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Abstract—Small-signal models are the mostly used to
model and design in inverter-dominated microgrids. Con-
versely, this paper proposes a large-signal model for grid-
forming inverters connected to a microgrid based on the
active and reactive power dynamic equations. In this work,
it is proposed to use this nonlinear model to develop a con-
strained predictive control for the inverters connected to a
microgrid. The main features of this proposed control are:
first, direct voltage control (in amplitude and frequency) is
not necessary; second, stability is guaranteed under a wide
range of line impedances (hence, the virtual impedance is
not needed); and third, the proposed control can operate
with unbalanced and nonlinear loads. Moreover, a theoret-
ical stability analysis is presented. Selected experimental
results show that the proposed control operates satisfac-
torily in case of a load step change, a load imbalance, and
nonlinear loads.

Index Terms—AC Microgrid, large-signal model, model
predictive control, inverter.

. INTRODUCTION

OWADAYS, microgrids are becoming an interesting re-

search field due to their capability of integrating different
kind of energy resources. A microgrid is conceived as a cluster
of distributed generation (DG) systems which can operate in
both grid connected or islanded modes [1].

In islanded microgrids based on voltage source inverters
(VSIs), the control system is responsible for regulating the
frequency and amplitude of the microgrid voltage. A hierar-
chical control architecture is widely used which is divided into
three control layers [2]-[5]. The primary layer is responsible
for controlling active and reactive power. The active power
is usually controlled in a decentralized manner, i.e., without
using communication network and ensuring stability following
the grid codes. The secondary layer purpose is to correct
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the steady-state deviation introduced by the primary layer.
The secondary control can be decentralised, centralised or
distributed. Finally, the tertiary control is usually responsible
for controlling the energy dispatching.

Focusing on the primary layer, the droop control has been
used during the past in power sharing [6]-[10]. This method
has been widely accepted by researches for microgrids appli-
cations due to its advantages [11], [12]. However, there are
some limitations for power sharing in the conventional droop
control since it depends of the line impedance [5]. Moreover,
to achieve a better power sharing, some distributed droop-
inspired controllers are presented in the literature [13]-[15],
where communications are required. Nevertheless, the con-
trollers based on the droop method assume a purely inductive
or resistive line impedance. This assumption decouples the
active and reactive power controls. The microgrid impedance
may change when a load or source is connected or dis-
connected. Therefore, the power sharing accuracy decreases
and the microgrid may become unstable [16]. An accurate
power sharing using the droop method has been also presented
in the past with the use of a virtual impedance in lines
with a high resistance/inductance (R/X) ratio [17]. However,
virtual impedance uses the output current as a feedforward
term to generate the voltage references. Thus, in presence
of unbalanced or nonlinear loads, the virtual impedance will
provoke distorted voltage reference that will result in unbal-
anced three-phase voltages. To avoid these effects of the virtual
impedance, in [18] an adaptive droop control is proposed. In
this approach, a novel adaptive control is designed to achieve
the stability of microgrid under varying network configuration.
The drawbacks of this method are that the active power sharing
accuracy is reduced, and the microgrid frequency presents
steady-state deviation. Moreover, the reactive power sharing
is not considered.

In the droop control, the dynamics of the microgrid system
is obtained by using static equations for active and reactive
powers [19]-[21]. The mathematical models normally used
are small-signals models and the system dynamics can be
only described in a small neighborhood around the equilibrium
point. Therefore, large variations cannot be accurately captured
by the small-signal models, since they cannot predict these
kind of behaviors [4].

With the development of digital signal processors (DSP)
the model predictive control (MPC) has attracted more and
more attention. This technique has become a promising control
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method with advantages such as fast transient response, high
control bandwidth, and providing a simple way to include
nonlinearities and constraints [22]-[32]. In [24]-[29] the
MPC is applied to the inner loops, i.e., the current and voltage
controllers, of the inverters connected to aa AC microgrid.
Moreover, the power sharing control is based on the droop
method on theses proposals. Besides, in [30]-[32] the MPC
is applied to the secondary control and the droop method is
used as primary control. However, they inevitably inherit some
of the droop control drawbacks presented above.

In the MPC, the control algorithm is based on the prediction
of the state variables using a discrete model. In regards to
this technique, a cost function is minimized inside a predic-
tive window to obtain the vector of future control actions.
Moreover, the optimal design of MPC based on the system
parameters is used in this paper to achieve an accurate power-
sharing, in addition to being robust against a wide range of
line impedance.

The contributions of this paper are a novel large-signal
model for grid-forming inverters operating in a microgrid, and
the controller design methodology using the MPC. The use
of the MPC will allow to include constraints in the voltages
amplitude providing an excellent voltage regulation. The main
advantages can be summarized as follows:

1) A more accurate dynamic description of the system is
achieved, which is not only useful to know the exact
system dynamics but also allows to design new control
proposals.

2) Robustness against line impedance variations, hence the
virtual impedance is not needed.

3) The controller operates satisfactorily in case of unbal-
anced and nonlinear loads, providing balanced three-
phase voltages and reducing the voltage THD. Compared
with the traditional droop method, this is an important
improvement.

4) The voltage amplitude of the inverter can be regulated
by applying constraints to the cost function of the MPC.

5) The frequency and voltage restoration are not necessary.

This paper is organized as follows. In section II a large-
signal model of the inverter is presented. Section III deals with
the proposed control system. The stability analysis is presented
in section IV while in section V the experimental results are
reported. Finally, section VI draws some conclusions of this
proposal.

Il. LARGE-SIGNAL MODEL OF THE INVERTER

Fig.1 depicts the equivalent circuit of a single three-phase
inverter connected to an AC microgrid. This inverter is mod-
elled by an AC voltage source defined by EZ¢ which is
connected to a bus where its voltage is V' Z0 through a RL
line impedance. Note that 7 is the current flowing from the
inverter to the grid.

In the af frame, the equations of the active and reactive
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Fig. 1. Equivalent circuit of the inverter

power supplied by the inverter can be expressed as follows:

3
P= 5 (Vala +vsig) (1)

Q= Valg) - 2

Besides, from Fig.1, the dlfferential equations for the inverter
output current ¢ are:

diy

(Uﬁla

1 .
s (ea —taR —vq) 3)
di 1 .
szz(eﬂ_lﬁR_UB)- %)

The dynamic equations of the active and reactive powers
can be obtained by taking the first time derivative of (1)-(2),
yielding:

ar 3 die, . dvgy dig dvg
t_2(adt+za a TV T ®)

aQ 3 di, . dvg dig . dva

at 2 (Uﬁ a ar - ar - Par ©

In the aforementioned equations it is usual to define e, =
Esin(wt + ¢), eg = —Ecos(wt + ¢), vo = Vsin(wt) and

vz = —Vcos(wt), being w the grid frequency. According to
these definitions the following relations can be found:
dvg
% = —wug (7
dv
— = Wa. ®)

Using (3)-(4) and (7)-(8) in (5) and (6), the dynamic equations
of the active and reactive powers delivered by the inverter to
the microgrid can be rewritten as follows:

P 3, R

T (=V? + EVcos(¢)) — EP —w@ 9
Q _ 3 _R

e —2LEVsm(¢) LQ—!—wP. (10)

Note that the well-known steady-state equations of P and @)
can be easily obtained from the point of equilibrium, making
(9) and (10) equal to zero, respectively

3V

P =2~ [(Ecos(¢) —

3V
Q= 57 [(Ecos(¢) —

where Z and 6 are the magnitude and phase values of the
output and line impedance.

V)ecos(0) + Esin(0)sin(¢p)] (11)

V)sin(0) — Ecos(8)sin(¢)] (12)

Expressions (11) and (12) have been traditionally obtained
by analyzing the circuit of Fig.1. In the previous works,
the controller design has been performed according to the
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static expressions of P and @, (11)-(12) [19]. Unlike other
works, the novelty in this paper is that the controller can
be derived using the dynamic equations (9) and (10). Note
that the dynamic model (9) and (10) is clearly non-linear.
However, considering that the bus voltage is a slow variable,
thus V' can be considered constant. In addition, by defining the
control signals vector as u = [u; us], the following change
of variables, that linearizes (9) and (10), can be obtained:

uy = Ecos(¢) (13)
= Esin(¢) (14)
or equivalently
E = \/u? + u3 (15)
¢ = arctan (uq /uz). (16)

With these considerations (9) and (10) can be rewritten as a
linear large-signal model:

P 3, R
— =57 -V +Vu1)—ZP wQ (17)
aQ 3

[1l. PROPOSED CONTROL SYSTEM

This section presents the proposed control system. The
main objective is to regulate the active and reactive powers
to achieve accurate power sharing. The controller is based on
an MPC where a cost function is used to minimize the error
between the active and reactive powers and their references.
Besides, a constraint on the control signal u; is imposed to
regulate the voltage amplitude F, usually between 5% of its
nominal value, below the allowed tolerance [33].

A. State-Space Model with Embedded Integrator

An incremental model of the inverter is presented in this
section. The proposed model is represented by a multiple input
and multiple output (MIMO) system. If (17)-(18) are expressed
as a state-space model, it gives:

<g§>(j :O’L;)(g) 3
(8 &) (n) ()

19)
The aforementioned model is discretized using the Euler first
order approximation, as follows:
Xm(k+1) = Apxm (k) + Biou(k) + D, d(k)
y(k) = Cpxin (k)
where x,, = [P Q]7 is the state-space vector, u = [u; us
is the control signals vector, d(k) = V? is considered as

a disturbance and the matrices A,,, B,, C,, and D,, are
defined as

(20)
2y

]T
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B ( 372“iv 0 ) b ( _ 3T.V? >
= . = 2L
m — 3T,V s m —

0 —55- 0

where T is the sample time.

Now, in order to eliminate the steady-state error and the
effect of the uncertainties, an integrator is embedded in the
model. If the difference operation is applied to (20), an
incremental model is obtained

Xm (k4 1) — xm (k) = Ap,(Xm (k) — xm(k — 1))

+ Bou(u(k) - u(k — 1)) + Do (d(h) — d( — 1))
or equivalently
Axp,(k+1) = A Axy, (k) + B Au(k) 23)
+ D, Ad(k)

where Ax,,, Au and Ad are the incremental variables of
the state, the control signals and the disturbance vectors,
respectively. It is worth to mention that since d(k) = V2 is
practically a constant voltage in a sampling period, Ad(k) =
d(k) — d(k — 1) ~ 0. This approximation allows to eliminate
the disturbance term from the incremental model.

In a similar way, the incremental output vector is expressed
as:

y(k+1) —y(k) = Crn(xm(k + 1) — xn (k).

From (23) and (24), a new augmented state-space model
can be defined which contains the incremental state variables
and the output vector y:

(24)

x(k+1) = Ax(k) + BAu(k) 25)

y(k) = Cx(k) 26)

being x(k) = [Axp (k) y(k;)]T and the matrices of the

augmented model are obtained from A,,, B,,, C,, and D,,
as:

A= ( CmAm IQXQ ) 7C - ( 02><2 12><2 )
B,, o D,,
b= ( CnBn >7D_ ( C,.D,. )

where matrix I>.o is the identity matrix and Oyx2 a square
matrix of zeros.

B. Cost Function

As it was stated, the control objective is to achieve power
sharing by regulating the active and reactive powers. The cost
function which reflects the control objectives can be defined
as follows [22]:

J=(Y*-Y)|>+AUTRAU 27)

where R = 7,Ian, x2n, is a diagonal matrix of dimension
N, where N, is defined as the control horizon, r,, > 0 is the
control effort used as a tuning parameter to adjust a desired
closed loop performance and Y * is the reference vector which
can be expressed in the following form:

Y* = [I2><2 I2><2 I2><2] (k )
Np

Rr(k;).  (28)
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Note that r(k;) = [P*(k;) Q*(k;)] is the reference vector at
the sampling instant k;, and the size of Y* is the optimization
window also called the prediction horizon, N,

On the other hand, the future control trajectory is denoted
by the vector AU as:

AU = [Au(k;)” Au(k; + N.—1)T]T (29

which size is N,.

The future outputs are contained in the vector Y, which is
defined as follows

Y = [ ylki+ 1]k:)7 y(k + NpJk)T 17 (30)

where it can be expressed as a function of the current state

variables and the future control trajectory [23]:
Y = Fx(k;) + GAU. (31)

In the last equation, F is a vector of dimension NN, and G is
a matrix of dimension N, x N, respectively

F—(CA CA’ cAM )" (32)
CB (1) 022
CAB CB 0252
G =
CAM~'B CAM—?B CAM—N-B
(33)

C. Cost Function Minimization with Constraints

In this section, the minimization of a constrained cost
function for the MIMO system is presented. With this objective
in mind, the cost function presented in (27) is rewritten using
(31) in (27), leading to

J = AUT®AU + AUTH + ||(Y* — Fx)||? (34)
where

®=G'G+R (35)

H=-2G"(Y* - Fx). (36)

Looking at the equation (13) it is observed that for a small
value of ¢, the control signal u; can be approximated to the
voltage amplitude F, u; =~ E. Then to achieve a minimization
of the cost function (34) adding a constraint in u; is equivalent
to minimize (34) with a constraint in the voltage amplitude E.
With this idea, the voltage of the inverter can be regulated in
a small range near to its nominal value. Then, according to
(29) it holds that:

Ul(kl) = ’LLl(ki — ].) + Aul(kl)
~ FE, the following

(37

and considering the approximation wu;

inequality constraints are formulated:
Emzn S ul(k ) < Emaw (38)

The aforementioned expression can be rewritten as a function
of the incremental control vector if (37) is used in (38),
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yielding
Emin S ul(ki - 1) + CIAUCQ S Emax (39)

where C; and C;, corresponds to the appropriate matrices
which in this case are defined as follows:

(1000 ... 0\ ~ T
Cl(o 000 .. 0>’CQ(1 0)"
Nc

Then, to formulate the constrained MPC problem, equation
(39) is rewritten as two inequalities constraints:

—C1AU < [~ Epmin + ui (ki — 1)]CT
CIAU < [Emax' - ul(ki - 1)]05

(40)
(41)
Taking into account that the term ||(Y*—Fx)||? in (34) does

not depend on the control vector Au, the optimization problem
with the inequality constraints is formulated as follows:

0

T T
FAG (AU AU+ AUH) =0 (42)
subject to:
=0 43)
—( [“Emin +uw(k; —1)]CT B
T ( [Emax - Ul(ki — 1)] Cg MAU. (44)
where M = (-C; C;)7.

The solution of the aforementioned equations leads to
the optimum control signal vector which accomplishes the
constraints in the component us(k;) or equivalently in the
voltage amplitude E, and it is expressed as follows:

AU = -& Y(H+MT)) (45)

where ) is a vector containing the zero or positive values of the
Lagrange multipliers. Note that AU can be separated into two
different terms, @ 'H and ®'M7T\. The first term is the
optimum solution without any constraint while the second term
accounts for the constraints. This optimization problem can be
solved using the Hildreth’s quadratic programming [22].

Based on the receding horizon principle, the actual control
signals Au(k;) = [Auy(k;) Aus(k;)]T can be obtained as:

Au(k;)) = -We LY H+MT)) (46)
with
W = [Ioxo 0242

NC

022

and the control signal is generated by adding the incremental
value to the last value u(k; — 1)

D. Controller Implementation

In this section the proposed controller implementation is
presented. To reduce the computational burden the solution
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vep—>| (12) t! t?_“ Cost (O B s >

Fig. 2. Block diagram of the proposed MPC

of the cost function minimization (46) can be rewritten using
(35) and (36):

Au(k;) = K,r(k;) — Kex(k;) — KyA 48)
=K, (r(ki) —y(ki)) — Ko Axp (ki) — KyA
where
K, = W(GGT +R)G'R (49)
K.=W(GGT + R)G'F (50)
K),=Wa& ‘M. (51

Note that K. = [K, K,] is the gain of the MPC controller,
and does not depend on the Lagrange multipliers. According
to the last expression, it holds that

Au(k;) = —K.x(k;) — Ky (52)

where
% (ki) = [Axp (ki) y (ki) — (k)]

It should be noted that the term —K_.X(k;) may be imple-
mented as easy as a full state feedback controller, and the
gains K. and K, are obtained offline.

Typically, A is calculated online using the Hildreth’s
quadratic programming. It is worth noting that A converges
to the set of A", where A" contains zeros in the inactive
constraints and positive value in the active constraint A\}.
However, since the active constraint can be correctly identified
from (40) or (41) in each sample period, the converged A}
can be defined as follows [22]:

(53)

act

;ct = _(Mactq) IMth) 1'7act (54)
where 7act correspond to the active constrain and

1MT

act

(Mact (I,

as follows:
Cact Zf O S
M, = .
' { _Cact Zf
Coet = ( 1 0 0 O

Ne.

)~1 is calculated offline for each constrain

—Epin 4 u1(k; —
0 < Brnae — ul(kb - 1) -

0)

1) 4 Auy (k)
Aul(k)

Fig. 2 shows the block diagram of the proposed MPC
algorithm. As shown in the figure, the control signals are
obtained by the solution of the cost function minimization
(52)-(54). The inputs to the controller are the local inverter
voltage and current measures, the minimum and maximum
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minimization

52)-(54) / L\
LT—T—)Auz L,
Emin Emax

— ¢
J

values of the voltage amplitude, E,,;, and E,,,,, and the
neighborhood inverters average powers, P; and @Q;, received
among a communication network. The power references are
calculated from the neighborhood inverters average powers, as

follows:

" g Py
P* = U (55)
Q = Z“”Qﬂ (56)

where the coefficients a;; determine the availability of com-
munication between inverters ¢ and j, thus indicating the set
of nodes n; that exchange control data including the local
inverter. Thus, a;; = a;; = 1 if nodes ¢ and j can exchange
their data, otherwise a;; = a;; = 0. Besides a;; = 1.

As shown in Fig. 2, the inverter voltage and current mea-
sures are used to calculate the local instantaneous active and
reactive power measures, P and (), that are used to generate
the vector x(k). This vector allows obtaining the new space-
state vector x(k), formed by Ax,,(k) and the output y(k).
Since the proposed control uses an incremental model with a
embedded integrator (25)-(26), the incremental control signals
are calculated based on (52)-(54), and the control signal is
generated by adding the incremental value to the last value
u(k; — 1). Hence, using (47) the control signals vector, u; (k)
and usy(k), are obtained as wuj (k) = uy(k — 1) + Auy (k) and
us (k) = ua(k — 1) + Aug(k), respectively. Then, the voltage
amplitude and phase angle setpoint are calculated based on
the nonlinear transformation defined in (15) and (16).

Finally, once the voltage amplitude and phase angle setpoint
are computed, the inner loop is responsible to generate the
voltage signals. The voltage set point used by the inner loop
is expressed as follows:

= Esin(w,t + ¢). (57)

IV. CLOSED-LOOP SYSTEM

In this section, the closed-loop system is analyzed. For this
purpose, from (52) and (53), the closed-loop equation may be
written as follows:

%(k; +1) = (A — BK.)%(k;) — BK)A. (58)
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Fig. 3. Closed-loop poles for r,, variation from 1 x 10 to 1 x 109.

TABLE |
SYSTEM PARAMETERS

Description Symbol Value
Microgrid voltage Vv 110 Vs
Microgrid frequency f 60 Hz
Nominal dc-link voltage Ve 400 V
Line inductance model L 10 mH
Line resistance model R 2Q
Prediction horizon N, 80
Control horizon N, 20
Control effort Tus 1 x 108
Sampling frequency fs 10 kHz
Switching frequency Ssw 10 kHz

Furthermore, if the constrained term KA is not considered
for the stability analysis, the closed-loop eigenvalues can be
obtained by solving the determinant

|A —BK,— A\I| =0 (59)

The eigenvalues have a dependence of K. and, as a conse-
quence, of R.. As evidenced by the last expression, by selecting
the appropriate value of R, a desired dynamics of the MPC
can be obtained.

The proposed MPC parameters are designed according to a
dynamics specification using the closed-loop eigenvalues (59)
and the system parameters listed in table I. The design has
been developed from the closed-loop poles as a function of
the control effort parameter r,. The prediction and control
horizons, N,, and N,, has been selected as N.; = 20 and
N, = 80. Fig. 3 shows the position of the closed-loop poles
for a control effort variation in the range 10° < r, < 10°.
The poles in red are the closed-loop poles for r,, = 1 x 108,
which is the selected value used in the experimental results.
Besides, the selected pole deal with a theoretical settling time
approximately 1.5 s.

Additionally, in order to analyze the stability under absence
of communication network, from (55)-(56) the active and
reactive power reference can be expressed as local variables
(ie. P* = P; and Q* = @;), hence r(k;) = y(k;). Then,
the embedded integrator is removed from (48). Besides, if the
constrained term is not considered for the stability analysis,
(48) can be rewritten as follows:

Au(k;) = — K Axp, (k;) (60)
or equivalently
u(k;) = —Kauxm (ki) (61)

Finally, the closed-loop eigenvalues can be obtained by solving
ITAT POLITECNICA D
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Fig. 4. Closed-loop poles under absence of communication network for
7y, variation from 1 x 106 to 1 x 10°.

0 10 20 30 40 50
R ()

Fig. 5. Stability condition for 0.1 mH < L <50 mH and 0.1 2 < R <
50 Q.

the determinant

|Am — BmK, — M| =0 (62)

Fig. 4 shows the position of the closed-loop poles under ab-
sence of communication network for a control effort variation
in the range 10° < r,, < 10°. As it can be seen, the stability
is ensured for all values of the control effort.

V. LYAPUNOV-BASED STABILITY ANALYSIS

This section deals with the stability analysis of the proposed
controller. For this purpose, (58) may be rewritten as follows:

%(k; +1) = (A — BK.)%(k;) — BK)\A (63)

A=A+AA;B=B+AB

where A and B are the matrices of the nominal model, and
AA and AB regards to the model uncertainties.

Considering the definition in (53), the cost function defined
in (27) can be rewritten as a discrete-time linear quadratic
regulator

NP
Jopt = Z igpt(ki + m|k:i)5copt(ki + m\k;z)
m=1
N1 (64)
+ > Aul (ki + mlk)ry Augy (ki + mlk;).
m=0

Since the last equation is quadratic, it can be used as a
Lyapunov function for the stability analysis. Then, defining

the Lyapunov candidate as [34]:
V(x(ki), ki) = Jopt (65)

and taking into account that in the classic MPC, the stability
is achieved if the Lyapunov function decreases along the state
trajectory, it can be written:

V(f((k‘l + 1), k; + 1) — V()N((k/’l), I{Zl) < 0.

Using (52), (63), (65) and (66), the following condition is
obtained

(A -BK.)T(A - BK,)

(66)

~KI'r K. —1<0. (67)
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Fig. 7. Diagram of the laboratory microgrid setup: (a) electrical network
and (b) communication network.

Equation (67) shows that the stability is affected by the
parameter uncertainties and depends on K., and as a conse-
quence, on the parameters selection. To analyze the robustness
of the proposed control under impedances uncertainties, the
stability condition (67) is evaluated for different values of R
and L. Thus, substituting 7, = 1 x 10%, N, = 80 and N,
= 20 in (67) and sweeping L from 0.1 mH to 50 mH and
R from 0.1 Q to 50 2, the system presents stability for a
wide range of impedances. Fig 5 shows the stability condition
for a wide range of impendence. The green region shows the
stable impedance range and the red region shows the unstable
impedances range. As shown, for small values of L when
R increase the system tends to instability. To conclude this
section, the system is stable as long as the impedance angle
6 > 0.04 rads.

VI. EXPERIMENTAL RESULTS

This section presents the experimental tests implemented
in the laboratory microgrid shown in Fig. 6 and 7. On the
one hand, in Fig. 7 (a) it is shown the electrical network.
The microgrid is formed by five grid-forming inverters, each
one with local loads that may be connected or disconnected.
Each inverter was built using a 2.3-kVA Guasch MTL-
CBIOO60F12IXHF full bridge as the power converter and is
driven by a 32-bit dual-core DSP Concerto-F28M36P63C,
with a sampling frequency of 10 kHz. This device is composed
of a C28 DSP core for control purposes and a Cortex M3
ARM for communications. Moreover, two three-phase bal-
anced loads are considered to be connected to the microgrid
each that may be connected or disconnected in the position
shown in Fig. 7 (a) to form the global load Ly, s. Moreover,
in Table II the equivalent line impedance seen by each inverter
is presented. From Table II, it should be noted that the inverter
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TABLE Il
EQUIVALENT LINE IMPEDANCE

Description Value (X/R) ratio
Impedances seen by VSI 1 0.76 + 1.345 Q2 1.76
Impedances seen by VSI 2 0.80 4+ 0.745 2 0.92
Impedances seen by VST 3 1.32 4+ 0.405 Q2 0.30
Impedances seen by VST 4 1.30 4+ 0.76;5 €2 0.59
Impedances seen by VSI 5  1.50 + 0.805 €2 0.54

1 line impedance is mainly inductive while inverter 3, 4, and 5
line impedances are mainly resistive. In addition, the inverter
2 line impedance presents no dominant behavior. Taking all
these impedances in mind, it is clear that the microgrid is
operating in a mixed scenario with resistive, inductive and
complex impedances. On the other hand, in Fig. 7 (b) it is
shown the communication network. The microgrid uses the
UDP Protocol over an Ethernet link to communicate the M3
cores with a transmission rate of 0.1 s. Finally, the circles
represent the cyber nodes of the communication network,
and the bidirectional arrows determine the availability of
communication between inverters.

A. Performance Evaluation

To validate the performance of the novel MPC with the
parameters shown in Table II, the following experimental test
was designed in the laboratory setup. First, to validate the plug
and play capability, the five VSIs are connected at different
time, t =0, 10, 20, 30 and 40 s, respectively. In ¢ =0 s the
inverter 1 starts and fixes the microgrid frequency and voltage
while feeds a balanced load connected in the bus, with a total
power demand above 1.6 kW. The activation of the following
inverters is done using a phase-locked loop for synchronizing
them to the microgrid voltage phase. Besides, at time ¢ =60 s
the inverter 5 is disconnected. Finally, with the aim to analyze
the performance of the microgrid under load change at ¢ =50
s the second balanced load is connected.

Fig. 8 shows the active power by each inverter (Fig. 8 (a)),
as well as their reactive powers (Fig. 8 (b)), their frequencies
(Fig. 8 (c)), and the bus voltages (Fig. 8 (d)). As it can be
observed in the Fig. 8 (a) and Fig. 8 (b) after each connection,
the active and reactive power sharing is achieved. Moreover,
Fig. 8 (c) shows that the microgrid frequency in steady state
is the nominal, with only slight changes when an inverter or
load is connected/disconnected. Besides, it can be observed
in the Fig 8 (d) that all the inverter voltage amplitudes are
constrained between +5% of its nominal value. Lastly, it is
worth noting that the execution time of the proposed MPC is
5 us.

Additionally, in order to validate the robustness against the
line impedance ratio, the designed MPC has been tested with
the mainly resistive inverters, disconnecting the inverters 1
and 2. Besides, the controller response under a sudden load
change is studied with a mainly resistive microgrid. Fig. 9
shows the inverters active and reactive power, their frequencies
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Fig. 9. Performance evaluation of the proposed controller with a resistive line impedance scenario

and the bus voltages. It should be noted that any impedance
configuration not compromise the steady-state performance of
the proposed control. Besides, it should be noted that since
the microgrid line impedance is mainly resistive, the reactive
power with low power demand it almost zero.

Furthermore, to validate the performance of the proposed
control scheme under non-ideal conditions, e.g. communica-
tion failures, unbalanced and nonlinear load, the proposed
controller will be compared with a distributed droop-inspired
control (droop-free) [13]. The droop-free control parameters
have been designed to obtain similar dynamics among the
proposed control. Moreover, to yield stability and increase
the accurate power sharing, the droop-free control needs a
virtual impedance [17]. The following subsections show the
comparison between the proposed MPC and the droop-free
control in non ideal scenarios.

B. Non ideal Communication Study

The distributed control system relies on the availability of
communications. Besides, in large distributed systems the units
may be far away, thus the communication services may be
affected, e.g. communication link failures, transmission delay,
data losses, etc. Therefore, the system performance may be

Authorized licensed use limited to: UNIVERSITAT POLITECNICA DE CATAL

compromised. To evaluate the performance of the proposed
MPC under nonideal communication parameters, two different
tests were designed.

In the first experiment, the controllers have been tested
under a sudden load change with a transmission rate of 0.5
s. Fig. 10 shows the transient active and reactive power in
response to the step load change of the droop-free (a) and the
proposed control (b). It should be noted that the steady-state
is not compromised by the high transmission rate.

In the second experiment, the controllers also have been
tested under a communication link failure and message losses
(i.e. the probability that a message is lost during transmission).
For this purpose the following experimental test was designed.
At the time t = O s the five inverters were previously working
with the original communication graph feeding a three-phase
load, with a total power demand of 1.6 kW. Then, at time ¢t = 5
s the communication link 4-5 has been disabled (i.e., as5 = 0).
Besides, for each policy, the message losses are around 25 %
and the transmission rate 0.1 s. Finally, at ¢ = 10 s the second
load is connected. Fig. 11 shows the active and reactive power
under the described scenario. Fig. 11 (a) shows an inaccurate
reactive power sharing using the droop-free control, when the
link failure occurs and when the message losses is around 25
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Fig. 13. Inverter 1 currents and voltages of the proposed control scheme
under unbalanced load.

%. On the other hand, from Fig. 11 (b) it should be noted
that the steady-state performance has not been affected by the
communication failure and message losses using the proposed
MPC. To sum up, the proposed control is resilient to a link
communication failure.

C. Three-Phase Unbalanced Load Study

In this subsection, the controllers have been tested under
a three-phase unbalanced load. The experiments have the
following pattern. The inverter 1 and 2 are connected and
feeding a three-phase balanced load connected in the bus,
meanwhile, the inverter 3, 4 and 5 are disconnected. At the
time ¢ =0 s an unbalanced load is connected as a local load
of inverter 1. Fig. 12 shows the inverter 1 voltage and current
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waveforms using the droop-free controller. Since the droop-
free uses a virtual impedance with the output current as a
feedforward term to generate the voltage references. Hence,
the voltage waveforms are unbalanced. The same waveforms
are shown in Fig. 13 but using the proposed control. Since the
proposed control does not need the virtual impedance term, the
voltage waveforms are balanced although a unbalanced load
is connected.

D. Nonlinear Load Study

Finally, the controllers have been tested in the presence of
nonlinear loads. The following experiment has been designed.
The inverter 1 and 2 are connected and feeding a three-phase
balanced load connected to the bus, meanwhile, the inverter 3,

0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
CATALUNYA. Downloaded on July 22,2021 at 15:39:50 UT

from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3097608, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

4 and 5 are disconnected. At the time ¢t =0 s a nonlinear load
is connected as a local load of inverter 1. Fig. 14-15 shows the
performance of the droop-free and proposed controller under
nonlinear loads, respectively. Fig. 14 shows the inverter 1
voltage and current waveforms using the droop-free controller.
It should be noted that the current waveforms are distorted,
and THD of the inverters 1 and 2 are 24.3% and 15.1%,
respectively. Moreover, in both inverters 1 and 2, the voltage
waveforms are distorted with a THD equal to 7.2% and 4.1%,
respectively. The same waveforms are shown in Fig. 15 using
the proposed controller. It should be noted that the current
waveforms are distorted, and THD is equal to 22.1% and
10.2% for inverter 1 and 2, respectively, meanwhile in both
inverters 1 and 2, the voltage waveforms have a sinusoidal
form when the nonlinear load is connected. Moreover, the
THD of the voltage inverter 1 and 2 are 1.5% and 1.2%
respectively.

VIl. CONCLUSIONS

In this paper, a novel large-signal model for grid-forming
inverters connected to a microgrid based on the active and
reactive power dynamic equations is proposed. This model
allows to design a novel control scheme for AC microgrids.
This controller uses the presented large-signal model with an
embedded integrator to achieve a zero steady-state error in
active and reactive power sharing, and robustness against any
kind of line impedance without virtual impedance needed.
Experimental results show that the proposed control provides
a precise frequency and voltage regulation, regardless of the
line impedance configuration. Besides, the experimental results
show that the proposed control is resilient to communication
single link failures. The experimental results have also shown
that the proposed controller improves the power quality in
the voltage and current waveforms provided by the inverters
by reducing the THD, especially in unbalanced and nonlinear
loads. As an open topic for future research, the application
of new control schemes using the novel large-signal model in
microgrids can be studied.
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