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This paper proposes and experimentally validates a joint control and scheduling framework for a grid-forming
converter-interfaced Battery Energy Storage Systems (BESSs) providing multiple services to the electrical grid.
The framework is designed to dispatch the operation of a distribution feeder hosting heterogeneous prosumers
according to a dispatch plan and to provide frequency containment reserve and voltage control as additional
services. The framework consists of three phases. In the day-ahead scheduling phase, a robust optimization
problem is solved to compute the optimal dispatch plan and frequency droop coefficient, accounting for the
uncertainty of the aggregated prosumption. In the intra-day phase, a model predictive control algorithm is used
to compute the power set-point for the BESS to achieve the tracking of the dispatch plan. Finally, in a real-time
stage, the power set-point originated by the dispatch tracking is converted into a feasible frequency set-point for
the grid forming converter by means of a convex optimization problem accounting for the capability curve of
the power converter. The proposed framework is experimentally validated by using a grid-scale 720 kVA/560
kWh BESS connected to a 20 kV distribution feeder in the EPFL campus hosting stochastic prosumption and
PV generation.

1. Introduction generation is to exploit the utility-scale Battery Energy Storage Systems

(BESSs). Moreover, in recent years, BESSs are increasingly deployed

1.1. Motivation

Power systems are evolving towards environmentally sustainable
networks by increasing the share of renewable power generation in-
terfaced by power converters. The decline of grid inertia levels and a
lack of frequency containment delivered by conventional synchronous
generators [1,2], in addition to the uncertainty associated to the fore-
cast of renewable resources, require restoring an adequate capability of
regulating power to assure reliable operation of interconnected power
systems [3].

In this context, network operators are motivated to set strict require-
ments on the dispatchability of connected resources and to incorporate
assets with high ramping capability to maintain frequency containment
performance [4,5]. An emerging concept to tackle the challenge of
dispatchability of power distribution systems hosting stochastic power

for ancillary services, thanks to their large ramping capability, high
round-trip efficiency, and commercial availability [6,7]. Indeed, the
usage of BESSs has been investigated to provide frequency and voltage
regulation services [8-13]. In [8], a method for optimal sizing and
operation of a BESS used for the frequency containment reserve in a
small isolated power system is presented. [9,10] explore the potential
use of BESSs participating in frequency regulation markets. [9] pro-
poses an approach that allows LiFePO4 BESSs to achieve the lowest
tender price in the Firm Frequency Regulation (FFR) market of the
UK National Grid. Based on simulations of real Automatic Generation
Control (AGC) data from a Spanish balancing area, [10] assesses the
benefit of utilizing BESSs to improve the dynamic performance of
the AGC. In addition, [11] proposes to deploy BESSs to control the
voltage of a radial grid characterized by high penetration of distributed
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generation and [12] utilizes BESSs to track voltage set-point requested
by Transmission System Operator (TSO) in an optimal and coordinated
manner. Finally, the work in [13] controls a BESS together with other
flexible resources to achieve dispatch of a microgrid. Nevertheless, the
control strategies proposed in the above studies focus on the provision
of a single ancillary service, which may not fully exploit the potential
of the BESS. In this respect, control frameworks of BESS providing
multiple ancillary services to the power system are of high interest to
fully take advantage of BESSs investments [14,15]. The state-of-the-art
has presented optimal solution for ancillary services provision [16-
18]. In particular, [16] proposes to solve an optimization problem that
allocates the battery power and energy budgets to different services in
order to maximize battery exploitation. Nevertheless, to the authors’
best knowledge, the dispatch tracking problem is oversimplified and
does not ensure the BESS operation to be within the physical limits. On
the other hand, [17] tackles the problem of dispatching the operation
of a cluster of stochastic prosumers through a two-stage process, which
consists of a day-ahead dispatch plan determined by the data-driven
forecasting and a real-time operation tracking the dispatch plan via
adjusting the real power injections of the BESS with a Model Predictive
Control (MPC). Finally, [18] proposes a control method for BESSs
to provide concurrent Frequency Containment Reserve (FCR) and local
voltage regulation services.

Despite the efforts, all the proposed solutions rely on grid-following
(GFL) control strategies, therefore ignoring the possibility of controlling
the BESS converter in grid-forming (GFR) mode. Indeed, BESSs interface
with power systems through power converters, which can be controlled
as either grid-forming or grid-following units. For reference, we recall
the definitions of GFR and GFL converters from [19]. A GFR converter
controls the magnitude and angle of the voltage at its terminals, thus
linking the active power exchange with the angle difference between
the modulated voltage and the grid voltage at Point of Common Coupling
(PCCQ). Therefore, an estimate of grid voltage angle is necessary and can
be achieved in two ways: by using a Phase-Locked Loop (PLL) or directly
linking the active power exchange to the angle difference between the
grid and the modulated voltages to create a PLL-free controller. On
the other hand, GFL converters control active and reactive power by
controlling the amplitude and phase of the injected current with respect
to the grid-voltage at the PCC. In this case, a three-phase PLL is required
to estimate the fundamental frequency phasor of the grid voltage, so
as to generate the instantaneous value of the current reference and,
eventually, the voltage reference.

Even if the majority of converter-interfaced resources are currently
controlled as grid-following units [20-22], future low-inertia grids are
advocated to host a substantiate amount of grid-forming units providing
support to both frequency/voltage regulation and system stability [23—
25]. Recent studies have proved GFR control strategies to outperform
GFL in terms of frequency regulation performance in low-inertia power
grids [19]. Furthermore, the impact of GFR converters on the dynamics
of a reduced-inertia grids has been investigated in [26], which quan-
titatively proved the good performance of GFR units in limiting the
frequency deviation and in damping the frequency oscillations in case
of large power system contingencies. Nevertheless, the existing scien-
tific literature lacks studies assessing the performance of GFR units in
supporting the frequency containment process of large interconnected
power grids. Moreover, to the best of the authors knowledge, GFR
units have never been proved able to provide services such as feeder
dispatchability. In fact, studies on the GFR units synchronizing with
AC grids are mostly limited to ancillary services provision and their
validations is based on either simulation [19]-[27] or experiments on
ideal slack buses with emulated voltage [28,29].

1.2. Paper’s contribution

With respect to the existing literature discussed in the previous
section, the contributions of this paper are the following.
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» The development of a control framework for GFR converter-
interfaced BESS, tackling the optimal provision of multiple ser-
vices, which relies on existing grid-following control strategies
[16-18]. The control framework for the simultaneous provision of
feeder dispatchability, FCR and voltage regulation aims to maxi-
mize the battery exploitation in the presence of uncertainties due
to stochastic demand, distributed generation, and grid frequency.
The experimental validation of the proposed framework by using
a 560 kWh BESS interfaced with a 720 kVA GFR-controlled
converter to dispatch the operation of a 20 kV distribution feeder
hosting both conventional consumption and distributed Photo-
Voltaic (PV) generation.

The performance assessment of the GFR-controlled BESS pro-
viding simultaneously dispatching tracking and FCR provision.
In particular, the frequency regulation performance of the GFR-
controlled BESS is evaluated and compared with the case of GFR
only providing FCR and with the GFL case.

The paper is organized as follows. Section 2 proposes the general
formulation of the control problem for the BESS providing multiple
services simultaneously. Section 3 presents a detailed description of
the three-stage control framework. Section 4 provides the validation of
the proposed framework by means of real-scale experiments. Finally,
Section 5 summarizes the original contributions and main outcomes of
the paper and proposes perspectives for further research activities.

2. Problem statement
2.1. Outline of the control framework for grid-forming BESSs

In this paper, the dispatchability of distribution feeders and the
simultaneous provision of FCR and voltage regulation is tackled by
controlling a grid-forming converter-interfaced BESS. Specifically, the
framework ensures the control of the operation of a group of prosumers
(characterized by both conventional demand and PV generation that
are assumed to be uncontrollable) according to a scheduled power
trajectory at 5 min resolution, called dispatch plan, determined the day
before operation. The day-ahead scheduler relies on a forecast of the
local prosumption. The multiple-service-oriented framework consists of
three stages as summarized by Fig. 1 where each stage is characterized
by a different time horizon:

(i) The dispatch plan is computed on the day-ahead (i.e., in agree-
ment with most common practices), where the feeder operator
determines a dispatch plan based on the forecast of the pro-
sumption while accounting also for the regulation capacity of
BESSs [30]. Specifically, an optimization problem is solved to
allocate the battery power and energy budgets to the different
services by determining a dispatch plan at a 5-minute resolution
based on the forecast of the prosumption and computing the
droop for the FCR provision.

(ii) In the intermediate level stage, with a 5-minute horizon, the
active power injections of the BESS are adjusted by means of
a MPC, targeting both the correction of the mismatch between
prosumption and dispatch plan (as proposed by [17]) and the
FCR provision. The MPC is actuated every 10 s to both ensure a
correct tracking over the 5 min window and avoid overlapping
the dispatch tracking with the FCR action.

(iii) In the final stage, computed each second, the MPC active power
command is converted into a feasible frequency set-point for
the GFR converter. As a matter of fact, the feasible PQ region
of the BESS power converter is a function of the battery DC-
link and AC-grid status [18]. For this reason, the feasibility
of the grid-forming frequency reference set-point is ensured
by solving every second an efficient optimization problem that
takes into account the dynamic capability curve of the DC-AC
converter and adjusts the set point accordingly. Eventually, the
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Fig. 1. Outline of the control framework for grid-forming BESSs.

feasible frequency set-point is implemented in the GFR controller
which intrinsically superposes the frequency control action on
the active power dispatch.

2.2. Regulatory framework

Since the framework is developed with the purpose of enhancing
the provision of different ancillary services, it is necessary to consider
the corresponding regulatory framework. As the experimental activities
are performed at the EPFL campus, in Lausanne (Switzerland), the
paper refers to the grid code of the Swiss TSO, SwissGrid [31-35].
Nevertheless, the rules for other European TSOs are mostly similar. The
most important aspects are the tender periods for the ancillary services
market and the technical requirements to be considered eligible to
provide a specific service.

2.2.1. Tender period

The choice of the timing for the droop computation is related to
the market regulating the provision of ancillary services. Different
balancing and ancillary services markets in EU member states have
different market closing times for the procurement of the ancillary ser-
vices, as well as different sets of participants and activation time [36].
Therefore, the choice of the time horizon for the droop computation
is market/country-dependent. By referring to [32], the SwissGrid calls
for the tender of FCR provision every day, i.e., one day ahead with
respect to the delivery date. Moreover, a platform operated on a daily
basis has been established in Germany for sharing the reserves among
the TSOs from Germany, France, Belgium, the Netherlands, Austria and
Switzerland [37]. These are the reasons that justify the authors’ choice
of computing the droop with intervals of one day.

2.2.2. Technical requirement

The technical requirements fixed by TSOs on the insensitivity range'
and activation speed [33] can be easily fulfilled by BESSs, as the
requests are rather mild when compared with the BESSs’ large ramping
capability [39,40]. The most constraining requirement for BESS is the
necessity of ensuring continuous activation [34] for at least 15 min
for a deviation of 200 mHz in the grid frequency. This constraint is
implemented in the day-ahead section of the proposed framework in
terms of limits on the values of State-of-Energy of the BESS, i.e., SOE,
and SOE

min

max*

1 Frequency dead-band under which no FCR action is required, typically
around 10 mHz in the ENTSO continental Europe synchronous area [38].

2.2.3. Provision of multiple service

According to [35], when a dispatch plan is defined with the TSO,
any additional service provided must consider the dispatch plan as a
basis for the evaluation of the service. That is, if dispatchability and
FCR are simultaneously provided, the dispatch plan represents the base
for the evaluation of the FCR service. To comply with this request, the
term AG,f, defined in Eq. (11) is added to Eq. (10).

3. Control framework
3.1. Day-ahead stage

The objective of the day ahead is to compute a dispatch plan G for
a distribution feeder and to simultaneously contract with the TSO a
certain frequency droop for the BESS FCR provision. A representation
of the feeder and the corresponding power flows is shown in Fig. 2.
The BESS bidirectional real power flow is denoted by P, while G is the
composite power flow as seen at the Point of Common Coupling (PCC).
The aggregated building demand is denoted by L and, if grid losses are
neglected, it is estimated as:

L=G-P (@)

On top of achieving feeder dispatchability, the proposed framework
allows the GFR-controlled BESS to react to the grid-frequency variation
in real time, i.e., providing FCR. The latter action is automatically
performed by the converter operated in GFR mode, where the power
flowing through the BESS can be computed as:

P=os-(f = fref) (2)
0 =0, (V=) 3

In Egs. (2) and (3) of and o, are respectively the frequency and
voltage droop” fixed at the day-ahead stage, while f,,, and v,,, are the
frequency and voltage reference set-point (i.e., real-time command) of
the GFR converter. The target of the control problem is to regulate the
composite power flow G to respect the dispatch plan fixed on the day-
ahead planning and the frequency containment action accorded with
the TSO.

2 While the o, is computed in the day-ahead problem for the FCR service,
the o, is considered to allow for adjusting reactive power in the real-time stage
(see in Section 3.3) and is determined according to the voltage control practice
recommend in [38].
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Sub-transmission grid

Point of Common Coupling (PCC)

G (composite power flow)
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Battery Energy Storage System (BESS)
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:_ _: Dispatchable feeder—> Known power flows

Fig. 2. General feeder configuration used for the problem statement. The distribution
feeder includes a group of buildings hosting stochastic and uncontrollable PV instal-
lations and a grid-connected BESS. The grid has a radial topology. The BESS is the
sole controllable resource of the feeder. Dispatch and grid services are considered to
be provided at the PCC.

The formulation of the day-ahead problem considering the provision
of both FCR and dispatchability proposed by [16] can be adapted to the
grid-forming case. The mathematical formulation is hereby proposed:

[O‘?,FO] = argmax (o)) (4a)
UfER"',FE]RN
subject to:
1 [T %
T T
SOE, + - [ﬁ 26 (F,+LhH+ a,-WM] < SOE . (4b)
iz
n
1 T ! !
SOE, + Fo [N 20 (F;+ L)+ ofo,n] 2 SOEy;n, (40)
iz
F,+ L +020; > Py, (4d)
F,+ L' +020; < Py, (4e)
where:

» T is the total scheduling time window (i.e., T = 86400 s) dis-
cretized in N time steps (N = 288, i.e., the dispatch plan is
divided into 5 min windows) and each step is denoted by the
subscript n with n=0,..., N — 1.

«L = L,,..,Ly is the forecast profile of feeder prosumption

and F° = F,,...,Fy is the BESS power offset profile which is

computed to keep the BESS stored energy at a value capable of
compensating for the difference between prosumers’ forecasted
and realized power. The day-ahead dispatch plan G = G4, ..., Gy

is the sum of the above two terms, as in Eq. (1).

o, is the FCR droop expressed in kW/Hz

W, , denotes the integral of frequency deviations over a period
of time, and it represents the energy content of the signal given
by the frequency deviation from its nominal value.

The BESS limits in terms of State Of Energy (SOE) and power
are expressed respectively with SOE,;;,, SOE, ., Py, and Py,
while E,, is the nominal BESS energy.

ax>’

It is worth mentioning that the optimization problem described by Egs. (4a)-

(4e) prioritizes the dispatchability of the feeder over the FCR provision
on the day-ahead planning. This choice is nevertheless user-dependent,
based on the economical convenience of the provided service or on
grid core requirements. For example, if the user stipulates a contract
with the TSO for FCR provision, this service can be prioritized, and the
remaining energy can be allocated for the dispatch service, which will,
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inevitably, not always be achieved if the prosumption stochasticity is
too high.?

3.2. Intra-day stage

In the intra-day stage a MPC algorithm is used to target the fulfill-
ment of the mismatch between average prosumption for each 5-minute
period and the combined dispatch plan and FCR action agreed upon
with the TSO for the same time-window. Since the MPC action has a
time-sampling of 10 s, the index k = 0,1,2,...,K — 1 is introduced to
denote the rolling 10 s time interval, where K = 8640 is the number of
10 s periods in 24 h. The value of the prosumption set-point retrieved
from the dispatch plan for the current 5-minute slot is indicated by the
k-index as:

. A
Gk_GLS%J )

where |-| denotes the nearest lower integer of the argument, and 30 is
the number of 10-second interval in a 5-minute slot. The first and the
last 10-second interval for the current 5-minutes are denoted as k and
k, respectively:

k=1%1-30 ©

k=k+30-1 %)

A graphical representation of the execution timeline for the MPC
problem is given by Fig. 3 displaying the first thirty-one 10-seconds
intervals of the day of operation. The figure shows the BESS power
set-point P,°, which has been computed by knowing the prosumption
realizations L, and L, and the average prosumption set-point to be
achieved in the 5-minute interval (i.e., first value of the dispatch
plan G,). A similar control problem, not including the simultaneous
provision of FCR by the BESS, is described in [17]. For this reason, the
MPC problem proposed in [17] is modified as follows, to account for the
provision of multiple services by means of GFR converter. Considering
Eq. (1), the average composite power flow at the PCC (prosumption +
BESS injection) is given by averaging the available information until &
as:

k-1
1
Gy = r&';(LJ-+I’,~) 8

Then, it is possible to compute the expected average composite flow at
the PCC at the end of the 5 min window as:

k
1 .
G/J::% (k_@'Gk'*‘ZLﬂk ©)
=

where a persistent,” forecast is used to model future realizations,
namely L ik = Liosi = k,...,k. The energy error between the
realization and the target (i.e. dispatch plan plus FCR energy) in the
5-minute slot is expressed (in kWh) as:

e = % (G} — G} + 4G}) (10)
where 300 s and 3600 s are the number of seconds in a 5 min interval
and 1 h interval, respectively. The additional term AG,f considers the
deviation caused by the frequency containment response of the GFR
converter:
k=1
AGF = % %(so-f,) ‘o an
i=

3 Further discussion can be found in Section 4.
4 As shown in [41] the persistent predictor performs well given the short
MPC horizon time and fast control actuation in this application.
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where f; is the frequency measurement at time ;. Finally, the MPC can
be formulated to minimize the error e, over the 5-minutes window,
subject to a set of physical constraints such as BESS SOC, DC voltage
and current operational limit. It should be noted that including the term
AG,‘: in the energy error function fed to the MPC allows for decoupling
the dispatch plan tracking with the frequency containment response
provided by the BESS in each 5-minute slot. In particular, the omission
of this term while operating the BESS in GFR mode, can create conflicts
between dispatch plan tracking and frequency containment provision.
As in [17], in order to achieve a convex formulation of the optimization
problem, the proposed MPC problem targets the maximization of the
sum of the equally weighted BESS DC-side current values over the
shrinking horizon from k to k in its objective (12a) while constraining
the total energy throughput to be smaller or equal to the target energy
e,. The optimization problem is formulated as:

i? =arg max(lTiE‘k) (12a)
lk JeR(Kk=k+1)
subject to:
T .

avﬂkl;lk <e (12b)
Ly Sy S 1y (12¢)
L By < Higy S 1+ By (12d)
vp = Soxi +wlig, il (12e)
1-v,,, = Uik <10, (12fH)
SOCy, = ¢°°°S0C; + iz, (129)
1.50C,,;, <S0Cg, <1-S0GC,,, (12h)

where

. i%k is the computed control action trajectory, 1 denotes the
all-ones column vector, the symbol < is the component-wise
inequality, and the bold notation denotes the sequences obtained
by stacking in column vectors the realizations in time of the
referenced variables, e.g. Vi = [Vgs - ,UZ]T.

In (12b), the BESS energy throughput (in kWh) on the AC bus
is modeled as EE“{(') = av%kizlk’ where Uik and iﬂk are the
battery DC voltage and current, respectively, and « = 10/3600
is a converting factor from average power over 10 s to energy
expressed in kWh.

The inequality (12c) and (12d) are the constraints on the magni-
tude and rate of change for the BESS current, respectively. The
matrix H € Rk—k+Dx(k=k+1) jg

1 -1 0 0 0
e L 3)
0 0 0 1 -1

The equality (12e) is the Three-Time-Constant (TTC) electrical
equivalent circuit model of the voltage on DC bus, whose dynamic
evolution can be expressed as a linear function of battery current
by applying the transition matrices ¢, y?, vl X is the state
vector of the voltage model.° The inequality (12f) defines the
BESS voltage limits. The TTC model for computing the DC voltage
and the estimation of x, are described in [17].

5 This modeling choice is taken according to [17], where a more accurate
model, compared with the commonly adopted two-time constant model in
the literature [42], is implemented. The TTC model allows to better capture
dynamics of BESSs, in case the future development of the framework will
require the MPC problem to be solved with smaller time step. Nevertheless, to
compute the BESS predictions with a 10 s time horizon, lower order models
could be used.
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Fig. 3. Timeline of the control framework. The dispatch plan and the allocation of
ancillary services are computed on the day ahead. The dispatch plan G has a time
resolution of 5 min (discrete time index n). During the day, the MPC problem is
executed every 10 s (discrete time index k). Finally, the RT problem computes the
final f,.;,v,, set-points every second r.

» The equality (12g) is the evolution of the BESS SOC as linear
function of the variable i° , where ¢S°C and y5°C are transient
matrices obtained from th(le BESS SOC model:

10 i

% Cnom

where C,,,, is BESS capacity in [Ah]. The discritized state-space

matrix for the SOC model can be easily obtained from (14) with

A, =1, B, =10/3600/C,,,,, C; = 1, D; = 0. Finally, (12h) enforces

the limits on BESS SOC.

SOC,,, = SOC, + a4

The optimization problem is solved at each time step k obtaining
the control trajectory for the whole residual horizon from the index
k to k, ie., iEI .- However, only the first component of the current
control trajectory is considered for actuation, i.e., i%lk. Finally, i%‘k is

transformed into a power set-point P]E’, computed as:

PO =u,-if as)

3.3. Real-time control stage

The real-time control stage is the final stage of the framework,
whose output f,.;, v, is the input for the GFR BESS converter.
Thanks to the day-ahead problem, sufficient BESS energy capacity is
guaranteed in the MPC tracking problem. To ensure the BESS operation
to be within the power limits, a static physical constraint of control
actions is considered in the day-ahead stage in (4d) and (4e) and during
the dispatch tracking in (12c) and (12d). Nevertheless, these constraints
do not account for the dependency of the converter feasible PQ region
on DC voltage and AC grid voltage conditions since they are only known
in real time. In this respect, the real-time controller is implemented to
both keep the converter operating in the PQ feasible region identified
by the capability curve and to convert the power set-point from the
MPC problem into a frequency reference set-point to feed the GFR
converter.

3.3.1. Capability curve

As proved in [18], the converter PQ capability curve i can be
modeled as a function of the BESS DC voltage v°¢ and the module
of the direct sequence component of the phase-to-phase BESS AC side
voltages v/\C at time 7 € [1,2,...,T] as:

h(P,,Q,,vP¢, vA€, 50C) <0 (16)

where the BESS SOC is considered for the selection of the capability
curve because the estimation of v”C relies on the battery TTC model

whose parameters are SOC-dependent [18]. In particular, the leC is
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estimated using the TTC model of DC voltage, thus, the same formula
as (12e):

UtDC =¢,x, + y/l.”itDC + w1 a7

Eq. (17) is solved together with the charging or discharging DC current
equation as follows:

DC
iPC b
t U’DC

18

where the active power at the DC bus is related to the active power
set-point AC side of the converter as:

PDC - ”Pset,t’
! Poera/1
set,t ’

where 7 is the efficiency of converter, P, is the set-point from the
MPC, computed in (15) and expressed as:

VPSL’I,I < O
VP, , <0

set,t —

19)

Pset,t = PIOLJ (20)
10

Once the DC voltage v is known, the magnitude of the direct se-

quence component vA€ of the phase-to-phase voltage at AC side of the

converter is estimated via the Thévenin equivalent circuit of the AC

grid, expressed as

(Pser* + (Qger)?
0AC & | ACMy2 ¢ x2 ST el 2D
' t T 3(0;4@,,,)2

where the primary side voltage vV

ACm _  AC.MV 1

; is referred to the secondary
side as v; = ot being n the transformer ratio, UIAC’M Y is the
voltage measured at the primary side of the transformer, and X is the
reactance of the step-up transformer, as shown in Fig. 2. Egs. (16) to
(21) represent the relation between active and reactive power set-points

with the converter capability curve.

3.3.2. Set-point conversion for GFR converters

Together with a feasibility check for the power set-point P, ,, the
real time controller is responsible for converting the power set-point
into a frequency reference set-point to feed the GFR converter. In
particular, the power output of a GFR converter can be expressed,
starting from Eq. (22), as:

P=o;-(f = foom) + 05 (fnom = frer.) = Prer + Poers (22)

where f,,, is the nominal frequency, the term P, corresponds to the
power delivered with respect to the frequency containment action, f is
the grid frequency.® As visible from Eq. (22), the relation between the
power set-point P,,, of the GFR converter and the input f,,, is linear:

Pset,t =0y (fnom - frefj) (23)

Similarly, for the reactive power:
Oyeri = 0, * (Wnom — Vpes,s) 24)

where v, is the nominal voltage. Eqgs. (23) to (24) represent the re-
lation between active/reactive power and frequency/voltage set-point
fed to a GFR converter.

5 It should be noted that the frequency control action P, and the grid
frequency f are not denoted with subscript ¢ because they are not controlled
variables in the optimization problem. Instead, f depends on the intercon-
nected power grid and P, is the automatic response of GFR control with
response time in the order of tens of milliseconds.
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3.3.3. Real-time problem formulation

Finally, given a set-point in power P, ;.Q,,, (in order to prioritize
the active power, the reactive power set-point Q,,,, can be set as zero)
coming from the MPC problem, the GFR converter optimal references
are computed by solving the following optimization problem:

[f:ef,t’ Uje_f,t] =
=argmin Ap(P}, — Pm’,)2 +40(05,, — Qm,t)z

subject to (16)-(24), where (16)—(21) represent the relation between
active/reactive power with the converter capability curve and (23),
(24) represent the relation between active/reactive power with fre-
quency/voltage set-point fed to the GFR controller. A way to convexify
the problem in (25) subject to (16)-(21) has been presented in [18],
while constraints (23) - (24) are linear, since o, and o, are fixed. The
optimization problem is defined to find the optimal active and reactive
power set-point compatibly with the capability curve of the converter.
In particular, if the original set-points are feasible, the optimization
problem returns the obvious solution P, = P, and the converter
reference points are:

(25)

* P;zt (26)
f ref — f nom — of

: Q
Uref = Unom - O_S: (27)
4. Results

4.1. Experimental setup

For the experimental campaign, a 20 kV distribution feeder in the
EPFL campus equipped with a BESS is considered, as shown in Fig. 2.
The distribution feeder includes a group of buildings characterized by
a 140 kW base load, hosting 105 kWp root-top PV installation and a
grid-connected 720 kVA/500 kWh Lithium Titanate BESS.

The BESS is interfaced with the grid through a three-phase, two-
level converter with IGBT/Diodes pairs and characterized by: (i) a
rated Power of 720 kVA (ii) a nominal AC voltage of 300 V (iii) a
DC voltage ranging from 500 to 890 V (iv) a rated DC Current of
1360 A (v) and a round-trip efficiency > 97% The targeted grid has
a radial topology and is characterized by co-axial cables lines with a
cross section of 95 mm? and a length of few hundreds meters, therefore,
the grid losses are negligible [43]. The measuring systems is composed
by a Phasor Measurement Unit (PMU)-based distributed sensing infras-
tructure. The measuring infrastructure allows for acquiring in real time
accurate information of the power flows G, L and P, thanks to the
PMUSs’ fast reporting rate (i.e., 50 frame per second) and high accuracy
which in terms of 1 standard deviation is equal to 0.001 degrees
(i.e. 18 urad) [44].

4.2. Experimental validation

This subsection reports the results of a day-long experiment, taking
place on the EPFL campus on a working day (Friday, i.e., day-category
C according to Appendix).

4.2.1. Day ahead

The input and output information of the day-ahead dispatch process
for the experimental day are shown in Fig. 4. The § = 10 generated
scenarios C for the prosumption are shown in Fig. 4(a), where C* and
C" are the lower and upper bounds shown in thick black lines, while
all the scenarios are represented by thin colored lines. The upper and
lower bound of the PV forecast, expressed in terms of PV production
in kW, are shown in Fig. 4(b), while the net demand scenarios at the
PCC, obtained according to Egs. (31) and (32), are shown in Fig. 4(c).
The upper and lower bound of the prosumption, namely L} and Lf,,
are inputs to the dispatch plan. Finally, Figs. 4(d) and 4(e) show
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Table 1
Tracking error statistics (in kW).
ME MAE RMSE
No dispatch tracking -3.49 47.00 18.26
Dispatch tracking 0.11 16.93 3.00
Dispatch + FCR tracking —-0.45 0.79 1.43

respectively the power and energy budget allocated for the forecasting
uncertainty of the stochastic PV production (in dark gray) and demand
(in light gray). The remaining energy budget is allocated for the FCR
service, resulting in a droop o, = 116 kW/Hz.

4.2.2. Dispatch tracking

The results of the dispatch tracking are visible in Fig. 5. In par-
ticular, Fig. 5(a) shows the power at the PCC (in shaded gray), the
prosumption (in dashed red) and the dispatch plan (in black). It is ob-
served that the dispatch plan is tracked by the GFR-converter-interfaced
BESS when the grid-frequency (visible in Fig. 5(b)) is close to 50 Hz.
Nonetheless, when the grid-frequency has a significant deviation from
50 Hz, the GFR converter provides a non-negligible amount of power
AGF to the feeder. This contribution is visible in shaded blue in
Fig. 5(a), and causes a deviation of the average PCC power from the
dispatch plan, as targeted by Eq. (9). Moreover, as visible in Fig. 5(c)
the BESS SOE is contained within its physical limits over the day.
To evaluate the dispatch plan-tracking performance, Root Mean Square
Error (RMSE), Mean Error (ME), and Maximum Absolute Error (MAE)
are considered. In particular these indicators are visible in Table 1 for
three different cases: (i) no dispatch tracking case, where the error
is computed as difference between prosumption and dispatch plan;
(ii) dispatch tracking case, where the error is computed as difference
between flow at the PCC and dispatch plan; (iii) dispatch tracking +
FCR case, where the error is computed as difference between flow at
the PCC and dispatch plan + FCR contribution, as targeted by the MPC
problem (12a). The obtained results demonstrate the good performance
of the dispatch + FCR tracking framework. The overall results are
comparable with the one presented in [17]. i, even though the tracking
problem in this study is complicated by the fact that the BESS is
operated with a grid-forming converter providing frequency regulation.

4.2.3. Frequency regulation

To assess the performance of the GFR converter in regulating the
frequency at the PCC, we adopt the metric relative Rate-of-Change-of-
Frequency (rRoCoF) proposed in [45], defined as:

Afpcc/ At

AP (28)

rRoCoF = ‘

where Afpcc is the difference between one grid-frequency sample
and the next (once-differentiated value) at the PCC, AP is the once-
differentiated BESS active power, and 4t is the sampling interval. As the
metric rRoCoF is weighted by the delivered active power of the BESS,
it can also be used to compare the effectiveness of converter controls
(i.e., GFR vs GFL) in regulating frequency at local level in a large inter-
connected power system. The grid-frequency is measured by a PMU
installed at the PCC.

The rRoCoF is computed from different frequency timeseries, corre-
sponding to the following four cases.

+ Case 1: TRoCoF computed considering the 24 hour-long experi-
ment where GFR-controlled BESS is providing multiple services.

* Case 2: TRoCoF computed considering a 15 min window around
a significant frequency transient (i.e., around 00:00 CET) during
the same day-long experiment.

* Case 3: rRoCoF computed with a dedicated 15 min experiment
where GFR-controlled BESS is only providing FCR with its high-
est possible frequency-droop (1440 kW/Hz) during a significant
grid-frequency transient.
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Fig. 4. Input and output of the day-ahead problem. (a) shows 10 demand generated
scenarios, and their relative upper and lower bound. (b) shows the upper and lower
bound for the PV production. (¢) combines load and PV to show the prosumption
scenario, input of the day ahead problem. (d) and (e) show the power and energy
budget allocated to perform the different services.

» Case 4: rRoCoF computed with a dedicated 15 min experiment
where GFL-controlled BESS is only providing FCR with its high-
est possible frequency-droop (1440 kW/Hz) during a significant
grid-frequency transient.

While Case 1 and Case 2 rely on the measurements obtained from the
experiment carried out in this study, Case 3 and Case 4 leverage an
historical frequency data-set, also used in the experimental validation
proposed in [45]. It should be noted that the same experimental setup
described in Section 4.1 is utilized in [45]. The measurements at hour
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Fig. 5. Experimental results for the 24 h test. (a) compares the dispatch plan (in
black) with: the measured power at the PCC (shaded gray), the prosumption of the
feeder (in dashed red), the BESS power flow (in shaded red) and the average power
required for each 5 min window for the provision of FCR service by the BESS. (b)
shows the grid-frequency and its 5 min mean. The SOE of the battery during the test
is visible in (c).
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Fig. 6. Cumulative Density Function of rRoCoF.

transition are considered in order to evaluate GFR/GFL units’ frequency
regulation performance under relatively large frequency variations.
Fig. 6 shows the Cumulative Density Function (CDF) of the rRoCoF
values for the four cases. First, it is observed that the CDF results of
Case 1 and Case 2 are very close. This illustrates the robustness of the
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metric rRoCoF. In particular since rRoCoF is normalized by the BESS
power injection, the frequency dynamic and the frequency droop of the
BESS controller have little effect on the result of CDF. Moreover, the
comparison between Case 2 and Case 3 shows negligible differences on
the rRoCoF CDF, proving that the provision of dispatchability service
by the GFR converter does not drastically affect its frequency regulation
performance. Finally, the comparison between GFR and GFL-controlled
BESS (i.e., Case 2 vs Case 4) is reported from [45], to show that GFR
unit achieves significantly lower rRoCoF for per watt of regulating
power injected by the BESS.

5. Conclusions

A comprehensive framework for the simultaneous provision of mul-
tiple services (i.e., feeder dispatchability, frequency and voltage regula-
tion) to the grid by means of a GFR-converter-interfaced BESS has been
proposed. The framework consists of three stages. The day-ahead stage
determines an optimal dispatch plan and a maximum frequency droop
coefficient by solving a robust optimization problem that accounts for
the uncertainty of forecasted prosumption. In the intra-day stage, a
MPC method is used in the operation process to achieve the tracking
of dispatch plan while allowing for frequency containment reserve
properly delivered by the BESS. Finally, the real-time controller is
implemented to convert the power set-points from MPC into frequency
references accounting for the PQ feasible region of the converter.

The experimental campaign is carried out in a 20 kV distribution
feeder in the EPFL campus. The feeder includes a group of buildings
characterized by a 140 kW base load, hosting 105 kWp root-top PV
installation and a grid-connected 720 kVA/500 kWh Lithium Titanate
BESS. A 24 h long experiment demonstrated good performance in terms
of dispatch tracking, comparable with the results obtained in [17] for
sole provision of dispatchability by means of GFL converter-interfaced
BESS. Moreover, the rRoCoF metric has been used to shows that the
provision of dispatchability service by the GFR converter does not affect
its frequency regulation performance and confirm the positive effects of
grid-forming converters with respect to the grid-following ones in the
control of the local frequency. Future works concern the development
of control strategies to prioritize the FCR service when the battery
is operating close to its operational limit, as required by grid-codes.
Moreover, an analysis on the effects of voltage regulation on the BESS
losses could be included in the day ahead scheduling problem.
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Appendix. Forecasting tools

Once the optimization problem Egs. (4a)-(4e) is defined, the chal-
lenge stands in the forecast of the prosumption and the frequency
deviation, in particular their confidence intervals, denoting the max-
imum and minimum expected realizations, namely L}, L} and WfT!k,
W{k. As correctly appointed by [17], the local prosumption is charac-
terized by a high volatility due to the reduced spatial smoothing effect
of PV generation and the prominence of isolated stochastic events, such
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as induction motors inrushes due to the insertion of pumps or elevators.
For these reasons, the existing forecasting methodologies, developed by
considering high levels of aggregation [46], are not suitable to predict
low populated aggregates of prosumers. For the proposed application,
the problem of identifying L! and L! is divided into two sub-problems:
(i) load consumption forecast and (ii) PV production forecast. For
the first one, a simple non-parametric forecasting strategy relying on
the statistical properties of the time series is proposed. The PV pro-
duction forecast is performed by taking advantage of solar radiation
and meteorological data services providing a day-ahead prediction of
the Global Horizontal Irradiance (GHI) together with its uncertainty.
The GHI forecast, together with the information related to the PV
installation (i.e. total capacity, location, tilt, azimuth) allows computing
the Global Normal Irradiance (GNI) and obtaining an estimation of the
total PV production, and the related uncertainties. The best and worst
PV production scenarios are computed by transposing the GHI forecast
data and applying a physical model of PV generation accounting for
the air temperature [47]. For a given day-ahead forecast, the vector
containing the best and worst production scenario for the PV, with a
time resolution of 5 min are named as PV' and PV!, respectively.

As previously mentioned, while the PV production forecast lever-
ages GHI data, the load forecast only relies on statistical properties
of recorded time-series. In particular, a set of historical observation G
at the PCC point is considered. The historical load consumption C is
computed for every time step n corresponding to a 5 min window and
every day d, as:

Cn,d = gn,d - Pn,d - Pvn,d
Vne|[l,N] Vd € [1, D]

(29)

where P, is the historical measure of the BESS power at time » and
PV, is the estimated PV production at the same time relying on the
onsite measures of GHI, and D is the total number of recorded days. The
process described by Eq. (29), also know as disaggregation, allows for
the decoupling of the PV production and the load consumption C, com-
posed by 288 samples for each recorded day. The different consumption
scenarios are generated by applying the following heuristic:

* The data-set C is divided into sub-sets 2, ¢ p1 pp by selecting
consumption data corresponding respectively to: (A) first working
day of the week, i.e. Mondays or days after holidays; (B) central
working days of the week, i.e. Tuesdays, Wednesdays and Thurs-
days; (C) last working day of the week, i.e. Friday or days before
holidays; (D) holidays, i.e. Saturday (subcategory D1), Sundays
and festivities (subcategory D2).

For each sub-set, the statistical properties u and ¢ are inferred as:

Ko = mean(Q) o = cov(Q) (30)
VQ €[y pc p1,p2]

where the function mean returns an array of 288 points, each of

which represents a mean value for a particular 5-minutes window

of the day and the function cov returns a 288 x 288 matrix

corresponding to the covariance matrix of the observation.

Both u, and o, are computed by considering an exponential

forgetting factor to prioritize the latest measurement with respect

to the older one, as defined in [48].

A given number S of possible scenarios is generated by consider-

ing the same multivariate normal distribution, with mean equal

to u and covariance equal to ¢

« CY and C" are defined as the load scenarios characterized by the
lowest and highest load profile, respectively.

Finally, the prosumption minimum end maximum expected realization
are computed by combining C* and C' with PV and PV as follows:

L'=c!-pv} (31)
Li=cl-py! (32)
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Vn €[1,N]

Concerning the prediction of Wy, while [16] only relies on the statis-
tical properties of the time series, this paper uses an auto regressive
model, as supported by [49] which indicates the possibility to predict
W, to reduce the variance of the forecast in respect to the historical
variance of the time series.
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