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This paper proposes a novel decentralized and communication-less control strategy for frequency and voltage
regulation in Photovoltaic (PV)-Storage islanded Microgrids (MGs). The developed approach aims at achieving a
suitable management of the different operational assets of the PV-Storage islanded MGs providing seamless
transitions among them and guaranteeing a continuous and effective power supply to the loads. Local inverter
controllers are designed exploiting the capabilities of the Model Predictive Control; the resulting control ar-
chitecture is a composition of local Distributed Generating (DG) unit controller relies only on measurements
available on the DG unit site that allows nullifying both frequency and voltage errors providing a suitable
repartition of the power request. This way, the proposed approach can combine the advantages of the classic
droop and master/slave controllers as it needs neither communication among devices nor a secondary central-
ized control loop. Moreover, it is able to account for the Storage characteristics imposing a power curtailment of

the PV units whenever either the power absorption or the State of Charge limit is reached.

1. Introduction

One of the most important challenges of the energy sector for the
current century is the massive deployment of Renewable Energy Sources
(RES) in order to aim at a sustainable and environmentally friendly
energy supply.

The transition to such scenario requires an evolution of the current
way the electricity system is managed since the increasing of stochastic
power generation will demand a consequent improvement of the system
flexibility [1,2]. This is witnessed by numerous initiatives and calls for
projects at international and European level aiming at proposing flex-
ibilization of power generation, transmission [3], distribution and con-
sumption [4-6].

In this context, the most promising concept to integrate RES source
into the energy mix in a flexible and efficient way is represented by the
so called Microgirds (MGs). A MG is defined as an integrated energy
system consisting of distributed energy resources and multiple electrical
loads operating as a single, grid either in parallel to, or islanded from the
existing distribution power grid [7].

Among the various MGs set-ups, the one that is collecting some
relevant interest from producers, customers and researchers is the so
called autonomous Photovoltaic (PV) -Storage configuration [8]. The
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reason of this interest lays in the large amount of PV installations all over
the world and the idea that efficiently shifting the production capability
of PV plants will significantly improve their exploitability. Moreover, a
PV-Storage MG can also be self-sustainable if properly designed [9]
providing an important contribution to the electrification of rural areas
and to the flexibility and resiliency of existing electric networks in case
of possible islanding of the sub-system.

Beside the simplicity of the idea to integrate PV and Storage devices,
many are the problems to be faced to efficiently do it, especially if an
islanded PV-Storage MG is considered [10]. In this latter case, the sys-
tem needs to be capable to satisfy the load demand, providing frequency
and voltage regulation, but also to suitably manage the Storage State Of
Charge (SOC) in order to guarantee the continuity of supply to the MG
loads. Nevertheless, making a PV-Storage system an islanded MG will
allow the possibility of intentionally island the PV generation in case the
distribution system should face unreliable operational conditions due to
variations of the stochastic generation. For this reason, the focus of the
present article is the definition of an innovative control logic for the
correct operation of an islanded PV-Storage MG.

In general, primary MGs frequency and voltage control strategies can
be divided into two main categories depending on the need of an
Information&Communications Technology (ICT) infrastructure or not
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[11]. ICT based MG control techniques include the so called master/-
slave control [12,13] and distributed control [14]. On the other side,
among the communication-less primary regulation approaches it is
worth citing the droop control [15] and its numerous variants [16]. The
main problems of ICT based primary controllers are related to the need
for high-bandwidth communication channels, which can be impractical,
vulnerable and expensive in MGs with long connection distances among
generating units. On the other hand, the droop approach for primary
regulation implies two main drawbacks: i) frequency and voltage de-
viations from their rated values, resulting in the need of secondary
regulation, and ii) the inability to satisfy multiple control objectives
[11]. Moreover, from an applicative point of view, droop approaches
suffer sensitivity issues on frequency variation imposing to provide an
inertial behavior to frequency response. This implies the installation of a
diesel generators [17] or the implementation of a “Virtual Synchronous
Generator” control in the Storage power converter [18] with a conse-
quent increasing of the topological or technical complexity of the
system.

In this frame, the control of islanded PV-Storage configurations was
deeply investigated in literature. Previous works focused their attention
on solutions where the PV unit and the battery share the same converter
[19,20]. Such a configuration is quite limiting since it cannot be applied
for the retrofit of existing PV plants or for configurations where the PV
and the Storage are not installed close to each other. Beside this solution,
recent works tried to solve this issue with smart control approaches
using the system frequency as a communication signal but without the
necessity to install additional devices. In particular, [21] shows a
PV-Storage management where each generation unit is equipped with a
dedicated local primary controller and the frequency produced by each
inverter is used to give and receive information about the operational
status of the system. The main drawback of [21] is that it needs a sec-
ondary controller to restore the MG frequency at its rated value; more-
over, it does not take into account the bounds on the system frequency
and on the rating of the inverter, limitation that could strongly affect the
proper operation of the system. Recently [22-24], some researchers have
tried to adapt the Model Predictive Control (MPC) approach to the pri-
mary control of islanded MGs. It must be underlined that [22-24] is one
of the very few cases where MPC is proposed for component control
rather than for secondary and tertiary control [25,26]. The authors of
[27] proposed a MPC with improved droop controller for parallel
operated power inverters in islanded MG; compared with classical
controller, this method has a more compact structure meanwhile
requiring less tuning effort. However, the method is still based on the
droop techniques, leading to the well-known problem in terms of offset
of the steady-state frequency. Another important work has been pre-
sented in [24], where the authors introduced a primary regulator for the
energy storage inverters able to improve the response time, the power
and voltage ripples and the frequency spectrum with respect to the
traditional PID technique; however, their application is limited to the
energy storages and does not present any possible solution for the con-
trol of PV inverters as well as any common strategies among the devices.
In [22] and [23], the authors proposed to replace traditional PID based
ones for the control of inverters fed by renewable power generation.
However, in [22] and [23] the MPC controller is only used to merely
substitute the classical PID ones but is inserted in a traditional (or
adapted [23]) droop-based scheme. Consequently, the method pre-
sented in [22] does not nullify the system frequency error, while [23]
needs a not-trivial adjustment of the control parameters related to the
adapted droop control; in particular the derivative term included in the
droop-control laws can cause unexpected oscillations. Moreover, no hint
is provided on the management of different operational assets of the
PV-Storage MG (e.g. SOC saturation, Storage power limitations, PV
production curtailment, etc.).

So, the aim of the present article is to start from the idea developed in
[22] and [23] to design local inverter controllers that better exploit the
features of the MPC (i.e. predicting the future behavior of the system and
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inserting constraints on the variables) providing a plug-and-play control
architecture for the islanded PV-Storage system. Such architecture shall
meet both the primary and secondary controller goals (sharing the load
request among the sources and zeroing the frequency errors) without the
need of an ICT infrastructure (i.e. based only on local measurements).
The main innovative contributions provided by the proposed decen-
tralized MPC architecture are:

e combining the advantages of the droop and master/slave controllers
(no communication needed and frequency and voltage restoration);

e defining suitable converter controllers capable to manage the storage
SOC and power limitations and PV converters curtailment;

e guarantee an automatic and seamless transition among the different
MG operating assets without communication;

e Combining in one (local) controller for each device the jobs of
traditional primary and secondary frequency regulation.

2. General overview and structure of the proposed control
architecture

The considered MG configuration consists of a Storage unit and Npy
PV systems, each interfaced with the AC MG distribution system via
power electronics converter, as depicted in Fig. 1, where for the i th PV
Cpy; is the DC-link capacitance, Rgpy;, Lpy; and Cypy; are the harmonic
filter resistance, inductance and capacitance respectively, Viny, py; is the
voltage phasor at the output of the PV inverter and V, py; is the voltage
phasor at the output of the PV harmonic filter. For the Storage unit, Rsr,
Lsrand Cgr are the resistance, inductance and capacitance of the DC-link
respectively, Rsst, Lgst and Cgsr are the harmonic filter resistance,
inductance and capacitance respectively, Vi, st is the voltage phasor at
the output of the Storage inverter and Vg s is the voltage phasor at the
output of the Storage harmonic filter. The assumption of considering
many PV units is related to the fact that large PV plants are organized in
sub-fields each provided with a dedicated converter in order to suitably
manage a fixed number of PV strings [28] while typically even very big
storage systems are connected to the MG with only one inverter. In the
proposed architecture, each PV and Storage converter is equipped with a
local controller (please note that the structure of the Storage controller is
different from the PV ones, as will be clarified later on).

As specified in the introduction, the control objectives of such ar-
chitecture are the following:

1) restoring the system frequency and voltage after a contingency
without any communication systems among the local controllers (i.e.
the proposed structure combines the action of the classic primary and
secondary frequency and voltage regulators with no need of
communication links);

2) guaranteeing the possibility of new PV units plug-and-play;

3) accounting for the storage technical limits in terms of SOC and
maximum absorption/injection power. This implies that when the
storage power and SOC are within the limits, the PV units must work
at their MPP; while their power production must be curtailed when
one of such limits is violated.

So three main MG configurations can be defined for the unit con-
trollers, namely the Normal Operation (NO), Storage Power Priority
(PP) and Storage SOC Priority (SP) [29]. The MG NO is when the load
request and the PV Maximum Power Point production are not causing
any violation of the Storage power and SOC limits. In this configuration,
the PV units local controllers make them work at their MPP, while the
Storage controller makes it act as an independent voltage source in order
to achieve the active and reactive power balance. The PP operation
mode corresponds to a condition when the Storage should absorb a
power greater than its rating and thus it is necessary to limit its power at
the maximum absorption threshold while the PV controllers must curtail
their production to satisfy the power balance. Finally, the SP mode is
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Fig. 1. General PV-Storage MG layout.

activated when the Storage reaches its maximum SOC; in this case the
Storage controller needs to nullify the Storage power absorption and,
once again, the PVs must curtail their production to balance the load
demand. As a result, the Storage controller accounts for three different
operational modes, while the PV controller accounts for only two
operational modes since the PV behavior in PP and SP modes is exactly
the same (for this reason in the following this will be labelled as CURT
for the PV MPC controllers). All the possible combinations are summa-
rized in Table 1. Fig. 2 shows a high level diagram for the operating
mode for the Storage (ST) and PV converters. Green bubbles represent
the NO modes, while the red bubbles are the curtailed mode for the PV
and the PP and SP modes for the storage. Green lines are the transitions
to NO modes, while red lines are the transitions to the PP and SP modes.
The transitions triggering logics are described in detail in Section 3.3.

For the sake of completeness two other scenarios can happen when
the load request is greater than the overall PV MPP production and i) the
Storage is providing its maximum power injection and ii) the Storage is
totally discharged i.e. the SOC is at its lower limit value. Nevertheless,
these two cases can only be managed reducing the load request and (for
example via some Demand Response strategies); for this reason, they are
disregarded in the present paper.

3. MPC controller design

As well known, an MPC controller acts to regulate the state x of the
system to a reference value X by solving a constrained Quadratic-
Programming problem where the objective function is a quadratic
form in the state error e; = X, — Xidefined as follows:

N-1

. T T T
min el Oepy + Z{e;{ﬁ‘erkﬂ\k (=t R(u— ure,-)H,.} €h)
- i=0

where uy is the optimal input vector (i.e. the control law to be ordered to
the system at time step k), Uk its corresponding reference value, ey
is the state error predicted for step k + i at step k.

Q and R are symmetric and positive semi-definite weighting
matrices. MPC controllers can also account for linear (equality and
inequalitity) constraints in the system states and inputs. For the

Table. 1
System operation modes and converter control modes.

Storage converter PV converter

NO mode NO NO
PP mode PP CURT
SP mode SP CURT

PV Normal

Operation ST Normal

Operation

ST Power
Priority

ST SOC Priority

PV Curtailment

Fig. 2. System operation modes and Converter control modes diagram. Green
lines are the transitions to the NO modes from the other operating modes, while
the red lines are the transitions to the PP and SP modes.

interested reader more details on the MPC can be found in [30].
To reach the goals defined in the previous section, the following steps
are necessary:

1) Definition of the objective function and of the constraints for the PV
controller (Section 3.1) and for the storage controller (Section 3.2);

2) Definition of the weights Q and R in the objective function of the two
controllers in the different system operation modes (SubSection 3.1.1
and 3.1.2 for the PV converter and SubSection 3.2.1, 3.2.2 and 3.2.3
for the storage converter);

3) Definition of the logics for the automatic transition among the sys-
tem operation modes.

As far as the first point of the above checklist is concerned, it is
necessary to define a suitable dynamic model of PV and storage that,
once discretized, will represent part of the MPC optimization problem
constraints. Such model, from now on “auxiliary model”, must be suf-
ficiently simple to reduce the computational complexity of the algorithm
but sufficiently accurate to properly describe the real system dynamics.
In the proposed approach, such model relies on the following
assumptions:

e the MG AC section is supposed to be at steady-state;
e inverters are supposed to work in their linear range;
e inverters efficiency is assumed to be unitary;

e higher order harmonics are neglected;
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e shunt and resistive component of harmonic filters are neglected.

Such modeling has been extensively validated against experimental
measurements in [31]. However, for the sake of clarity, it is worth
pointing out that these assumptions are only made for the controllers’
design. The simulations presented in Section IV have been carried out
using the controllers designed according to the auxiliary model, but the
power system is described selecting for each device the most complete
model available in the Simulink/Simscape® library. Therefore, the
presence of dynamics or phenomena that have been neglected in the
regulator design allow to test the control system robustness.

3.1. PV inverters controller design

Considering one of the Npy units connected to the MG as in Fig. 1, the
line-to-ground RMS inverter output voltage is:

. 0PV () Vaepv(t) 0.0
Vapo(t) = et OV 0 o @

2v2

where mgpy is the inverter modulation index, Vg py is the DC-link
voltage and Opy(t) is given by:

1

Op (1) = / 0py (2)d + Opyo @

0

where wpy is the angular frequency of the PV inverter modulation signals
and Opyy is the PV system initial phase. The PV voltage at the harmonic-
filter output can be written as:

Vm:.PV(t) = ‘/zu;.Pv(t)ejH/"JVm “4)

where V. py is the line-to-ground voltage at the harmonic-filter output
and 6py(t) is given by:

t

Oy po(1) = / (D) + gy (1) ®)
0

oy py being the AC-bus angular frequency measured via PLL and ¢fpy(t)
the phase angle of V. py. For the sake of readability, from now on the
explicit time dependence will be omitted. Under the active sign
convention, the active power flow injected by the PV unit into the MG is
given by:

M. pv Ve pv Vac pv

Pa(‘.PV =3
zﬁxf,PV

sin(Opy — 67.pv) (6)

where x;py is the longitudinal reactance of the harmonic-filter calcu-
lated at the MG rated angular frequency. Substituting (3) and (5) in (6)
one can easily obtain:

t

3md. V C.. V{l(‘.? .
Pocry = W sin | Opvo — @ppv + U/(wPV - (Uf.Pv)dT @)
Let us now define:
opy = Opyo — Pr.pv (8
and
13
Spy = /(OUPV(T) — wypyv(7))dr, C)

0

inserting (8) and (9) into (7) one obtains:

3 My py Ve pv Vae pv

sin(opy + py). 10
2\/—2‘vapv ( PV PV) ( )

Pucpy =
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Moreover, the DC-link voltage dynamic is:

dVyepy
dt

Pacpv — Pacpv = VaepvCry an

Cpy being the DC-link capacitor and P4, py the power coming from the
PV unit that depends on the DC voltage Vg, py, the solar irradiance a and
the PV cells temperature T, as follows (see [32] for its explicit
expression):
Pacrv = Licov(Vaerv, @ T) Vaepv- 12)

Substituting (10) and (12) in (11), one has:

dVy. 1 3MapyVacrv .
% = Lic.pv (Vaerv,a,T) — ﬁsm(m’v + Bpv)
i 1.V 13)
ey _ o o,
a O @y

System (13) is a non-linear continuous-time system in the form:
Xpy =f(xXpy,upy,8py) a4

where upy= [mqpy wpylT is the input vector, xpy= [Vqgc,pv spy1T is the
state vector and gpy=[Vacpv opv a T wﬁPV]T is a vector that collects
measurements and estimated variables. In particular, Vg py, o, T and oy,
py can be easily measured, while opy can be estimated measuring the PV
AC side active power and inverting (10) as follows:

opy = sin”! (M> — /(wpv(r) — wypy(7))dr. (15)
0

3mapvVie,pv Vaerv

The mathematical model used for prediction by the MPC controller
can be put in the classical linear representation as in [30] according to
the following steps:

e Linearizing (13) around the value of the state assumed at each time

instant in which the MPC algorithm has to be run

Discretizing the resulting linear system supposing to sample the

original continuous system with sampling time T

Transforming measurements collected in vector gpy into states with

no dynamics. This is necessary because the MPC needs a dynamic

model over the whole prediction horizon but of course the time

evolution of measurements is unknown during the prediction.

¢ Transforming the modulation index m, py into a state considering its
derivative Jpy as an input, to be regulated to zero. This because it is
important that the modulation index is constant at steady state no
matter the value it assumes in its operational range.

Details on these steps are provided in Appendix.
The resulting PV unit model is:

Xpvis1 = ApyXpy i + Bpylipy . + hpy (16)
where:

~ T

Xpvi = [Xrvi 8pvi Mapvi] 17)
pyi = wpvs Jpval’ 18)
while

ey pvi = 21, 0] a9

fr being the rated frequency. Expressions for the matrices involved in
the above equations can be found in Appendix.

Additional constraints included in the PV MPC controller are listed in
the following. The PV unit frequency does not have to exceed the min-
imum limit fp;; and the maximum limit f;qy, so:

2”j;nin < Wpy k S 2”fmnx- (20)
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The modulation index is constrained in order to guarantee the
inverter working in its operational range [33]:

(21)

Mg min S Mg pv k S Mg max -

Furthermore, according to the local DSO requirements, regulation of
the PV unit reactive power exchange has to be performed. The reactive
power Qpy injected by the PV unit, calculated as:

2 2
a,PV Vdr.PV mg py Vd(‘,PV Vaepv

(22)
8x7.pv 2\/5151 PV

m

Opy =3 cos(opy + Spv)

Reactive power regulation can be done linearizing and discretizing
(22) and imposing the following constraint:

—&€0 + Opvrer < Opvic < Opvrer + €0 (23)

Qpv,res being the reactive power reference and ¢q half the amplitude
of the admissible reactive power error. Finally, the inverter capability
curve can be linearized and discretized in order to impose:

/ 2
Pic,PV.k + QPV.k < APV

Apy being the inverter rating.
Consequently, at each time step kT the MPC controller for the PV
unit solves the following optimization problem:

(24)

N-1
. T T
nun epv‘k¢NQePV.k+N + § {epv‘ku‘erPV.kﬂ'\k
i i=0 (25)
~ ~ T ~ ~
+ (qu _ure/',PV)k+[R (qu —Uyef ,PV)HI- }

where epyx = Xrer pvk — Xpyx and
gmf.i"/,k = [Vdc, ref PV k 5rcf.PV.k Vac, ref PV k Oref PVk  Qrefk (26)

T
Trefk Ofref.pvi ma,ref,PV,k]
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3.1.1. PV controller-normal operation

In NO operation mode, the PV unit has to produce its maximum
power and contribute to the frequency and voltage regulation with the
injection/absorption of reactive power. Consequently, the goals of PV
MPC controller in NO are to regulate the PV DC-link voltage Vg py to its
MPP value Vi, py, restoring wpy to its rated value and bringing Jpy to
zero. Vi, py is obtained using the open voltage method (see [34]) in
order to avoid iterative procedures. Under these considerations the
definition of the weighting matrices for the PV MPC controller in NO are
the following:
{ 0 = Opv-no = diag (QCZ701><7) @7

R =Rpy no = diag(rzv., rfv)

As a consequence the only meaningful value in (26) is the one of the
DCvoltage, i.e. Vdc,,ef_vak = Viupp pv, While all that other values are useless
because the corresponding weights in (27) are zero.

3.1.2. PV controller — curtailment control mode

In CURT operation modes the PV unit controller needs to stop
following its DC Vi py providing a curtailment of the active power
production in order to guarantee the MG power balance. This implies
that, when the CURT mode is triggered, also the weight corresponding to
the DC voltage becomes zero, leading to the following weighting
matrices:

{ Q = Opv_curr = diag(0y.s) 28)

R = Rpy_curr = diag (er7 ’J/)V)

3.2. Storage inverter MPC controller design

The mathematical model used for the design procedure of the Stor-
age MPC controller is the following:

subject to: system predicted dynamics (16), bound on frequency (20) dVesr _ e 3t Vaesr sin(sr + 3s7)
and on modulation index (21), reactive power regulation (23) and dt Csr desT 2\/5)9;57 ) STorosT
capability curve (24). dbsr
Numerical values of the reference signals in (26) and of the 7 Wst — Wy g7
weighting matrices Q and R depend on the operational mode of the (29)
controller (which will be clarified in the next section). The resulting dlacsr _ E(SOC) = Rsrlacst = Vacsr
configuration of the PV MPC controller is depicted in Fig. 3 where one dt Lsr
can notice that only PV unit local measurements are necessary. asoc _ acsr
dt NCC
ma,PV
Oy 4 ; ;
i Vi,pr Ve.rv
Rf‘ Py Lf,PV

=

—\/W'\,—’"""T
Cf,PV;[

Measurement| I/dc PV o T Measurement|
Devices l Devices
: Ve pv
MPC P
1 ) Primary ac.PV
PV Regulator

- D py
f -

HPVO

Fig. 3. PV control scheme.
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where Iy st is the Storage DC-current, E is the Storage internal voltage
depending on its SOC, Rst and Lt are the Storage internal resistance and
inductance respectively and NCC is the Nominal Current Capacity. The
first two equations of (29) have the same meaning as for the PV MPC
controller, the third is the DC R-L circuit dynamics (see Fig. 1) and the
fourth is the relationship between the Storage DC current and the SOC
(see [35] for details). Following the same procedure used for the defi-
nition of the PV MPC controller, linearization and discretization of
system (29) produces:

Xsrjr1 = AstXsri + Bsrllsri + hsr (30)
being:
Xsro = [Vd(-.sm( Osti Aae,gr
T 31
SOCy Viegry Osta @rsri ma.ST,k]
i = lwsri Jsral” (32)

Expressions for the matrices involved in the above equations can be
found in Appendix.

Additional constraints included in the ST MPC controller are listed in
the following. The ST unit frequency does not have to exceed the min-
imum limit f,;; and the maximum limit f;;qy, so:

2ﬂf-fmin < WOsT K S 2ﬂ:fnmx- (33)

The modulation index is constrained in order to guarantee the
inverter working in its operational range [33]:

Mamin < Ma sTx < Mg max- (34)

The inverter capability curve can be linearized and discretized in
order to impose:

VP rest + Qi < Ast (35)

Agr being the ST inverter rating.

Finally, the ST must be in charge of the voltage control. Thus,
regulation of the Storage AC side voltage Vst is mandatory. As such
voltage is not a state, it is necessary to express it as a function of the
Storage states and inputs in order to obtain a linear constraint among
them. Using the simplified voltage drop expression, one has:

M st Vaest

Viesr = A 36
ST 2\/5 v (36)

1
Ay = —ro (Rf.STPaAST +Xf,STQs7)- (37)
3Vaesr

So, the constraint for Vst at time sample kT; is:

M st Ve stk . 38)

—ey + Vg +Av < SAv4 Vo tev

Where ¢y is half the amplitude of a boundary layer centered in V, ¢
where the Storage AC voltage must lay in. As for the other constraints,
(38) has to be linearized. Please note that Av is calculated as in starting
from the measurements of voltage and active and reactive power at the
beginning of the prediction horizon and then supposed to be constant
until the following sampling instant.

So, defining:

~ - T
U st = [27%f 0] (39
Xopstx = [Vdc.,<,~_sr‘k Orepst deor s SOCreri
T (40)
‘/(:L,rgf-_sr_k Oref STk Wf ref STk Ma,ref STk

and
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stk = Xye.sTi — XsT ik (41)

the ST MPC local controller has to solve the following optimization
problem:

N-1
. T T

min e, yOesriin + E {esr.kﬂ"ersT.kﬂ'\k

UST k-+i i—0 (42)

+ (Bsr—Trep.s7) kT R (@sr—tyrst), ” }

subject to: system predicted dynamics(30), bound on frequency (33) and
on modulation index(34), voltage regulation (38) and capability curve
(35).

Numerical values of the reference signals in (40) and of the
weighting matrices Q and R depend on the operational mode of the
controller (which will be clarified in the next section). The resulting
control scheme is reported in Fig. 4 showing that the regulator relies
only on local measurements.

3.2.1. Storage controller-normal operation

As specified before, in NO conditions the Storage must act as an in-
dependent voltage source; therefore, its only job is to close the active
and reactive power balance (slack bus). It is then apparent that, in this
operating mode, there are no reference values of the states to be tracked,
which leads to define the following MPC controller matrices where the
values of Rsrno are chosen with the trial and error technique:

Q = Osr—no = diag(0;s)
R = Ry o = diag (7. 7)

9

(43)

3.2.2. Storage controller—power priority

In PP mode the Storage MPC controller forces the unit to exchange a
fixed power to the grid, namely P jim. This is achieved as follows:
consider the third of (29) at steady-state and multiply both members by
Igc st It follows that:

E(SOC)1ye57 — RsTIi-,ST

= Vaesrlicsr

(44)
= Pa(‘.ST
= Paplim
which gives:
Vi.st — E(SOC)Vaesr — RsrPapim = 0. (45)

The positive solution Vg ref stk of (45) is the reference value to which
the Storage PP MPC controller regulates the DC link voltage. So, the
corresponding weight must be activated, modifying the Storage control
matrices, chosen with the trial and error technique, as follows:

= Qsr_pp = diag(g5T , 01
{Q Qsr—pp = diag <qv(,(f 1 7) ) (46)

R =Rgr_pp = diag(rf)T, r}gT)

3.2.3. Storage controller-SOC priority

In case the Storage is absorbing power but its SOC becomes greater
than a threshold SOCj,, it enters the SP mode in which the MPC
controller forces it to nullify its power injection. This is done as in the PP
mode with the only difference that in SP model Py, jim is set to 0. So, the
Storage control matrices, chosen with the trial and error technique, in SP
operational mode can be written as:

= Qsr-sp = di 3 70 X
{Q Osr—sp lag(qu' 1 7) 4 7

R = Ror_sp = diag(ry/,1}")



A. Rosini et al.

lHST

m, sr

_|

V

Measurement
Devices

Electric Power Systems Research 193 (2021) 106974

inv,ST

SoC

/

de,ST

Measurement
Devices

| —

—>

HSTO

MPC
Primary
Regulator

Fig. 4. Storage control scheme.

3.3. Automatic transition among operating modes

The transition of local unit controllers in accordance with the MG
operational modes is easily performed by changing the MPC controllers
weighting matrices Q and R. The aim of this subsection is to define the
conditions for such transition. The Storage MPC controller transition
from NO to PP occurs when the Storage is required to absorb a DC power
Pgc,st in absolute value greater than a specified threshold P, jim suffi-
ciently close to its maximum power absorption limit, namely P4 max. SO,
with the adopted sign conventions, the condition for the transition of the
Storage controller from the NO to PP is:

Pacsr < Paptim- (48)

Similarly, the Storage MPC controller switches from NO to SP when:

S0C > SOCy;, (49)

SOCjim being a specified threshold lower than 100%.

In both cases, the power injected by the PV units into the MG Py pv
must decrease to satisfy the active power balance. As a consequence,
since the PV controllers haven’t produced any variation in the PV power
yet, the DC link voltages increase (in accordance to (11)). At this point,
each PV controller tries to reduce its local DC link voltage by increasing
dpy (acting on wpy). The result is an increase of the angular frequency oy,
py measured at the PV terminals. So, the condition for the PV controller
transition from NO to CURT is:

Oppv > 20 eury (50)

2nfeure being a specified threshold. The inverse transition (from PP or
SP to NO) occurs when the load request increases. In this case, since the
PV units must guarantee the active power balance, they need to increase
their real power injection. So, the condition for the PV controller tran-
sition from PP_SP to NO is:

Pacpv > kPpyyppr k€ (0, 1) (51)
where k is a suitable coefficient to improve the effectiveness of the
controller transition.

At the same time, one can observe a decrease in the Storage AC-bus
angular frequency wygsr because the PP (or SP) Storage control acts to
maintain the voltage set-point calculated from (45), decreasing the
modulation angular frequency wsr. So, the condition for the Storage
controller transition back to NO is:

Of 57 < 2R fomin N0 (52)

fmin,No being another specified threshold.

As a result, one can notice that the proposed controller provides an
intrinsic frequency dynamic that allows managing the local unit
controller in all the relevant MG operational assets without the need of
ICT infrastructures or dedicated elements to emulate an inertial fre-
quency response of the system. The logic described can be easily
translated into the logic circuits depicted in Fig. 5 and Fig. 6 (one for
each type of controller).

4. Simulations and results

The aim of this section is to validate the performance and proper
operation of the proposed MPC based decentralized control approach
described in Section 3. The first part of this section will describe the test
case MG in detail. Following, several events (load and irradiance vari-
ations) shall be considered to evaluate the capabilities of the propose
control architecture to provide an effective voltage and frequency
regulation in all the discussed operating modes (i.e. NO, PP and SP).
Finally, a comparison with a tradition decentralized approach for
islanded MGs is proposed in order to highlight the main advantage of the
proposed approach.

j_ QST—NO

RS T-NO

QS T-PP

J

ST-PP

QS T-SP

—
|/

Fig. 5. Storage MPC controller logics transition circuit.
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Fig. 6. PV MPC controller logics transition circuit.
4.1. Definition of the testcase MG layout and parameters

The proposed control system has been applied to the microgrid
described in [31] and depicted in Fig. 7, consisting of two PV units and
one Storage.

The peak powers of units PV1 and PV2 are respectively 16 kW and
80 kW while the corresponding inverter ratings are 17 kVA and 85 kVA.
Transformer T-PV2 is at unitary transformation ratio. For the Storage the
NCC is 228 Ah while power limits are 25 kW (when the Storage is
charging) and 60 kW (when the Storage is discharging) and the inverter
rating is 62 kVA. The load is connected at the MG common bus.

Simulation are performed in Simulink/Simscape® environment that
represents all the MG components and infrastructure with a high level of
detail. Inverters are two-level IGBT converters whose models are
available in the Simscape library. Moreover, modulation is performed
using a PWM technique with a 10 kHz carrier signal. PV units are
modelled as suggested in [31], while details on the adopted Storage
model can be found in [35]. Cables are modelled by means of
resistive-inductive series impedances, while transformers are repre-
sented with the only leakage reactance. Numerical values of the sources

Electric Power Systems Research 193 (2021) 106974

Table. 2

Sources parameters.
Parameter Value Parameter Value Parameter Value
Cpy 3.3 mF Rst 1.12Q Cpyz2 6.0 mF
Ripvi 3.14 mQ Lsr 1 mH Repvz 1.05 mQ
Lepyi 1 mH Rgsr 3.14 mQ Lepvz 0.3 mH
Crpvi 10 pF Lesr 1 mH Crpvz 5 uF
Csr 3.5 mF Crsr 10 pF - -

Table. 3

Grid Parameters.
Parameter Value Parameter Value
T-PV2 Veers 8% T-PV2 A, 85 kVA
Repvi 0.15Q Xepvi 3.28 mH
Repvz 0.04 Q X, pv2 0.05 mH
Rest 0.04 Q XesT 0.03 mH

corresponding to 80 kW and 15 kVAr at the rated system voltage.

The sampling time T; for the MPC controllers is set to 1 ms while the
time horizon N is equal to 3. An experimental application of an MPC
controller for the storage NO mode, with this controller parameter
setting is reported in [36]. For the sake of completeness, all regulators
parameters introduced in Section 3 are reported in Tables 4 and 5.

4.2. Simulation A - load and irradiance variation in NO

The aim of this simulation is to show the performances of the NO
controllers in case of two contingencies: i) a load decreasing from 80 kW
to 70 kW happening at 0.2 s and ii) a solar irradiance ramp decreasing
starting at 0.6 s and passing from 1 kW/m? to 0.7 kW/m? in 0.2 s.

and grid parameters appear in Tables 2 and 3 respectively. Table. 4
All the simulations start from an initial working point where the PV PV controllers parameters.
units are both working at their MPP with an irradiance of 1 kW/m? Fmin/fmax 49.5/50.5 Hz £q 1 kVAr oAl 700
producing respectively 16 kW and 80 kW at unitary power factor while Mg min 0.5 feurt 50.3 Hz Y 200
the ST unit is regulating its terminal voltage at 230 V acting as a slack Mg, max 1.05 k 0.9 @ 60
bus. The initial load is characterized by an R-L parallel impedance
R L Vac,PV1 inv,PV1
PV1
_| CPVI
v .
R L ac,Pv2 Vinvpvz
<,PV2 c,PV?2 f,PV2 Lf,PV2
CAAA— TN - 1 c PV2
T v
PV2 Cable T-PV2 C.
—l_ f,PV2
ST Cable vy R I
RC,ST LC,ST
—ANM\—TTN—
Storage
[
Load

Fig. 7. One-line diagram of test case MG.
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Table. 5

Storage controller parameters.
Jomin/ fnax 49.5/50.5 Hz ey 11.5 V (5%) o« 10
Mg, min 0.5 Pap,lim —20 kW (PP) 5T 30
Mamax 1.05 0 kW (SP) St 10
SfminNO 49.8 Hz SOCiim 90.0% - -

As far as the load reduction occurs, the controllers make the storage
change its power absorption in order to close the power balance while
PV units, after a quick transient, return to their MPP production (as one
can see from Fig. 8).

When the irradiance reduction occurs, the ST unit behaves in the
opposite way, thus increasing its power production passing from
charging to discharging mode, in order to cope with the PV units power
decreasing.

During these events, the DG units AC voltages (depicted in Fig. 9) are
kept between admissible ranges (i.e. 230 + 5% V, dash-dotted black
lines in Fig. 9).

Finally it is important to analyze the system frequency behavior,
reported in Fig. 10, where one can notice that the frequency transient
after the contingency is restored to the desired value of 50 Hz at the end
of the transient.

For the sake of completeness, Fig. 11 reports the modulation index
requests provided by the controllers to each DG unit in order to highlight
the achievement of the local MPC controller constraints and the feasi-
bility of the obtained control laws.

As a conclusion, this set of simulation pointed out that the proposed
control architecture is capable to ensure the system power balance
restoring the system frequency at 50 Hz in NO with a proper control
action on the system voltages.

4.3. Simulation B- load decrease causing PP operation

The aim of this second simulation is to test the performances of the
proposed controllers in PP mode. This is done by imposing a load
decrease from the initial value of 80 kW to 25 kW at 0.2 s. As one can see
form Fig. 12, such a relevant load variation causes the ST absorption to
exceed the 20 kW limit implemented in the local MPC controller that
triggers the PP mode. Following, at 0.6 s the load is increased in order to
restore a NO condition; this tests the NO/PP transition in both
directions.

The active power dynamics of load and DG units is reported in Fig. 12
where it is possible to notice that consequently to the load negative step,
the storage provides it maximum absorbing power, equal to 25 kW.
Since the ST limit power P jim = 20 kW is exceeded, the local ST unit
controller transition to PP mode is triggered in accordance to the scheme
of Fig. 5 with a consequent regulation of active power to 20 kW.

As far as PV units are concerned, when the system frequency (re-
ported in Fig. 13) locally measured at each PV units terminals exceeds
the value f;+ (50.3 Hz in this simulation), the local PV controllers switch

100 T T T T T
.80 V\r ~\ 1
i 60 PV1 L N 4
) — PV 2
£ 40t — ST .
A Load
FE |
B3
< ot 4
-20 £ . . . . . s ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time |[s]

Fig. 8. Active powers time profiles.
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Fig. 12. Active powers time profiles.

to CURT mode and the PV units are forced to curtail their production. As
a result, one can see from Fig. 12 that after a very quick transient the ST
power absorption is taken to 20 kW while PV units are suitably curtailed.
Moreover, the system frequency is properly restored to its rated value of
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Fig. 13. Frequency time profiles.

50 Hz within 0.2 s achieving the goal of the secondary regulation.

Finally, the last part of the simulation points out how the system is
automatically capable of restoring the initial NO operational mode when
the load increases always providing a final frequency of the system equal
to 50 Hz.

Fig. 14 reports the DG unit voltages during the whole transient. From
this figure one can notice that the proposed MPC decentralized con-
trollers are capable to keep the system voltages within their admissible
ranges also when the ST unit switches to PP mode.

Fig. 15 shows the DC link voltages of the three sources highlighting
that the first transition needs about 0.1 s, while the NO restoration oc-
curs in about 0.2 s. Moreover, one can also notice that PV units are taken
back to their initial DC voltage value (i.e. the MPP one) when the NO
mode is restored.

As a conclusion one can state that the proposed control approach
provides a suitable transition of the local controller in case of saturation
of the storage active power without communication between converters.
Moreover, the system frequency is restored after each transient to its
rated value without any secondary regulation.

4.4. Simulation C — load decrease causing SP operation

The aim of this third simulation is to show the performance of the
proposed control strategy in the SP mode. To better highlight this, the ST
SOC is initialized very close to SOCy;, due to the very slow dynamics of
the SOC with respect to the frame of the proposed simulation. From this
initial condition, a load power decreasing from 80 kW to 40 kW at 0.2 s
is considered. This load variation implies first the transition to the PP
mode followed by SP mode when the SOC reaches its maximum value.

After the first instants after the load variation, the storage increases
its power absorption until reaching its maximum value (25 kW). As for
the simulation of Section B, this causes the activation of PP mode for the
ST and CURT for the PV units (Fig. 16).

Following this transient the SOC overcome its limit value at 0.5 s (see
Fig. 17), causing the transition to SP mode for the ST controller in
accordance to the proposed transition logic. This results in the zeroing of

245 T T T
240’_ ____________________________________ R }_) -V_]_-_-_’
=238 f st | ]
&)
?230~J M/\__—
= z
~ 225 Ve ]
O O S
0 0.2 0.4 0.6 0.8 1 1.2
Time [s]

Fig. 14. RMS values of phase to ground voltages.
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Fig. 17. Storage SOC time profile.

the power absorbed by the battery, as one can see from Fig. 16 at 0.5s. In
this condition PV units further curtail their production in order to satisfy
the MG power balance. Finally, the simulation highlights how NO con-
dition is suitably restored for all DERs when the load increases.

Once again, the effectiveness of the proposed decentralized control
architecture in restoring the system frequency without any need of
communication between DG units controllers is shown in Fig. 18.

Finally, it is also important to highlight the achievement of voltage
regulation in all operation modes, as depicted in Fig. 19 for AC unit
voltages and in Fig. 20 for DC voltages. This highlights the effectiveness
of the proposed control architecture to restore MPP voltage after the
CURT operational modes of the PV units.

Also in this third scenario the proposed MPC control approach pro-
vides an effective regulation in terms of power balance, frequency
restoration and voltage control in case of saturation of the storage SOC
without any communication between DG units.
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4.5. Comparison with a tradition decentralized approach for islanded
MGs

In order to better highlight the improvements provided by the pro-
posed decentralized MPC controllers architecture a dedicated compari-
son with a transition droop-based approach is provided [15]. The ST unit
controls its AC terminal voltage implementing a droop characteristic for
its frequency (droop coefficient equal to 0.05 Hz/MW). The ST
controller accounts for inner voltage and current loops implemented as
traditional Proportional-Integral (PI) controllers [37]. PV units work as
active and reactive power sources thanks to the inner current control
loop, but also accounting for the possibility of curtailing their active
power reference in accordance to the system frequency variation
(Limited Frequency Sensitive Mode — Over-frequency [38]). The PV
Power curtailment characteristic is depicted in Fig. 21.

4.5.1. Load decreasing in NO
In this simulation the same load decreasing provided in SubSection
4.1. is considered, i.e. passing from 80 kW to 70 kW at 0.2 s

11
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MPP

50.8 H S8y

Fig. 21. PV units power curtailment characteristic for the traditional control.

corresponding to the system NO.

As one can notice from Fig. 22 the performances of the MPC and
traditional approach are very similar. The MPC controller provides some
oscillation in the PV power production; on the other hand, a smother
behavior of the ST unit is appreciated. Also the system voltages for both
cases are characterized by good dynamic and steady-state values as
shown in Fig. 23. Moreover, it is possible to notice that the voltages
dynamic with the proposed MPC controllers has more oscillations for the
PV units. However, oscillations have a limited excursion (roughly 2%)
and are almost completely damped in 0.5 s.

In NO, the main advantage of the proposed approach with respect to
the traditional droop-based one is in the system frequency behavior
(Fig. 24). As one can notice, the frequency transient is much smaller, and
the final system frequency is restored at 50 Hz avoiding the need of a
secondary regulation.

4.5.2. Load decreasing in PP

This second simulation provides a comparison between the proposed
MPC decentralized control architecture and the traditional droop-based
one after a higher load decreasing, passing from 80 kW to 20 kW at 0.2 s,
causing the transition to PP mode.

As one can see from Fig. 25, the traditional approach provides a
regulation of the power in the final steady state thanks to the suitable
setting of the droop characteristic. However, in the first part of the
transient, the converter maximum power is exceeded and this might be a
dangerous situation causing the trip of the converter protection. The
MPC controller, on the other hand, provide a control on the ST power
and thus provide a faster limitation that prevent from this dangerous
overloading.

The system voltages are suitable for both the proposed control ap-
proaches as pointed out in Fig. 26. The optimal performances of the
proposed MPC decentralized control architecture on the system fre-
quency can be appreciated in Fig. 27, where, after a very fast transient, it
is restored at its rated value.
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Fig. 22. Active powers time profiles.
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5. Conclusions

This paper proposed a new control strategy for islanded PV-Storage
MGs based on decentralized MPC controllers architecture that prop-
erly manage the MG under all its operational assets. Three different
operating conditions were defined for the for islanded PV-Storage MG
(namely NO, PP and SP) and conditions to automatically switch from
one mode to the others were derived.

The main goal of the proposed approach was that of achieving a
proper operation of an islanded PV-Storage MG in terms of frequency
and voltage regulation without communication between the MG DG
units. In order to do that, a suitable triggering logic for each local
controller was designed based only on local controller measurements.

Simulations to validate the performances and the robustness of the
proposed control approach were performed in Simulink/Simscape®
environment on a realistic test-case MG. Results highlighted the effec-
tiveness of the proposed control architecture to achieve power balance,
voltage regulation and frequency regulation in all the considered oper-
ational modes. Moreover, simulations highlighted how the proposed
approach is capable to achieve the goals of both primary and secondary
frequency regulation, that is not possible with state-of-the-art decen-
tralized controllers that implements a communication-based centralized
approach to restore the MG system frequency (secondary frequency
regulation).

Future developments shall cover two different areas. From a theo-
retical point of view, a deeper investigation on the system stability will
be conducted that should in turn give the possibility of defining
analytical or semi analytical criteria for setting the controller parame-
ters. Moreover, robustness of the controllers with respect to both para-
metric uncertainties and errors introduced by the linearization of the
system at each MPC run will be analyzed in detail. On the application
side, one will look for an improvement of the voltage/reactive power
control performances of the proposed approach; furthermore, an
experimental validation of the simulative results in a Rapid-Control-
Prototyping set-up with real power components will be proposed.
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Appendix: Derivation of the equations for the optimization
problem in the PV and storage controllers

The aim of this Appendix is to provide all the details necessary to
transform system (13) into (16) for the PV units and system (29) into
(30) for the storage one. Let us start with the PV and follow the steps
identified in Section 3.1 after Eq. (15).
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System Linearization

Since linearization is necessary at each MPC sample time, at this stage, for the sake of generality, one indicates with subscript 0 the value assumed
by all quantities in the instant ty around which the linearization is performed. So, (14) becomes:

Vaz‘,PV
Ve Ve My Opy
eVl — Acpv, [ g ’Pv} + Bepvy, { "PV} +Ccprvyy | @ + Dc.pv, (A1)
Spy PV Wpy T
Wy py
where:
[ 1 0y (Vaerv, a, T)‘ 3mapvoVacepvo
- - - ————"—c0s(0pyo + Ipyvo
Acpry = Cpy OVae.pv =t 2727 pyCry ( )
L 0 0
[ 3Vﬂ£‘ .
—="0 sin (opvo +Bpvo) O
Bcpy =
I 0 1
3mapvo . 3mapvoVaepv.o 1 0y (Vaepv,a,T) 1 0y (Vaepv,a,T)
———"2sin(opyo + Spvo) ——— o= cos(Opyo + Spry) A _—
Cepviy = 2\/5)‘./ pvCry zﬁx[,PVCPV Cry oa — Cry T . (A.2)
L 0 0 0 0 -1
r 3mapvoVaervo 1 .
——=————=[sin(6pvo + dpvo) + (Gpvo + Opvo)cOs(Orvo + Spvo
N [sin )+ ( Jeos( )]
Dcpvyy = L [olpy (Vaepv,a,T) B olpy (Vaerv, a, T)| _ 0lpy (Vaepv,a,T) _ olpy (Vaepv,a,T)
"Cpy oT Naerv | o aT
=ty ’ =1y =ty =ty
L 0
Discretization

Supposing to sample all quantities with sampling time T;, approximating all time derivatives with the Euler backward method i.e. for any quantity

x
k+ DT,) — x(kT,
) = S+ D) — 6T
T, (A.3)
k=1.N—1
N being the prediction horizon) and indicating with xj the value assumed by variable x in t=T;, one gets that:
Vacpv i
Vie Vie 3 Opvk
{ ; Yk ] = (L+TAcpvr,) { :51 'Pv'k} + TBcpvr, {m 'Pv'k] +TCepvr, | ay + TDcpvr, (A.4)
PV k+1 PV k @py k T
Sk
@r pv k

I, being the Identity matrix of order n,

Transformation of measures gpy into new states with no dynamics
Since the time evolution of measurements is unknown during the prediction, they are supposed to remain constant overall a single prediction
horizon and then updated at the following sampling instant, which corresponds to set:

8pvii1 = 8pvi (A.5)

This allows to transform all components of gpy into new states, which leads (A.4) to:

Vie.rvis1 Viervi
Opv kt1 Spv i
V, c V,
acPVk+l _ |t TAcevy, TCcpyvr, acPVk + TBcpvr, | | Mapvi n T;Dc pv1, (A6)
OPV k1 () Is Opvi (V) @py (U ’
QA jet1 A
Ty Ty
Wf PV k41 @Wr pv k
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Introduction of the time derivative of the modulation index as new auxiliary input

As it is important that the modulation index is constant at steady state no matter the value it assumes in its operational range, the following state
equation can be added:

My py i1 = Mapyi + Tolpyi (A7)

that transforms the modulation index in a state considering its derivative Jpy as an input, to be regulated to zero. This leads (A.7) to:

Vie.pvit Vie.rvi 0 0
5PV.k+] 51"/.1( 1 0
VaC Vzu‘ s
YA L +TAcpvr, TCcpvr, TiBu,pvr, FVk 0 0
OPV it _ Opvi 0 0] |@evk TiDcpy 1,
= 052 Is Osy + + (A.8)
A jy1 0 0 1 L9 0 0 Jpv i Opx1
Tisi b2 19 T, 0 0
Wr py k+1 @f pv k 0 0
Ma PV k+1 My py i 0 T
where
Bepvr,(1,1)
Bupvr, = | gt A9
P {BC.PVIX 2,1) (A.9)
which can be put in the form of (16)-(17)-(18) if one poses:
[L+ TAcpvr, TCepvr, TBy, pv.1,
Apy = 0512 Is Osy1 (A.10)
L OIxZ OIXS 1
[o o
1 0
0 0
Bpy=|0 0 (A.11)
0 0
0 0
0 0
L0 T,
and
[ T,D
hpy = | 7% oM (A12)
6x1
The same way one can construct the matrices for the ST controller (30), whose final expression is:
(L + TAcsrr, TCesrr, TiBusr,
Asr = 03,4 L 0341 (A.13)
L 01):4 0] X3 1
o 0
1 0
0 0
Bg=|0 0 (A14)
0 0
0 0
0 0
L0 T
and
ey = {ngc,sr.m} (A.15)
4% 1
Where:
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Acsri, = 1

Cesray =

Dcsrq, =

_ 3masroVacsro 1 0
\/gx/‘sr Csr Csr

0 0 0 0

Rsr 1 dE

Ly Lg dSOC =to

cos (o570 + Bs10)

—— 0

0

L " NCC
. 3 VAC,ST,O

N Siﬂ(O'ST,o +5ST.0) 0
r.s7Csr

0 1

CSTay

3mgsro

_3masroVacsro
\/gxf.ST Csr

\/gxf.ST Csr

sin (O'ST‘O + 557‘,0) cos (O'ST,() + 557‘,0)

0
0
0 0

3mastVac,sro

N [sin (Gsr,o + 531,0) + (657',0 + 5ST,O)COS (O'sr,o + 531,0)]
r.s7Cst

0

! (E(SOCb)—- dE

Lgr dSoC

0

SOCO)

=1y
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