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Abstract—This article proposes a master-slave finite control set
model predictive control (FCS-MPC) for microgrids. To demon-
strate it, a microgrid is considered, composed of a master neutral-
point clamped (NPC) inverter with a battery energy storage system
(BESS) and output LC filter; two slave NPC inverters with photo-
voltaic (PV) panels and output LCL filters; RL and nonlinear loads.
Two modes of operation are proposed for the primary control of
the microgrid. In the first, the microgrid is connected to the main
grid, and the master and slaves are grid-following inverters. In the
second, the microgrid is islanded, and the master is a grid-forming
inverter, while the slaves remain as grid-following inverters. To
validate the performance of the proposed master-slave FCS-MPC,
hardware-in-the-loop (HIL) results are presented for different
operational conditions of the microgrid, including grid connec-
tion, transition to islanded mode, and load variations. The results
demonstrate the good performance of the proposed master-slave
FCS-MPC, such as fast dynamic response, multivariable control,
and robustness to parametric uncertainties and variations.

Index Terms—Grid-following inverters, grid-forming inverters,
master-slave control, microgrids, model predictive control (MPC).
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I. INTRODUCTION

ICROGRIDS can operate connected to the main grid
M or islanded and are comprised of distributed genera-
tion units such as wind and photovoltaic (PV), energy storage
systems (ESSs), diesel gensets, power electronics, distribution
lines, loads, relays, and communication systems [1]. The mi-
crogrid control is usually divided into four levels [1], [2], [3],
i.e., hierarchical control. The zero layer acts at the inverter-level
for current and voltage control, virtual impedance, etc. The
primary control acts in a time scale of milliseconds to seconds,
performing power sharing for parallel inverters. Secondary con-
trol works in a time scale of seconds to minutes, regulating
voltage and frequency deviations. Tertiary control is responsible
for the interaction of the microgrid with the main grid at time
scales from minutes to hours, including power flow regulation,
market-driven optimal dispatch, etc.

For the primary control of microgrids, usually multiloop
cascaded linear controllers are used, such as centralized or
distributed control, circular chain control, average load shar-
ing, master-slave, and droop [4], [5]. Specifically regarding
master-slave, various methods were presented. Buduma et al. [6]
proposed a robust control using nested linear quadratic regu-
lators and mixed Hy/H., optimal control. A linear controller
with cooperative load sharing was presented in [7] for multiple
master-slave microgrids. Miller et al. [8] presented a master-
slave that eliminates explicit communications. Master-slave
methods were presented using neural networks (NNs), such as
self-constructing fuzzy NNs (SFNN) [9], data-driven three-layer
NN [10], etc. Although these methods are well known and
widely used, they have some disadvantages, such as inher-
ently slow dynamic responses and difficulties in implementing
multiobjective control [1]. They can also suffer from complex
tuning procedures, large amounts of data for the tuning process,
unstable responses to transient events, etc.

On the other hand, model predictive control (MPC) is increas-
ingly used in microgrids [1], [2], [3], [11]. The finite control
set MPC (FCS-MPC) uses the discrete-time system model to
predict its future states [12], [13], [14]. At each sample k, a
cost function with multiple control objectives is calculated for
all systems inputs, and the one that minimizes it is selected.
Therefore, FCS-MPC can directly consider system nonlinear-
ities and operational constraints, resulting in faster dynamic
responses when compared to linear controllers [11]. It can be
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used in the zero and primary control layers of microgrids for
current and power control, capacitor voltage control for multi-
level inverters, etc. [15], [16], [17], [18], [19], [20]. It can be
used in grid-forming inverters, having several advantages over
conventional methods. Dragicevi¢ [21] presented an FCS-MPC
for the primary control of islanded grid-forming inverters, that
was extended in [22] to include secondary control. A simplified
FCS-MPC was presented in [23], and a dual-loop controller
based on cascaded proportional-integral and MPC was shown
in [24]. Cifuentes [25] presented a model-free MPC to com-
pensate parameter variations. An MPC with current constraints
and lookup tables was provided in [26]. A modulated MPC was
presented in [27], using an offline lookup table for parameter
uncertainty. For secondary and tertiary control, MPC can be
used for centralized [28] and distributed [29], [30] control,
for frequency restoration [31], and for optimal microgrid op-
eration [32], [33], [34], [35]. These papers demonstrated that
MPC can be a flexible solution for multiobjective control of
microgrids, avoiding the problems inherent to classical cascaded
control structures. However, none have discussed the FCS-MPC
for the master-slave operation of microgrids. Recent research
efforts are directed toward demonstrating the applicability and
superiority of FCS-MPC in microgrid systems, which is the topic
of the current article.

In this context, this article proposes a master-slave FCS-MPC
for the zero and primary control layers of microgrids, being
an extension of [36]. The master is a neutral-point-clamped
(NPC) inverter with a battery energy storage system (BESS)
and LC filter. The slaves are two NPC inverters with PV panels
and LCL filters. Two modes of operation are proposed for
the primary control. In the first, the microgrid is connected
to the grid, and the master and slaves are grid-following in-
verters. In the second, the microgrid is islanded, and the mas-
ter operates as a grid-forming inverter. The microgrid is also
composed of linear and nonlinear loads. The advantages of
the proposed master-slave FCS-MPC over traditional linear
controllers are fast dynamic response, multiobjective control,
robustness against parametric uncertainties/variations, and un-
modeled dynamics. The main contributions of this article are as
follows.

1) While most MPC methods presented in the literature focus
on a single inverter (either grid-connected or islanded),
the proposed master-slave FCS-MPC coordinates multiple
inverters in microgrid applications.

2) The proposed master-slave FCS-MPC controls multiple
inverters in the microgrid in grid-connected and islanded
modes. The inverters can be grid-forming and/or grid-
following, with the same or different parameters, power
ratings, output filters, etc.

3) The proposed master-slave FCS-MPC focuses on the zero
and primary control layers of the microgrid.

4) For the primary control, two methods are described to
generate the references for the inner FCS-MPCs of the
master and slave inverters, depending on whether the
microgrid is in grid-connected or islanded mode.

5) It is important to note that, up to date, there has been
no research incorporating master-slave primary control

together with the zero layer MPC to achieve improved
microgrid performance.

6) This article is the first step toward the implementation of
the master-slave FCS-MPC together with secondary and
tertiary control layers in future works.

The rest of this article is organized as follows. Section II
describes the Master-Slave FCS-MPC for the zero control
layer. Section III presents the primary control of the microgrid.
Section IV brings hardware-in-the-loop (HIL) case studies for
different operational conditions. Finally, Section V concludes
this article.

II. PROPOSED MASTER-SLAVE FINITE CONTROL SET MODEL
PREDICTIVE CONTROL

To present the proposed Master-Slave FCS-MPC, let us con-
sider the microgrid of Fig. 1. The zero layer of the Master-Slave
FCS-MPC corresponds to the inner FCS-MPC control loops of
the NPC inverters. A higher layer is responsible for the primary
control of the microgrid when grid-connected or islanded and is
the main contribution of this article.

A. Master Inverter

The Master is an NPC inverter with a BESS and LC filter that
is a grid-following inverter when grid-connected and a grid-
forming inverter when islanded. It controls the voltages of the
LC filter capacitors and the inverter-side currents to control the
power injected into the grid in grid-connected mode and balances
the voltages of dc bus capacitors. The discrete-time equations of
the inverter-side currents and capacitor voltages of the Master
in af coordinates are

ima(k +1) <1RTS> 10| |ima(k)
imp(k+1)| L ) |0 1| |imp(k)

T, [1 0] [uma®)] T [1 0] [vmalk)
+Lm 0 1] _umﬂ(k) Lm O 1‘| [vmﬂ(k)] (1)
Vmak+2)]  Jomak+ 1] Ty [1 0] [ima(k+1)
Umg(k + 2) _Umﬁ(k +1) Cn |0 1 imﬁ(/{ +1)
T 1 0] [imoa(k+1)

Cm |0 11 imop(k +1) @

or, in compact form

ima,ﬁ(k + 1) = Azimaﬁ(k) + Biumaﬂ(k) - Fivm(yﬁ’(k)
3)

Vimag(k+2) = Vinag(k + 1) + Beipag(k + 1)
- Fcimoaﬂ (k + 1) (4)

where i,,q3 and ip,0q s are the master inverter-side and output
currents, u,,,g are the inverter output voltages, v, are the
filter capacitor voltages, T is the sampling period and L,,,, C,,,
and R are the filter parameters. The output currents i,,,ng are
measured after the filter and considered as disturbances. The
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Fig. 1. Schematic of the microgrid considered as an example for the description of the proposed master-slave FCS-MPC.

models (3)-(4) were obtained by discretizing the continuous-
time system with the forward Euler discretization method.

The voltages of the dc bus capacitors must also be controlled.
The currents that flow through the upper and lower capacitors,
respectively, i,,dc1 and 4,402, are

- Slbm(k)imb - Slcm(k)imc
(5)

S4bm(k)imb - S4cm(k)zmc
(6)

where i g is the BESS current, S1,.,, and Sy, are the upper and
lower switches of each inverter phase, and ¢,,, are the phase
currents. Due to the redundancies of the voltage vectors, the
dynamic equations are written in abc coordinates. The capacitor
voltages are predicted as

imdcl = Z'B - Slam(k)ima

imdc? - iB + S4am(k)ima -

Udclm(k + ]-) _ vdclm(k) 5 1 0 Z.mdcl(k)
Uchm(k + 1) deQm(k) C 0 1 imdc2(k)
or
Vaem(k + 1) = Vaem (k) + Dmimac(k) ®)

where C' is the capacitance of the dc bus capacitors.
Considering all the control objectives of the master NPC, its
cost function can be designed as

9m = M(meﬂ(k +2) — Vimags(k + 2))2
+ ho(ipap(k + 1) = imap(k + 1))
+A3(Vaem (kK +1) = Vi, (k+ 1)) + Ly (9)

where A1, A2, and A3 are weighting factors, v}, ﬁ(k; +2) and

v’.(k 4 1) are the voltage references for the LC filter and dc bus
andi’ 5 (k + 1) are the current references. The term I;;,,, limits
the amplitude of the inverter-side currents: if the absolute value

of i,,ap(k + 1)) is larger than the inverter maximum current,

I1;m assumes a large value and zero otherwise [21], [22]. At
each k, (9) is evaluated for all 27 inverter voltage vectors, and
the one that minimizes it is implemented. The voltage and current
references depend on the microgrid mode and will be described
in Section III.

B. Slave Inverters

The slaves are two equal grid-following NPC inverters with
PV panels and LCL filters. They control the inverter-side cur-
rents to control the power, and balance the dc bus capacitors
voltages. The grid-side currents could be controlled instead of
the inverter-side ones, but this is a more complex problem. The
voltages of the LCL filter capacitors could also be included in the
cost function [20], [22], [37], but, as the aim here is to provide
load currents, this is not necessary; instead, they are considered
disturbances, yielding a simplified first-order model [15], [17].
The discrete-time inverter-side currents in o3 are

isa(k+1) B (1 _ RTS) 1 0| |isa(k)
isp(k+1)| Ly ) [0 1| |isp(k)
Ts |1 0] |usa(k) Ts |1 0] |vsa(k)
— - = (10)
Ls 0 1 us[;z(k) Ls 0 1 ’Usg(k)
or, in compact form
isaﬁ(k + ]-) - Asiisaﬁ(k) + Bsiusa[ﬁ(k) - Fsivsaﬁ(k)
(1D)

where i, are the inverter-side currents, us.g are the inverter
output voltages, v, are the filter capacitor voltages, and Ly,
Cs, and R are the filter parameters. This model was also dis-
cretized by Euler.

For the control of the dc bus voltage, the currents that flow
through the upper and lower capacitors 74,1 and 4.2 are

Z’sdcl = Z’PV - Slas(k)isa - Slbs(k)isb - Slcs(k)isc (12)
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lsde2 = 1PV + S4as(k)isa - S4bs(k')isb - S4cs(k')isc (13)

where ipy is the current from the PV panels, S, and Sy, are
the upper and lower switches of each inverter phase, and 7,
are the phase currents. Again, the equations are written in abc
coordinates due to the redundancies of the voltage vectors, and
the capacitor voltages are

Vdels (k + ]-) Vdels (k) Te 1 0 Z'sdcl(k)
Vdc2s (k + 1) Vde2s (k) C 0 1 Z'sdc2(k)
(14)
or
vdcs(k + 1) - Vdcs(k) + Dsisdc(k) (15)

where C'is the capacitance of the dc bus capacitors.
Considering all the control objectives of the Slave NPCs, their
cost functions can be written as

gs = M(ilp(k + 1) —isap(k + 1))
+ Ao (Vaes(k + 1) = Vi (k 4+ 1))* + Lim

where A1 and Ay are weighting factors, and i}, 4(k + 1) and
Vi.s(k + 1) are the current and dc bus voltage references. At
each k, (16) is calculated for all 27 inverter voltage vectors and
the one that minimizes it is implemented. The current references
will be described in Section IIl. The block diagram of the
proposed master-slave FCS-MPC is shown in Fig. 2.

The proposed master-slave uses FCS-MPC for the inner
current and voltage loops. Therefore, the voltage vector to be
applied over T is chosen by solving a standard optimization
problem, where the cost function is calculated for all inverter
voltage vectors. The authors in [21] and [22] considered two-
level inverters, so the optimization problem loop needs to be
solved eight times. In this article, it needs to be solved 27 times
for all NPC voltage vectors, resulting in a higher computa-
tional burden. However, the FCS-MPC formulation is simple
and straightforward. The authors in [15] and [17] presented

(16)

modulated MPCs with faster execution time and lower com-
putational burden than the FCS-MPC used in this article, at the
expense of a more complex problem formulation and algorithm
implementation.

C. Extra Control Loops

For the slaves, a “perturb and observe” maximum power point
tracking (MPPT) was implemented to provide the total dc bus
voltage reference. A synchronous reference frame phase locked
loop (SRF-PLL) was used to synchronize the master and slaves
to the grid in grid-connected mode, and the slaves to the grid-
forming master when islanded [38]. A positive sequence detector
(PSD) was added to the SRF-PLL to improve its performance
for weak grids [38].

III. MICROGRID PRIMARY CONTROL

In this article, two operational modes are proposed for the
microgrid primary control. In the first, the microgrid is con-
nected to the grid, and the master and slaves are grid-following
inverters. In the second, the microgrid is islanded, and the master
operates as a grid-forming inverter. To control the inverters in
both modes, the current and voltage references for the inner
FCS-MPCs presented in Section II must be properly defined, as
will be described in the following.

A. Grid-Connected Mode

In this mode, the microgrid is connected to the grid. The
master is a grid-following inverter, synchronized to the grid by
the SRF-PLL. An open-loop PQ control is used [38] to calculate
the grid-side current references for the master

" _ 2 1
imoo(K) = 3 3 T T o2, (8

(Vma (k) Py, + vmp(k)Qrn,)

7)
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1
Vina (k) + 07, 5(k)

i (k) = ; (W (k) Py = 0@ (k)

(18)

where P} and @), are the master active and reactive power
references, that come from the secondary control layer (out of
the scope of this article). To obtain the inverter-side current
references, the reactive power of the LC filter is compensated

Z*am(k) = ijnooz(k") - QWmevmﬁ(k) (19)
im (k) = Trop (k) + 27 fCrUma (k) (20)

where f is grid frequency that comes from the SRF-PLL. Then,
the references are extrapolated to (k + 1)

o (b + 1) = iy, (k)cos(wTs) — iy, 5(k)sin(wTy)
g (k + 1) = iy, 5(k)cos(wTs) + iy, (k)sin(wT).

@
(22)

The voltage references for the master can be defined as the
voltages measured at the point of common coupling (PCC)

shown in Fig. 2, and are extrapolated to (k + 2) as
Vo (K +2) = vy, (K)cos(2wTs) — v (k)sin(2wTy)  (23)
Upp(k +2) = vi(k)cos(2wTy) + vy, (k)sin(2wTy).  (24)

For the grid-following slaves, the current references are

FaalF) = 57y ot e WP +es()Q)) @)

Fas(h) = 3 T (e (P — e @i() 26)
sa spB

P and Q7% come from the MPPT and the dc bus voltage

control loop that can be implemented by a PI controller. As for
the master, %, (k) and i 3 (k) are the grid-side references. The
inverter-side current references are obtained by compensating

the reactive power of the LCL filter capacitors

isa (k) = iga (k) = 2 fCsvsp(k) 27
isp(k) = igg(k) + 21 fCsvsa (k). (28)

Then, the references are extrapolated to (k+1)
isa(k +1) =i, (k)cos(wTs) — igz(k)sin(wTy) (29)
itp(k 4 1) = ig(k)cos(wT) + i, (k)sin(wTy) (30)

B. Islanded Mode

When islanded, the master is a grid-forming inverter. It also
provides one-third of the load power, performing power sharing
with the slaves, and the three inverters provide the total load
apparent power. For grid-forming operation, an outer droop
control was implemented for the master [21], [22]

0" (k) = vnom — kp(F,,, — Prn(k))
w" (k) = wnom + kq(Qy, — Qm(k))

where v* is the amplitude voltage reference, vyon, is the microgrid
nominal voltage, w* is the reference frequency, wpen, is the mi-
crogrid nominal frequency, k), and &, are the droop coefficients,

3D
(32)
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Notebook with
HIL SCADA

Fig.3. Typhoon HIL 604 HIL platform.

and P,, and @),,, are the instantaneous active and reactive powers
of the master, calculated as

Pra(k) = v (K)ima (k) + vms(R)imp(k)  (33)
Qm (k) = 038 (E)ima (k) — vma (k) ims (k). (34)
The voltage references for the master are
vy, o (k) = v (k)cos(wTy) (35)
U (k) = v*(k)sin(wTy) (36)

which are extrapolated to (k + 2) as in (23) and (24). For is-
landed mode, the current term in the cost function (9) is removed.

The slaves also operate as grid-following inverters but are now
synchronized to the master. However, they do not operate with
MPPT, but instead as semidispatchable generating units. They
are controlled so that P and Q)% for each slave are set as one-third
of the load active and reactive powers, and the three inverters
perform power sharing to feed the total load apparent power.
Due to environmental conditions like partial shading, at night or
on rainy days, the slaves may not be able to properly supply the
load. In these cases, the master delivers more than one-third of
the load power to compensate for the lack of PV generation, or
even provides the total load power. These particular conditions
will be described in the case studies presented in the next section.

IV. CASE STUDIES

To validate the proposed master—slave FCS-MPC, the micro-
grid of Fig. 1 was implemented in a Typhoon HIL 604 HIL
platform, shown in Fig. 3. The system parameters are presented
in Table I. The BESS is composed of lithium-ion batteries with
anominal voltage of 800 V and 500 Ah capacity.The controllers
were implemented in the ARM core of Typhoon HIL 604, which
includes the processor implementation delay. As a result, in
(9), the currents are predicted for k£ + 2 and the voltages for
k + 3, while in (16), the currents are predicted for k£ + 2. The
disturbances (grid voltages, master grid-side currents, and slave
capacitor voltages) are also estimated for k£ + 2. The weighting
factors were obtained heuristically, resultingin A; = 1000, Ao =
300, and A3 = 100 for the master, and A1 = 800 and A, = 100
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TABLE I
SYSTEM PARAMETERS FOR THE CASE STUDIES

Parameter Value
Total dc-link voltage 800V
Rated power (Master) 100 kVA
Rated power (Slaves) 50 kVA
LCL filter (Slaves) 3.3 mH; 300 pF; 200 H
LC filter (Master) 3 mH; 500 uF
R (Master and Slaves) 0.012 Q2
Filter damping resistor (Master) 05Q
Filter damping resistor (Slaves) 20

Z, = 20pH, 0.019
Z, = 2.7uH, 0010

Line impedance
Grid impedance (strong grid)

Grid SCR (strong grid) 72.34
Grid impedance (weak grid) Z4 = 100puH, 0.3Q2
Grid SCR (weak grid) 2.41
Grid voltage 220Vrms; 50Hz
Sampling frequency fs 20kHz
Dead time 0.5e-6s

i m
mw ]

! mememm
: XA

BEs 58

_z,,,_z’

_zlslz

g

(A) Cpncnt (A) Voltage (V)
8
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Fig. 4. Case study A: Master capacitor voltages and grid voltages; grid-side
currents of Master and Slaves; active powers of Master and Slaves.

for the slaves. A strong grid is considered, with an impedance
of R=0.01Q and L =2.7 uH and a three-phase power of
14.47 MVA. As seen from Table I, the total inverter power is
equal to 200 kVA. The short-circuit ratio (SCR), calculated
here as the ratio of the grid power to the sum of the inverter
powers, is 72.34. In the following, case studies for different
operational conditions will be provided to demonstrate the good
performance of the proposed master-slave FCS-MPC.

A. Black-Start, Power Sharing, and Synchronization

The microgrid black-start and its connection and synchroniza-
tion to the grid are presented in Fig. 4 that shows, from top to
bottom, the master capacitor voltages and the grid voltages, the
grid-side currents of both slaves, the master grid-side currents
and the master and slaves active powers. First, the microgrid is is-
landed with a balanced RL load (R = 1.03 Q and L = 3.3 mH).
The master is activated first, operating as a grid-forming inverter
and providing full-load power. Then, Slave 1 is activated, and
it is controlled to provide one-third of the total load power,
while the master provides the remaining power. Finally, Slave
2 is activated, and the total load power is equally shared by all

TABLE II
THD OF THE GRID-SIDE CURRENTS FOR GRID-TIED MODE

Master Slave 1  Slave 2

i« 1.53% 1.42% 1.42%

ip 1.39% 1.24% 1.24%

ic 1.48% 1.28% 1.28%
TABLE IIT

THD OF THE FILTER VOLTAGES FOR ISLANDED MODE

Master Slave 1  Slave 2
Ve 1.46% 1.56% 1.56%
Vp 1.24% 1.51% 1.51%
Ve 1.21% 1.49% 1.49%

Power W) Current (A) Current (A) Voltage (V)

Active

- [

B T o7 B s oA 3 | o2 EXY

Grid-connected 1 Islanded with load variations 1 Grid-connected

Fig.5. Case study B1: Master capacitor voltages; grid-side currents of Master
and Slaves; active powers of Master and Slaves.

inverters. When the microgrid is connected to the grid by closing
switch Sy, the inverters quickly synchronize to the grid, as can be
seen by the master voltages. The overcurrents in the connection
transient are measured on the grid side; the inverter-side cur-
rents are limited by the cost functions. In grid-connected mode,
the master seamlessly changes to voltage and current control,
injecting 50 kW into the grid in this example, and the Slaves
operate with MPPT. The transient from islanded to grid-tied is
slower for the slaves due to the dynamics of the MPPT and of
the outer PI for the dc bus voltage control.

The total harmonic distortion (THD) of the grid-side currents
for the slaves and master for grid-connected mode are shown in
Table II. The peak current of the slaves with MPPT is 87 A. The
master injects 50 kW into the grid, resulting in peak currents of
102 A. The current THD may change depending on the ampli-
tude of the grid-side currents. The THD of the filter capacitor
voltages for the slaves and master in islanded mode are shown
in Table III, considering the balanced RL load. For other loads,
the voltage THD may change.

B. Transition From Grid-Connected to Islanded, Load
Changes, and Transition From Islanded to Grid-Connected

In this case, the microgrid transitions from grid-connected to
islanded mode and vice versa, and dynamic load changes are
applied when islanded. The results are shown in Fig. 5, which
presents the same waveforms as Fig. 4. When the microgrid is
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grid-connected, the Slaves operate with MPPT, and the Master
injects 20 kW into the grid with the same balanced RL load.
Then, the microgrid is islanded, and the Slaves operate as
semidispatchable units, each providing one-third of the total
load power. The Master provides the difference between the
total load power and the power delivered by the Slaves. After
the microgrid is islanded, the load is changed to: 1) unbalanced
RL load (R, =1.03Qand L, =3.3mH, R, =6 Q and L, =
12mH and R, = 2 2 and L. = 6 mH); 2) no load; 3) nonlinear
load (three-phase diode rectifier with inductive input filter with
L =1 mH and output RL load with R = and L = 5 mH);
4) no load; 5) balanced RL load. The Slaves and the Master
respond very fast to these load changes, properly performing
power sharing. Finally, the microgrid is again connected to the
grid, and results similar to Fig. 4 are seen. To illustrate some
of the transient responses, Figs. 6 and 7 show a zoom in the
waveforms of Fig. 5 for the transition from grid-connected to
islanded mode with balanced RL load and from islanded with
no load to nonlinear load. The measured approximate responses
for the events shown in Fig. 5 are as follows.

1) Grid-tied to islanded: 15 ms (Master and Slave currents

and active power) and 2.2 ms (Master voltages).
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Fig. 8. Case study B2: Master capacitor voltages; grid-side currents of Master
and slaves; active powers of Master and slaves.

2) First load change: 0.81 ms (Master and Slave currents
and active power). The transient response of the Master
voltages is almost imperceptible.

Second load change: 0.35 ms (Master and Slave currents
and active power). The transient response of the Master
voltages is almost imperceptible.

Third load change: 3.85 ms (Master and Slave currents
and active power). The transient response of the Master
voltages is almost imperceptible.

Fourth load change: 1.07 ms (Master and Slave currents
and active power) and 0.43 ms (Master voltages)

Fifth load change: 10.2 ms (Master and Slave currents
and active power). The transient response of the Master
voltages is almost imperceptible.

Islanded to grid-tied: 127.74 ms (Slave currents and active
power) and 2.39 ms (Master currents and power). The
transient response of the Master voltages is almost im-
perceptible. The slower response of the Slaves happens
because, when they reconnect to the grid, they change to
MPPT with PI for dc bus voltage control, and these two
outer control loops have slow transient responses.

Another power-sharing scenario is analyzed when the mi-
crogrid is islanded, and the results are shown in Fig. 8. First,
the balanced RL load is connected to the microgrid and all
inverters are active. Then, Slave 1 is turned off (for example,
if there is not enough irradiation), and the Master takes over
the power that should be delivered by Slave 1. Finally, Slave 2
is also turned off, and the Master provides the full load power.
With only the Master active, the same load variations of Fig. 5
are performed. These results show that the Master is able to
properly provide the total load power, compensating the absence
of the Slaves, while acting as a grid-forming inverter. As seen in
Section II, the load is not included in the mathematical model
of the system, and consequently, these results demonstrate the
good performance of the proposed Master-Slave FCS-MPC with
respect to unmodeled dynamics.

In this article, it is assumed that the state-of-charge (SOC) of
the BESS is enough for the case studies, and SOC management
is not considered. However, there are several ways to address
this; for example, the BESS could be recharged when there is
more PV power than load demand in islanded mode, or by the

3)

4)

5)

6)

7
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Fig. 9. Case study C: Grid voltages; grid-side currents of Master and slaves;
active powers of Master and slaves.

grid in grid-connected mode. In the first case, the control of
the slaves could include an operational mode to recharge the
Master. This would be done by the inclusion of SOC and power
management in the secondary and tertiary control layers of the
microgrid, which are out of the scope of the present article but
will be included in future works.

C. Operation With Weak Grid

It is also important to verify the performance of the proposed
Master-Slave FCS-MPC with weak grids. To do so, a weak grid
with impedance R = 0.3 Q2and L = 100 pH is considered, with
three-phase power of 481 kVA and SCR = 2.41 (a grid with
SCR lower than 5 is considered weak). The results are seen in
Fig. 9, which shows in the right-side the strong grid waveforms.
The slaves operate with MPPT, the Master injects 50 kW into
the grid, and the balanced RL load is connected. Then, the grid
impedance is changed, as shown in the left side of Fig. 9. For a
weak grid, a slight overvoltage is observed in the grid voltages;
this can be mitigated by including extra power curtailment
and/or reactive power compensation functionalities in the in-
verter control. However, the Master and slaves operate properly,
providing adequate currents for both strong and weak grids.
The grid impedance is not included in the mathematical model
of the system, and these results demonstrate the good perfor-
mance of the proposed Master-Slave FCS-MPC with unmodeled
dynamics.

D. Parameter Mismatches in the LC Filter of the Master

To verify the robustness of the Master to parameter mis-
matches, the LC filter parameters are increased and decreased
by 50% in the system but are equal to the nominal values in
the model equations. These results are seen in Figs. 10 and 11,
which show the same waveforms, transients, and load changes
as Fig. 5, but the Master is controlled to inject 50 kW when
grid-connected. Fig. 10 shows the results for a 50% increase
in the filter parameters; the nominal values are presented in
Table I, and the increased ones are R = 0.018 €2, L = 4.5 mH,
and C' = 750 pF. The Master and the slaves (with nominal filter
values) operate properly for all load variations and transients.
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The transient response of the Master is more oscillatory, but
otherwise it continues to have a good performance. Fig. 11
shows the same results, but now with the filter parameters of the
Master decreased by 50%, to R = 0.006 2, L = 1.5 mH, and
C =350 pF. The Master operates properly for all operational
conditions and transients. There are higher ripples on the output
currents, as the filter inductance is smaller than the nominal
value. These results demonstrate that the Master presents robust-
ness to parameter mismatches and that the microgrid operates
properly and remains stable.

E. Parameter Mismatches in the LCL Filters of the Slaves

Two examples are shown for parameter mismatches in the
LCL filters of both Slaves, where the filter parameters are in-
creased and decreased by 50% in the system but remain equal
to the nominal values in the model. These results are seen in
Figs. 12 and 13, with the same conditions as Fig. 5. Fig. 12
shows the results for a 50% increase in the filter parameters,
with R = 0.018 2, L = 4.95 mH, and C = 450 uF. The slaves
and the Master (with nominal values) operate properly for all
conditions. There is a larger steady-state error in the currents and
powers of the Slaves, but the inverters still have fast transient
responses and do not become unstable. The load power that is
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TABLE IV
COMPARATIVE ANALYSIS
Strategy Islanded Grid-connected Design  Transient response Power sharing
Proposed Master-Slave FCS-MPC Yes Yes Medium Fast Yes
FCS-MPC of [21], [22] Yes No Medium Fast Yes
FCS-MPC of [23] Yes No Low Fast No
SVMZPC of [17] Yes No Medium Fast No
Master-Slave of [6] Yes Yes High Medium Yes
Master-Slave of [7] Yes No High Medium Yes
Master-Slave of [10] Yes No High Medium Yes
Master-Slave of [9] No Yes High Medium Yes
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Fig.12.  Case study E1: Master capacitor voltages; grid-side currents of master

and slaves; active powers of master and slaves.
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Fig. 13.  Case study E2: Master capacitor voltages; grid-side currents of master
and slaves; active powers of master and slaves.

not processed by the Slaves due to the high parameter mismatch
is compensated by the Master; therefore, the overall microgrid
performance is maintained. Fig. 13 shows the same transient
results, but for a 50% decrease in the filter parameters, i.e,
R =0.006€, L =165mH, and C = 150 uF. As the filter
values are smaller, a larger ripple is observed on the currents
and active powers of both Slaves. However, the inverters remain
operating with fast transient responses and are stable. Therefore,
from these results, it can be stated that the proposed Master-Slave
FCS-MPC is stable for the system considered in this study, as it
is difficult to prove the stability of systems with MPC in a closed
form [13].

V. COMPARATIVE ANALYSIS

In this section, a comparative analysis of the proposed Master-
Slave FCS-MPC and other strategies will be presented. The
overall comparison is shown in Table IV. The authors in [17],
[21], [22], and [23], proposed FCS-MPC strategies for grid-
forming inverters, while [6], [ 7], [9], [10] proposed Master-Slave
strategies. As mentioned, up to date, there has been no research
incorporating Master-Slave primary control together with the
zero layer FCS-MPC for improved microgrid performance.

The fast transient response of the proposed Master-Slave FCS-
MPC is comparable to the dynamic performance of the FCS-
MPCs of [21], [22], and [23]; however, these papers only address
islanded operation. Also, Young et al.[23] do not address power
sharing. The design process complexity of the proposed Master-
Slave FCS-MPC and [21], [22] is medium, as they need to design
the weighting factors for the cost functions, while [23] does not
need to design weighting factors. The computation burden of
the proposed Master-Slave FCS-MPC is higher than that of [21],
[22], and [23], as they used two-level inverters. Therefore, the
cost function calculation loop in [21], [22], and [23] is performed
eight times for the eight inverter voltage vectors, while in this
article, it is calculated 27 times for each NPC inverter. The grid-
forming SVM? PC of [17] has a very low computational burden
but a more complex design procedure; however, it operates with
fixed switching frequency.

Regarding Master-Slave strategies, [6] can work on islanded
and grid-connected modes with power sharing; however, the
robust control with nested linear quadratic regulators and mixed
H,/H., optimal control has a more complex design procedure
than the proposed Master-Slave FCS-MPC. Also, as [6] is based
on classical controllers, its dynamic response is slower. A similar
analysis is valid for the Master-Slave linear controller with co-
operative load sharing of [7], the Master-Slave with data-driven
three-layer neural network (NN) of [10], and the Master-Slave
with SFNNs of [9]. Therefore, based on this discussion, the
results of Section IV, and the comparisons of Table IV, it can
be stated that the proposed Master-Slave FCS-MPC is a very
good alternative for controlling inverters in grid-connected and
islanded microgrids.

VI. CONCLUSION

This article proposed a Master-Slave FCS-MPC for the zero
and primary control layers of microgrids. Two modes of oper-
ation were proposed for the primary control. In grid-connected
mode, the Master and Slaves are grid-following inverters. In



CARNIELUTTI et al.: MASTER-SLAVE MODEL PREDICTIVE CONTROL APPROACH FOR MICROGRIDS 549

islanded mode, the Master is a grid-forming inverter, and the
Slaves remain as grid-following. To validate the performance
of the proposed Master-Slave FCS-MPC, case studies were
presented for grid-connected and islanded modes, with load
and parametric variations. The results demonstrate the good
performance of the proposed Master-Slave FCS-MPC, such as
fast dynamic response, multivariable control, load sharing and
robustness to parametric uncertainties/variations in the system
and to unmodeled dynamics. It is important to point out that this
article is the first step for the implementation of the Master-Slave
FCS-MPC with secondary and tertiary control in future works.
Also, further improvements can be included in the MPC formu-
lation. Horizon adjustment and simplified cost function design
can be used for computational burden reduction, and virtual
vector techniques or fixed switching frequency MPC can be used
for restricted voltage vector flexibility, therefore improving the
performance of the microgrid.
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