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ABSTRACT The control law of electronically-interfaced distributed energy resources (DERs) must be
able to maintain the stability and voltage regulation of the host microgrid in the two modes of operation.
Ideally, this should be achieved by a decentralized primary control strategy that is independent of any
communication infrastructure in order to increase the resilience of the microgrid. This is challenging as
the primary control objectives in islanded and grid-connected modes of operation are conflicting. This paper
proposes a decentralized control law for DER units based on state feedback and disturbance rejection. The
controller provides an integral actionwhich enables output current reference tracking. An ad-hoc partial input
saturation technique is also proposed in order to prevent the integral action from having an adverse impact on
the voltage amplitude and frequency regulation in the islanded mode of operation. The effectiveness of the
proposed control strategy is demonstrated via a time-domain simulation of a medium-voltage distribution
network with three embedded DER units, as well as through an experimental three-bus microgrid with two
DER units. The results demonstrate the robustness of the proposed control strategy to transitions between
the modes of operation and other network topological changes.

INDEX TERMS Complex oscillator network, decentralized primary control, input saturation, microgrid
mode of operation, power sharing, robustness, seamless transition.

I. INTRODUCTION
The widespread deployment of microgrids with distributed
energy resources (DERs) can reduce energy costs and
enhance power system’s resilience to extreme events [1].
However, several technical challenges need to be overcome
in order to achieve the benefits of microgrids [2], [3]. In
particular, in the islanded mode of operation, the microgrid’s
voltage amplitude and frequency must be stabilized and
regulated by the DER units themselves (this function is often
referred to as grid-forming or grid-supporting), whereas in the
grid-connected mode the DER units are controlled as current
sources (grid-feeding) [4], [5]. Since the modern power
systems are subject to diverse and numerous disturbances,
the DER units should be able to transition between the
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aforementioned conflicting control objectives. The stability
of the microgrid can be compromised as a consequence of
these transitions [1], [6]. The main goal of this paper is
to develop a decentralized primary control law that ensures
smooth transitions between the DER units’ control objectives
in the twomodes of operation and continuous operation of the
microgrid.

Most of the published work in the literature propose
switching between different control strategies and rely upon
islanding detection algorithms, [7]–[13]. However, such
changes of control depend heavily on the accuracy of
the islanding detection algorithm. Furthermore, dynamic
transitions between controllers may lead to undesirable
discontinuities. Consequently, the stability and performance
robustness of the DER units operating in a closed loop may
be adversely affected, as discussed in [14]. Some publications
propose a single control for the microgrid, [15]–[18].
These publications focus on either providing current tracking
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in the grid-connected mode, or voltage regulation in
the islanded mode. In addition, some of these proposals
are dependent on external or centralized commands,
which they receive via communications infrastructure, for
synchronization purposes or for control, and therefore they
are not fully decentralized. On the other hand, a decentralized
control termed unified DER control has been proposed
in [19], [20]. The proposal uses a controller that offers integral
action with saturation, in order to change the control objective
in response to a change in the microgrid’s mode of operation.
The proposed unified control successfully tracks the active
and reactive power references in the grid-connected mode,
and achieves the desired voltage amplitude and frequency
regulation in the islanded mode. Both works assume
decoupled active and reactive powers, and hence conventional
droop-based control based on single-input single-output
control design is used. However, in distribution power
networks, the active and reactive powers are not decoupled,
as highlighted in [6] and [21]. Thus, the performance of the
closed-loop control can be poor. An alternative for dealing
with the active and reactive power coupling is proposed
in [22], where a linear optimal multivariable framework is
used to provide stability and performance robustness to the
DER-microgrid interaction.

In the current work, we propose a multivariable feedback
law that is designed based on a linearized equivalent lumped
dynamic model of the DER-microgrid interaction presented
in [22]. However, the model is extended to also include
a disturbance model. The disturbance signal represents not
only the unmodeled dynamics of the microgrid but also the
modeling errors caused by the linearization. The well-known
solution to the linear quadratic Gaussian (LQG) control
problem is adopted as the control strategy for each DER
unit, and the control consists of a state feedback gain applied
to the estimated states. In this proposal, the disturbance is
estimated along with the state, and it is compensated in
the control to realize integral action in the closed loop.
Thus, output current tracking in the grid-connected mode
is achieved. In the attempt to achieve current tracking,
the regulation of voltage amplitude and frequency at each
DER unit’s point of connection (PoC) in the islanded mode
of operation may be adversely affected. To counteract the
possible adverse effect of the integral action, this work
builds upon the ideas presented in [19] and [20], proposing
a multivariable controller with a partial saturation of the
input voltage amplitude and frequency. In this mode of
operation, the feedback gain path is preserved and acts as
a multivariable droop. Thus, a single multivariable unified
control law, which achieves current tracking in the grid
connected mode and voltage and frequency regulation in
the islanded mode, is derived for the DER units. To do so,
several features of the previous unified control proposals
have been formulated within a multivariable framework
using modern control and estimation techniques. The
effectiveness of the proposed unified control is demonstrated
through time-domain simulation of a test microgrid based

FIGURE 1. Schematic diagram of the DER-microgrid interaction.

on a medium-voltage distribution network [23] in the
PSCAD/EMTDC software environment, as well as through
an experimental three-bus microgrid with two DER units.

II. DER-MICROGRID DISTURBANCE MODEL
A. SIMPLIFIED DISTURBANCE MODEL FOR
DER-MICROGRID DYNAMICS
A DER unit consists of a primary energy resource (ER)
and its grid interface power converter. The DER units are
connected to the loads through a network of transformers
and distribution lines to form a local power system or
microgrid [24]. The interaction between a DER unit and
the microgrid can be represented approximately by a
simplified lumped model [22], which can be used to design
a multivariable stabilizing controller for DER unit. In the
current paper, we extend the control presented in [22] to
also include output current reference tracking. To that end,
the uncertainties of the nominal model are identified as input
disturbances, which are estimated, and compensated for, so as
to achieve integral action. Given that themicrogrid can be tied
to or islanded from a larger host electric power system, this
paper assumes that the grid voltage is an uncertainty of the
nominal model.

A simplified three-phase representation of a DER unit and
its interaction with amicrogrid can be obtained by the two bus
model presented in Fig. 1. Here, one bus voltage is assumed
to be imposed by the DER unit vsejθs , while the inner bus
represents the uncertain grid voltage vgejθg . The parameters
of the lumpedmodel are Rg and Lg, and it is assumed that they
are dominated by the short circuit parameters of the isolation
transformer. This means that the control design of each DER
unit only requires local knowledge of the values of resistance
and leakage inductance of its own isolation transformer. Any
mismatch between the transformer parameter and the total
series equivalent impedance will be condensed in the input
disturbance model. A load angle δ = θg − θs can be defined,
where ωg =

dθg
dt and ωs =

dθs
dt . The circuit model of Fig. 1,

expressed on a stationary α − β frame, can be represented in
a synchronous reference d−q frame aligned with the voltage
vs at the respective PoC of each DER unit as:

Lg
dio
dt
= −Rgio − jωsLgio − vgejδ + vs, (1)

dδ
dt
= ωg − ωs. (2)

The lumped model above assumes that the voltage vs of
the DER unit’s output filter appears to the network as
an ideal voltage source (in other words, the dynamics of
the vs voltage-control loops are ignored for model reduction
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purposes). The inner loop controlling vs is designed for a
bandwidth of about 1500 [rad/s] for the DER unit and, as will
be seen later, it is faster than the outer loop of interest in
this work. This model reduction approach has been suggested
in [25], [26], and others, but it has also been criticized in [5].
In this paper, we design a control strategy that minimizes
the impact of the resulting modeling error (due to model
reduction) on the performance of the control loop.

To formalize the aforementioned model, let us express (1)
and (2) in a state-space form:

ẋ = f(x)+ g(x)u+ p(x)d, (3)
y = Cx, (4)

f(·) =


−
Rg
Lg
x(1)

−
Rg
Lg
x(2)

0

 , g(·) =


1
Lg

x(2)

0 −x(1)

0 −1

 ,

p(·) =


−
cos x(3)

Lg
0

−
sin x(3)

Lg
0

0 1

 , (5)

where the variable x(j) corresponds to the j-th element of
the state vector x =

[
iod ioq δ

]T , and the input u embeds
the voltage amplitude and frequency at the DER unit’s PoC,
i.e., u =

[
vs ωs

]T . The disturbances in this model are the
voltage amplitude and frequency of the microgrid’s lumped
dynamic model, that is, d =

[
vg ωg

]T . Certainly, since
a decentralized control law is to be found, d cannot be
measured or controlled. However, it is possible to estimate
it and to compensate for it in the control loop as will be
discussed in the next section. Finally, since current io defines
the operating point of the DER unit, it is the output variable
to be controlled, y =

[
iod ioq

]T . The setpoint yref is typically
given by a maximum power point tracking algorithm for the
renewable energy resources, or by an energy management
system for dispatchable resources. The formulation and
design of the proposed control are based on a linearized
discrete-time version of (3), which is obtained in the next
section.

B. LINEARIZED DISCRETE-TIME MODEL
The tuning and implementation of the proposed control
requires a linear representation of model (3). For the purpose
of linearization, the state equilibrium point x0 =

[
0 0 0

]T
and the input and disturbance operating point u0 = d0 =[
vb ωb

]T are chosen. Then, the linearized model becomes

ẋ = Ax+ Bu+ Pd, y = Cx, (6)

A =
∂ {f(x)+ g(x)u+ p(x)d}

∂x

∣∣∣
o.p.
=


−
Rg
Lg

ωb 0

−ωb −
Rg
Lg
−
vb
Lg

0 0 0

,
(7)

B = g(x0) =


1
Lg

0

0 0
0 −1

 , P = p(x0) = −B,

C =
[
I2 0

]
, (8)

where ‘‘o.p.’’ signifies evaluation at the operating point.
Assuming that u(t) and d(t) are deterministic constant

signals between two consecutive sampling instants with
values uk and dk , the following discrete-time state-space
representation is obtained

xk+1 = Adxk + Bduk + Pddk , yk = Cdxk , (9)

Ad = eTsA, Bd = −Pd =

∫ Ts

0
eAτBdτ, Cd = C, (10)

where Ts is the sampling period.
The model (9)-(10) describes the interactions of the DER

unit with the rest of the microgrid over a wide range of
possible operating conditions. It should be noted that variable
dk , in addition to modeling the effects of the microgrid
topological changes and parametric mismatches, also embeds
other sources of uncertainties such as demand changes.
Therefore, a key task in the proposed control strategy is to
estimate dk , as will be discussed in Section III.

III. PROPOSED CONTROL STRATEGY
In this section, the proposed decentralized control is
presented; it uses a structure based on state feedback and
disturbance compensation. For that purpose, the solution of
the linear quadratic Gaussian (LQG) control problem is used
to deal with the current reference tracking of the DER unit.
LQG control is a well-known linear control method, that is
well suited for the linearized model discussed in the previous
section. This paper adopts the LQG formulation presented
in [27] and [28] that includes disturbance estimation and
compensation. This technique implements integral action
in the controller, and achieves output current reference
tracking, in spite of low-frequency uncertainties such as
parameter mismatches. Nevertheless, under certain operating
conditions, such as the islanded mode of operation, current
tracking may require a voltage amplitude or frequency that
is outside of the allowable regulation boundaries. For such
cases, partial saturation of the input is proposed. Such partial
saturation ensures a state feedback path and provides a stable
saturated condition and smooth transition between the modes
of operation.

A. LINEAR-QUADRATIC-GAUSSIAN CONTROL LAW
The LQG control requires estimates of state xk and
disturbance dk ; therefore, a state and disturbance observer
is implemented based on the linear dynamic model (9), but
including noise and an extension of the state to incorporate
diturbance dk , assuming that the disturbance exhibits slow
variations. This leads to the following stochastic model:[
xk+1
dk+1

]
=

[
Ad Pd
0 I

] [
xk
dk

]
+

[
Bd
0

]
uk +

[
ηx
ηd

]
k

(11)
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yk = Cdxk + ek (12)

where the variables {ηx, ηd, ek} are assumed to be
uncorrelated Gaussian white noise with covariance matrices
{Qx,Qd,Ry},[

ηx
ηd

]
k
∼ N

(
0,
[
Qx 0
0 Qd

])
, ek ∼ N

(
0,Ry

)
. (13)

To obtain the estimated state and disturbance, the solution of
the time-invariant linear-quadratic-estimator problem [28] (or
steady-state Kalman filter) is used, leading to the following
observer:[
xk|k
dk|k

]
=

[
xk|k−1
dk|k−1

]
+

[
Lx
Ld

](
yk −

[
Cd 0

] [xk|k−1
dk|k−1

])
,

(14)

where
[
Lx

T Ld
T ]T is the time-invariant observer gain and[

xTk|k−1 dTk|k−1
]T

is the expected value of the state and
disturbance prediction. This prediction is based onmodel (11)
and can be expressed as,[

xk+1|k
dk+1|k

]
=

[
Ad Pd
0 I

] [
xk|k
dk|k

]
+

[
Bd
0

]
uk . (15)

Finally, the covariance matrices in (13) are used to adjust
the observer performance. The LQG control also requires
the incorporation of a state feedback gain. The combination
of the two, the observer and feedback gains, constitutes the
LQG control. To obtain the feedback gain, the solution of
the time-invariant linear-quadratic-regulator problem, which
is based on the linear model (9), is adopted.

As mentioned in Section II, the controlled variables are the
output currents yk =

[
iod ioq

]T , while the input variables
are the voltage amplitude vs and frequency ωs at the PoC
of each DER unit. The LQG control law with disturbance
compensation and output current reference yref can be
expressed as

uk = −Kxxk|k +Hddk|k +Hryref , (16)

where Kx is the static state feedback gain, Hr is a static
matrix designed to provide unity gain from yref to yk , and
Hd is a static gain that maps disturbance dk from the nominal
model (9) to the input of the closed-loop system. Following
the methodology presented in [27] and [28], the static gain
from the reference to the output is Cd(I−Ad+BdKx)−1Bd,
and hence the value of Hr is

Hr =
[
Cd(I− Ad + BdKx)−1Bd

]−1
. (17)

In a similar way one can determine the static gain that cancels
the effect of dk on the controlled variables yk . Thus, Hd =

−Hr
[
Cd(I− Ad + BdKx)−1Pd

]
. Based on (8), Pd = −Bd

and thereforeHd = I. Consequently, the control law (16) can
be expressed as

uk = −
[
Kx −I

] [
xTk|k dTk|k

]T
+Hryref . (18)

Thus, by evaluating the state and disturbance observer at each
sampling time, based on (14), (15) and (18), the LQG control
is obtained. Note that, due to the time required to execute

FIGURE 2. Scheme of the proposed LQG control with input saturation.

(14) and (18), in practice this controller is implemented
with a one-sample delay. Ignoring this delay in the model
results in some high-frequency modeling errors. The errors,
however, are not significant due to the large phase margin
of the designed nominal closed-loop system. Since normal
operation of a microgrid requires voltage amplitude and
frequency regulation, this paper proposes a suitable saturation
for the input variable, as is detailed in the next section.

B. VOLTAGE AMPLITUDE AND FREQUENCY
INPUT CONSTRAINTS
Since the proposed control law provides integral action, each
DER unit within the microgrid attempts to adjust the voltage
amplitude and frequency at its respective PoC to achieve
output current reference tracking. However, this can lead the
DER units to forbidden operating points in terms of voltage
amplitude and frequency. Therefore, the control law (16)
must be constrained without compromising the stability of
the microgrid. Also, to ensure proper voltage amplitude and
frequency regulation, and hence unified microgrid control,
such a constraint in the input variable must be suitably
implemented. Therefore, the proposed control corresponds to
an LQG strategy with input saturation, schematized in Fig. 2.

In this paper, it is proposed that the stabilizing effect of
the state feedback is retained regardless of the operating
point or onset of saturation. Therefore, the control law (16)
is modified to:

uk = −Kxxk|k + sat {uk} , (19)

where

uk = dk|k +Hryref (20)

and

sat
{
u(i)k
}
,


u(i)+s if u(i)k ≥ u

(i)+
s

u(i)k if u(i)−s ≤ u(i)k ≤ u
(i)+
s

u(i)−s if u(i)k ≤ u
(i)−
s .

(21)

In (21), u(i)k is the i-th element of uk in (20), and the
values u(i)+s and u(i)−s define the permissible limits for u(i)k .
To formalize this bounded input, U ⊂ R2 is defined as the
delimited region for the variable sat {uk}, such that u−s ≤
U ≤ u+s . In addition, one can define the boundary of U as
∂U ∈ U. Then, if the nominal operating point of the DER
unit is considered, the maximum deviation of the input can be
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expressed as uk = −Kxxnom+∂U. Consequently,Kx and ∂U
can be determined so as to satisfy the maximum deviations
specified in a given grid code, as will be discussed in the next
subsection.

C. CLOSED LOOP SYSTEM PROPERTIES AND DESIGN
To assess the performance of the saturated LQG control for
the DER-microgrid closed-loop dynamics, one can obtain the
state-space representation from the output current reference
yref to the actual output current yk , with the observer
dynamics taken into account. To that end, (19) is modified to
represent the input partial saturation in state-space form. The
saturation is modeled by a diagonal matrix α(t) as a variable
that mimics the effect of saturation as sat {uk} = α(t)uk .
Therefore, the control law (19) can be written as

uk = −
[
Kx −α(t)

] [
xTk|k dTk|k

]T
+ α(t)Hryref . (22)

xk+1|k = Aclxk|k−1 + Bclyref + Pcldk , (23)

where the matrices {Acl,Bcl,Pcl} are defined in (24), as
shown at the bottom of this page.

To obtain the closed-loop state-space representation, (14)
and (22) are evaluated in (15), and (22) is evaluated in (9),
finding {xk+1|k ,dk+1|k} and xk+1, respectively. In addition,
it is beneficial to express the closed-loop state-space as a
function of the state prediction error x̃k|k−1 = xk − xk|k−1.
Thus, one can define a new state-space vector that considers

the system and controller as xk|k−1 =
[
xTk x̃Tk|k−1 dTk|k−1

]T
,

and the closed-loop state space can be written in the following
form:

It should be noted that the eigenvalues of the
block-diagonal transition matrix Acl do not depend on α(t)
and, thus, are constants. Therefore, the local stability about
the operating point is assured by the gains {Kx,Lx,Ld} even
when the control is partially saturated. In addition, the control
offers an inherent anti-windup feature. If the observer, which
is an active part of the control strategy, was fed by the output
of the linear controller (equation (18)), instead of the actual
plant input (equation (19)), the observer would suffer from
a lack of information, and controller windup would occur.
To avoid this, the observer based anti-windup strategy [29] is
adopted in this work. It simply involves feeding the observer
with the actual plant input. This condenses the effect of
input nonlinearities in the state observer, and the closed-loop
stability follows the analysis previously presented through
variable α(t). On the other hand, from the third rows of (23)
and (24), it can be concluded that the prediction error reaches
zero in steady state, which means that the feedback gain

−Kxxk|k in (19) determines the deviation of voltage
amplitude and frequency from their permissible limits
imposed by the saturation. Finally, it is remarked that
the feedback gain plays the role of a multivariable droop
mechanism for all operating points, and therefore, power
sharing criteria can be used for its design. To simplify
the notation in the remaining section, for the study of the
steady-state condition, the time-operator ‘‘k’’ is replaced
with ‘‘∞’’.

1) STATE FEEDBACK GAIN DESIGN
As noted previously, the third rows of (23) and (24) imply
that the prediction error is zero in steady state, x̃∞|∞ = 0.
In other words, the estimated state xk|k converges to the actual
values of currents {iod , ioq} and angle δ in the DER-microgrid
interaction model (9). Consequently, the state feedback gain
Kx and the state of the system xk are partly responsible
for voltage amplitude and frequency regulation at the PoC
of the DER unit, equation (19). Therefore, to bound its
effect, Kx must be bounded such that at the nominal state
operating point, the state feedback gain satisfies the following
inequality:

−1uf ≤ Kxxnom ≤ 1uf . (25)

The value of xnom is obtained from the system model (6) as,

xnom =

 inomod
inomoq
δnom

 =


In cosφ
In sinφ

−
Lg
vb

(ωbIn cosφ +
Rg
Lg
In sinφ)

 ,
(26)

where φ is the phase angle between voltage vs and current
io (power factor), i.e., φ ∈ [0, 2π ], and {In,Rg,Lg} are the
nominal current and parameters for the DER unit. In (25),
1uf may be defined by regulation standards, e.g., [30]. In this
work, and for illustrative purposes, permissible variations of
2.5% for voltage amplitude and 0.5Hz for voltage frequency
are assumed, 1uf =

[
0.025vb π

]T .
There is more than one Kx that satisfies inequality (25).

This degree of freedom can be used to find a Kx
that maximizes the DER-microgrid closed-loop robustness
while (25) is satisfied. The solution to the LQR problem
is adopted in this work due to its well-damped response
and good robustness properties. LQR minimizes the cost
function J =

∑N=∞
i=0 xTi 0xxi + uTi �uxi given the weighting

factors 0x and �u, so it is designed iterativelly by adjusting
these weighting factors to satisfy (25). Finally, as is seen
from (23) and (24), the DER-microgrid closed-loop dynamic
performance is not only a function of Kx, but also a function

Acl =

Ad − BdKx Bd {Kx(I− LxCd)+α(t)LdCd} Bdα(t)
0 Ad(I− LxCd)+BdLdCd Bd
0 LdCd I

 Bcl =

Bdα(t)Hr
0
0

 Pcl =

Pd
Pd
0

 . (24)
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of the observer gain
[
Lx

T Ld
T ]T . The design of the observer

gain is addressed next.

2) STATE AND DISTURBANCE OBSERVER DESIGN
If (23) and (24) are evaluated in steady state, their second
rows reveal that Bdd∞|∞ = −Pdd∞. This means that all
the steady-state modeling errors condensed in d∞ result to
be estimated through the observer (14) in the variable d∞|∞.
By evaluating this equality (Bdd∞|∞ = −Pdd∞) in the
first row of (23), assuming non-saturated inputs (α(t) =
I), the effect of d∞ is canceled out, x∞ = (I − Ad +

BdKx)−1BdHryref , and the output equation can be expressed
as y∞ = Cd(I−Ad+BdKx)−1BdHryref . ThroughHr, (17),
unity gain from the reference to the output is ensured. This
clearly shows that the estimation and compensation of the
disturbance d results in an integral action in the controller.
Thus, provided that the voltage amplitude and frequency
do not exceed the permissible boundaries, current reference
tracking is achieved.
The aforementioned considerations take the steady-state

operating point of the observer and feedback into account.
The problems of stability and robustness are discussed next.
While the state feedback gain is obtained by solving

the LQR problem with the weighting matrices 0x and
�u subject to (25), the state observer gain is obtained
by solving the LQE (or Kalman filter) problem with
covariance matrices {Qx,Qd,Ry}. To determine these
parameters, the frequency response of the closed loop
is examined during the design process. First, as the
plant model has an eigenvalue at the origin and the
controller has integral action, the return ratio presents
a double integrator, thus giving rise to an unavoidable
overshoot in the output tracking response. To minimize the
overshoot, this paper considers a damping ratio ξ ≥ 0.7
for each closed-loop mode. Second, the DER-microgrid
interaction model presents a lightly-damped mode with a
natural frequency of ωb = 377 [rad/s], as seen from (7).
Therefore, to avoid the excitation of this mode, this paper
considers a dominant closed-loop mode about 80 [rad/s].
On the other hand, the linearization errors, parameter
mismatches, and load changes are considered low-frequency
disturbances and within the attenuation band of the
control (80 [rad/s]). The design with these considerations is
described in Section IV.

IV. SIMULATION RESULTS
The proposed control strategy is tested on a simulated
microgrid based on the CIGRE benchmark for a North
American three-phase medium-voltage (MV) distribution
network [23]. Fig. 3 shows a single-line schematic diagram of
the test microgrid, which is simulated in the PSCAD/EMTDC
software environment. Two cases of practical interest are
simulated in order to show the effectiveness of the proposed
control. The first case shows that the output current tracks
its reference if the voltage at the PoC of its respective DER
unit is within the permissible boundaries. The second case

FIGURE 3. Schematic diagram of the CIGRE benchmark for a North
American medium-voltage distribution network.

TABLE 1. Base values of the microgrid.

demonstrates the ability of the control to adjust the output
current to maintain the voltage within the tolerable range in
the islanded mode, if the voltage at the PoC tends to fall
outside of the permissible range.

The test microgrid can be energized by a 115 kV/60Hz
subtransmission line that is characterized by a short-circuit
power of Ssc = 5 [GVA] and anR toX ratio of 0.1 (see Fig. 3).
The microgrid is fed by two substation transformers with
nominal powers of S0-1 = 15 [MVA] and S0-12 = 12 [MVA],
and it can be divided into three subnetworks. It hosts three
bidirectional dispatchable DER units, at buses 3, 14, and 9,
which are interfaced by corresponding 12.47/0.63 [kV]
transformers. Each DER unit is composed of a two-level
VSC, a constant DC source vdc, and an LC output filter.
The VSCs are controlled by pulse-width modulation (PWM)
whose switching frequency is selected to be the same as
the sampling period for the control, Ts. The base values
for the various quantities and the parameters of the DER
units are presented in Tables 1 and 2, respectively. The
natural frequencies and the damping ratios of the closed-loop
eigenvalues for each DER unit are provided in Table 2. The
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TABLE 2. DER Systems Circuit and Control Parameters.

line parameters and nominal load powers for the network are
specified in [23]. The static load models are in accordance
with the system used in [23] (see also [22]).

The case studies presented here are designed to
demonstrate the dynamic response of the DER units when the
microgrid operates in the islanded mode and then transitions
to grid-connected mode. The performance of the proposed
control is demonstrated for two different sets of voltage and
frequency boundaries, U1 and U2, which are listed in Table 2
and assumed to be the same for all DER units. The limitU1 is
less restrictive thanU2. Input constraints are determined such
that, in theworst case, the input uk does not go beyond±7.5%
of the nominal voltage amplitude and ±2π [rad/s] of the
nominal frequency forU1, and±5% and± 3π

2 [rad/s] forU2.
The resulting voltage amplitude and frequency deviations are
due partly to the specified boundaryU and partly to the effect
of the stabilizing gain Kx. In turn, Kx is determined through

TABLE 3. Output current references (per unit).

the procedure discussed in Section III-C.1 for a maximum
deviation of 2.5% of voltage amplitude and π [rad/s] of
voltage frequency. Finally, to solve the LQR problem,�x and
0u are chosen with the entries given in Table 2.

All the case studies under consideration involve the closure
of some of the switches Sl (with l ∈ {1, ..., 6}), as labeled
in Fig. 3. Even though synchronization may be implemented
in practice, for these case studies the closure of switches
takes place under nonzero switch voltages. This is done
intentionally to test a severe disturbance to the microgrid
and to demonstrate the robustness of the proposed control
strategy.

In the results that follow, the output current magnitude
|io| =

√
i2od + i

2
oq, the voltage magnitude at the PoC |vs| =√

v2sd + v
2
sq, and the frequency at the PoC ωs, are expressed in

per unit terms and plotted in black, blue, and red, for DER1,
DER2, and DER3, respectively. For the current magnitude
waveforms, the dashed lines represent the output current
references. It should be noted that the subnetworks are not
entirely balanced and, consequently, oscillations at twice the
fundamental frequency appear in some of the waveforms.

A. CASE 1: RESPONSE TO TOPOLOGICAL CHANGES OF
THE ISLANDED NETWORK
This case study demonstrates the DER units’ transient and
steady-state responses under different operating conditions
in the islanded mode. Initially, the microgrid’s subnetworks
all start in the islanded mode of operation, i.e., switches Sl
(with l ∈ {1, .., 6}) are all open. Thus, each subnetwork
is energized by its corresponding DER unit. The output
current reference of each DER unit, yref , is initially set to the
values presented in Table 3. These references are different
to the local current demand of the respective subnetwork.
Therefore, the integral action of the control, which attempts
to enforce these references, leads to the saturation of term uk
in all DER units, while the state feedback actions −Kxxk|k
stabilize the networks.

We next analyze two cases of interest at t = 0.1 s and
t = 0.4 . At t = 0.1 s, while the voltages of bus 3 and bus
8 exhibit a phase difference of approximately 3◦, switch S4 is
closed and connects subnetworks 1 and 3. As Fig. 4 shows,
the first noticeable effect is that DER1 and DER3 change their
frequencies transiently to synchronize with each other. It is
also observed that the responses of the voltages, frequencies,
and currents are well-damped with nearly the same dynamics
as those predicted by the designed closed-loop dominant
modes.

Table 4a lists the steady-state powers of the DER units after
the closure of S4. It can be seen that active and reactive powers
are shared approximately in proportion to the respective DER
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FIGURE 4. DER units 1 and 3 responses to the connection of the
subnetworks 1 and 3 in the islanded mode of operation. Response for
input constraint U1 in dark-color lines and for input constraint U2 in
light-color lines.

TABLE 4. DER unit’s Delivered Power (per unit, base power of each DER).

units’ nominal powers, with a deviation from an exact shares
of only 3%. Finally, at t = 0.4 s, switches S3 and S6 are
closed, changing the topology from radial to meshed without
any major transient or steady-state effect, as shown in Fig. 4.

The response of the connection of subnetwork 2 to
subnetworks 1 and 3 is shown in Fig. 5; the connection
is accomplished by closing switch S5 at t = 0.6 s.
Again, a phase displacement of 3◦ is allowed between the
voltages of bus 8 and bus 14 before the closure of S5.
As in the previous case, the dynamic responses of the DER
units correspond approximately to the designed closed-loop
dominant modes, and, as can be seen in Table 4b, the powers
are shared approximately proportional to the DER units’
nominal powers with a deviation of only 3%.

For both aforementioned incidents, the integral action of
the controller, manifested in term uk , remains saturated at the
upper bound of voltage amplitude and at the lower bound
of voltage frequency, for both sets of input constraints U1
and U2 considered in this study. These results illustrate that
the saturation of uk does not compromise the closed-loop
stability, as also discussed in Section III-C.

B. CASE 2: TRANSITION TO GRID-CONNECTED
MODE OF OPERATION
The second case study illustrates the transient and
steady-state responses of the DER units to a transition to
the grid-connected mode. To evaluate the ability of the
proposed control strategy to regulate the microgrid’s voltage,

FIGURE 5. DER unit responses to the connection of the subnetwork 2 to
the subnetworks 1 and 3 in islanded mode of operation. Response for
input constraint U1 in dark-color lines and for input constraint U2 in
light-color lines.

an amplitude deviation of −12% of the nominal voltage is
intentionally allowed at bus 1 before the connection of switch
S1, while the voltage amplitude at bus 12 remains at nominal
value. The microgrid is initially in a steady state with the
switches S3 through S6 closed and switches S1 and S2 open,
i.e. it is in the islanded mode of operation. Then, S1 is closed
at t = 1.1 s, with the voltages of bus 1 and bus 2 having a
phase displacement of about 3◦, and S2 is closed at t = 1.5 s.
The closure of S1, connecting the microgrid to the host grid
with a lower voltage, results in a reduction of voltages at the
PoCs of the DER units, as shown in Fig. 6. Such a voltage
reduction is handled differently depending on the limits,
U1 orU2. As is illustrated in Fig. 8a, the term uk for the wider
constraint U1 remains linear. Thus, the output currents of the
DER units track their respective references. For the tighter
constraint U2, however, uk crosses the boundary U2, and
reaches a new steady-state with a saturated voltage amplitude
at the lower boundary and an unsaturated frequency, as can
be seen in Figs. 8a and 8b. Consequently, the control does
not track the output current reference; instead, it counteracts
the grid’s voltage deviation by supplying the currents needed
to keep the voltage at the lower bound of the design limit,
provided that the current limits are not exceeded. The voltage
and current waveforms in abc coordinates at the instant of
closure S1 are presented in Fig. 7. This figure shows that
the variables are sinusoidal despite a large transient in the
current required to synchronize the voltages of the microgrid
to the host grid. Finally, following the closure of S2 at
t = 1.5 s, the uk variables of all DER units revert to linear
operation for both sets of boundaries, as can be seen in Fig. 8b.
In this condition, all DER units track their respective output
references, as shown in Fig. 6. Finally, some of the features
of the dynamic behavior of the microgrid frequency during
the transition to the grid-connected mode warrant comments.
As the frequency is imposed by the main grid following
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FIGURE 6. DER unit responses to the microgrid transition from islanded
to grid-connected modes of operation. Response for input constraint U1
in dark-color lines and for input constraint U2 in light-color lines.

FIGURE 7. Current and voltage waveform for switch S1.

the closure of S1, the frequency component of the actuation
term u(2)k (see equations (19) and (20)) is freed to drive
the input to the new operating point, as is seen at the end
of the trajectory in Fig. 8a or at the beginning in Fig 8b.
Therefore, the overall frequency of the DER units exhibits an
overshooting response that is characteristic of linear systems
with double integration. In this case, the two integrations are
embedded in the controller as well as the relationship between
actuation ωs and load angle δ.

V. EXPERIMENTAL RESULTS
The proposed control structure and design are experimentally
validated in a simple laboratory microgrid consisting of two
DER units connected to a three bus network, as shown
in Fig. 9. Each DER unit is composed by a fixed 600 [V] DC
source, a 5 [kVA] two-level VSC, and an LC output filter.
The control of each DER unit is implemented in a separate
DSpace 1103 platform, which sample the local variables and
modulate the respective VSC with space-vector modulation
at a frequency of 5 kHz. The nominal line-to-line voltage
of DER1 is 380 [V], whereas for DER2 it is 220 [V]. Both
DER units are connected to a 380 [V], 50Hz network through

FIGURE 8. Trajectory of uk for transition to the grid-connected mode of
operation. (a) Closure of switches S1. (b) Closure of switch S2. Responses
for input constraint U1 in dark-color lines and for input constraint U2 in
light-color lines.

TABLE 5. Experimental DER Systems Circuit and Control Parameters (vN
is the respective DER unit’s nominal voltage and ωN = 2π50 [rad/s]).

TABLE 6. Closed-loop eigenvalues of the experimental DER units.

respective isolation transformers. The transformer of DER1
is connected through a 20m long feeder to the common bus
bar, whereas the transformer of DER2 feeds directly to the
common bus. The load and the switch to the main grid are
located at the common bus bar. The parameters of the filters
and transformers, and the voltage limits for the DER units
are listed in Table 5. These values are used in the design
of the proposed controller following the procedure described
in Section III-C. The resulting closed-loop eigenvalues are
reported in Table 6.

The first experimental result, depicted in Fig. 10, shows
both DER units operating in the islanded mode (S2 open)
and independently (S0 open). Initially, both DER units have
zero current references, while S1 is closed and, therefore,
DER2 feeds the resistive load (47� per-phase) with the
voltage and frequency that are determined by the lower
bound of the designed constraints. On the other hand,

157326 VOLUME 7, 2019



R. Pérez-Ibacache et al.: Decentralized Unified Control for Inverter-Based AC Microgrids Subject to Voltage Constraints

FIGURE 9. Unilineal diagram of the laboratory set-up for experimental validation.

FIGURE 10. Experimental results in islanded mode. At t = 0.1 s the DER
units are connected with a phase displacement of 5o.

DER1 is only loaded by its respective transformer and,
consequently supplies mainly reactive current. This results in
a voltage amplitude saturation at the lower bound, and voltage
frequency saturation at the upper bound of the designed
constraints. A small deviation from the designed constraint is
observed, which is due the effect of the stabilizing feedback
path of the proposed control. At t = 0.1 s, S0 is closed, while
the voltages have a phase difference of approximately 5o,
connecting the two DER units in parallel. The initial phase
difference excites the natural modes of the microgrid, but
the modes are quickly damped and the DER units get
synchronized and share the load. A small difference can be
noticed in the loading of the DER units, which is due to the
difference in the line impedances of the DER units.

The second set of experimental result is shown in Fig. 11.
In this case, the DER units start operating in parallel in the

FIGURE 11. Experimental results of microgrid transition from islanded
mode the grid-connected mode of operation. At t = 0.1 s, S2 is closed.

islandedmode, with references irefo1 = 3+0j [A] and irefo2 = 4+
0j [A]. Due to the difference between the actual load and the
references, the voltages are saturated at the lower bound of the
designed constraints. At t = 0.1 s, the microgrid is connected
to the main grid, thus producing a transition from the islanded
mode to the grid-connected mode of operation. Thereafter,
the voltage amplitude and frequency are regulated by the
main grid, allowing the DER units to track their respective
output current references, as can be observed in Fig. 11.

VI. CONCLUSION
A single decentralized control law is proposed in this
paper for inverter-based microgrids that must operate in
both islanded and grid-connected modes of operation. The
proposed control includes a model for uncertainties, which
are estimated by an extended state observer. The estimated
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uncertainties are compensated by an additive feedforward
term which provides integral action to the controller. The
integral action, in turn, provides steady-state current tracking
at the possible cost of voltage amplitude and frequency
deviations. Therefore, limits on voltage amplitude and
frequency are imposed by partial input saturation. This
combination of integral control and partial input saturation
enables fully decentralized control of the inverters under
various grid conditions, as well as seamless transitions
between the twomodes of operation. Furthermore, it is shown
in this paper that the proposed control strategy preserves the
stabilizing effect of the state feedback while it maintains the
voltage amplitude and frequency regulation for the DER units
within pre-specified limits.

Simulation results demonstrate the decentralized
cooperation of the DER units for stabilizing the microgrid
variables and reaching the closest feasible operating point
with respect to their output current references. This includes
current tracking when the microgrid’s voltage allows it,
as is the case in the grid-connected mode of operation;
and seamless transition to voltage regulation when the
grid condition does not permit it, as in the islanded mode
of operation. Additionally, experimental results in a small
laboratory microgrid confirm the practical feasibility of the
proposed control technique.
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