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Abstract

Pumped hydro storage (PHS) systems, increasingly deployed in power systems with
large shares of wind and solar generation, can play a key role in managing power system
frequency. Variable-speed pumped hydro storage (VS-PHS) systems, in particular, have
potential for rapid primary frequency response by enabling the quick release of machine
rotor kinetic energy. However, using conventional proportional-integral (PI) control for
converters and governors can result in large speed deviations and torque imbalance during
fast system transients. This issue is intensified in PHS plants with slow hydraulic response,
such as those with long penstocks or slow guide-vane adjustments, potentially violating
mechanical operating constraints. This paper develops a model predictive control (MPC)
strategy for coordinated governor and converter control, accounting for operational con-
straints. The proposed approach improves coordination of hydraulic and electrical systems,
utilising DC-link storage and proactive guide-vane action for rapid power adjustments.
Dynamic simulations using a complex nonlinear plant demonstrate that MPC redistributes
energy extraction between the DC-link storage and the rotating mass while respecting their
imposed limits. Furthermore, robustness tests indicate that MPC performance is sustained
under plant nonlinearities and measurement noise. These results highlight the advantages
of predictive control for supporting frequency response in VS-PHS systems.

Keywords: model predictive control; pumped storage; primary frequency control;
variable-speed pumped hydro storage; converter-fed synchronous machines

1. Introduction

The increasing penetration of intermittent renewable energy sources is driving a
greater need for fast and reliable frequency control in power systems. Large-scale energy
storage facilities are essential to balance active power fluctuations and ensure secure system
operation under rapid changes in supply and demand [1]. Among these, pumped hydro
storage (PHS) remains the most widely deployed technology worldwide owing to its high
capacity, long service life, and proven operational reliability [2]. Recent developments in
power electronic converters have enabled variable-speed PHS (VS-PHS) units, which offer
greater operational flexibility than conventional fixed-speed designs [3]. This flexibility
allows for independent control of active and reactive power, improved efficiency over a
wider operating range, and better integration with variable renewable generation [3-5]. As
a result, variable-speed configurations are increasingly considered for future installations
as part of the transition to low-carbon power systems.
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In addition to their efficiency and flexibility advantages, VS-PHS plants are a potential
solution for primary frequency control (PFC). Power electronic converters in VS-PHS
plants can be controlled to enable rapid power injection or absorption in response to grid
frequency deviations, using the kinetic energy from machine rotors [6,7]. The structure
of a VS-PHS unit with full back-to-back converters, illustrated in Figure 1, consists of the
turbine-machine set, machine-side converter, DC link and grid-side converter. In normal
operation, control responsibilities are distributed across three main stages. First, the grid-
side converter ensures the desired amount of power is supplied to the grid from the DC
link. Meanwhile, the machine-side converter manages power transfer from the machine to
the DC link in order to maintain a constant DC-link voltage, which will in turn result in a
slowing down or speeding up of the machine rotor. Finally, the turbine governor system
ensures that speed is always returned to its setpoint by adjusting turbine mechanical input
power via guide-vane position. During frequency events requiring fast power adjustments,
a conventional control structure, based on separate control loops for rotational speed and
DC-link voltage, keeps the DC-link voltage rigidly at its setpoint. However, in units with
long penstocks, water acceleration is slow, causing hydraulic governors to lag behind the
fast electrical response. The converters and DC-link capacitors can react on a millisecond
timescale, whereas the guide vane and hydraulic flow head transient may require several
seconds to effectively increase turbine mechanical power. This timescale mismatch in the
dynamic response of the subsystems is illustrated in Figure 1. The mismatch causes the
DC-link voltage regulator to extract power almost instantaneously from the rotating mass.
Consequently, most of the transient demand is met by kinetic energy prior to the turbine
power increases, leading to large rotational speed deviations, increased rotor acceleration
and shaft torque imbalance (the difference between mechanical torque exerted by the
turbine and electrical counter-torque provided by the machine) and potential hydraulic
instabilities [8,9].
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Figure 1. Control scheme and dynamic response timescale mismatch in a VS-PHS system during grid
frequency support.
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The problem of control timescale mismatch in VS-PHS is particularly pronounced in
systems with slow hydraulic dynamics. Slow dynamics may arise from a long penstock
with a large water starting time—typical of high hydraulic head PHS systems, a limited
guide-vane rate imposed to avoid extreme pressure fluctuations, or a sluggish hydraulic
servomotor. Although the DC link has the potential to provide rapid power support,
it remains underutilised. Efforts to deliberately slow the DC-link voltage-control loop,
in order to reduce the reliance on rotor kinetic energy extraction for power injection,
inevitably reduce phase margin and can drive the system towards instability. This is
indicative of a structural limitation with independent control loops. Typically, the DC-
link storage element is a capacitor with relatively low storage capacity, which cannot be
considered to be a significant standalone energy source. Expanding this intermediate
DC-link buffer to a larger storage capacity, by including additional fast-acting electrical
storage (e.g., supercapacitors or batteries), provides an opportunity to increase the extent
to which this fast electrical buffer can be used during transients. Reported VS-PHS systems
in the literature are typically based on proportional-integral (PI) controllers for regulating
speed and DC-link voltage, but they lack the ability to coordinate multiple subsystems
or enforce output constraints [10]. The inherent limitations of these decoupled, single-
input single-output structures necessitate advanced control strategies capable of handling
multiple inputs and multiple outputs in a constraint-aware manner.

Model predictive control (MPC) provides a systematic framework for effective handling
of multivariable systems with output constraints. MPC controllers predict how a plant and
its state variables will evolve over a finite horizon, calculate the control sequence optimally
to minimise the desired cost function while satisfying constraint conditions, and apply the
required moves to controllable plant inputs. This optimisation is repeated at each sampling
period, based on updated measurements and predictions, with the controller enacting the
immediate next control move only at each interval. These capabilities make MPC well suited
for applications that require coordinated control of multiple interacting variables.

MPC has been investigated in power system studies as a coordination framework for
managing multiple generating units under operational constraints. It has been proposed as
a central energy-management layer for automatic generation control [11,12], coordinating
secondary frequency control among hydro generators while respecting generator capacities,
ramp rates, and tie-line limits [13]. MPC has also been studied to coordinate multiple
small hydropower plants to improve power quality during load variations, with simula-
tions reporting reductions in voltage distortion, unbalance, and frequency overshoot [14].
Furthermore, a centralised MPC for active frequency response has been developed to coor-
dinate diverse resources across interconnected areas, enforce tie-line and unit constraints,
and improve frequency nadir and settling compared with conventional schemes [15].
These studies mainly address large-scale coordination across wide areas and extended
time horizons.

For energy coordination at the plant level and over tighter time intervals, MPC has
been proposed to coordinate an energy-storage system with a thermal generator to improve
overall plant performance [16,17]. An MPC layer around a virtual synchronous generator
with energy storage has been designed to improve frequency and voltage dynamics in
islanded microgrids, with simulations demonstrating smaller overshoot and reduced
settling times compared to conventional control [18]. These works indicate the potential of
MPC for local-level coordination of multiple energy subsystems, providing a conceptual
basis for its application to VS-PHS plants.

The application of MPC has also been extended to individual hydropower plants.
In [19,20], the MPC-based governor control for a conventional fixed-speed hydro unit
improves disturbance rejection and avoids integral wind-up (the phenomenon of accu-
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mulating error after an actuator reaches its limit) in a linear single-input single-output
setting. A laboratory implementation of MPC demonstrates reduced rise time and settling
time compared to a PI control approach. MPC has also been used to operate fixed-speed
and variable-speed hydro units for higher efficiency and improved response to scheduled
power setpoint changes in both turbine and pump modes [10,21,22]. An adaptive MPC
approach has been proposed to proactively control power output to provide primary fre-
quency support for a VS-PHS unit based on doubly fed induction machine technology [23].
However, this MPC approach requires models, parameters, and current operating points
of other generators and loads in order to predict system power imbalance, which is diffi-
cult to achieve in practice. In Refs [24-26], MPC schemes for variable-speed hydropower
have been shown, via power system simulation studies, to be capable of providing fast
frequency response. In these works, DC-link voltage dynamics are omitted, and the power
delivered to the grid is optimised to respect internal operational limits. This approach may
be inconsistent with standard system operation, where power support must strictly adhere
to the committed droop coefficient rather than being adjusted in real time to protect local
unit constraints.

Electricity grid codes generally mandate requirements for generating units partici-
pating in primary frequency control. PFC must follow a standard and reliable response,
proportional to observed frequency deviation and within a desired timeframe [27]. This
ensures predictable and auditable performance across generating units. For reliability, the
initial response should be local, fast and not dependent upon communication of setpoints.
Therefore, the plant should not be dependent upon models of other units or on wide-area
grid data in order to determine its control action. In practice, the grid operator and the
plant operator agree on a pre-determined suitable droop coefficient that provides sufficient
grid support without exceeding the plant’s operational limits. A participating generator or
flexible load is in turn responsible for implementing appropriate control in order to meet
the agreed response within physical plant constraints.

This paper presents an MPC approach for VS-PHS units based on full-size convert-
ers, enabling rapid frequency response while respecting internal operating constraints.
Unlike existing MPC-based VS-PHS studies that either optimise the grid-side power re-
sponse for frequency support or focus on scheduled operating point changes, the proposed
method preserves the plant’s committed PFC response and uses MPC for internal energy
coordination. Power delivered to the grid is regulated through an active power control
loop implementing a standard PFC approach at the grid-side converter. The MPC in turn
manages internal variables, relying solely on measurements available behind the point of
common coupling (PCC), to match power injection provided by the grid-side converter
with energy supplied from the DC link, machine and hydraulic system. With this frame-
work, the MPC controller replaces the conventional PI-based governor and DC-link voltage
regulator. Its objective is to coordinate the internal energy flows while enforcing output
and actuator constraints. With built-in knowledge of plant dynamics, the MPC allocates the
required power extraction over the frequency disturbance period between the hydraulic
system, the rotating mass of the turbine-machine set and the DC link, allowing the DC-link
capacitors to share the transient burden with the rotor inertia. The MPC scheme enables
a proactive guide-vane action, which raises the mechanical power of the slow hydraulic
system earlier and reduces the reactive behaviour observed under PI control.

The contributions of this paper are as follows:

e A VS-PHS system using full-size converters is studied under primary frequency control.
A slow hydraulic response with a long penstock is considered a representative case, and
MPC is applied to ensure safe operation during fast power support commitments.
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e An MPC formulation is proposed that preserves the committed grid power support,
incorporates output constraints, enables the coordinated use of the two energy buffers
(the DC link and the rotating mass), and provides a proactive hydraulic response.

e  Simulation results show that extending DC-link energy storage allows the DC link to
support fast frequency response and reduces dependence on kinetic energy while the
mechanical power ramps up.

The remainder of this paper is structured as follows. Section 2 details the dynamic
modelling of the VS-PHS plant and formulates the proposed MPC method. Section 3
evaluates the controller through simulation case studies: primary frequency performance
and energy-sharing coordination against baseline PI control; robustness under plant-model
mismatch and sensor noise; and system response under aggressive frequency droop, which
examines the impact of expanding the DC-link storage on mitigating the effects of slow
hydraulic dynamics. Finally, Section 4 concludes the paper.

2. Methodology
2.1. Plant Modelling

A VS-PHS unit employing full-size voltage source converters (VSCs) is considered,
as shown in Figure 2. The main components include a long penstock, a hydraulic turbine,
a synchronous generator, power electronic converters, and a DC link. This configuration
decouples the synchronous machine from the grid and enables flexible speed operation
in both pumping and generating modes. While the control architecture is fundamentally
symmetric for both modes [28], to maintain analytical clarity, this study focuses on turbine
mode, where the synchronous machine operates as a generator. The machine-side converter
(MSC) works as a rectifier, and the grid-side converter (GSC) functions as an inverter
delivering power to the grid. The VS-PHS system is represented by an integrated nonlinear
dynamic model, hereafter referred to as the plant, comprising hydraulic and electrical
subsystems. The high-fidelity nonlinear model captures the essential dynamics required
for accurate simulations.

Control System Electrical System @_@
______________ Fmm e mmm e DX L
i AN

" : Grid
n ~J |
Power Control| n Current ! Grid-Side Converter
0 PWM !
and PFC " Control == : Power, Pg
" v U
" DC-Link i
_ i
DC-Link | }; Current PWM + || Machine-Side Converter
Voltage Control| || Control ~ ' Power, P,
n ! » L e
: -
1

Mechanical Power
P,

| Hydraulic
11| Servomotor

Governor

n Machine
Pump-
Turbine

______________________________

Hydraulic System

E " Synchronous J
1
1
1

Figure 2. Configuration of the variable-speed pumped hydro storage unit using a full-size converter.

https://doi.org/10.3390/en19143328


https://doi.org/10.3390/en19143328

Energies 2026, 19, 3328

6 of 32

For control design, a linear model is derived by linearising the nonlinear system
equations around a nominal steady-state operating point using small-signal analysis and
neglecting higher-order terms. This linear representation serves as the basis for tuning PI
controllers and for developing an MPC controller. Accordingly, each component of the
plant is first described, followed by the corresponding linearised representation of each
component being defined in detail.

2.1.1. Hydraulic System

The hydraulic system consists of the penstock, turbine and servomotor used for
guide-vane positioning.
Hydraulic Servomotor
The servomotor is a hydraulic actuator that receives the reference guide-vane opening
G* from the governor. The actual guide-vane opening G regulates the flow g into the
pump-turbine, which in turn produces the mechanical power output. The servomotor
dynamics are typically represented by a first-order transfer function [29] described by
Equation (1):
G(s) 1
G*(s) Tgs +1

1)

where Ty is the hydraulic servomotor time constant. This component is subject to physical
constraints, including a ramp rate limit that restricts the guide-vane movement speed and
position limits that define the limits of guide-vane opening. The servomotor is represented
in block diagram form in Figure 3a.

1
—> —>> >
o f Tys + 1

QY

Rate limit Servomotor
(a)
>( I1 fp
q
G J| 7 , X Pn
w_)f(G,w) II > ?7: H tanh(7T,s) I
V< 7

(b)

Figure 3. Hydraulic system block diagrams: (a) hydraulic servomotor; (b) penstock and turbine.

In state-space form, an internal state variable g is introduced, and the transfer function
in Equation (1) is expressed by Equations (2) and (3):

§= Agg +ByG” )
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G = Cgg + DgG* 3)

The corresponding system matrices Ag, Bg, Cg, and Dy are given in Appendix A.1.

Penstock and Turbine

The nonlinear model of the penstock with an elastic water column is used to capture
the travelling-wave effects that occur in long waterways [29,30]. The relationship between
turbine inlet head / and the flow g is given by Equation (4) [29]:

25) = —%tanh(Tes) 4)
where T, is known as the water starting time (or water inertia time constant), and T, is
the wave travel time (or elastic time constant). As illustrated in Figure 3b, the turbine inlet
head also includes frictional losses, which increase with the square of the flow, defined by
the penstock friction coefficient f,.

The turbine flow g is a nonlinear function of the guide-vane opening G, the rotational
speed w, and the turbine head / [31], which is determined by turbine dimensions and the
detailed design parameters of the turbine runner. At the rated head #;, this relationship is
described by a regression model f (G, w), which is derived from extensive empirical data
obtained from the turbine manufacturer, as detailed in [7]. The turbine flow, accounting for
transient head variations, is obtained from the affinity law [32,33], as given by Equation (5):

1 = (Gl ©)

The corresponding mechanical power output from the turbine P, is a function of
turbine flow, head and turbine efficiency 7, as shown in Figure 3b. The mechanical power
produced by the turbine drives the rotor of the synchronous generator.

A third-order state-space model is derived to approximate the plant dynamics between
G and P, around an operating point. Three internal state variables, hy, hp, and h3, are
introduced, with the state-space model being represented by Equations (6) and (7):

hy h
hy| = Ap|hy| + B,G (6)
hs hs
hy
Py, = Cy|hy| + D,G (7)
hs

where the state-space matrices Ay, By, Cj, and Dy, are as provided in Appendix A.2.

2.1.2. Electrical System

The electrical system consists of the synchronous generator, the MSC, and the GSC, as
illustrated in Figure 2. The synchronous generator converts mechanical power supplied by
the turbine into electrical power. The GSC is operated to supply power to the grid to meet
the desired export setpoint. The MSC, in turn, operates as a rectifier to regulate the DC-link
voltage to ensure power exchange balance between the GSC and the MSC.

Synchronous Generator

The mechanical power produced by the turbine drives the synchronous generator
rotor, which in combination with the machine’s excitation system induces voltage across
the stator windings. In converter-fed VS-PHS units, the stator is connected to a full-size
AC/DC converter, referred to as the MSC, which controls electrical power P, to maintain
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charge at the DC-link capacitors. The DC-link voltage is discharged through the GSC,
delivering AC power P; to the grid. The rotational speed deviation is therefore influenced
by the power imbalance between the mechanical power P, and the electrical power P,
drawn by the MSC. Rapid power extraction for grid frequency support can utilise the
flywheel effect of the kinetic energy stored in the rotor.

The synchronous machine and its excitation system are represented by the IEEE
standard high-fidelity models [34]. For speed governor design, only the rotational speed
dynamics described by the swing equation are retained. The rotational speed deviation
(Aw) is described in Equation (8):

2Hmd§—tw = Py — P — DpAw (8)
where Hy, is the machine inertia constant, and D, is the damping coefficient representing
the mechanical damping effects. Defining the state variable Aw, the state-space representa-
tion of Equation (8) is expressed in Equations (9) and (10):

Aw = ApAw + By

P
; ] ©)

e

Aw = CyAw + Dy,

P
Pe] (10)
where the system matrices A, By, C, and D, are as provided in Appendix A.3.

Converters

The converters regulate power flow between the generator, the DC link, and the
grid. On the machine side, the MSC power P, is transferred to the DC link by controlling
the generator current I;,. On the grid side, the GSC power P, is delivered to the grid by
regulating the grid injection current I. Both converters are modelled as VSCs incorporating
the standard abc/dq transformations, current control loops, and pulse-width modulation
(PWM) [35]. Synchronous reference frames are chosen for the converters such that the d-axis
current dictates the active power. In this structure, the measured three-phase currents are
transformed to the dg frame and regulated by feedforward-decoupled current controllers.
The resulting voltage references are transformed back to abc quantities and applied to the
PWM process.

The dynamics on the d-axis, which correspond to active power flow, are the focus
of this section. The complete closed-loop response of the inner current controller, which
encompasses the regulation, the physical system dynamics, and the converter PWM switch-
ing delays, is typically approximated by an equivalent first-order transfer function defined
by Equations (11) and (12):

Imd(s) 1

= 11
Ir(s)  Tes +1 (1)
L(s
id( ) _ 1 (12)
Igd(s) Tes+1

where T, is the effective current loop time constant, and the subscript d denotes d-axis
quantities. The effective current loop time constant T; represents the closed-loop bandwidth
of this current control system. In practice, to ensure stability and avoid interference, the
current controllers are tuned such that this bandwidth is at least one decade smaller than
the converter switching frequency [35].
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Defining the states i,,; and iy, the state-space representation of the current control
loops is expressed in Equations (13) and (14):

-in.ui imd -I;Zd_
| tgd lgd | g |
1 i 17 ]
I’"”’ =Ce| ™| +Dc| (14)
| fgd lgd L “gd |

where the corresponding system matrices A, B;, C;, and D, are as provided in
Appendix A 4.

The DC link acts as the intermediate energy buffer between the MSC and GSC, and
its voltage reflects the instantaneous balance between the electrical power drawn from
the generator and the power delivered to the grid. A linear model of the DC-link voltage
dynamics, based on the charging and discharging currents of the DC-link capacitors, can
be expressed as in Equation (15):

dVic P, — P, 8 Vic

= — e 1
Cac—; v Ry (15)

where Cy, is the equivalent DC-link capacitance and R, represents the equivalent leakage
resistance. While leakage resistance results in insignificant self-discharge over the timescale
of relevant dynamic events, a high-value shunt resistance is included in the DC-link
dynamics to improve the numerical conditioning of the state-space realisation (the state
matrix is non-zero).

The converter powers expressed in per-unit form are shown in Equations (16) and (17):

Pe = Vialyg + Vinglmg (16)

Pe = Vialga + Vgqlgq (17)

where V;,y and Vg, are the d-axis voltages of the synchronous machine and the grid,
respectively; Vi;; and Vg, are the corresponding g-axis voltages. By aligning the abc/dq
synchronous reference frames with the respective machine and grid voltages, the g-axis
voltages are forced to zero, which simplifies the active power equations to depend solely on
the d-axis component. Substituting these expressions into Equation (15) yields the nonlinear
voltage dynamics as in Equation (18):

dVac Vind ng I E

C =y = S —
de dt Vdc md Vdc g Rdc

(18)
Linearising Equation (18) around a steady-state operating point and neglecting higher-

order terms gives the small-signal model in Equation (19):

d(AVdc)
dt

1
Cue - K(Almd - Algd> ~ R AV (19)
where K = V,,,1/ Ve = Vgq/ V. is treated as constant under normal operating conditions.
The corresponding transfer function of the linear model is expressed in Equation (20):

K

AVy(s) = [Almd(s) - Mgd(s)] Cacs +1/Rye

(20)
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________________

Governor

For the state-space representation, defining a state as v, the linear dynamic model
shown in Equation (20) is expressed in Equations (21) and (22):

. L
Vge = AovVgc + By md (21)
[ Tsd
T
Vie = Covgc + Dy md (22)
| sd

The system matrices Ay, By, Cy, and D, are provided in Appendix A.5.

2.2. Control System—PI Based

The conventional approach for power flow control in VS-PHS is to employ indepen-
dent control of GSC, MSC and turbine governor, using PI control [28]; in this study we
follow this approach to provide a benchmark to enable comparison with our proposed MPC
approach. The PI control structure follows a hierarchical arrangement, as shown in Figure 4,
where the ‘Governor’, ‘DC-link voltage control” and ‘Active power control” blocks each
represent tuned PI controllers; in this figure we also indicate where conventional control
blocks are replaced by the proposed MPC. At the highest level, the hydraulic governor,
the MSC’s DC-link voltage control, and the GSC’s active power control dictate the active
power flow through the turbine, the synchronous generator, the DC link, and the grid. At
the lower level, the current control loops, PWM, and the associated abc/dg transformations,
introduced in the converter model descriptions, are treated as part of the plant.

! Vigse E Ve
: T :
: MSC T GSC :
' ¢ P
i Synchronous T T ; J GRID
: Machine PWM PWM .
! Iy ) S
E VT;;SCsdq Vgsc,dq i
E Electrical Current Current E
' Control Control
i Subsystem '
e e e T_J _________________ N
15,=0" | Ina o | g
" DC-Link Voltage E Active Power "
Ve Control , Control < Pg
[REPLACED BY MPC] .

Figure 4. Control loops of the system focusing on active power flow.

Figure 5 shows the block diagram of the GSC active power control. The power setpoint
Pset is commanded by the grid operator, while the droop coefficient R, determines the
additional required power contribution owing to any frequency deviations such as might
occur during a power system contingency event. The measured grid-side power P is
compared with this combined reference value, with the resulting power error fed through
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a PI controller to generate the d-axis current reference I; 4 Which the inner current control
loop subsequently tracks.

Pg
* *d
Pg g Current
PI >
Control
Af 11
> —
RP

Figure 5. Block diagram of the GSC'’s active power control.

In Figure 6a, the DC-link voltage V;, is regulated by a PI controller that generates
the d-axis current reference I ;, which is tracked by the inner current control loop. The
resulting current I,,; charges the DC-link capacitors, thereby regulating the DC-link voltage.
Figure 6b shows the governor, where the rotational speed error is processed by a PI
controller to generate the guide-vane position reference G*. The servomotor adjusts guide-
vane opening G accordingly, thus affecting the turbine flow and mechanical power Py,
which in turn influences the rotational speed dynamics. The linear models introduced
earlier are used to tune the PI controllers.

Vd*c :;ld I
C t Cont
PI 5| Current Con rol o Vie

(Equation (11)) ~|DC-Link Dynamics

(Equations (21)—(22))
I gd I_>

Y

(@)

* *
w G Hydraulic G . Pm
PI S ¢ Turbine | ) w
~ eryomo or - (Equations (6)~(7)) Rotating Speed
(Equations (2)—(3)) Dynamics >

(Equations (9)—(10))

pl

(b)

Figure 6. Control loops designed using linear models for tuning: (a) DC-link voltage regulation;
(b) governor speed control.

2.3. Proposed Model Predictive Control Method

In the proposed control approach, MPC replaces the governor and DC-link voltage
control in the control hierarchy (Figure 4). In this configuration, the MPC directly com-
mands the guide-vane reference G* and the machine-side d-axis current reference I ;,
such that they are no longer treated as decoupled subsystems to be independently con-
trolled. The GSC active-power control remains outside the MPC system, allowing it to
continue operating under standard droop control. Under this arrangement, the grid-side
current reference (I;gK ;) appears to the MPC as a plant input disturbance which acts on the
DC-link dynamics.
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The purpose of the MPC is to coordinate the internal energy flows of the VS-PHS unit
while enforcing constraints on the hydraulic actuator, the electrical currents, the rotational
speed deviation, and the DC-link voltage. Unlike PI control, which treats the hydraulic
and electrical loops independently, MPC uses a prediction model of the coupled system
to allocate energy between the rotating mass, the DC link, and the hydraulic input in a
constraint-aware manner. This allows the controller to respond proactively to speed and
voltage deviations, expanding the usable energy of the DC link during fast power changes
and reducing excessive reliance on rotor kinetic energy, while respecting the actuator and
output constraints.

Figure 7 summarises the closed-loop MPC architecture. Here, x; collects the servo,
hydraulic, electrical, and DC-link states; u; contains the control inputs commanded by
MPC; y contains the measured outputs. Additionally, 7 represents the reference trajectory
vector, and dj represents the disturbance state vector. At each discrete time step, the MPC
module uses the state and disturbance estimates (£, and dy) from the estimator to predict
future plant behaviour, solve the constrained optimisation problem, and generate the
optimal control inputs, which are applied to the nonlinear plant.

MPC dy
| \

Tk I Prediction & | o - Plant Yk =
| Optimisation | (Nonlinear)
| N I
| Tk |

d
| Fd
| <l
| Estimator |
l <
~ /

Figure 7. Overall MPC system structure, illustrating the closed-loop interaction between the predic-
tive controller, the state estimator, and the nonlinear physical plant.

2.3.1. Prediction Model and Estimator

For MPC design, a linear prediction model is constructed by combining the linear
models of the components that are presented in previous subsections, as illustrated in
Figure 8. The resulting continuous-time state-space model is discretised with the sampling
period T, equal to the MPC step [36]. The discrete state-space representation serving as the
prediction model is given by Equations (23) and (24):

Xgr1 = Axx + Buy (23)
Ye = Cxx (24)
where
T
= [g, hl,hz,hg, Aw, 143,041 gd} is the model state vector;

. = [G* T is the control input vector by the MPC;
° = [G Pm, Aw Lya, Vdc] is the measured output vector;
. € R88, B € R¥2, and C € R>*? are system matrices, provided in Appendix A.6.
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Figure 8. Construction of the prediction model.

In this MPC formulation, the grid-side current reference (Ié‘d) is excluded, since it
is generated independently by the GSC active power control loop according to standard
PFC principles. In accordance with grid-code requirements, this droop action must remain
predictable and auditable [37], and hence the MPC is arranged to preserve this functionality.
As aresult, all GSC-related current dynamics appear to the MPC as a persistent disturbance
acting on the DC-link voltage. For example, when Igd changes following a frequency
variation, the MPC observes this as a random step-like disturbance acting on the V..

Furthermore, the linear prediction model cannot natively account for plant-model
mismatch caused by inherent system nonlinearities and unmodelled dynamics. Without
correction, constant biases will emerge between the model predictions and the actual
plant [38]. Specifically, in this system, the inherently nonlinear hydraulic and DC-link
voltage dynamics are linearised around a single nominal working point. When the system
deviates from this point during severe transients, the linear prediction model loses accuracy,
resulting in biases on both the rotational speed deviation Aw and DC-link voltage V.

For offset-free tracking of the DC-link voltage and rotational speed, the prediction
model is augmented with an integrating disturbance state vector (dy) driven by white-noise
sequences (wy). This vector contains two integrating states that accumulate the respective
biases caused by the input disturbance from I; ; and the output disturbance from the model
mismatch. By augmenting the linear model with this disturbance state vector, the MPC can
continually adjust the control inputs to compensate for the lumped effects of model error
and persistent disturbances [38,39]. The disturbance-augmented model is introduced in
Equations (25) and (26) [38]:

X1 A Bg| | Xk B
= 25
ldkﬂl 0 1||a| T ot W @)
Xk
ye=[CCl| |+ v (26)
k

where

e d; € R?*! represents the disturbance state vector;

e B; € R¥2and C; € R>*2 map the disturbances to the model states and the measured
outputs, respectively;

e | € R¥*2 s the identity matrix, corresponding to the two integrating disturbance states;

o w € R and v, € R>*! represent zero-mean uncorrelated process noise and measure-
ment noise sequences affecting the augmented states and measured outputs, respectively.
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Following the offset-free MPC formulation, two integrating disturbance states are
introduced. Incorporating these states into the formulation ensures the controller is able
to provide offset-free tracking for two controlled outputs [38]: rotational speed deviation
and DC-link voltage. With the two sources of bias described above, the matrices B; and Cy
are specifically structured to map these distinct disturbance channels into the prediction
model. The matrix B, routes the first disturbance channel into the relevant electrical states
to capture the persistent integrating effect on the DC-link voltage. Conversely, C; routes
the second disturbance channel directly to the rotational speed deviation. Matrices B; and
C; are given in Appendix A.6.

The augmented states in the system described by Equations (25) and (26) are not
directly measurable and must be estimated from the plant’s inputs and outputs. A Kalman-
based state estimator is designed to estimate both the physical state x; and the disturbance
state dy. The correction step is given by Equation (27) [38]:

Tk k-1 [y — (e B0 27)
[dklk] [dkkl ye — [CC| 5

Kk —1
e M € R!9%% js the estimator gain for the augmented states.

where

*  Bp-1 d}q x—1 are the states predicted at time k — 1 for step k.

* dAk‘ ; are the corrected estimations at time k, which are £, dj.

At each time step k, given the measurements vy, the estimator corrects the estimated
states from the state prediction and the error (difference between measured and predicted
output) according to Equation (27). By assuming the fundamental stochastic noise sources
(wy and vy) are independent with unit variance, the process noise and measurement noise
covariance matrices can be systematically determined. The optimal estimator gain matrix
M is then computed offline by solving the discrete-time algebraic Riccati equation, given in
Appendix A.7.

From Equations (25)—(27), the prediction step, used to propagate the states forward, is
determined by Equations (28) and (29) [38]:

Tepak| _ |ABa| |tk L |B " (28)
d 1 1]k 0 I |dyx 0
. X
Jre = [C G df“k] (29)
k+1]k

At each sampling instant, the predicted state [J?k 41k dy 41 k} ! from Equations (28)
and (29) serves as the prior estimate and is updated by the correction step in Equation (27)
in the following step. The MPC controller then uses these estimations to adjust the control
inputs, compensating for model mismatch and persistent unmeasured disturbances. As a
result, the predicted and actual plant outputs converge to their desired setpoints [39].

2.3.2. Receding Horizons Prediction

The MPC controller uses the updated state estimate (£, dy) to predict system behaviour
over a finite prediction horizon (Ny,). By repeating the recursion in Equations (28) and (29),
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the augmented state and output trajectories are propagated forward fori =1,..., N, [39]
as shown in Equations (30) and (31):

Bk rik| _ [ABa| [fxqio 1k B
5 = 7 + Uk +i-1 (30)
lkorik] O | |dk+i-1k 0] "
i = [C gl | Sl (31)
Jeripk = [C Cdl dAka
1

where uy ;1 is the input scheduled for time k 4+ i — 1. The Equations (30) and (31) reflect
causality, in that the predicted state at time k 4 i depends on the input scheduled for time
k 4+ i — 1. During optimisation, the MPC computes the sequence of future control inputs
Uk, Uk41, - - -, UkpN,—1, Where N denotes the control horizon and typically N < Np. In
implementation, only the immediate next control action is taken at each MPC step, with
the complete sequence of control inputs re-computed for the entire horizon at every step.
For steps beyond the control horizon, the scheduled input is held constant [40], given by
Equation (32):

Ui = Mk+NC_1,Withi:Nc,...,Np*l (32)

These predicted trajectories form the basis of the optimisation problem introduced in
the next subsection.

2.3.3. Control Objectives and Optimisation Problem

The primary control objective is to track the rotational speed deviation and the DC-link
voltage to their references while preventing these outputs from exceeding any imposed
limits during transient operation. A key strength of MPC is the ability to impose explicit
constraints on both the control inputs and the plant outputs. Two types of constraints are
considered in this plant:

1.  Hard constraints of control inputs, which cannot be violated, reflecting the physical
limits of the guide vane and current capabilities of the MSC:
e Inputlimits: guide-vane position Gpin < G* < Gmax, and MSC current I, min <
I;m < Imd,max~
e Input rate limits: maximum rate of change of G* (Rg max) and maximum rate of
change of I ; (R} max)-
2. Soft constraints of the plant outputs; these should be maintained but are allowed to
be violated at a cost:

e Rotational speed deviation: Awpin < Aw < Awmax.
e  DC-link voltage: Ve min < Ve < Viemax-

The specified limits for rotational speed deviation and DC-link voltage are neces-
sary for safe and reliable operation. Restricting deep rotational speed deviations helps
maintain operation within an acceptable speed region, avoiding operation associated
with cavitation and hydraulic instability risk [8]. Furthermore, maintaining rotational
speed within prescribed bounds is critical for stable voltage regulation by the gener-
ator’s excitation system, ensuring consistent electrical output. The DC-link voltage
must remain within its limits to guarantee stable commutation of the converters. In
the current formulation, we use rotational speed and DC-link voltage as the key soft
constraints. It should be noted that the MPC optimisation can be formulated to include
other plant quantities, such as rotor acceleration, turbine shaft differential torque, or
penstock hydraulic pressure, provided suitable models are incorporated into the MPC
prediction model.
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These output constraints are implemented as soft constraints via the introduction of a
non-negative slack variable gy, permitting limited violations when necessary:

AWmin — € < Aw < Awmax + € (33)

Vdc,min — & < Vdc < Vdc,max + &k (34)

The optimisation cost function is then formulated to incorporate plant output tracking,
smooth control input behaviour, and soft-constraint violation as defined in Equation (35):

Z

T Ne—1
(rk +i — Uk +i\k> Wy (Vk +i — Uk +i\k> + ) A”£+i|kW§Auk Lkt e (35)
i=0

~
|

Il
-

subject to the constraints:

Gmin < G" < Gmax
Lndmin < Lyg < Lndmax
*RG,masz < AG* < RG,masz
*Rl,masz < AI:M < Rl,maxTS

>

AWmin — € < Aw < Awmax + €&

Vdc,min — &k < Vdc < Vdc,max + &
where
e 1y contains the output references;
®  Aulpy ik = Ugyilk — Ugyi—1[k are the input increments;
e ¢ is the slack variable;
e W, contains the output tracking weights;
e W, contains the control input rate weights;
e  pis the weight penalising soft-constraint violations.

The first term in | penalises deviations of predicted outputs from their references
over the prediction horizon, ensuring that Aw and Vj, track their references. The
second term penalises large input increments, promoting smooth actuator behaviour
of G* and [ ;. The third term penalises violations of the soft constraints, which are
required to preserve feasibility under severe disturbances. In practice, when a severe
disturbance occurs and it becomes physically impossible to keep the outputs within
strict boundaries, treating those boundaries as unbreakable hard limits would lead to an
infeasible optimisation problem. Adding the slack variable as in Equations (33) and (34)
mathematically expands the boundary limits just enough to find a feasible solution. By
heavily penalising the violation with the weight p, the optimisation strategically dictates
control moves that push the system back inside the original boundaries, returning the
slack to zero.

It should be noted that in this paper, the controlled outputs have equal boundary relax-
ations. A more general approach to implement soft constraints can be alternatively applied
by introducing multiple independent non-negative slack variables for every constraint,
which are subsequently individually penalised in the cost function [40]. Alternatively,
a slack variable can be scaled to account for variables with different physical units or
strictness levels [41].

The cost function in (35), together with the prediction model (30)—(31) and the
input constraints, defines an optimisation problem. By expressing the predicted output
trajectory over the horizon in lifted form, the objective function becomes a quadratic
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function of the future control increments, and the constraints take an affine form. This
results in a standard quadratic program (QP). Given W3 > 0 and p? > 0, the QP
is strictly convex and therefore admits a unique optimal solution at each sampling
instant [40]. The MATLAB MPC Toolbox (version 2024b) is used to automatically
construct the prediction, enforce the constraints, and compute the optimal control
action using its built-in active-set QP solver [41].

2.4. Simulation Model Description

The MPC framework proposed above can in principle be adapted to different VS-
PHS systems. In this study, its coordination capabilities are best demonstrated under
challenging operational conditions. A detailed nonlinear dynamic model representing
a VS-PHS unit is utilised as the test plant. The parameters of the plant under study are
detailed in Tables 1 and 2. The parameters defining the conventional baseline PI controllers
are provided in Table 3, while the exact constraints and weighting matrices governing the

proposed MPC are summarised in Table 4.

Table 1. Hydraulic subsystem parameters.

Parameters Values
Servomotor time constant, Tg 0.1s
Maximum guide-vane rate limit, Rg max 0.05 pu/s
Water starting time, T, 4s
Wave travel time, T, 1s
Head loss coefficient, f, 0.0052
Rated hydraulic power 100 MW
Turbine efficiency, 1 92%
Table 2. Electrical subsystem parameters.
Parameters Values
Synchronous generator
Rated power 100 MVA
Rated voltage 13.8 kV
Inertia constant, H,, 3.5s
Damping coefficient, Dy, 0.5
Converters
Rated power 100 MVA
AC rated voltage 13.8 kV
DC-link rated voltage 33kV
Equivalent DC-link capacitance, Cy, 0.225F
DC-link self-discharging resistance, R, 10 kO
Time constant of current control loops, T¢ 0.01s
Table 3. PI control parameters.
Parameters Values
Governor PI coefficients 0.8589, 0.0409
DC-link voltage controller PI coefficients 1.5192, 1.0060
GSC power controller PI coefficients 1,4
Droop control coefficient, R, 0.04
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Table 4. MPC settings, constraints and weighting parameters.

Parameters Values

Input Constraints

Guide-vane position limits, [G, ., Gmax] [0, 1] pu
Maximum guide-vane opening rate, 0.05 pu/s
RG,max
MSC current limits, [1;4 min, Imd max] [0, 1] pu
Maximum MSC current rate, R max 0.1pu/s
Output Constraints
Speed deviation limits, [ Awmin, Awmax] [-0.15,0.15] pu
DC-link voltage limits, [V min, Vic max] [0.9,1.1] pu
Weights
Control input rate weight matrix, Wy diag(2000, 800)
Output tracking weight matrix, W, diag(0, 0, 200, 0, 100)
Slack variable weight, p 5000
MPC sampling time and horizons
MPC sampling time, Ts 0.05s
MPC prediction horizon, N, 200 steps
MPC control horizon, N, 30 steps

The independent PI controllers were tuned using the linearised models as introduced
in Figure 6. The tuning process is fundamentally balancing a trade-off between speed
(indicated by the bandwidth, i.e., gain crossover frequency) and robustness (indicated
by the phase and gain margins). Pushing the bandwidth higher yields a faster dynamic
response but inevitably degrades the phase margin, making the system vulnerable to large
disturbances and nonlinear plant variations. Therefore, the tuning objective for the baseline
PI controllers was to achieve good bandwidths with safe margins.

For the hydraulic governor loop (Figure 6b), frequency response analysis of the tuned
controller, given in Table 3, yields a bandwidth of 0.12 rad /s with a phase margin of 45.6°
and a gain margin of 10.6 dB. The margins are within the recommended practice of a
governor of a hydro unit [42]. The pumped hydro plant features a long penstock, which
introduces a large water starting time. Consequently, if the gains are increased in an attempt
to accelerate mechanical power response (e.g., to 0.24 rad/s), the gain and phase margins
eventually drop below 5 dB and 30°. This degradation increases the risk of instability
during large hydraulic transients.

For the DC-link voltage controller, the tuned parameters yield a bandwidth of
1.15 rad/s with a phase margin of 59.5°. This bandwidth is significantly faster than the
mechanical hydraulic loop (0.12 rad/s). Attempting to deliberately lower this bandwidth
to reduce the reliance on rotor kinetic energy extraction and relieve transient stress on
the rotational speed only marginally reduces the bandwidth to 0.89 rad/s, offering no
meaningful timescale improvement. More importantly, this reduction degrades the phase
margin to 33.5°. Physically, pushing the bandwidth any lower severely reduces the phase
margin and exposes the system to a high risk of instability.

The MPC parameters are provided in Table 4. The sampling time of 0.05 s is selected
to capture the electrical dynamics while allowing the inner current control loops to settle
within each MPC sampling interval. The prediction horizon of 200 steps provides a 10 s
look-ahead, covering the slow dynamics. The control horizon of 30 steps limits the number
of optimisation variables, lowering the computational burden. Additionally, the weights
in the cost function dynamically shift the controller’s behaviour based on the transient
severity. Near steady state, the heavy input-rate penalties contribute to the total, which is
relatively large compared to the output-tracking penalties. This discourages large control
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forces for minor variations. In contrast, during large variations of the tracking outputs,
the sum of the tracking errors over the 200-step horizon is substantially higher than the
rate penalties, driving the MPC to take aggressive corrective action. Finally, the very high
soft-constraint weight strongly discourages any excursion outside the boundaries of the
soft constraints, forcing the controller to sacrifice smooth operation to pull the variables
back into the safe bounds.

3. Simulations and Results

Simulation studies have been conducted for the nonlinear VS-PHS plant model described
in preceding sections, using both PI and MPC control. Since PHS plants in power systems are
primarily designed for large energy storage capacities per unit of water volume stored, they
usually feature hydraulic systems where upper and lower reservoirs are separated by a large
vertical distance, thus being characterised as systems with large head and long penstocks [2].
Such systems can be characterised by large water-starting times and correspondingly slow
hydraulic response [43,44]. Hence, the focus of case studies in this work is on investigating
fast response capabilities of VS-PHS systems featuring large water starting times. In order
to evaluate the performance of the PHS system in providing primary frequency response,
simulations are conducted under a contingency event scenario which sees a significant fre-
quency excursion. The simulated disturbance sees an active power imbalance which results in
a system-wide frequency excursion of over 0.3 Hz. The dynamic response of the VS-PHS to
the grid frequency disturbance is then investigated in detail.

3.1. Performance of MPC vs. PI Control

The VS-PHS system response using the proposed MPC is first compared with the
response of conventionally tuned PI controllers under an identical frequency event. A
power imbalance contingency creates a grid frequency deviation as shown in Figure 9a. The
GSC responds by increasing its power output to support the grid, as shown in Figure 9b.
The GSC power response is identical for both MPC and PI control methods, since the
GSC power control loop operates independently and is governed by the external droop
mechanism imposed by the grid operator. The relevant differences between the MPC
and PI methods therefore appear in the internal dynamics. The constraints used in this
study, corresponding to the MPC formulation defined earlier, are a +15% soft bound on
the rotational speed and a +10% soft bound on the DC-link voltage. Short-term minor
violations are permitted but are penalised via the cost function. Actuation is constrained by
hard physical limits defined by a guide-vane rate of 0.05 pu/s and a converter current ramp
of 0.1 pu/s. Performance is compared in terms of the resulting deviations in the rotational
speed and DC-link voltage.

SO 7 0.75 -
g 499 r 1 g 07+t J
fg en
w498 - 1 % o065t |
49.7 1 0.6 J
-5 0 5 10 15 20 25 30 35 40 -5 0 5 10 15 20 25 30 35 40
Time (s) Time (s)
(a) (b)

Figure 9. (a) Grid frequency, f,;4, during a power imbalance event, and (b) the corresponding droop
control response of the grid-side converter, Pg.
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Figure 10a shows how PI control prioritises holding the DC-link voltage close to
1 pu throughout the frequency excursion, with only a brief shallow dip to 0.97 pu at
approximately 4 s. In contrast, MPC permits greater energy extraction from the DC link
and, hence, a deeper sag in voltage to 0.90 pu at approximately 8 s. In line with this,
Figure 10b shows that PI control allows the rotational speed to fall significantly below the
0.85 pu soft constraint, as energy from the rotating mass is extracted to satisfy grid-side
power demand. The rotational speed reaches a minimum of 0.77 pu at approximately 12 s
and recovers more slowly. Under MPC, the rotational speed is maintained at a higher
value, with a minimum speed of 0.85 pu at approximately 10 s, only marginally below
the soft constraint, before recovering more quickly to the nominal speed. This indicates
that compared with the PI controller, the MPC allocates more initial transient energy to
the DC link, sharing the burden with kinetic energy extraction while the turbine has not
yet effectively increased mechanical power. The profiles of MSC power P, and mechanical
power P, shown in Figure 11 further explain this energy allocation behaviour.

Lower limit

— MPC [
PI 08 F Pl J
0.85 ' ' g ' ' ; . ' ' ' ' ' ' : ; '
-5 0 S5 10 15 20 25 30 35 40 -5 0 5 10 15 20 25 30 35 40
Time (s) Time (s)
(a) (b)

Figure 10. (a) Converter DC-link voltage, V., and (b) machine rotational speed, w, during the
frequency contingency event, comparing responses for MPC and PI control.

Figure 11 highlights how MPC enables improved coordination between the electrical
and hydraulic subsystems. For the PI control approach, the DC-link voltage control loop
regulates V. rigidly (Figure 10a), causing the MSC power P, to rise rapidly (Figure 11a),
which is sourced from the synchronous generator. This, in turn, leads to a decrease in
rotational speed while the DC-link voltage starts to recover after approximately 4 s. The
Pl-based governor subsequently reacts to the speed deviation by opening the guide vane,
as seen in Figure 11c. However, due to the non-minimum phase behaviour and delay in the
hydraulic system, mechanical power Py, can only effectively increase after approximately
7 s, as shown in Figure 11b. This prolongs the period in which kinetic energy is heavily
drawn upon by the MSC. This lack of strategic coordination between the two independent
control loops leads to a significantly lower minimum speed.

The MPC approach, on the other hand, provides coordination of the control loops
and enables proactive control actions, allowing output constraints to be accounted for
explicitly. Figure 11a illustrates how the MPC first commands a more gradual rise in MSC
power P, so that the DC link covers more of the immediate energy deficit, thereby reducing
deceleration and speed deviation on the machine’s rotor and turbine. Meanwhile, the MPC
opens the guide vane faster than PI control, yet always within the 0.05 pu/s ramp-rate limit
(Figure 11c). As a result, the mechanical power engages early, alongside the less aggressive
MSC power extraction, to share the transient load. In Figure 11b, it can be seen that MPC
provides a fast and well-controlled rise in mechanical power, Py,.
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Figure 11. Dynamics of internal plant power and guide-vane motion: (a) MSC power, P; (b) mechan-
ical power, Py;; (¢) guide-vane opening, G.

To quantify the coordination between electrical and hydraulic systems, the energy
released by the DC link and that from the rotor during the first swing, defined as the period
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until the DC-link voltage and the rotational speed reach their respective first minimum
values, are examined for both PI and MPC approaches. Figure 12 shows the cumulative
energy released by each source of energy, computed by numerical integration of the differ-
ence between instantaneous input and output powers for each element during this initial
first-swing period, thus focusing on the critical time immediately after the contingency.
During the first swing, the MPC approach releases 19 MJ from the DC link and 98 MJ from
the rotating mass. In comparison, the PI approach releases 6 MJ and 134 M], respectively.
In terms of the share of total released energy from these two internal sources, the MPC
approach supplies approximately 16% through the DC link and 84% through stored kinetic
energy. In contrast, PI control relies mostly on the rotating mass, which supplies 96% of the
released energy. This further highlights the MPC approach’s ability to shift the transient
burden towards the electrical storage element and away from the rotor, thus contributing
to maintaining speed closer to its safe operating limits. The MPC approach also results in
a smaller total amount of energy being required from these two internal sources (117 M]
compared to 140 MJ for PI), since this approach activates the guide-vane opening faster
to achieve an earlier and faster effective mechanical power increase. This observation is
also supported by Figure 11b, where integrating the difference between the MPC and PI
mechanical power responses over the first-swing interval gives approximately 57 MJ of
additional mechanical energy under MPC. Overall, the DC link provides an additional
fast energy contribution during the early transient, while the improved mechanical power
response provides a larger cumulative energy contribution over the first swing.

160
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I MPC 134 1
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Released energy in first swing (MJ)
®) o)
o ja)

DC link Kinetic Total

Figure 12. Energy released during the first swing: electrical energy provided by the DC link, kinetic
energy provided via the rotating mass, and total energy provided.

To clarify the interpretation of the mechanical and hydraulic quantities, additional
key plant quantities are calculated from the simulation, as shown in Table 5. With MPC,
the minimum rotational speed increases, indicating that the rotational speed is maintained
closer to the lower soft bound. The faster engagement of the guide-vane action is also
associated with a reduction in the peak torque imbalance from 0.21 pu to 0.18 pu. The peak
turbine head variation increases from 0.11 pu to 0.16 pu, reflecting the more active hydraulic
response introduced by the earlier guide-vane action. A detailed assessment of cavitation
risk, torsional loading, and penstock pressure stress would require dedicated hydraulic and
mechanical models or practical measurements. Such analysis is typically used to define
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acceptable operating regions or constraint limits for a specific machine. In this study, the
related quantities are therefore treated as control-relevant operating indicators, rather than
as direct measures of component-level stress.

Table 5. Additional post-processed indicators.

Metrics PI MPC

Minimum rotational speed, pu 0.78 0.85
Peak torque imbalance, pu 0.21 0.18
Peak head variation, pu 0.11 0.16

As discussed in Section 2.4, the independent PI loops have been tuned to yield ade-
quate gain and phase margins to ensure a stable response. Retuning to accelerate mechanical
power ramping and decelerate the DC-link voltage recovery risks reducing phase margin,
leading to instability under large disturbances. Alternatives to retuning conventional PI to
enable relaxation of DC-link voltage regulation and more aggressive guide-vane response
include the incorporation of feedforward compensation and gain-scheduled or adaptive PI.
However, each of these approaches requires a high-level coordination layer, with additional
switching logic, tuning rules and constraint handling. The principal advantage of MPC is
that these interactions are handled within a unified framework.

Overall, the predictive and constraint-aware nature of MPC enables a coordinated use
of the available energy sources, allowing the plant to deliver fast frequency support while
staying within its safe operating limits.

3.2. MPC Robustness Against Plant Model Uncertainty

MPC is a proactive control scheme capable of providing improved performance
compared to conventional reactive control schemes, owing to the control architecture itself
incorporating an internal prediction model of the plant under control. This enables the
anticipation of future outcomes and optimal control actions accordingly. Consequently, the
accuracy of the prediction model and the robustness of the control scheme with underlying
uncertainties are paramount. In this study, the proposed MPC is designed using a linear
prediction model of the plant that, as demonstrated in the previous section, performs well
when applied to the full nonlinear plant. However, in practice, system knowledge is often
imperfect or incomplete, measurements are subject to measurement noise, and complex
physical dynamics are not always captured across all operating conditions. Hence, it is
necessary to assess its performance under such conditions. In this section, we evaluate the
robustness of the proposed MPC control against both significant plant-model mismatch
and measurement noise.

Two stress conditions are applied simultaneously to the plant, while the linear plant
model inside the MPC remains unchanged. First, the stored energy is reduced by lowering
both the equivalent DC-link capacitance and the rotational inertia, thus creating a conserva-
tive case with smaller energy buffers and a greater mismatch between model and plant.
Using this approach, we can examine whether the MPC can still effectively coordinate the
internal energy releases when available energy is considerably less in practice than the
MPC anticipates. Second, measurement noise is added to each of the plant outputs, thus
testing the estimator’s performance under degraded sensing conditions.

Specifically, the equivalent DC-link capacitance is reduced by 10%, the rotational
inertia constant is reduced by 15%, and all measured outputs are superimposed with white
noise of £2% amplitude relative to their nominal values, as shown in Figure 13. This
combination represents a conservative stress case where model uncertainty and sensor
noise act concurrently on the prediction and state estimation, respectively.
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Figure 13. Measurement noise added to each of the plant outputs.

With the same grid frequency disturbance and respective response of the GSC shown
in Figure 9, the results in Figures 14 and 15 demonstrate that the MPC maintains stable
operation, without the need for any MPC retuning. As expected, the reduced inertia and
capacitance lower the available energy for frequency support, leading to larger excursions
in the DC-link voltage and the rotational speed. The DC-link voltage minimum is slightly
reduced (from 0.90 pu to 0.88 pu) compared to the case where an accurate plant model
is available, while rotational speed drops more noticeably (from 0.85 pu to 0.82 pu). The
DC-link voltage is corrected more rapidly because the electrical subsystem has a shorter
response time, while the governor cannot open the guide vane any faster to correct the
speed due to its physical rate limit. The MPC therefore allows a deeper speed violation
as the least costly solution. Despite this, the MPC continues to balance the energy release
effectively, indicating that the prediction and optimisation framework maintains stable
operation under the tested parameter variations.

1.1 T T T T T : . :
1
=
&
: 309 :
Param. uncertainty Param. uncertainty
I T =17 ] & noise 1 Lowerhmlt ----------- & noise |
LGS lufmit Nominal conditions 08 r Nominal conditions 1
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(a) (b)

Figure 14. DC-link voltage and rotational speed during power increase to the grid, with plant-model
mismatch and measurement noise: (a) DC-link voltage Vj; (b) rotational speed w.

The MPC state estimator remains reliable despite the presence of significant mea-
surement noise. Interestingly, minor actuator jitters can be observed (Figure 15a). This is
owing to the limited 20 Hz sampling frequency of the MPC (corresponding to the control
time step of 0.05 s), which causes aliasing of high-frequency noise. In this simulation,
noisy measurement signals are fed directly to the state estimator without any preprocess-
ing. Despite this, the closed-loop system remains stable under stochastic excitation. This
demonstrates that the MPC state estimator is robust to measurement noise even with-
out any signal conditioning. In practical conditions, measurement signals typically go
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through low-pass filters before entering the estimator. Such filtering, with a bandwidth
below the MPC’s Nyquist frequency, would further suppress high-frequency noise without
compromising observability.
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Figure 15. Dynamics of internal plant power under plant-model mismatch and measurement noise
conditions: (a) MSC power P,; (b) mechanical power Py,.

3.3. Impact of Extended DC-Link Energy Buffers on Frequency Support Under Aggressive
Droop Control

In this case study we evaluate the performance of the PHS system when it is controlled
to provide more aggressive primary frequency response. The droop setting is reduced from
0.04 to 0.02. A lower droop coefficient demands a significantly larger and faster active
power injection into the grid to arrest the grid frequency disturbance, which is typically
provided by fast converter-interfaced resources such as battery energy storage systems [45].
The response of the proposed MPC-controlled PHS plant with this demanding droop
setting is shown by the red traces in Figure 16. It can be seen that the DC-link voltage drops
to 0.87 pu and the rotational speed drops to 0.80 pu, significantly below their respective
soft constraints. Providing a quicker and larger injection of power, corresponding to the
more aggressive droop settings, requires rapid energy delivery that cannot be fully met
by the hydraulic system, since it is already operating at its maximum ramping capability.
The MPC extracts the required additional energy from the DC link and the machine rotor,
effectively sharing the burden between them. However, under this scenario the rate-limited
hydraulic response forces greater reliance on electrical and mechanical energy buffers,
leading to the observed drop in both DC-link voltage and rotational speed below their
respective lower soft constraints.
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Figure 16. System transient response under an aggressive frequency droop setting with varying
DC-link energy capacities: (a) DC-link voltage; (b) rotational speed.

30 40

https://doi.org/10.3390/en19143328


https://doi.org/10.3390/en19143328

Energies 2026, 19, 3328

26 of 32

160
140
120

—_
SN o0 O
o o O

N
oS O

Released energy in first swing (MJ)

S

A sensitivity study is performed to investigate a candidate option for mitigation of
soft-constraint violations under aggressive droop scenarios, in which the available DC-link
energy storage is expanded. The simulated scenarios represent a doubling and tripling of
the equivalent DC-link capacitance; this could be practically realised through the integration
of a supercapacitor interfaced via a dedicated DC-DC converter directly into the existing
DC link. Figure 17 quantifies how the MPC coordinates this extended buffer to shift part of
the transient energy burden away from the rotating mass. During the critical first swing,
the nominal setup releases 24 M]J from the DC link, requiring the rotating mass to supply
124 M]J of kinetic energy. By doubling the equivalent DC storage, the DC link provides
44 M]J, reducing the kinetic energy burden to 109 MJ. In the tripled case, the DC link
provides up to 58 M]J, significantly lowering the kinetic demand to just 97 MJ, and as shown
in Figure 16, with the DC-link storage tripled, the rotational speed and DC-link voltage
remain within their limits. It is worth noting that for previously evaluated disturbances
(Section 3.1), the proactive coordination of the MPC reduced the total energy released by
accelerating the hydraulic response, without violating soft constraints. However, under
this more aggressive droop scenario, the hydraulic system operates near its limit across all
scenarios. Because the hydraulic system is at its physical ramp limit and cannot accelerate
further, the total energy released increases slightly (from 148 MJ to 155 MJ). This reflects
how the extended DC storage provides the extra energy required by the grid, compensating
for the saturated hydraulic system and relaxing the transient burden on the rotating mass.

- Nominal C d@
HCC,

153 155

148

124
3><CdC

58

DC link Kinetic Total

Figure 17. Impact of extended equivalent DC-link capacitance on primary frequency response,
illustrating how extended DC-link buffer scenarios (x2, x3) reduce kinetic energy extraction from
the rotating mass.

It can be seen that with extended short-duration, fast-release storage connected to the
DC link, the VS-PHS units may have more flexibility in managing the constraints. In a
practical context, industrial grid stabilisation products already use supercapacitor-based
short-duration energy support at the scale of hundreds of MJ, with activation delays of
milliseconds after disturbance detection [46]. This indicates that the short-duration energy
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range considered in this study is technically plausible, although the specific sizing for
VS-PHS remains site- and service-dependent.

To further demonstrate the coordination capabilities of the proposed controller, an
even more demanding stress test featuring a highly aggressive 1% droop setting (0.01) and
a five-fold expansion of the equivalent DC-link energy buffer was investigated. Figure 18
illustrates the system’s transient response under these conditions. Despite the large and
rapid active power injection required by the 1% droop, the MPC manages the transient
response near the soft constraints.

1.05 T T T T T T T T 1.05

= 0.95
N
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0.85 -
Lower limit
0.85 1 1 1 1 1 1 1 1 0.8 1 1 1 1 1 1 1 1
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Time (s) Time (s)
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Figure 18. System transient response with an extreme 1% frequency droop setting and with a 5x
extended DC-link storage capacity: (a) DC-link voltage; (b) rotational speed.

Overall, these simulations suggest that providing rapid power response from pumped
storage systems can, under some scenarios, be bottlenecked by the physical limitations
of the hydraulic system, since long penstocks and strict mechanical actuator limits make
it difficult to safely accelerate the water column to meet rapid changes in grid demand.
Since improving the hydraulic response generally requires major waterway or mechanical
upgrades, which can be impractical or expensive depending on the site, additional solutions
are needed if more aggressive power injection for frequency support is desired. The results
of this study suggest that expanding the internal DC-link energy storage, together with the
proposed MPC framework, can provide a complementary option for reducing dependence
on rotor kinetic energy during aggressive frequency-support conditions, particularly when
the hydraulic system has reached its performance limits. The MPC approach, together with
extended DC-link storage, provides PHS designers and operators with the opportunity to
deliver fast frequency response without the need for major hydraulic system redesign to
accommodate it. The applicability of the MPC approach and a PHS system’s suitability
for providing this service depend on plant topology, topographical conditions, hydraulic
constraints, and the frequency-support service expected from the unit.

4. Conclusions

In this paper, we propose a model predictive control approach to enable rapid primary
frequency response in variable-speed pumped hydro storage systems. This study focuses
on challenging VS-PHS scenarios where slow hydraulic response limits the ability of
conventional control to provide fast changes in electrical power output. The proposed MPC
preserves the grid-side droop-based PFC response and replaces the independent turbine
governor and the DC-link voltage control loops, using predictions and explicit constraints
to coordinate the DC link, the rotating mass, and the hydraulic system. Compared with
conventional PI control, which rigidly maintains the DC link and forces the rotor to supply
most of the initial transient energy via rapid speed reduction before the turbine increases
mechanical power, the MPC allocates the transient energy contribution more deliberately.
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In a predictive and constraint-aware manner, the MPC allows the DC link to share more
of the early transient burden, while the guide-vane response is activated proactively to
mitigate the effect of slow hydraulic response and actuator limits.

The robustness study indicates that the MPC maintains stable operation under sig-
nificant plant-model mismatch and in the presence of measurement noise. The extended
DC-link storage study shows that the MPC can manage the operating constraints under
more aggressive primary frequency control commitments when additional short-duration
electrical storage is available. This may provide a complementary option to be considered
alongside hydraulic system upgrades when demanding grid support is required.
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Abbreviations and Notations

The following abbreviations and notations are used in this manuscript:

PHS Pumped hydro storage

VS-PHS Variable-speed pumped hydro storage
MPC Model predictive control

PI Proportional-integral

MSC Machine-side converter

GSC Grid-side converter

DC Direct current

AC Alternating current

PFC Primary frequency control

PCC Point of common coupling

VSsC Voltage-source converter

dg Synchronous rotating reference frame
abc Three-phase stationary frame

PWM Pulse-width modulation

Qpr Quadratic programming

pu Per unit

G Guide-vane opening

q Flow into the pump-turbine

h Turbine head

hy Rated turbine head

fr Head loss coefficient

w Rotational speed

Aw Rotational speed deviation

7 Turbine efficiency

Py, Mechanical power of the turbine

P, Electrical power supplied by the MSC to the DC link
P Electrical power delivered by GSC to the grid
Vie DC-link voltage
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Iy Generator current controlled by MSC
Ie Grid injection current regulated by GSC
Tw Water starting time constant

H,, Machine inertia constant

Dy Mechanical damping coefficient

Tg Hydpraulic servomotor time constant
Te Wave travel time

T Current control loop time constant
Cac Equivalent DC-link capacitance

Ry. DC-link shunt leakage resistance

K Voltage ratio

Indicates estimation or prediction
Indicates reference value

-dg Variable on the dg axes
Gmax,Guin Maximum and minimum guide-vane opening bounds
RG max Maximum guide-vane opening rate
Ry max Maximum MSC current rate

Ny MPC prediction horizon

N MPC control horizon

] Cost function

M Kalman gain matrix

Wy Process noise sequence

Uk Measurement noise sequence
Ts MPC time step

Xk State vector

Uy Plant input vector

Yk Measured output vector

Tk Reference vector

Au Input increment vector

£ Slack variable

Wy Output weight matrix

Wy Input rate weight matrix

1Y Soft-constraint violation weight
dg Disturbance state vector

A, B, C System matrices of the plant

By Input-disturbance matrix

Cy Output-disturbance matrix

Ag, Bg, Cq, Dy State-space matrices of the hydraulic servomotor
Ay, By, Cy, Dy, State-space matrices of the penstock—turbine system
Aw, Bw, Cw, Dy State-space matrices of the rotating speed dynamics

Ac, B, C., D¢ State-space matrices of the converter current control loops
Ay, By, Cy, Dy State-space matrices of the converter DC-link voltage dynamics
Appendix A

Appendix A.1 State-Space Model of the Servomotor

State: [g].
System matrices: Ag = [—Tig},Bg =[1],Cq = [Tig}’ Dg = [0].

Appendix A.2 Penstock and Turbine

hy
State: |hy
h3
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System matrices:
—650.9 —7.559 x 10* —5.92 x 10* 1
Ah = 1 0 O s Bh — O 7
0 1 0 0
Cy=[450 —1294x10° 5071 x 10|, D;, = [0]
Appendix A.3 Synchronous Machine
State: [Aw].
. D
System matrices: A, = [— ZI_};‘J, By, = [ﬁ —ﬁ}, Cwo=[1],Dw = [O 0]
Appendix A.4 Converter Current Control
Z.md
State: | .
lgd
_1 1 0 L0 00
System matrices: A, = Te 1|, Be= ,Co=| T 1|, De=
0 -7 01 0 + 0 0
c c
Appendix A.5 Converter DC-Link Voltage
State: [v 4]
System matrices: A, = {—ﬁ}, B, = [K —K}, Cyo=11],Dp = [O 0}.
Appendix A.6 Discrete Prediction Model
T
State {g,hl,hz,h3,Awm,imd,de,igd} .
System matrices:
6.065 x 107! 0 0 0 0 0 0 0 ]
—9331x107% —2287x107* —1.133x 107! 5.085 x 107! 0 0 0 0
8473 x 107> —8589x107® —5820x107° —7.626 x 107! 0 0 0 0
4— | 4409x107°  1288x107°  8377x107° 9679 x 10" 0 0 0 0
T —7532x1072 —2347x 1071 —2.168 x 10? 9.008 x 102 9.996 x 1071 —1419x 1071 0 0|
0 0 0 0 0 6738 %1073 0 0
0 0 0 0 0 6530x10"1 1 —6530x10"1
0 0 0 0 0 0 0 6738x107° |
3.935 x 1072 0] [ 0 0]
473 x 107>
2403;876 8 0 0 0 0 0 0 0 0 8 8 0 0
' . 0 450 -1294x10° 5071x10* 0 0 0 O 0 0
p— | L007x10 Olc=lo o 0 0 1 0 0 0|,B= 0 O c,= 1o 1
T | —1566x1073 —5723x1073 |1 1ol 0 o’ :
. 0 0 0 0 0 100 0 0 0 0
0 9933x10 0 0 0 0 o 0 1 0 0 0 0 0
0 2634x10°2 —2634x1072 0
0 0 | | 9933x 1072 0]
Appendix A.7 State Estimator Gain Matrix
1290 x 1072 —1.691 x 1072 —1.237x 1074 —3544x1077 —1.133x1077 |
1.698 x 10~°  —2.000 x 10~° 1.736 x 10~7 4965 x 10710 2.677 x 10710
1432 %1076 —2130x 107 —1416x108 —4.049x10"11 —1.824x10° 1
1.679 x 10~7 7810 x 1078  —4.690 x 107 —1.354 x 10~ 11 1.255 x 1012
Mo | 1706 1073 1.030x 1073 4756 x107* —2.872x107% —1257x107°
| —3544x10°8 4777 x10°% —2.722 x 107> 4965 x 1073 1.243 x 1074
—1.133 x 10~ 2545 x107® —7.535 x 10~* 1.243 x 102 5.988 x 102
—7.238x1078 —9.595x10"% —7.839 x 107°® 6.409 X 1076  —4.847 x 104
—7.238 %107 —9.595x107¢ —7.839 x 1074 6.409 x 107%  —4.847 x 1072
| 4691x107* 6.431 x 1074 4.874 x 1072 1503 x 107%  —7.409 x 107 |
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