Value Unit

High frequency time constant 0.1 s
Secondary response time constant 5 s

Primary response time constant 0.1 s
Primary response duration 20 s

Frequency dead-band 0.015 Hz
Freq. limit for droop appl. 0.5 Hz

Speed recovery droop (KL1) 0.5
Min. turbine speed (ωmin) 0.7

Min. speed droop (KL2) 10
Sampling frequency 100 Hz

2.8. Representative Grid Model

This study uses two different grid models: a stiff grid and a modified version of
the representative grid model from [41]. The stiff grid model involves a voltage source,
resistance, and inductance. The latter is illustrated in Figure 18 and is referred to as the
representative grid model.
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Figure 18. Representative grid layout.

The difference to [41] lies within station 3, which is, in contrast, connected to an
inverter and represents a voltage-generating HVDC link (wind farm). Parameters used in
the test scenarios are given in Table 9.

Table 9. Test parameters for the grid.

Station Type Capacity (MVA) Initial Power (p.u.)

1 Gas 500 0.27
2 Hydroelectric 1600 0.54
3 Inverter 1000 0.5
4 Generic Thermal 500 1
5 Hydro (FSHP/VSHP) 600 0.5

Note that the parameters were chosen based on the idea of having a significant
amount of hydropower available. What this means for the grid is a considerable stack of
inertia. The hydropower stations in the model have a slow frequency response; thus, the
thermal stations were also kept slow to increase the difficulty of frequency response for the
VSHP, challenging the model to highlight its potential presence. The representative grid
model was designed like this to assess the performance of VSHP and give a more realistic
representation of the Nordic grid power mix.

3. Results
One of the major contributions of this research lies within the comprehensiveness

of the control approach and the broadness of the plant model. The overall controller is
an augmentation of multiple controllers responding to lower-level plant management
solutions and higher-level plant management solutions. To expand the statement, the
turbine governor, for example, deals with the turbine speed, which can be categorised as
part of the lower-level plant management, while the control strategies for fault-ride through,
frequency dip mitigation, and synthetic inertia provision could be placed in the higher-level
plant management category. For these reasons, this section presents the simulations in the
following order: PID and MPC turbine governors, generator torque control, VSM and VCC
operation, fault-ride-through test, and frequency support control tests for the grid.

The anti-windup PID governor from Figure 3 of Section 2.3.1 using the parameters given
in Table 5 is analysed for the first set of results. The response of the governor to a step change
of 0.1 p.u. on the power is shown in Figure 19. The reference turbine speed w∗ = 1 p.u. is
tracked for various initial power values from 0.4 p.u. to 0.7 p.u. Following the step change,
a decrease is observed in turbine speed. As is seen in the bottom subfigure, the governor
responds to the decrease by opening the guide vane, which increases the turbine hydraulic
flow rate and the turbine mechanical torque. With enough torque provided, the turbine speed



Energies 2025, 18, 642 22 of 35

starts to recover and the guide vane position begins to settle to its final value. This is also
visible in the turbine head subfigure, which reflects the changes in the turbine speed.

Figure 20 shows the response of the MPC governor to the same step change applied to
the PID governor previously for the initial power output of 0.7 p.u. The 0.1 p.u. step change
is applied at t = 40 s in this test for demonstrative purposes. Note that the Y-axes use the
p.u. system which is the case for all figures in this section unless stated otherwise. The
MPC response is observed to have fast transient characteristics. The limits on the control
action are visibly functioning. The heads and flows of the hydropower system are observed
to react a bit more aggressively this time, which might prove to be a slight issue in practical
terms. The hydraulics’ reaction can be smoothened with tuning, but this will come at a cost
for the tracking performance (see Table 10). However, future studies will consider different
modelling options for the MPC, and smoother transitions can be achieved without much
compromise on the tracking performance.

Figure 19. PID governor response.
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Figure 20. MPC governor response.

After introducing the MPC turbine governor, a comparison with the PID turbine
governor can be made. Figures 21 and 22 compare the performance of the governors from
the start-up at t = 0 s to a step change of 0.1 p.u. applied at t = 40 s for the power output
value varying between 0.4 p.u. and 0.7 p.u. The MPC-1 that refers to Figure 21 has been
tuned aggressively with priorities set on tracking performance and speed, while the MPC-2
that refers to Figure 22 has been tuned moderately. The PID governor used in both cases is
the same one.
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Figure 21. MPC-1 vs. PID (aggressive tuning).

The results show that the MPC has a much faster transient response overall, with
smaller rise and settling times. It also shows smaller overshoots that amount to zero or
insignificantly low percentages, thus proving superior tracking performance.

To verify the graphical results, Table 10 presents the Root-Mean-Squared Errors (RMSE)
for the given set of power outputs and compares the PID and the MPC governors.
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Figure 22. MPC-2 vs. PID (moderate tuning).

Table 10. MPC vs. PID: RMSE Results.

RMSE 0.7p.u. 0.6p.u. 0.5p.u. 0.4p.u.

MPC-1 0.0034 4.0235e − 04 8.5980e − 05 5.6968e − 05

MPC-2 0.0044 0.0022 0.0011 6.5770e − 04

PID 0.0107 0.0048 0.0034 0.0098

Figure 22. MPC-2 vs. PID (moderate tuning).

Table 10. MPC vs. PID: RMSE Results.

RMSE 0.7 p.u. 0.6 p.u. 0.5 p.u. 0.4 p.u.

MPC-1 0.0034 4.0235 × 10−4 8.5980 × 10−5 5.6968 × 10−5

MPC-2 0.0044 0.0022 0.0011 6.5770 × 10−4

PID 0.0107 0.0048 0.0034 0.0098

According to the Table 10, at the power output 0.7 p.u. for which the PID governor
was originally tuned, the MPC-1 outperforms it by 68.22% and the MPC-2 outperforms it
by 58.88%, whereas the tracking of MPC-1 is superior to MPC-2 by 22.72%. At the power
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output 0.4 p.u., MPC-1 and MPC-1 show 99.42% and 93.29% improvement compared to the
PID, respectively. In this case, MPC-1 is superior to MPC-2 by 92.18%.

Due to its Kalman filter, the MPC adapts to variations in the power outputs and,
therefore, does not produce the same amount of overshoot as the PID. The capability of
adapting to different operating conditions is an important motivation to consider advanced
control solutions like the MPC instead of the dominantly used conventional PID turbine
governor approaches, which need to be re-tuned each time. The adaptability of the MPC
would be a huge plus for the Variable-Speed Hydropower technology, which will demand
rapid shifts in operating conditions.

Figure 23 presents the torque and current tracking performance of the machine-side
controller from Section 2.4. Both variables reach the desired values very quickly and do not
exhibit any significant overshoots.

Figure 23. Generator torque control.

The VSM controller is compared to a Synchronous Machine (SM) in Figure 24. The
grid frequency is taken down in a ramp from 50 Hz to 49.5 Hz within 2 s. It is seen that
the power used and energy released by the VSM is similar to that of the SM but without
oscillations. The damping of the VSM causes a slower energy release, but the difference
is minimal. It is shown the VSM can provide smoother power and energy transitions to
support the grid.

The VCC-VSM combined control that was introduced in Section 2.5.3 alternates be-
tween a VCC and a VSM. Figure 25 shows the d-q current values and reference speed w∗

during the deactivation of the VSM between t = 5 s and t = 6 s. In this period, the d-axis
current demand rises, whereas the q-axis current demand falls because the VSM takes
the initial value of the integrators of the current controller. However, the impact on the
measured current is trivial. At t = 6 s, the VSM reactivates, and the current controller
integrators are zeroed out, which causes the transients in the figure. While the DSM is
deactivated, the combined controller transitions to the VCC, which is most likely to happen
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during a grid fault. Since such an event is bound to contain more significant transients, the
transients observed during the switching are anticipated to be negligible.

Version January 26, 2025 submitted to Energies 26 of 34

Figure 24. VSM vs. SM (Real inertia).

Figure 25. VSM to VCC.

Figure 24. VSM vs. SM (Real inertia).

Figure 25. VSM to VCC.
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The grid fault ride-through test in Figure 26 verifies this. For this test, the grid voltage
is subjected to a dip that amounts to the 50% of its nominal value which lasts for 1 s. This
was chosen deliberately to create a strong response and clearly demonstrate the reaction of
the electrical and mechanical systems. The reflection of the voltage dip in the mechanical
part of the system is shown in Figure 27. The VSM deactivates once the voltage gets below
80% of the nominal value, and similar d-q responses to those in Figure 25 can be seen. The
rising currents lead to maximum real power transfer, and the grid voltage gets restored to
the nominal value. When this happens, the VSM is re-activated. During the dipping event,
the generator begins to speed up due to the power transfer, and the governor starts cutting
the guide vane to compensate for it and re-opens once the generator speed is back to the
set-point (see Figure 27).

The Frequency Support Control tests for the stiff grid model are shown in Figure 28.
In this test, the grid frequency is dropped from 50 Hz to 49.5 Hz within slightly over 5 s
and remains at the dropped value. Droops, both primary and secondary, are set to 0.2 p.u.
The power reference is taken as 0.65 p.u. (shown in orange in the second part of the figure).

The primary response starts as the grid frequency begins to fall and is provided using
the inertia of the turbine, which slows it down and decreases the generator speed. As a
result, the governor opens the guide vanes, and the speed starts to recover.

Figure 26. Electrical response during grid fault ride-through.
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Figure 27. Mechanical response during grid fault ride-through.

Figure 28. Frequency support control.
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Meanwhile, the excess synthetic inertia in use produces a power output for the grid
that is higher than the reference value. However, this is limited by the PLim1 (shown in
purple in the Figure 28) to allow a smooth turbine speed recovery.

In Figure 29, synthetic inertia provision is demonstrated for several virtual inertia
constants from 6.5 s to 26 s. Solid lines mean 60% rated power and 100% rated turbine
speed, whereas the dashed lines indicate 40% rated power and 75% rated turbine speed.
Furthermore, the grid frequency is dropped exactly as in the previous test. The simulations
show that the synthetic inertia response is swift. As the inertia is drawn from the turbine
and the generator, the generator speed decreases, which is once again compensated by
the governor.

Figure 29. Provision of synthetic inertia (solid and dashed lines refer to 60% and 40% rated
power, respectively).

Operating the generator at a lower rated speed and power (dashed values) does not
create a significant difference. A higher dipping would be expected, but there is greater
power headroom at lower-rated power, allowing a faster turbine response that balances
the lowered operating conditions. To sum up, results show that the provision of different
levels of synthetic inertia is possible. However, the amount of inertia that can be provided
depends on the rated speed and power values, which might be limiting, especially for
sharper frequency dips. Thus, VSHP may need to balance the inertia provision based on
the expected generator payment.
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Finally, the representative grid tests whose parameters were given in Table 9 are
performed. For this, three cases are considered: the fixed-speed system for station 5,
and the variable-speed systems using the VCC and VSM. In Figure 30, the response of the
variable-speed system with VSM is expanded, which is then compared with the fixed-speed
system and the variable-speed system with VCC in Figure 31. As the grid frequency starts
to drop, the stations start to respond. The gas station responds the swiftest, the inverter
provides a constant power output (HVDC link), the hydro responds at a slower rate, and
station 5 is either the fixed-speed system or the VSHP. The VSHP provides a better response
by reducing the rate the frequency drops and stabilising much faster. The VCC and VSM
perform similarly, with a minimal reduction in the frequency observed for the VSM.

Figure 30. Grid response to VSHP.

Figure 31. Variable-speed vs. fixed-speed grid frequencies.
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4. Discussion
This paper has presented a comprehensive control approach that improves the fault

ride-through performance and ancillary services for VSHP. Additional benefits from ad-
vanced control strategies such as MPC have been gained. The frequency response of
the system and the grid stability were tested for various conditions. The outputs of this
extensive analysis can be summarised as:

• Integrating the VSM/VCC with the grid-side converter enabled the effective simula-
tion of the generator inertia provision. It enhanced the damping characteristics and
thus has been observed to stabilise the system further during frequency deviations.

• The frequency disturbances that hinder grid stability have been mitigated by the
effectiveness of the Frequency Support Controller in keeping the grid frequency
within desirable limits.

• The anti-windup PID and MPC controllers have performed well on the turbine gover-
nor side. However, the MPC has outperformed the PID controller by providing faster
and smoother transient response with lower rise times and overshoots.

The simulations have been performed on a stiff grid and a representative grid model
that resembles the Nordic grid power mix. Several scenarios verifying the proposed control
strategy have been considered. For instance, the frequency dip during loss-of-generation
events has been damped due to the efficient synthetic inertia provision, showing the
potential of the proposed control approach to provide grid stability.

The research shows the potential of VSHP technology for grid stability and flexibility.
This aligns with the increasing demand for renewable energy sources to provide ancillary
services and support in transitioning towards a more resilient and sustainable grid.

Future studies could consider accommodating the requirements and needs of different
regions of the world. For example, a grid model with highly varying and more intense re-
newable energy penetration could be tested. Alternatively, utilising a VSHP simultaneously
with energy storage systems might be a research idea worth investigating.

From the control perspective, validations of the methods in the paper on a real-world
VSHP application could provide important research outputs in terms of understanding
the practical limitations. In the shorter term, designing a non-linear version of the MPC
or a linear-parameter varying version will be considered in order to improve the turbine
governor performance.

Finally, a high-level optimisation approach could be investigated for handling the
management of ancillary services and the internal management of VSHP, paying attention
to aspects like extending the turbine life-span. Optimisation of these economic aspects,
along with successful field validations, could incentivise future investments.
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AC Alternating Current
DC Direct Current
DFIG Doubly-Fed Induction Generator
EMF Electro Motive Force
FSC Frequency Support Controller
HVDC High Voltage Direct Current
IMC Internal Model Control
MMC Modular Multilevel Converter
MPC Model Predictive Controller
VCC Vector Current Controller
VSHP Variable-Speed Hydropower Plants
VSM Virtual Synchronous Machine
PI Proportional Integral
PID Proportional Integral Derivative
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