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MPC for dynamic power management of a grid
supporting energy production hub with coupling
reactance

Frederic Linde':2, Member, IEEE, José Luis Rueda Torres2, Senior Member, IEEE, Alessio Trivella3,
and Ronald G. K. M. Aarts!

Abstract—Energy production hubs are emerging as a solution
to stabilize power grids that are increasingly being challenged
by renewable energy sources. The deployment of grid-forming
inverters (GFMIs) inherently involves grid regulation tasks such
as voltage and frequency control. Such control is distinctly
advantageous over the passive grid-following inverter. GFMIs
can actively stabilize the grid, but their introduction necessitates
a coupling reactance to facilitate voltage and current control.
Autonomous voltage and frequency control requires real-time
coordination. However, applying MPC is complex due to the
multiscale nature of the control problem. To overcome these
challenges, this paper proposes a combined controller-hub design
where a three-layer hierarchical MPC scheme controls an energy
production hub comprised of an integrated energy storage
system, a wind turbine, and a GFMI. By decomposing the
problem into three distinct layers, the upper two layers can
operate in non-real time and require only the bottom layer to
work in real time. By designing the middle layer with a novel
approach, we investigate how the coupling reactance dynamics
affect the power setpoint determination of the energy production
hub. The goal is to facilitate control over the grid’s active and
reactive power flows, voltage, and frequency. As the angle-based
droop control law governs the coupling reactance dynamics, we
study its incorporation into the MPC objective function and its
effect on frequency stability. A simulation study shows how the
droop control element alters the power setpoints in the middle
layer to compensate for such frequency fluctuations. The results
suggest that the hub and controller can reliably provide power
from an uncontrolled, sustainable source while providing local
stability to the energy grid.

Index Terms—hierarchical model predictive control, energy
production hub, steady-state target optimization, coupling reac-
tance, power management, angle-based droop control

NOMENCLATURE
AP Small signal variation of P
Op Relative phase angle across coupling reactance
n Inverter efficiency
dPget Predicted supply-demand mismatch at PCC
E Voltage at inverter terminal
P Active power flow across coupling reactance

P, Wind power produced
Py ser  Predicted demand at PCC
Prgss Power flow of ESS
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Pyridmeas Power measurement at PCC
Pinw des Setpoint variable at inverter terminal
P;,, Power flow at inverter terminal
P,ss Summed power losses

Prrs Power flow on the main RES bus
Py Power setpoint at PCC
Psuppiy,prea Predicted supply of P,
PCC Point of common coupling

RES Renewable energy source

1% Voltage at PCC

wsoc, w1, ws Optimization weights

X Ideal coupling inductance

I. INTRODUCTION

The transition to a sustainable energy landscape relies heav-
ily on the use of renewable energy sources. Such emission-free
means of energy production have the caveat that their output
levels cannot be controlled. Unknown variations in production
quantities give rise to a vast supply-demand mismatch. The
mismatch can become problematic for several reasons.

As the European energy demand is projected to rise, grid
overloads can become problematic. Especially the long-range
transmission of electricity to consumer centers can lead to grid
congestion and vast losses. Oppositely, prolonged underpro-
duction can result in a severe supply deficit. For example, by
2050, the Netherlands expects to cover 75% of its electricity
consumption with energy from offshore wind turbines [1].
Such low production diversification bears risks. The North Sea
experiences frequent wind droughts, exposing weaknesses in
power security and leaving people and the industry vulnerable.

Another conundrum is contingency cases. Algorithms in
response to such cases must have rapid response times and
have the capacity to accommodate drastic output changes.
Regulations demand turbine output changes of ~0.5 pu to
occur within merely 2s [2]. Meanwhile, dynamic changes
and disturbances on the grid have been estimated to have a
frequency of around 10Hz [3].

Rapid current changes can be detrimental to sensitive equip-
ment and its regulators. Necessary measures have downstream
effects at the point of common coupling (PCC) and the
wider grid. Compensatory control requires active and reactive
adjustments in power flow, frequency, and voltage.
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Consequentially, their cumulative effect can destabilize the
grid. Therefore, many renewable energy sources cannot go on-
line. Commonly deployed grid-following inverters are passive
components and cannot participate in grid stabilizing tasks.
Introducing a grid-forming inverter (GFMI) and coupling
reactance enables control over the grid’s variables, stabilizing
the grid actively. Their addition potentially improves the grid’s
safety and operational efficiency. Part of the improvement re-
lies on predictions of changes in supply and demand quantities.

Model predictive control (MPC) offers a widely used ap-
proach to controlling moderately complex multivariable sys-
tems. It optimizes control actions while considering predic-
tions of different lengths and component degradation. Ensuring
operational safety, the MPC can devise control signals while
maintaining critical safety limitations [4]. However, the large
range in system dynamics, predictions, and disturbances vastly
increases computation time and deteriorates the solution accu-
racy. This circumstance is especially problematic in real-time
computing as a system’s short clock cycles must be complied
with. With computation time as a constraint, plant models
are often linearized. As a result, the control problems can be
formulated as a linear programming routine and be solved
efficiently. However, the linearization approach introduces
a plant-model mismatch, potentially causing large gaps in
optimality [5].

The singular perturbation theory can be employed to decom-
pose such a complex multi-timescale problem [6]. Decompo-
sition is achieved by introducing multiple MPC control layers
that are temporally and functionally distinct. The separation
of time scales significantly reduces the computational burden
while minimizing losses in optimality [7].

So far, various literature sources (e.g. [8, 9]) have investi-
gated a hierarchical MPC structure with two stages. They typi-
cally comprise a global nonlinear optimization (GNO) scheme
and a linear optimizer that tracks the setpoint defined by the
GNO layer. These sources, however, raise concerns regarding
the reachability of setpoints determined in the GNO layer. As
their feasibility spaces differ, the linear optimizer may not be
able to reach a given setpoint. Similarly, optimization with a
linear programming routine has been found to overestimate
cost significantly compared to a nonlinear problem, which, on
the other hand, was found to be computationally more costly
to solve [5].

Negenborn et al. ([10]) showed improved voltage stability
of a simulated grid by introducing a supervisory MPC layer to
provide setpoints to the primary control layer. [4] examine the
introduction of an intermediary layer to the hierarchical MPC
scheme from a control theoretical perspective. They show that
a steady-state target optimization layer (SSTO) of quadratic
form improves the setpoints’ optimality.

This paper converges existing work from the control theory
with the energy production hub application. The issues raised
in the application can be approached by introducing a 3-
stage MPC. With improved performance shown in control
theory, this scheme is hypothesized to complement a designed
energy production hub. The hub comprises a wind turbine, an

integrated energy storage system (ESS), and a GFMI. The ESS
integrates an Hy cycle, a battery (BESS), and a supercapacitor
(SC). Review papers (such as [11]) have not reported on this
storage system and control structure combination.

Section II proposes a 3-stage hierarchical MPC, leveraging
the singular perturbation theory. It is designed congruently
with an energy production hub that complements the control
design, proposing a novel integrated approach. The control
aspect focuses on the middle layer of the three stages. As 2-
stage MPC solutions have been investigated in the hub context,
the design of the newly added SSTO layer under consideration
of the ESS is of interest. Therefore, after presenting the
novel controller-hub concept, the focus is on the mathematical
formulation of the SSTO layer in objective function form. The
layer itself is formulated considering the coupling reactance.
Herein, it newly implements the droop control law in objective
function form. Section III presents the mathematical formula-
tion of the SSTO layer, where equations are rewritten to fit
the objective function form of the middle layer. Building on
droop-based control approaches ([12—-15]), this model aims to
provide frequency stability by altering the synthesized power
setpoint. Finally, section IV presents the simulation results,
and conclusions are drawn in section V.

II. HUB AND CONTROL CONCEPT

The application goal is to deploy inverter-based renewable
energy sources at industrial scale. By introducing intermedi-
ary energy storage and advanced control methods, uncertain
means of energy production can be incorporated to respond
to a dynamic demand. Their grid-stabilizing properties enable
independent entities to deploy and manage assets decentrally,
necessitating only limited information exchange with the grid
operator.

The energy production hub concept and control strategy
pair the elements within the energy production hub with a
respective MPC layer. This way, each layer can take control
action based on its prediction.

A. Hub concept

As intermediary energy storage is integral to optimal power
flow management, Fig.1 proposes an energy production hub
design that complements a controller in delivering demanded
power quantities. The integrated ESS aims to compensate
for supply-demand mismatches ranging from several months
to fractions of seconds. The H; cycle is geared towards
handling seasonal variations, and prolonged events like a wind
drought. The BESS compensates for intra-day supply-demand
mismatches. The SC is intended to deal with rapid sub-second
changes in grid loading, stabilizing the grid’s frequency and
adding virtual inertia.

Apart from the storage, a wind turbine acts as the prime
mover of the hub. A grid-forming inverter (GFMI) establishes
the connection to the general grid via the point of common
coupling (PCC). It synthesizes the 3-phase power, synchroniz-
ing it with the grid’s power flow. All components were sized
to match the power and voltage rating of the wind turbine.
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Figure 1: Schematic overview of the components of the energy

production hub.

B. Control concept

As illustrated in Fig.2, each control layer integrates a
storage element by determining the state of charge setpoints.
Assuming they operate on distinct, non-overlapping time
scales, one can ascribe functionality to each layer. The global
nonlinear optimization (GNO) layer’s goal is to determine an
operating point for the next layer. The operating point is then
quadratically approximated to simplify the control signal to
estimate optimization parameters that describe the steady state
target optimization (SSTO) layer. It determines power and
SOC setpoints on the hub side to optimize the power flow
to the grid. It comprises a quadratic objective function and
linear constraints. The synthesized setpoints are finally passed
to the dynamic optimization (DO) layer. It directly controls
the power flow of the storage components. This lower layer is
formulated with a linear objective function and constraints. By
leveraging the singular perturbation theory, the MPC structure
can perform real-time and non-real-time computing. This way,
only the DO layer must run in real time, alleviating the time
constraints on the other two layers. They can be updated
less frequently and perform more time-intensive computations.
Fig.2 also shows an exemplary prediction horizon scheme. The
operating point and setpoints are passed down to the next layer,
shortening the horizon and simplifying the computation. The
longer-term predictions are now considered implicitly. Here,
it should be assumed that the linear programming routine of
the DO layer can be solved within the real-time constraints.

C. SSTO layer

Building on the literature that investigated 2-stage MPC
structures, the first step is the mathematical formulation of the
SSTO layer. It links the GNO and the DO layers by devising
linear setpoints from a nonlinear operating point. The quadratic
objective function was chosen for two reasons. Firstly, [4]
found an improvement in optimality from the consequent
setpoint determination, and secondly, because the accuracy
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Figure 2: Flowchart showing the controller stages and their
interaction. The update cycle of the receding horizon scheme
can be seen on the left, showing each prediction horizon and
control step.

of a quadratic approximation is higher than that of a linear
one. To limit the scope of this work, the interaction with the
other layers is assumed, such that the quadratic approximation
is known and the devised setpoints are linear. It meets the
requirements of the SSTO layer in the complete structure.

Due to its function, the modeling focus is set on the SSTO
layer. It manages the power balance between the production
unit, the storage, and the grid. Further, the quadratic form
reduces the mismatch between the GNO and DO layers. It
can minimize issues stemming from the uncertainty associated
with their direct interaction, effectively relieving feasibility
issues and improving solution accuracy [4, 16].

Successful deployment of such an integrated energy produc-
tion hub depends on an active stability contribution to the grid.
Such a task must be achieved via a GFMI. Thus, the control
concept must be able to regulate the active and reactive power
flow. It must also stabilize the grid’s voltage and frequency.

Introducing a coupling reactance between the GFMI and
the PCC enables the decoupling of the active and reactive
power flows. Leveraging the droop control scheme, their
control is much facilitated. The following modeling approach
details how the active droop control is reformulated to fit
the objective function form of the SSTO layer, providing
power and frequency stability. Thus, added to the proposed
formulation are the coupling reactance equations and droop
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control law.

III. PROPOSED MPC STRUCTURE

This section discusses how the mathematical formulation
of the middle layer, the non-real-time SSTO layer, was per-
formed. Its objective function and constraints comprise five
elements that describe how electrical power flow equations
are captured in an MPC scheme.

A. Proposed objective function

The non-smooth quadratic objective function aims to min-
imize the error between the desired inverter setpoint Pj,, des
and the measured power flow Fj,, meas- It determines a value
for its optimization variable P;,,, aiming to optimize the
storage’s SOC while meeting the predicted demand Pjoud, pred-

] 2
Eélg w1|Pinv,err(k)| + w2<Pi7w,erT<k)) + (1)
wsoc(SOCpss(k) — SOCpss des)’

The weights wsoc, wi, and wy tune the square term of the
SOC and the linear and square terms of the objective function,
respectively. After initialization, they were adjusted manually.
The process followed the goal of minimizing the absolute
function value and the necessary condition of optimality.
After tuning, the weights were kept constant to diminish their
influence on the simulation results. The prediction horizon
spans K = 20 time steps in hours. All time series values have
according dimensions of [1, K]. The third term minimizes the
weighted square error between optimization variable SOCggg
and its setpoint SOCEss,des. Composing the power setpoint
are measured and predicted quantities.

Pim;,err(k) = jjinv,des - Pi,m;(k)

2
Pinmdes = /\Pin'u,meas + (1 - A)]Din'u}pred ( )

Here, A € [0, 1] balances the influence of the predicted and
measured inverter setpoint on the solution. They are both
arrays of format [1, K. Using power continuity, the prediction
term comprises the anticipated power flow Pjoqd preqd to meet
the demand at the PCC and the expected variation in power
flow that compensates for frequency fluctuations.

- Boad,pred + AP (3)

Pinmpred

B. Constraint: Power balance equation

The constraints in the power balance equation manage the
power flow between the production unit, the storage, and the
main bus that connects the hub to the grid (Fig.1).

Py — Prss(k) — Pioss = Pres(k)

NPres(k) = Pio(k)
= Pppss(k) + Psc(k) + Pu, (k)
Py, (k) = Pu,.in(k) — Pry out(k)
where P, is the power produced by the wind turbine, Pggsgs
describes the power flow into and out of the integrated storage,

and Pj,ss are the summed losses of the components on the
hub side. Prpgs is the power flow on the main hub bus. It is

4
Prss(k) @

connected to the grid via the inverter as P;,,, on the grid side.
Inverter losses are captured by the efficiency term 1. Pgo ip
and Pryo o4 are the respective power flows into the electrolyzer
and the fuel cell.

C. Constraint: ESS update law

The following constraint from [17] integrates Pggg to
determine the state of charge (SOC) of the ESS. With this

term, it is possible to constrain the SOC explicitly.
SOCgss(k+1) = SOCgrss(k) + Prss(k)
SOCLss < SOCpss(k) < SOCY4s
The term is the update law, adjusting the new SOC by the
power flow in and out of the ESS. Lastly, SOC’%SS = 0.1

and SOCY4¢ = 0.9 are the hard constraints on the lower and
upper SOC respectively.

&)

D. Constraint: Droop control

The expression for the droop control is derived to determine
power flow variations in the coupling reactance between the
hub and the grid. The inverter itself is assumed to be ideal.

Firstly, the general expression for power flowing across
a reactance is approximated by constraining the maximum
power angle 0p,q; = 30° [15]. Imposing this constraint
limits the amount of reactive power delivered which can be
done without loss of generality. Operating in this quasi-linear
region achieves decoupling the two expressions with a 4%
error at maximum value [12].

_EV _EV

The active power expression poses a challenge as it requires
the error-prone integration of the power angle. The next step
is performed as in [13] and utilizes the small signal variation
of the coupling reactance’s power flow around the operating

point, such that o
AP =—A§ 7
X, ~or (7
This expression enables the use of direct angular velocity
measurements, such that Adp = winy — Wyriq and permits

the addition of the droop control law
Pgrid,meas) (8)

to compensate for deviations based on anticipated and mea-
sured power flow. The droop gain values were obtained from
[14]. Dissection of the setpoint variable into its nominal value
and variation yields Pset = Py et + dPset. Foset can be
obtained as the operating point from the GNO layer by taking
Po.set = Pioad,prea (Fig.2). It is essentially a prediction of the
demand quantities on the grid. Ideally, this demand should
equal the supply. Realistically, they are rarely equal, such that
dPset = Psupply,pred - Pload,;m“ed, PrediCtS the SupplY'demand
mismatch. Now, considering frequency variations, the entire
expression for the variation in the power flow of the coupling
reactance becomes:

ap=2V
XL
Pf =mp (Pload,pred + dPset - Pgrid,meas)

Winy = Wo + mP(R@et -

(wo — wgrid + Pr)

9
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Figure 3: Power production of the turbine (top) and
prediction of the load as well as the adjustment due
to the reactance (bottom).

IV. RESULTS

The optimization problem formulated for the SSTO layer is
implemented in MATLAB R2023b (i7-11800H @ 2.30GHz,
32GB RAM). Using its fmincon solver, solutions approximat-
ing the optimal control are calculated. The external grid is
assumed to be stable with a constant voltage. The computation
time for this optimization was in the order of multiple seconds.
To stabilize the voltage and frequency in real-time, a control
step may only take 10-100ms. This discrepancy highlights
the benefit of the hierarchical MPC because only the lowest
layer must operate in real-time. This way, the SSTO layer
can perform more complex computations without critical time
constraints. Due to the research focus, the DO layer was ex-
plicitly excluded from the simulations where critical hardware
constraints don’t affect the operation of the SSTO layer.

The produced quantities and the resulting power flow across
the coupling reactance are plotted in Fig.3. The wind turbine’s
power output is determined by assuming a Gaussian distri-
bution of a wind profile in the North Sea. The load on the
grid side is based on aggregated measurements from yearly
household energy consumption [18]. AP depicts the power
flow across the inverter under consideration of frequency
variations.

Fig.4a shows the power flow and SOC of the ESS. Its
power flow is actively controlled in response to supply-demand
mismatches between the turbine and the grid.

Depicted in Fig.4b are the synthesized setpoint at the
inverter terminal and the power flow following the setpoint.
Setpoint changes govern the inverter power flow as they react
to changes in frequency power. Their correlative relationship
can be attributed to changes of AP, altering the flow at the
inverter due to frequency adjustments.

Optimization weight variations showed how the power
setpoint tracking is related to the SOC. Increasing weights
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(a) Power flow (top) and SOC (bottom) of the ESS.
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(b) Referring to Fig. 1: Active power flow: Power Res (blue) is
the power flow on the main bus on the hub side. Reactance power
(orange) is the power setpoint after the inverter and Real inverter
power (yellow) is the actual power flow. Frequency power (purple)
is the share of the total power that flows due to changes in grid
frequency.

Figure 4: Results of the optimization with a frequency opti-
mization variable included.

wy or we resulted in higher tracking accuracy and greater
deviations from the desired SOC. Increasing wsoc had the
opposite effect. They enable balancing competing objectives
within the optimization function.

The simulation details how the power flow AP across the
coupling reactance is adjusted due to power fluctuations on the
grid. Decoupled control demonstrates effective active power
flow management. The energy produced by the wind turbine is
buffered by the energy storage system and released in response
to active power demand on the grid.

The results show how the droop control term can be
leveraged to counter frequency fluctuations. Due to the droop
control term, the control performs dynamic adaptions under
consideration of frequency fluctuations. Power flow adjust-
ments at the inverter terminal are made in response to the
grid.
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V. CONCLUSION

This paper combined two key aspects that contributed to
renewable energy integration: the conceptual controller-hub
design and the droop control integration into the SSTO layer.

Considering the coupling reactance and droop control, the
SSTO determines power and SOC setpoints on the hub side
to ensure a steady power supply to the GFMI. With it, the
control structure can actively support the grid by influencing
the active power flow. The droop control element makes power
adjustments based on frequency fluctuations.

Hierarchical MPC control, in conjunction with the de-
coupled droop control, provides an integrated solution for
managing the frequency and power flow in a grid-supportive
manner. Here, the key component is the coupling reactance,
which links an energy production hub with the grid in a
manner that has not been studied before. Due to the locally
stabilizing effect, augmenting renewable energy sources to
energy production hubs enables their decentral connection to
the energy grid without compromising safety.

One aspect for further investigation would be the addition of
the reactive power droop control law into the SSTO layer. The
translation of the inverter setpoint ) to the hub side setpoints
would be of interest. Active control of the inverter’s power
angle influences the grid dynamics and the hub’s power flow.
With control of the reactive power flow, one can examine the
influence of cross-coupling effects on the control. Although
the dynamic optimization (DO) layer is conceptually outlined,
further work is needed to specify its problem formulations and
validate its performance in real-time. A comparative study with
traditional control methods will be part of future work.
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