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Abstract: This paper delves into the application of Stochastic Model Predictive Controls
(SMPC) for power grids driven by inverter-interfaced generators, focusing on enhancing grid
stability amidst decreasing inertia. By employing SMPC, uncertainties in energy systems are
anticipated and plant-model mismatch is mitigated. Improvement in grid robustness concerning
frequency limits is demonstrated via a Monte Carlo approach. The integration of data-driven
model augmentation and stochastic constraint tightening significantly enhance the precision
and robustness of frequency control. This study highlights the potential of SMPC in navigating
uncertainties in energy systems and offering a robust framework for maintaining grid stability.
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1. INTRODUCTION

In the wake of the global energy transition, the shift from
conventional power generation to renewable energy sources
is transforming the electrical grid at an unprecedented
pace. This transformation, while crucial for sustainabil-
ity, introduces significant challenges in maintaining grid
stability due to the inherent decrease in system inertia
as shown in (Ulbig et al. (2014)). The traditional grid,
designed around synchronous generators, is facing adapt-
ability issues e.g. frequency stability, necessitating the
development of innovative control strategies for inverter-
based resources. Grid-forming control strategies aim to
emulate or enhance the inertia and damping properties
traditionally provided by conventional generators.

This paper sets out to explore the development of new con-
trol algorithms for inverter-interfaced generators, focusing
on their capability to supply synthetic inertia and sup-
port grid stability in low-inertia environments. Droop and
VSM have been investigated extensively e.g. Muftau and
Fazeli (2022) in this context. However, these approaches
do not incorporate limitations like actuator saturation or
operational limits. Furthermore, the DC-link is modelled
as ideal voltage source with an infinite capacitance.

One solution is to expand the modelling in the classical
VSM approach to matching the behaviour of an actual
synchronous Machine Arghir et al. (2018). For this the
equivalency between the physical energy storage of the
rotating mass in a synchronous machine and the electrical
energy storage in the capacitance on the DC-Link of the
inverter is drawn. This model has been further developed
to the Dual-Port Control to incorporate control loops
for the DC-Link voltage and additional models of the of
the DC-power source Subotić and Groß (2022) to exploit
additional stabilizing feedback loops.
⋆ I would like to express my gratitude to Dr. Martina Josevski for
her guidance and insightful feedback throughout my research.

Virtual Oscillator Control (VOC) represents a transfor-
mative approach in the realm of grid-forming inverter
control by simulating the dynamics of nonlinear oscillators,
such as the Van der Pol oscillator. This method notably
simplifies to a droop control mechanism in a quasi-steady
state. The design of VOC however facilitates faster, more
robust grid interactions and obviates the requirement for
phase-locked loop mechanisms for frequency measurement
Aghdam and Agamy (2022). Subsequent developments,
such as the Dispatchable Virtual Oscillator Control Seo
et al. (2019) aim to expand the VOC’s functionalities to
ensure flawless grid integration.

Another direction of research is utilizing an additional con-
troller to adjust the conditional behaviour of the primary
control consisting of the droop or the VSM. In (Markovic
et al. (2019)) a dynamic adjustment of the inertia and
damping terms of a VSM is proposed. Different operating
regions are defined based on the Rate of Change of Fre-
quency (RoCoF) and frequency deviations. Model Predic-
tive Control (MPC) can be incorporated as an additional
control layer to adjust power setpoints for the primary
control. While decentralized controllers can enforce op-
erational and actuator limitations central controllers can
also coordinate participation among units (Stanojev et al.
(2020)). A major challenge is to identify a prediction model
for the frequency dynamics. While the latter uses a grey-
box approach to estimate frequency dynamics in (Heins
et al. (2022)) clear box model based on the frequency
divider (Milano and Ortega (2016)) is proposed.

The potential of MPC as a control algorithm is widely
recognised and extensive research has been conducted in
the context of MPC for fast frequency regulation. However,
rarely the issue of external disturbances and uncertainties
caused by model-plant mismatch are addressed explicitly
in MPC frameworks for frequency regulation. Typically,
robustness for inverter-interfaced generation control is ad-
dressed through robust controller synthesis for uncon-
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the DC-power source Subotić and Groß (2022) to exploit
additional stabilizing feedback loops.
⋆ I would like to express my gratitude to Dr. Martina Josevski for
her guidance and insightful feedback throughout my research.

Virtual Oscillator Control (VOC) represents a transfor-
mative approach in the realm of grid-forming inverter
control by simulating the dynamics of nonlinear oscillators,
such as the Van der Pol oscillator. This method notably
simplifies to a droop control mechanism in a quasi-steady
state. The design of VOC however facilitates faster, more
robust grid interactions and obviates the requirement for
phase-locked loop mechanisms for frequency measurement
Aghdam and Agamy (2022). Subsequent developments,
such as the Dispatchable Virtual Oscillator Control Seo
et al. (2019) aim to expand the VOC’s functionalities to
ensure flawless grid integration.

Another direction of research is utilizing an additional con-
troller to adjust the conditional behaviour of the primary
control consisting of the droop or the VSM. In (Markovic
et al. (2019)) a dynamic adjustment of the inertia and
damping terms of a VSM is proposed. Different operating
regions are defined based on the Rate of Change of Fre-
quency (RoCoF) and frequency deviations. Model Predic-
tive Control (MPC) can be incorporated as an additional
control layer to adjust power setpoints for the primary
control. While decentralized controllers can enforce op-
erational and actuator limitations central controllers can
also coordinate participation among units (Stanojev et al.
(2020)). A major challenge is to identify a prediction model
for the frequency dynamics. While the latter uses a grey-
box approach to estimate frequency dynamics in (Heins
et al. (2022)) clear box model based on the frequency
divider (Milano and Ortega (2016)) is proposed.

The potential of MPC as a control algorithm is widely
recognised and extensive research has been conducted in
the context of MPC for fast frequency regulation. However,
rarely the issue of external disturbances and uncertainties
caused by model-plant mismatch are addressed explicitly
in MPC frameworks for frequency regulation. Typically,
robustness for inverter-interfaced generation control is ad-
dressed through robust controller synthesis for uncon-

Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license  
(https://creativecommons.org/licenses/by-nc-nd/4.0/)



	 Alexander Och  et al. / IFAC PapersOnLine 58-13 (2024) 726–732	 727

Stochastic Model Predictive Control
for Robust Grid Frequency Regulation ⋆

Alexander Och ∗ Prof. Andreas Ulbig ∗

∗ IAEW at RWTH Aachen University, Aachen, Germany
e-mail: {a.och; a.ulbig} @iaew.rwth-aachen.de

Abstract: This paper delves into the application of Stochastic Model Predictive Controls
(SMPC) for power grids driven by inverter-interfaced generators, focusing on enhancing grid
stability amidst decreasing inertia. By employing SMPC, uncertainties in energy systems are
anticipated and plant-model mismatch is mitigated. Improvement in grid robustness concerning
frequency limits is demonstrated via a Monte Carlo approach. The integration of data-driven
model augmentation and stochastic constraint tightening significantly enhance the precision
and robustness of frequency control. This study highlights the potential of SMPC in navigating
uncertainties in energy systems and offering a robust framework for maintaining grid stability.

Keywords: Stochastic Model Predictive Control, Model Predictive Control, Frequency
Regulation, Virtual Inertia, Droop Control, Data-Driven Modelling, Monte Carlo Approach

1. INTRODUCTION

In the wake of the global energy transition, the shift from
conventional power generation to renewable energy sources
is transforming the electrical grid at an unprecedented
pace. This transformation, while crucial for sustainabil-
ity, introduces significant challenges in maintaining grid
stability due to the inherent decrease in system inertia
as shown in (Ulbig et al. (2014)). The traditional grid,
designed around synchronous generators, is facing adapt-
ability issues e.g. frequency stability, necessitating the
development of innovative control strategies for inverter-
based resources. Grid-forming control strategies aim to
emulate or enhance the inertia and damping properties
traditionally provided by conventional generators.

This paper sets out to explore the development of new con-
trol algorithms for inverter-interfaced generators, focusing
on their capability to supply synthetic inertia and sup-
port grid stability in low-inertia environments. Droop and
VSM have been investigated extensively e.g. Muftau and
Fazeli (2022) in this context. However, these approaches
do not incorporate limitations like actuator saturation or
operational limits. Furthermore, the DC-link is modelled
as ideal voltage source with an infinite capacitance.

One solution is to expand the modelling in the classical
VSM approach to matching the behaviour of an actual
synchronous Machine Arghir et al. (2018). For this the
equivalency between the physical energy storage of the
rotating mass in a synchronous machine and the electrical
energy storage in the capacitance on the DC-Link of the
inverter is drawn. This model has been further developed
to the Dual-Port Control to incorporate control loops
for the DC-Link voltage and additional models of the of
the DC-power source Subotić and Groß (2022) to exploit
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VSM approach to matching the behaviour of an actual
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strained control (Bevrani et al. (2015)) or by focusing on
the topic of energy management (Cominesi et al. (2017)).
This gap has been partially addressed by recent work (Os-
hnoei et al. (2021)), and our study aims to further bridge
this gap by enhancing an MPC for frequency regulation.
For this purpose, the clear-box model MPC developed
by Heins et al. (2022) should be extended with explicit
stochastic models to account for uncertainties. The validity
of theoretical guarantees should be investigated in the
context of unknown uncertainty characteristics and sparse
data. Their implications for a robust frequency regulation
should be evaluated. The discoveries from the field of
SMPC are reviewed and evaluated.

1.1 Literature Review

An intuitive way is to employ an estimator to determine
the expected value of a disturbance as it is demonstrated in
Anderson et al. (2019) where an unscented Kalman Filter
is used to estimate interferences of remote grid-forming
inverters on the decentralized control of the local grid-
forming unit.

Another solution to mitigate this uncertainty is to use
SMPC. SMPC is a method that directly incorporates un-
certainties into probabilistic chance constraints and state
predictions to manage uncertainties. Probabilistic chance
constraints are in itself non-convex and must therefore
be replaced to achieve a tractable optimization problem
(Mesbah et al. (2019)).

The Polynomial Chaos Expansion (PCE) is able to handle
parametric uncertainty and aims to improve prediction
of the nominal state trajectory. The statistical moments
of uncertain states are propagated using the moments
of model parameters resulting in a prediction of the
moments of future states which can also be used to
tighten constraints (von Andrian and Braatz (2020)).
This approach, however, assumes knowledge about the
uncertainties’ probability distributions (PD) which makes
it largely impractical for frequency control applications.

Nonparametric approaches have been developed to enable
generalized data-driven models. Uncertainties can be ad-
dressed explicitly by estimating an arbitrary nonconvex
uncertainty set from data with nonparametric uncertainty
estimation (Alexeenko and Bitar (2020)). Modelling the
uncertainty with convex subsets then allows for a convex
reformulation of chance constraints. The number of subsets
can be chosen as a design variable and directly impacts the
number of constraints.

The Data-Enabled Predictive Control (Coulson et al.
(2019)) presents a fully nonparametric approach that elim-
inates the need for traditional system models. Instead, the
optimization is performed with recorded past data and
therefore addresses uncertainty implicitly. This approach
has already been applied to inverter control by Huang
et al. (2019). However, a significant challenge remains
in the parametrization of the dataset used for optimiza-
tion. The size of the dataset directly affects the number
of constraints: small datasets may result in poor out-
of-sample performance, while large datasets can greatly
increase computational burden, making it impractical for
time-critical applications.

Increased computational complexity can make Scenario-
based approaches with explicit models (Schildbach et al.
(2014)) impractical as well, even though the complexity
can be addressed through set parametrization techniques
(Rostampour and Keviczky (2018)).

The tightening constants can be estimated empirically
based on samples. This however requires a sufficiently
large number of samples to achieve a certain level of
confidence (Bavdekar and Mesbah (2016)). To mitigate
this problem Distributionally Robust Chance Constraints
(DRCC) have been introduced. DRCC provide a certain
level of constraint satisfaction for all PDs belonging to
an ambiguity set. An interesting approach is presented in
(Mark and Liu (2020)) where a limited number of data
samples are used to create DRCC based on Wasserstein
Ambiguity Sets.

The contribution of this paper is twofold. On the one
hand it aims to investigate the accuracy of the approach
proposed by Heins et al. (2022) by employing data-based
estimations to improve the prediction model accuracy. The
other goal is to investigate adaptive data-driven techniques
to robustify the control against internal and external
disturbances.

This paper is structured as follows: Section 2 explains
the structure of the inverter control. Section 3 elaborates
on the stochastic modelling approaches investigated. In
Section 4 the findings of this investigation are presented
and discussed. Section 5 concludes this paper and gives an
outlook on possible future work.

2. INVERTER CONTROL STRUCTURE

In the course of this study, a hierarchical frequency con-
trol is investigated. A Model Predictive Control serves
as a centralized coordinator for the distributed inverter-
interfaced energy ressources. The decentralized control of
the inverters provides virtual inertia via a droop control.
The MPC adjusts the power setpoints for the inverter
droop controlling their power infeed thus controlling their
participation in the frequency regulation. This framework
ensures coordination of power infeed for frequency regula-
tion and enforces the frequency to stay within permitted
bounds.

2.1 Decentralized Inverter Control

The control of the inverters in part utilizes the DC power
flow approximations. But since the assumption of lossless
lines does not necessarily hold for distribution grids a
modification of active and reactive power.

Pi,j = Ui Uj δi,j Yi,j (1)

Qi,j = Ui (Ui − Uj)Yi,j (2)

Note that active and reactive power flows Pi,j and Qi,j

from bus i to bus j describe values modified according
to De Brabandere et al. (2007). In the remainder of this
paper, it will be referred to those modified values when
addressing active and reactive power. The active power
is proportional to the voltage phase angle difference δi,j
between buses i and j respectively. The reactive power
is proportional to the difference of voltage amplitudes Ui

and Uj at buses i and j respectively. The line admittance
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between buses i and j is denoted with Yi,j . Based on these
proportionalities a frequency and voltage droop control is
implemented as the outer control loops for the inverters.

δ̇drp,i = ω∗ −mp (Pgen,i − P ∗
i −∆pi) (3)

U̇drp,i = U∗
i −mq (Qgen,i −Q∗

i ) (4)

The droop control calculates adjustments to frequency ω∗

and voltage U∗
i setpoints based on the mismatch of their

injected active Pgen,i and reactive power Qgen,i and their
corresponding external reference values P ∗

i +∆pi and Q∗
i

respectively. Those mismatches are scaled with the droop
gains mp and mq. The resulting adjusted setpoints for

frequency ωdrp,i = δ̇drp,i and voltage Udrp are the reference
values for the inner control loops. These inner control loops
consist of cascaded voltage and current controllers which
are realized with a PI-characteristic.
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Fig. 1. Schematic of the Inverter Control

The structure of the decentralized inverter control is illus-
trated in Fig. 2 alongside the electrical model consisting
of a DC-voltage source and LCL-output filter. The DC-
voltage source is assumed to be constant and unaffected
by the power injected into the grid. The reference for the
active power consists of two parts. The nominal active
power setpoint P ∗

i is assumed to have an external source
which is out of the scope of this paper. The power setpoint
adjustment ∆p is calculated by the centralized MPC co-
ordinating the frequency regulation which is explained in
the subsequent section.

2.2 Centralized Model Predictive Control

In order to retrieve an effective controller the design
of the prediction model needs to be balanced between
simplicity and accuracy. For this purpose, the dynamics
of the inverter including inner control loops and filter are
approximated with a PT1-element.

τω ω̇i = −ωi + ωdrp,i (5)

The interfacing frequency ωi of inverter i can be described
by the time constant τω and the setpoint ωdrp,i. In the
course of this study the ωi will be measured at the capac-
itor of the LCL-filter as the frequency of Ug,i. Equations

5 and 3 can be combined into 6. From equation 1 and
the Frequency Divider formula from (Milano and Ortega
(2016)) the dynamics of the injected power can be derived
as equation 7.

ω̇i = − 1

τω
ωi −

mp

τω
Pi +

mp

τω
∆pi +

mp

τω
P ∗
i +

1

τω
ω∗ (6)

Ṗi =

j∈Ni∑
Ui Uj Yi,j (ωi −DjωG) (7)

Where ωG is the vector of all interfacing frequencies of
the inverter buses and Dj is the row of the frequency
divider matrix referring to Bus j. The indices of the buses
connected to inverter i are contained in Ni. The voltage
amplitudes at the connected buses are estimated with an
extended Kalman Filter using measurements available at
the inverter buses.

min
∆p,ϵω,ϵr

∥∆p∥2H +G (∥ϵω∥∞ + ∥ϵr∥∞) (8a)

s. t. xk+1 = Axk +B∆pk + Γ + Ekzt (8b)

ωmin − ϵω + γk ≤ ωk+1 ≤ ωmax + ϵω − γk (8c)

∆ωmin − ϵr ≤ ωk+1 − ωk ≤ ∆ωmax + ϵr (8d)

Pmin − P ∗ ≤ ∆p ≤ Pmax − P ∗ (8e)

dPmin ≤ ∆pk −∆pk−1 ≤ dPmax (8f)

ϵr ≥ 0, ϵω ≥ 0 (8g)

Equations 8a - 8g describe the full optimization problem
for the MPC. The quadratic cost 8a comprises of the
quadratic cost of controller action weighted with H as well
as the slack costs with the penalty factor G for frequency
and RoCoF constraints in 8c and 8d respectively. The
prediction model consists of the discretized state space
equations 6 and 7. The states are the frequencies and
injected powers at the inverter buses. In addition, a correl-
ative correction term Ek is introduced which is explained
in Section 3.1. This correction also affects Γ. The frequency
and RoCoF constraints 8c and 8d limit the frequencies and
frequency changes in consecutive timesteps at the inverter
buses respectively. Slack variables ϵω and ϵr are introduced
to guarantee feasibility. In addition, the constraint tighten-
ing terms γk are introduced which are explained in sections
3.2 and 3.3. The power setpoint constraint 8e ensures
that the setpoint ∆pi + P ∗

i stay within the bounds of the
feasible operating region of the inverter. Note that Pmin

and Pmax are modified power values. Equation 8f limits
the ramping rate of the inverter and the slack constraints
8g enforce positive slack variables. In the following section
the methods to calculate the the model correction term Ek

and the tightening terms γk based on stochastic modelling
approaches.

3. STOCHASTIC MODELLING

This section introduces the stochastic modelling concepts
that are being investigated in the scope of this paper. First,
a Gaussian disturbance assumption is used to investigate
potential for improvement by data-based modelling. Then
the sample-based constraint tightening is explained which
is used to robustify the MPC and subsequently the DRCC
based on Wasserstein Ambiguity Sets are introduced.
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Equations 8a - 8g describe the full optimization problem
for the MPC. The quadratic cost 8a comprises of the
quadratic cost of controller action weighted with H as well
as the slack costs with the penalty factor G for frequency
and RoCoF constraints in 8c and 8d respectively. The
prediction model consists of the discretized state space
equations 6 and 7. The states are the frequencies and
injected powers at the inverter buses. In addition, a correl-
ative correction term Ek is introduced which is explained
in Section 3.1. This correction also affects Γ. The frequency
and RoCoF constraints 8c and 8d limit the frequencies and
frequency changes in consecutive timesteps at the inverter
buses respectively. Slack variables ϵω and ϵr are introduced
to guarantee feasibility. In addition, the constraint tighten-
ing terms γk are introduced which are explained in sections
3.2 and 3.3. The power setpoint constraint 8e ensures
that the setpoint ∆pi + P ∗

i stay within the bounds of the
feasible operating region of the inverter. Note that Pmin

and Pmax are modified power values. Equation 8f limits
the ramping rate of the inverter and the slack constraints
8g enforce positive slack variables. In the following section
the methods to calculate the the model correction term Ek

and the tightening terms γk based on stochastic modelling
approaches.

3. STOCHASTIC MODELLING

This section introduces the stochastic modelling concepts
that are being investigated in the scope of this paper. First,
a Gaussian disturbance assumption is used to investigate
potential for improvement by data-based modelling. Then
the sample-based constraint tightening is explained which
is used to robustify the MPC and subsequently the DRCC
based on Wasserstein Ambiguity Sets are introduced.

3.1 Correlative Model Adjustment

To investigate correlations between information available
at timestep t the vector of disturbances wt is defined. wt

consists of the disturbances wt+k|t which are defined as
the difference between the measured state xt+k+1 and the
prediction using the measured state at timestep t+ k and
the system model at timestep t.

wt+k|t = xt+k+1 −At xt+k −Btut+k − Γt (9)

wt = [wT
t|t, w

T
t+1|t, ..., w

T
t+Hp−1|t]

T (10)

A joint Gaussian PD of wt and the vector of available
information zt = [xt, wt−1|t−1, z

∗
t is assumed. z∗t ] contains

bus voltages and phase angles of inverter buses and their
respective connected buses. The mean µ and covariance
Σ of the Gaussian PD is estimated with a maximum
likelihood approach and subsequently used to estimate the
expected value of the disturbances ŵt under the condition
of zt.

µ =

[
µw

µz

]
(11)

Σ =

[
Σww Σwz

Σzw Σzz

]
(12)

ŵt = µw +ΣwzΣ
−1
zz (zt − µz) = (µw − Eµz) + Ezt (13)

(14)

The first part of equation 13 depends only on the arith-
metic means µw and µz of wt and zt respectively and the
correction matrix E. Those terms are constant and are
incorporated in Γ in 8b. The correction matrix E contains
the submatrices Ek corresponding to estimates of wt+k|t
and is calculated with the covariance matrix for zt and the
cross-correlation matrix of zt and wt.

3.2 Sample-based Joint Chance Constraints

The tightening terms γk are calculated to robustify the
frequency constraints 8c with joint chance constraints 15.
The joint chance constraints enforce all frequencies at
the inverter buses to stay within their bounds with a
probability of at least 1− ϵ given a the control input ∆p.
The probability level ϵ can be used as a design parameter
to tune the robustness of the control.

P[(ωmin ≤ ωk+t ≤ ωmax)|∆p] ≥ 1− ϵ (15)

A convex reformulation of 15 can be derived analytically
when the PD of the disturbance is known. Since the PD
can not be derived a sample-based approach is applied.
With samples of the error states et+k|t = ωt+k − ωt+k|t
the γk is tuned heuristically to fulfill equations 16 and 17
where Ig denotes the indicator function.

I
(t)
k =

{
0, if − γk ≤ et+k|t ≤ γk;

1, otherwise.
(16)

1− ϵ =
1

Ns

Ns∑
t=1

I
(t)
k (17)

The confidence of this estimation approach for γk grows
with the sample size Ns as explained in (Bavdekar and
Mesbah (2016)).

3.3 Distributionally Robust Chance Constraints

The chance constraints 15 can be generalized to consider
more than one PD. These DRCC enforce probabilistic
guarantees for all PD P belonging to an ambiguity set P.

infP∈P P[(ωmin ≤ ωk+t ≤ ωmax)|∆p] ≥ 1− ϵ (18)

In (Mark and Liu (2020)) a data-driven approach is pro-
posed based on the Wasserstein Ambiguity Set. According
to their research a γk to fulfill 18 with a Wasserstein
Ambiguity Set can be estimated with the linear program
19a-19d.

min
α,γ

1

Nsϵ

Ns∑
t=1

αt + γk,i (19a)

s.t. − αt − γk,i ≤ −|ek+t|t,i|, ∀t ∈ {1, ..., Ns} (19b)

− αt ≤ 0, ∀t ∈ {1, ..., Ns} (19c)

1

Ns

Ns∑
t=1

αt ≤ ϵ− βλ (19d)

The elements of γk can hereby be calculated for every
constraint individually. αt are auxiliary variables. The
Wasserstein radius β and Wasserstein penalty λ are design
variables. For their lower bound λβ = 0 the ambiguity set
reduces to a single estimated PD i.e. 18 reduces to 15.
For the upper bound of λβ = ϵ the tightening term γk,i
becomes ∥ ek+t|t,i ∥∞.

4. RESULTS

The proposed control schemes have been tested and eval-
uated on an IEEE 9-bus system depicted in Fig. 2. The
modelling was done with MATLAB/Simulink and an EMT
simulation was used. To account for the stochasticity a
Monte Carlo simulation is conducted where load steps of
different magnitudes are performed to introduce external
disturbances. The samples of the Monte Carlo simulations
are then divided into n batches such that a set of n − 1
batches is used as training data for the remaining batch in
a cross-validation approach. Subsequently, the DRCC are
calculated for every simulation separately without prior
knowledge to investigate the approach’s ability to handle
sparse data.

4.1 Prediction Model

With the training data, the correlative model correction
from Section 3.1 was calculated and then included in the
state space equations for the prediction model. The state
prediction was then compared to the state predictions in
the base case i.e. Ek = 0. Mean µe and standard deviation
σe of the frequency prediction errors for both cases are
shown in Fig. 3 for every timestep in the prediction
horizon.
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It can be observed that in both cases the prediction error is
zero-mean but the correlative correction is able to decrease
the prediction uncertainty. Which can be derived from
the smaller σe. This improvement is largest for the first
timesteps of the prediction horizon but remains significant
throughout the prediction horizon. To investigate the
impact of the improved prediction model the simulation
is repeated with the adjusted controller. The effect on the
individual constraints is illustrated in Fig. 4. The depicted
histogram shows the difference in the number of total
constraint violations across different violation magnitudes.
Positive values indicate an increased number of constraint
violations when applying the correlative correction term.

The histogram in Fig. 4 shows that the correction term ac-
tually increases the number of total constraint violations.
Especially small violations occur significantly more often
while the number of larger violations is reduced. Also,
the histogram indicates an asymmetry in the disturbance
estimation. This might result from the specific division
into test and training batches and is up for investigation.
For further comparison of the approaches, more metrics
are presented in Table 1.

The results show that the improvement in prediction
accuracy remains significant when the correction is part of
the feedback loop. This leads to a decreased RMS value for
the control input which is small but could be observed to
be consistent across all batches. In addition, even though
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Table 1. Comparison of control with and with-
out correlative correction

Gaussian Base

RMS∆p 2783.3 VA 2807.8 VA

RMSEω 0.022536 rad
s
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Vio% 11.06% 11.98%
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Fig. 5. Closed loop behaviour of the frequency

the total number of constraint violations is increased, the
rate at which a frequency joint constraint violation occurs
could be reduced by 9.23%. This can be explained with
more simultaneous constraint violations.

4.2 Sample-Based Joint Chance Constraints

For the investigation of the constraint tightening the
sample-based joint constraints were estimated from the
training data for different probability levels ϵ. The simu-
lations were then repeated with the tightened constraints.
To illustrate the impact of the constraint tightening an
exemplary closed-loop trajectory of a bus frequency is
shown in Fig. 5.
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It can be observed that in both cases the prediction error is
zero-mean but the correlative correction is able to decrease
the prediction uncertainty. Which can be derived from
the smaller σe. This improvement is largest for the first
timesteps of the prediction horizon but remains significant
throughout the prediction horizon. To investigate the
impact of the improved prediction model the simulation
is repeated with the adjusted controller. The effect on the
individual constraints is illustrated in Fig. 4. The depicted
histogram shows the difference in the number of total
constraint violations across different violation magnitudes.
Positive values indicate an increased number of constraint
violations when applying the correlative correction term.

The histogram in Fig. 4 shows that the correction term ac-
tually increases the number of total constraint violations.
Especially small violations occur significantly more often
while the number of larger violations is reduced. Also,
the histogram indicates an asymmetry in the disturbance
estimation. This might result from the specific division
into test and training batches and is up for investigation.
For further comparison of the approaches, more metrics
are presented in Table 1.

The results show that the improvement in prediction
accuracy remains significant when the correction is part of
the feedback loop. This leads to a decreased RMS value for
the control input which is small but could be observed to
be consistent across all batches. In addition, even though
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Table 1. Comparison of control with and with-
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the total number of constraint violations is increased, the
rate at which a frequency joint constraint violation occurs
could be reduced by 9.23%. This can be explained with
more simultaneous constraint violations.

4.2 Sample-Based Joint Chance Constraints

For the investigation of the constraint tightening the
sample-based joint constraints were estimated from the
training data for different probability levels ϵ. The simu-
lations were then repeated with the tightened constraints.
To illustrate the impact of the constraint tightening an
exemplary closed-loop trajectory of a bus frequency is
shown in Fig. 5.

Table 2. Impact of constraint tightening on the
control objectives

ϵ 0 0.2 0.4 0.6 0.8

RMSu[VA] 4142 3109 3010 2935 2877
Vio%[%] 0.018 2.823 5.405 8.031 10.34

Fig. 6. Estimated tightening terms for sample-based joint
chance constraints

The constraint tightening has a negligible effect on the
trajectory as long as the frequency deviation is sufficiently
small. As soon as the frequency approaches its minimum
permitted frequency of 49.9Hz the constraint tightening
enforces a tolerance band to prevent violations of the
original constraint. The SMPC however allows constraint
violations to a certain degree. The violation rate Vio% of
the frequency constraints can be adjusted by tuning ϵ. The
effect of ϵ on Vio% is presented in Table 2 alongside the
RMS values of the control inputs.

The results show that the constraint violation rate reduces
almost linearly with ϵ which suggests that the sample-
based approach works as an unbiased estimator for γk. It
also supports the assumption that nominal state and error
state et+k|t can be decoupled. The constraint tightening
increases the robustness at the cost of a reduced solution
space for the MPC which leads to larger input costs.

4.3 Adaptive Tightening

While the previous sections are based on prior collected
samples this section relies only on samples generated dur-
ing runtime. The propagation of an exemplary element γ1,1
of the tightening term γ is presented in Fig. 6 for all sim-
ulations individually. The tightening term was calculated
according to 4.2 with ϵ = 0.367. In addition, the propa-
gation of mean ± one standard deviation (dotted) of the
estimated γ1,1 are plotted in red. Two constant reference
values are included as well. Both lines are calculated as
sample-based chance constraints with all samples. The up-
per reference however refers to the joint chance constraints
while the lower dotted line is calculated according to the
individual constraints.

At the start of the simulation, γ1,1 shows a high variance
due to sparse data. However, after only two seconds the
terms stabilize around the reference for the joint chance

Fig. 7. Estimated tightening terms for distributionally
robust chance constraints

constraints and proceed to converge towards this reference.
The results of the comparative study based on DRCC with
a Wasserstein penalty of λ = 0 is shown in Fig. 7.

It can be observed that even though the DRCC also intro-
duce a moderate conservativism for λ = 0 the tightening
tends to be less strict. This can be attributed to the
fact that the DRCC refer to the individual constraints
instead of the joint constraints. It should be noted however
that the terms calculated according to the DRCC appear
to be more compactly distributed compared to the basic
sample-based approach. In theory, the conservativism can
be tuned with Wasserstein penalty λ and distance β. In
my investigation, I have observed no significant difference
up to λβ

ϵ = 0.95. From there the estimation became overly
conservative with large variance and therefore meaning-
less.

4.4 Discussion

The significant improvement in the prediction accuracy
indicates a succesful estimation of the disturbances. The
external disturbances introduced by load steps are ran-
domized and can be assumed to be uncorrelated to the
operating point. Therefore this improvement should not be
attributed to the prediction of external causes but rather
indicate inaccuracies due to plant-model mismatch of the
original controller. The sample-based constraint tightening
has shown to be effective in robustifying the controller by a
predefined rate when sufficiently large numbers of samples
are available. For small sample sizes, the tightening lacks
confidence. However, due to the high execution frequency
of the MPC it can be assumed that a large number of
samples can be retrieved within timeframes in which the
grid can be assumed to have constant disturbance charac-
teristics. Therefore, a sufficiently large number of samples
to describe the disturbance characteristics can be assumed.
Especially the handling of joint chance constraints makes
this approach practical. The DRCC provide more conser-
vativism and fast convergence properties. However, they
are unable to handle joint chance constraints. This ap-
proach might be more suitable for a framework constrain-
ing only a single frequency like decentralized controllers or
constraints on the Center of Inertia frequency.
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5. CONCLUSION

This paper’s exploration into SMPC for hierarchical fre-
quency control of inverter-interfaced generators marks a
significant advancement in addressing the challenges posed
by the integration of renewable energy sources into the
power grid. Through a comprehensive evaluation on an
IEEE 9-bus system, it was demonstrated that the inte-
gration of data-driven model augmentation and stochas-
tic constraint tightening significantly enhances the pre-
cision and robustness of frequency control. The results
underscore the potential of SMPC in navigating the un-
certainties inherent in energy systems, offering a robust
framework for maintaining grid stability amidst decreas-
ing inertia while providing guarantees on the constraint
satisfaction on frequency limits. Reflecting on the journey
from identifying the gap in current control strategies to
developing and testing a novel SMPC approach, this study
contributes a foundational step towards realizing more
resilient power networks.

As we look to the future, further refinement of estimation
techniques and exploration into decentralized approaches
promise to unlock even greater potential in managing the
complexities of tomorrow’s energy landscape.
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