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Abstract— The objective of this paper is to validate a
dynamic output-feedback (DOF) control synthesis method-
ology to be implemented through digital signal processors
(DSPs) in the scope of electrical microgrid applications.
The DOF controller, originally designed in continuous-time,
is developed aiming to comply with strict transient behavior
requirements associated with electrical systems, by using
an adaptation of the D-stability concept to handle linear
systems affected by time-varying parameters (linear pa-
rameter varying - LPV - model). In order to allow a digital
implementation of the control action, a discrete-time equiv-
alent representation of the continuous-time DOF controller
is obtained from the Taylor series expansion of the expo-
nential terms associated with the discretization. Additional
contributions of this article include: the use of a formulation
based on Differential Linear Matrix Inequalities (DLMIs) to
ensure the stability of the hybrid system (composed of the
analog plant and the digital controller), and the validation
of the redesigned controller performance when applied
to a real-time simulation of a three-phase inverter with
a grid-supporting configuration emulated via Hardware-in-
the-loop (HIL) device. The results demonstrate that the con-
trolled system has achieved a regular operation for all the
load cases investigated after the anomalies presented, even
regulating a voltage drop of 20%. The proposed method
was compared with a method in the literature, showing a
decrease of 17.5% in the harmonic distortion of the currents
holding similar voltage distortion.

Index Terms— Digital Redesign, DLMI, Dynamic output-
feedback, Grid-supporting, Hybrid Systems Stability, In-
verter.

I. INTRODUCTION

IN electrical distribution grids, there has been a shift from
the use of environmentally unfriendly energy generation

sources to unconventional renewable energy sources such as
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solar and wind [1]. The transmission of the energy produced
by photovoltaic-based generators through the current electrical
distribution requires its conversion from direct current to
alternating current, which can be achieved through power
electronic-based energy converters [2].

The grid-tied converters can use three types of operation:
grid-following converter, which functions as a current source
aiming to deliver the maximum amount of energy to an
electrical grid [3], grid-forming inverter, which operates as
a voltage source, allowing voltage and frequency control to
maintain grid or microgrid stability [4], and grid-supporting
inverter, which provides support services to the electrical grid
by operating as a current or voltage source, depending on the
services desired for the grid [5]. The grid-tied power converters
need to be controlled to avoid failures and to maintain the
stability of the power and voltage signals, along with a
good performance associated with low tracking error and low
harmonic distortion. This ensures that converters have only a
positive effect on the grid. In this sense, several approaches
have been developed to achieve better performance or provide
additional functionalities to the converter system [6].

In the literature, various strategies are used to control the
output of converters, such as the output current, the voltage in
a filter, or the current delivered to the grid (according to the
study case). These strategies can be implemented considering
a single loop or a double loop, depending on the number
of variables measured and controlled [7]. Single-loop control
methods use multiple modulation-based strategies to generate
semiconductor activation signals. In past decades, proportional
(P) control has been used despite being prone to steady-state
error problems [8]. On the other hand, proportional-integral
(PI) control eliminates steady-state error when working in the
dq reference frame for AC systems [9]; proportional-resonant
(PR) control [10], [11], one of the most used due to its ability
to eliminate steady-state error when working with alternate
variables, allows to work in abc [12] and αβ [13] frames;
additionaly, deadbeat control (DB) [14] uses estimation to
achieve the minimum possible error [15].

Also, there are modulation-free strategies such as Model
Predictive Control (MPC) strategies, where the controller’s
output is the direct activation signal of the semiconductors.
These strategies take advantage of the discrete nature of
converters to estimate variables based on different semicon-
ductor activation combinations [16]. When used alone in
the feedback control loop, all the aforementioned strategies
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present problems such as variable switching frequency, higher
harmonic distortion, or even generating resonances in weak
grids [17]. Therefore, variations of these strategies, where fixed
switching frequencies are used, are also under investigation
[18]. In the case of double-loop strategies in power converters,
an outer loop is usually implemented to generate the reference
for the single-loop strategy, creating a cascaded structure that
allows greater flexibility in control. These loops typically
measure two of the converter’s outputs dedicated to control,
where the outer loop usually receives a static reference or
an output from a power control. Double loops can be used
similarly to single loops, combining P, PI, PR, and DB type
strategies [7]. In this sense, feedback controller families often
offer an integral solution because they incorporate more than
one variable simultaneously in the control signal calculation.

In the feedback control framework, there are three main
structures suitable for state space representations (listed below,
in ascending order, according to implementation complex-
ity) [19]–[21]: the State-Feedback (SF) controller, the Static
Output-Feedback (SOF) controller, and the Dynamic Output-
Feedback (DOF) controller. The static structures (SF and SOF)
do not increase the order of the closed-loop system, whereas
the DOF does while static structures (SF and SOF) do not
modify the order of the closed-loop system, as they are fixed
matrix gains, the DOF controller is a system with its own dy-
namics that uses the measured output to compute the temporal
evolution of an arbitrary number of internal states (increasing
the order of the closed-loop system) and, from them, determine
the control signal. In terms of control structures, DOF is
the most general one; therefore, any other structure based on
compute-by-gains (PID family included) is a particular case
of a DOF controller. The benefits of using a DOF control
strategy in power electronic systems when compared with
static approaches, such as SF, MPC, DB, or even PID family
for higher than second-order systems, are that the DOF con-
troller can provide an active disturbance rejection because it
can consider the disturbance model inside the system structure
and it can work with noisy measurement signals [22] since the
inner dynamic of the controller can filter the high-frequency
noise from lower-precision instruments. Moreover, the DOF
controller is computed offline, demanding less computational
effort when compared to the MPC technique. Unfortunately,
as much as the DOF controller is complete, it is also complex
to synthesize. In robust control, a common strategy to obtain
DOF controllers is to use Lyapunov stability concept and
rewrite the design problems in the form of Linear Matrix
Inequalities (LMIs) in order to allow the employment of the
available optimization tools, aiming to facilitate the search
for a feasible solution that simultaneously guarantees the
asymptotic stability of the closed-loop system and ensures
the optimization of a performance criterion. We usually find
LMI-based control synthesis in the literature in the following
way: continuous-time controllers designed for continuous-time
models or discrete-time controllers designed for discrete-time
models. However, it is important to note that in real electronic
applications, the system is a continuous-time process while
the controller must be implemented in a discrete-time device.
Hence, in some instances, an approximation of the system or

the controller must be made. This process may not ensure
a correct mapping of the continuous-time domain properties
into their discrete-time equivalent domain. This problem is
addressed in the context of hybrid systems, for example [23],
[24], where the DOF control and the filtering problems in the
context of sampled-data systems are solved using Differential
Linear Matrix Inequalities (DLMI), respectively, without con-
sidering performance requirements. For a closed-loop stability
check, the impulsive approach presented in [25] can be used,
which also leads to a DLMI formulation. To solve DLMI
problems using standard LMI solvers, additional mathematical
features are needed, as discussed in [26]. Unfortunately, the
closer topic that addresses transient state in LMI-based control
theory is employing the D´stability framework, but when
hybrid systems are considered, there is no direct equivalency
between the classical approach and the sampled-data approach,
since the D´stability framework relies on the concept of poles
and zeros, and the restriction in its placement. In sampled-data
Hybrid Linear System (HLS), this concept is not immediate,
therefore, it is important to propose alternative ways to achieve
transient performance when a digital controller is used, be-
cause ensuring accurate mapping of properties in the discrete-
time domain is crucial for systems that require both transient-
and steady-state performance.

A recent paper [27], hereinafter called FLMOP24, addresses
the transient- and steady-state performance in continuous-time
power electronic systems, proposing a DOF control design as
the main contribution, it handles the discretization problem,
including a model of the digitizing error as a perturbation
to reduce its effect when the controller is implemented in a
digital device. Although this methodology offers satisfactory
results, it requires statistical information that is not commonly
available a priori. An alternative is to employ a stability test
based on hybrid-time modeling to avoid the requirement of sta-
tistical information and ensure the performance of a sampled-
data controller that is implemented on a digital device. Hence,

Notation: Lowercase and capital letters indicate, respectively, vectors (or
scalars) and matrices. The set of real numbers is denoted by R, while the
natural numbers are given by N. For real matrices and vectors, the symbol
p1q represents transposition, HepMq is used to indicate operation M ` M 1,
Newton’s notation is used to denote derivatives, where 9fptq represents the
derivative with respect to the time of the function fptq. The expressions
M1 ą 0 and M2 ă 0 indicate that M1 is positive definite and M2 is
negative definite. The parameter-dependent matrices are structured in the form
Xpθptqq “ X0 `

řV
i“1 Xiθiptq, where Xi, i “ 0, . . . , V , are known

matrices, and θptq is a vector of bounded time-varying parameters belonging
to the set Θptq “

␣

pθ1, . . . , θV qptq P RV : θi ď θi ď θi, i “ 1, . . . , V
(

,

for all t ě 0. Moreover, the bounds θi and θi are known values. A trajectory
or function f evaluated at t “ tk is denoted as f rks “ fptkq,@k P N.

Concerning stand electrical nomenclature, Rf , Lf and Cf are the filter
resistance, inductance, and capacitance; Eabc is the inverter output voltage;
I0,dq is the inverter output current; iabc and vabc represent the filter current
and voltage in abc´frame, respectively, while idq and vdq indicates these
magnitudes in dq´frame; mdq is the modulation signal; ω˚ and ω0 represent
the nominal and instantaneous value of the grid frequency; and Fsw is
the switching frequency. About general abbreviations, DG is Distributed
Generation; DLMI is Differential Linear Matrix Inequalities; DOF is Dynamic
Output-Feedback; DSP is Digital Signal Processor; HIL is Hardware-in-the-
Loop; HLS is Hybrid Linear System; LMI is Linear Matrix Inequality; LPV
is Linear Parameter-Varying; MPC is Model Predictive Control; P, PI, PR,
PID refers to Proportional-Integral-Differential-Resonant controllers family;
PCC is Point of Common Coupling; PLL is Phase-Locked Loop; SF is
State-Feedback; SOF is Static Output-Feedback; and THD is Total Harmonic
Distortion.
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the main contributions of this article are as follows.
1) We propose an offline algorithm for designing DOF

controllers for discrete-time LPV systems based on the
discrete-time redesign holding the improvement transient
behavior outlined for a continuous-time D-stable DOF
controller.

2) In the proposed algorithm, we are able to ensure the
stability of the hybrid system (continuous-time plant plus
discrete-time DOF controller), through the solution of a
feasibility problem based on DLMIs.

3) Finally, we validate the proposed methodology through
the implementation of DOF-designed controllers with
transient behavior on a DSPs and HIL apparatus.

The paper is organized as follows. Section II describes the
system in an adequate mathematical framework and proposes
a discrete-time approach to be implemented in real applica-
tions, considering D-stability requirements and hybrid format.
Section III presents the state-space model of the microgrid
inverter system. Section IV describes the controlled system
model with the presentation of a complete schema. Section V
explains the experimental setup and shows the results of the
proposed control methodology. Finally, Section VI resumes
the main conclusions of the work.

II. DESCRIPTION OF SYSTEM DYNAMICS

A power electronic converter based on semiconductor
switching technology can be modeled by a nonlinear system
with specific behavior requirements, in which the voltage
and current are the state variables. Regarding the concept
of stability and performance in nonlinear systems, when a
continuous-time system is redesigned into a discrete-time sys-
tem, this tends to lose information about the original domain.
Therefore, synthesizing the controller in a continuous-time
domain offers a more representative closed-loop behavior. In
this case, later a discretization is necessary. This approach
may not guarantee the requirements, even the stability of the
real system, which is hybrid by construction. A continuous-
time system (represented by the set G) is composed of a finite
state vector xptq, a control signal vector uptq, an exogenous
disturbance input vector wcptq, which is useful for measuring
the impact of the system on the output vector zptq. This
output can be represented as a linear combination of the
state vector, control vector, and disturbance input vectors,
and it is used to generate a quadratic cost. Considering that
the power converter system G is modeled using averaging
value methods (approximated by a small-signal average), it is
crucial to recognize that this approach precludes a more exact
representation. This limitation stems from the inherent high-
frequency switching deviations in semiconductors, which are
integral to the real system. Such deviations are characterized
and defined by the measurement yrks. After the detailed
description presented before, consider that the power converter
system G is represented by the following Linear Parameter-
Varying (LPV) sampled-data system in the standard form

G :

$

&

%

9xptq “ Apθptqqxptq ` Bpθptqquptq ` Jpθptqqwcptq,
zptq “ Czpθptqqxptq ` Dzpθptqquptq ` Ezpθptqqwcptq,
yptq “ yrks,@t P rtk, tk`1q

(1)

where xptq P Rn is the state vector, wcptq P Rpc is the exoge-
nous continuous-time disturbance, zptq P Rq is the regulated
output and yptq P Rm is the piecewise constant output signal
measured at the sampling times and held constant until the next
sampling. Additionally, uptq P Re is the control input, which
is also a piecewise constant signal defined by uptq “ urks, t P

rtk, tk`1s,@k P N, with tk`1 ´ tk “ h ą 0,@k P N, being h
constant. It is important to stress that although the system G is
presented in the continuous-time domain, the control signal is
piecewise constant since the control signal is implemented by
a Digital Signal Processor (DSP). It is important to mention
that it is possible to consider a continuous-time control device,
but it leads to high maintenance and installation costs. Since
the controller device is digital, the measured output is read
by the controller following the sequence of sampling instants
ttkukPN, generating the measured output sampled

yptkq “ Cypθptk´1qqxptk´1q ` Eypθptk´1qqwdrk ´ 1s (2)

where wd P Rpd is a discrete-time exogenous input introduced
by the sensors. For this scenario, there are common proposals
of control schemes based on states observer (SO), SOF, and
DOF, whose goal is optimizing the output zptq (which can
be any chosen linear combination of states) to minimize the
effect of a noisy measurement signal, but without considering
additional D-stability requirements in the design problem.

In this paper, a noisy reject strategy is used, and therefore,
we aim to design a full-order discrete-time DOF control
structure given by

Ck :

"

xCk
ptkq “ ACk

pθptk´1qqxCk
ptk´1q ` BCk

pθptk´1qqyptkq,
uptk´1q “ CCk

pθptk´1qqxCk
ptk´1q ` DCk

pθptk´1qqyptkq,

(3)

where xCk
ptq P Rn is the state vector of the dynamic

controller.
As mentioned in the Introduction, the controller Ck de-

scribed by (3) (implemented through the microprocessor in
Fig. 1) uses the system output signal to feed the internal
states of the controller. The output of the controller matches
the control input signal of the system, which is generated
by a linear combination of the internal controller states and
the system output vector. When a power electronic system
employs a double-loop PI controller for tracking-reference
purposes, the integral and proportional actions operate over the
reference-error signal twice. In contrast, the DOF controller
holds an integral action over the reference-error signal and
the states vector directly, plus the proportional actions, which
leads to more feedback-information to generate the control
signal. It can be easily seen that the proposed feedback
control system (see Fig. 1) corresponds to a hybrid system
composed of discrete-time and continuous-time signals. The
representation of this system in state-space considering (1),
(2), and (3) is given by Fig. 1. For that, defining the augmented
state variable ξp¨q1 “ rx1p¨q u1p¨q xCk

p¨q1s, the augmented
hybrid system is written in the form of1

GCk
“

$

&

%

9ξptq “ F ptqxptq ` Rcptqwcptq
ξptkq “ Hpt´

k qξpt´
k q ` Jdpt´

k qwdrk ´ 1s

zptq “ Gptqξptq ` Mptqwcptq

(4)

1Hereafter t´
k stands for tk´1.
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Inverter

Microproccesor

Full-order control ADCZOH

yptq

yrks ` wdrksurks

uptq

zptq “ minJwcptq

wdrks

Fig. 1: General control schema based on hybrid framework.
with matrices

F ptq “

»

–

Apθptqq Bpθptqq 0
0 0 0
0 0 0

fi

fl , Rcptq “

»

–

Jpθptqq

0
0

fi

fl ,

Hpt´
k q “

»

–

I 0 0
DCk

pθpt´
k qqCypθpt´

k qq 0 CCk
pθpt´

k qq

BCk
pθpt´

k qqCypθpt´
k qq 0 ACk

pθpt´
k qq

fi

fl ,

Jdpt´
k q “

»

–

0
DCk

pθpt´
k qqEypθpt´

k qq

BCk
pθpt´

k qqEypθpt´
k qq

fi

fl ,

Gptq “
“

Czpθptqq Dzpθptqq 0
‰

, Mptq “
“

Ezpθptqq
‰

.

Note that when the classic discretization methods are used,
it does not reach the full mapping of the system properties.
This is a key concept for obtaining realistic and representative
cost functions for closed-loop systems. Generally, this cost
function is based on the domain L2 for continuous-time cases,
which refers to bounded integrable quadratic signals, while
for discrete-time cases (ℓ2) it is based on bounded summable
quadratic signals. Optimizing performance in a discrete-time
system and applying it to a continuous-time environment
can lead to different cost values or even unstable results
because the energy of the discrete signals is lower measurable
due to their set strictly belonging to the L2 continuous-time
space. Recent approaches in control and filter design for
hybrid systems involve solving optimization problems based
on DLMI. As far as the authors are aware, there are no
synthesizing methods for DOF controllers that incorporate D-
stability constraints in this framework; therefore, this paper
proposes synthesizing a guaranteed D-stability controller in
the continuous-time domain following the procedure proposed
in [27]2, then the designed controller is rewritten as a discrete-
time controller, following the discretization process defined
in [28]. Finally, we verify the stability of the hybrid system
(composed of the continuous-time model plus the discretized
version of the controller) following the results from [25].
All design methods are written in the form of LMIs and
DLMIs that can be solved by existing computational packages
for semidefinite programming. For that purpose, consider the

2Note that in [27] a similar system was studied, where transient behavior
was required, and the authors addressed the problem using an H8 perfor-
mance with D-stability constraint to supply the transient state requirement,
and they obtained an acceptable behavior about the power electronic systems;
for this reason, we adopted the same approach in this paper.

continuous-time DOF controller defined as

Ct :
"

9xCtptq “ ACtpθptqqxCtptq ` BCtpθptqqyptq,
uptq “ CCt

pθptqqxCt
ptq ` DCt

pθptqqyptq,
(5)

where xCk
ptq P Rnc is the internal state vector of the dynamic

controller, which is obtained following the procedure defined
in [27, Theorem 1] (hereafter called FLMOP24) to achieve
performance purposes. Once the DOF controller is obtained
in the form of (5), it is approximated using the procedure
described in [28]. This process is based on the Taylor series
expansion and the discretized system in the form of (3) has
system matrices defined as

ACk
pθptk´1qq “

Ψ
ÿ

j“0

ACt
pθptqqj

j!
hj ,

BCk
pθptk´1qq “

Ψ
ÿ

j“1

ACt
pθptqqj´1

j!
hjBCt

pθptqq

CCk
pθptk´1qq “ CCt

pθptqq, DCk
pθptk´1qq “ DCt

pθptqq.

where Ψ is the maximum degree of Taylor series expansion
and h is the sampling period.

s-plane constraints for power electronics
The inverter system must not only satisfy stability or cost

optimization criteria but must also hold properties in the
transient performance to achieve the application requirements
of such systems. In time-invariant systems, the simplest way
is to generate additional constraints based on the confinement
location of the eigenvalues in a limited region of the complex
plane (which is known as D-stability, more details in [27]).
Fig. 2 represents a convex region formed by additional design
constraints. A power electronic system (if stable) under these

Im

Re

α

r

Spα, d, rq

p´q, 0q

d

Fig. 2: Region desired Spα, r, dq on complex plane centered
in p´q, 0q.

constraints must primarily comply with a minimum decay
rate (d) to maintain a fast time response, limited damping
(bounded by α) to avoid overshoot in the state variables,
and hold the dynamics below the threshold of the switching
frequency (bounded by r) so that it does not contribute to
the transient performance of the dynamic system. Following
the classical control techniques, the selection of the exact
parameters depends on the designer. A good strategy is to
avoid parameters near the boundary of the desired region, since
they can cause the real system to operate outside the desired
performance limits.
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Sampled-data system stability verification
To verify the stability of hybrid systems in the form of (4),

a well-accepted approach is the one proposed in [25], which
is stated in the following lemma.

Lemma 1 (Stabilization lemma in [25]): Given h ą 0,
the hybrid system (4) is asymptotically stable if, and only
if, there exists a differentiable matrix function Q : r0, hs Ñ

Rn`e`nc and a scalar ϵ ą 0 such that:

F ptqTQptq ` QptqF ptq ` 9Qptq ĺ 0
Hp0qTQp0qHp0q ´ Qphq ` ϵI ĺ 0

Qp0q ą 0
(6)

holds for all t P r0, hs.
As mentioned above, the solution of the conditions from (6)
can be easily reached by the usage of DLMI [26].

III. MODELING AND ASSUMPTIONS OF AN INVERTER

A grid-supporting system is a microinverter used when the
local microgrid is electrically weak and needs to be constantly
compensated to maintain a nominal voltage amplitude and
operating frequency when the system presents anomalous
operation scenarios. An electrically weak grid [29], [30] is
characterized by low resilience to changes in operation, that
is, when the grid presents anomalous operation, its properties
vary, which is an unwanted behavior. An example of this
is when a load is connected to a weak grid, where due to
the changes in the load, more current intensity is demanded,
therefore, the voltage amplitude tends to decrease to hold the
same power, and this decompensation affects the frequency of
operations, which often is associated with the reactive power.
In this sense, a grid-supporting system addresses a time-variant
device that delivers active and reactive power to compensate
for these variations while anomalous scenarios are presented.

This work addresses a grid-supporting configuration com-
posed of an inverter and its electrical filter, which is connected
to an unknown load and the local electrical grid through a
connecting impedance, as seen in Fig. 3. The microgrid is
emulated by a Hardware-In-the-Loop (HIL) device, and the
controller is implemented on a Digital Signal Processor (DSP).
It is important to mention that more complex scenarios with
multiple inverters and different control issues in grid support
were investigated through simulation, and the conclusions
were similar to those of the simplified scenario that will be
discussed in the next sections of the paper. Additionally, the
authors intend to address the saturation problem in future
research, since the design of controllers for hybrid systems
using LMI and DLMI-based techniques is still a developing
area.

A. Inverter model in state-space
The inverter state-space model can be derived by ana-

lyzing the differential equations of the RLC filter. In this
model, the current and voltage in the filter are represented
as vectors iabc P R3ˆ1 and vabc P R3ˆ1 respectively, in an
abc-framework. These variables are used in the well-known
Kirchhoff laws equations, which are as follows:

Cf
dvabcptq

dt “ igptq ´ iabcptq,

Lf
diabcptq

dt “ Rf iabcptq ` vabcptq ´ Eabcptq,
(7)

where Rf , Lf , and Cf denote, respectively, the filter resis-
tance, inductance, and capacitance. Eabcptq stands for the
inverter output voltage. It is important to note that due to
the three-phase nature of these quantities, iabcptq, vabcptq, and
Eabcptq are all modeled as vectors.

After applying the Park and Clark transformation [31], a
static framework is obtained and represented by the following
differential equations

9vdptq “ ω0ptqvqptq ` 1
Cf

idptq ´ 1
Cf

Iodptq,

9vqptq “ ´ω0ptqvdptq ` 1
Cf

iqptq ´ 1
Cf

Ioqptq,

9idptq “
Rf

Lf
idptq ` ω0ptqiqptq ` 1

Lf
mdptq ´ 1

Lf
vdptq,

9iqptq “
Rf

Lf
iqptq ´ ω0ptqidptq ` 1

Lf
mqptq ´ 1

Lf
vqptq,

(8)

where the voltage and current are vectors of dimension 2 ˆ 1
with components d and q, such that the variables vdptq, vqptq,
idptq, and iqptq are the dq-coordinate of the filter voltage and
current, respectively. The nominal operating frequency of the
microgrid is represented by ω0ptq, which is time-varying in
electrically weak systems, mdptq and mqptq are the modulation
indices (switching signal function), Ioqptq and Iodptq represent
the dq-coordinates of the current consumed by the load.

Consider x̃ptq “
“

vdptq vqptq idptq iqptq
‰1

as the state
vector, ũptq “

“

mdptq mqptq
‰1

as the input vector, w̃ptq “
“

Iodptq Ioqptq
‰1

as the disturbance input vector and z̃ptq “
“

vdptq vqptq
‰1

as the output. A state-space representation of
the microgrid system illustrated by Fig. 3 is given by

9̃xptq “ Aptqx̃ptq ` Bũptq ` Jw̃ptq,

z̃ptq “ Czx̃ptq,
(9)

where the matrices are

Aptq “

»

—

—

—

–

0 ω0ptq 1
Cf

0

´ω0ptq 0 0 1
Cf

´ 1
Lf

0
Rf

Lf
ω0ptq

0 ´ 1
Lf

´ω0ptq
Rf

Lf

fi

ffi

ffi

ffi

fl

, B “

»

—

—

–

0 0
0 0
1
Lf

0

0 1
Lf

fi

ffi

ffi

fl

Cz “

„

1 0 0 0
0 1 0 0

ȷ

, J “

«

´ 1
Cf

0

0 ´ 1
Cf

ff

.

Note that inside the matrix Aptq appears implicitly the nominal
frequency ω0ptq, which is a time-varying parameter, turning
it into an LPV system with affine dependency in ω0ptq. It is
important to stress that the variation of ω0ptq is dependent on
the electrical condition at each instant, as was aforementioned
in Section III, therefore, it is difficult to manipulate arbitrar-
ily. Thus, the operating frequency is considered an implicit
parameter, and we will only restrict ourselves to measuring it,
without trying to manipulate it. Therefore, the main objective
is to focus on the voltage amplitude, because it appears directly
as a state signal.

IV. CONTROL DESIGN METHODOLOGY DESCRIPTION

Fig. 4 shows a general scheme of the controlled system. The
upper box contains the offline algorithm that delivers as output
the discrete-time matrices of the controller structure defined in
(3) by rACk

,BCk
,CCk

, DCk
spθptqq, with θptq P Θ. This box has

the LPV model and the D´stable control design variables as
input. For the variation of ω0ptq, by empirical knowledge, a
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E1
Rf1 Lf1 v1ptq

`

´

Rg1 Lg1 igptq PCC breaker Lg2 Rg2

`

´
Vsptq

Load

i1ptq ig1ptq ig2ptq

DG

Filter

Connecting Impedance

Fig. 3: Microgrid system composed of one inverter operating as a Distributed Generation (DG) unit feeding to a Point of
Common Coupling (PCC) where it converges with one unknown load and the local electrical grid.

LPV Model

Get DOF
controller

based on [27]
Line search

D-stable design
variablesDiscretization

process

Stability check
based on Lemma 1

Is (6)
feasible?

Controller
dq

abc

PLL
Sensor

abc

dq

Actuator

E Rf Lf vcptq

`

´

Rg1 Lg1
ig1ptqPCC breaker Lg2 Rg2

`

´
220VRMS 50Hz

Load

iLptq ig1ptq ig2ptq

DG

Filter

Connecting Impedance

Matrices, V

α,d,r

ACt
, BCt

, CCt
, DCt

ACk
, BCk

, CCk
, DCk

YES

NO

δ8, δ1, δ2, δ3

ωrks

yabcrks uabcptkq

ydqrks udqptkq

vcptq, iLptq
vsptq

Swptkq

Offline algorithm

Controller board

Electrical circuit

Fig. 4: Controlled system description. The upper box encloses the offline algorithm, which proves a priori the control gains
that work a posteriori in the controller inside the middlebox. The state vector signal is provided by the plant, represented in
the lower box.

variation of 5% with respect to the nominal value (ω˚ “ 100π)
is considered. The D´stable design variables are defined based
on the application and the desired transient performance. This
step delivers the LPV model and the numerical values for

rα, d, rs. The next step is to solve the design method proposed
in [27] to obtain the DOF continuous-time controller, which is
based on a combination of relaxed LMI with a scalar search
formulation in order to encompass both D-stability and H8
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criteria simultaneously. The algorithm starts a loop, iterating
through all combinations of rδ

Â

δ1
Â

δ2
Â

δ3s with values
given by Table I. Inside the loop, FLMOP24 is solved repeat-
edly by identifying which set of δ leads to a feasible solution
and, most importantly, choosing the set that minimizes the H8

guaranteed cost given by
?
γ. The controller in continuous-

time obtained from a feasible solution of FLMOP243 is
discretized using a Taylor series expansion of one-order4, and
then employed to check Lemma 1. If it is not satisfied, the loop
continues until this lemma results in a feasible solution. Once
the loop has finished, the DSP performs the chosen control
matrices, concluding the offline process. These discrete-time

TABLE I: Design constraint for the LMIs in [27].

Value Unit
fsw 40 kHz
d 5 (2ω0π) s´1

r 2fswπ{10 s´1

α π{4 rad
ωptq

“

95π 105π
‰

rad
δ r1, ¨ ¨ ¨ , 9s b t100, ¨ ¨ ¨ , 106u

δ1 r1, ¨ ¨ ¨ , 9s b t100, ¨ ¨ ¨ , 106u

δ2 r1, ¨ ¨ ¨ , 9s b t100, ¨ ¨ ¨ , 106u

δ3 r1, ¨ ¨ ¨ , 9s b t100, ¨ ¨ ¨ , 106u

control matrices are implemented in a DSP to work in real-
time. To generate the control signal, it is necessary to handle
the measurement signal and convert it from the abc-frame into
the dq-frame. The control signal is then calculated, taking
into account the time-varying parameter, which in this case
coincides with the ωrks signal obtained from an Enhanced
Phase-Locked Loop (E-PLL) algorithm [32], [33] which pro-
vides a time response fast enough for control purposes. The
use of this algorithm in this paper is also motivated by its
wide employment in power electronics applications, as can be
seen in [34]–[36]. Once the control signal is generated, it is
transformed back into the abc-frame. Finally, the control signal
is applied to the switching semiconductor device present in the
plant, while the measurement is being sensed. This process is
illustrated in the lower box of Fig. 4.

V. EXPERIMENTAL RESULTS

A. Setup Description
Fig. 5 shows a general scheme of the test setup with the

main device used. An OPAL-RT op4510 run to 10 µs is used
as the HIL device, while a dSpace MicroLabBox runs the
controller on 50 µs, which corresponds to the sampling time
h. This sampling time was chosen because it is the minimum
sampling time admitted by the DSP compiler applying the
proposed control. It is important to note that this limitation is
one of the motivations of this work because implementing a
controller operating at a minor sampling time requires more

3Due to space limitations, all the numerical values of the system
matrices and the resulting dynamic controller can be accessed
at github.com/RFuentesAlbornoz/A-New-Convex-Approach-for-Grid-
Supporting-Inverter-Control-Based-On-DLMIs.git .

4The Taylor series leads to a feasible and acceptable solution with one-
order expansion (without showing significant improvement for higher-order
expansions); however, in some specific cases, it may be worthwhile to enhance
using a higher order.

specialized (and more expensive) hardware. On the other hand,
the increase of one order of magnitude in the sampling time
implies more significant distortion. The HIL device emulates

dSpace MicroLabBox

Controller

RIGOL Oscilloscope

Oscilloscope

OPAL-RT op4510

Plant xptq

uptq

Fig. 5: Implementation schema for testing.

the system presented in Fig. 3 where the grid has a nominal
voltage set in 220 VRMS , the resistance, inductance and
capacitance of the inverter are Rf “ 0.1Ω, Lf “ 1.35mH
and Cf “ 50 µF respectively; and constant grid frequency
set in 50 Hz, such as Fig. 4. The experiment consists of the
following stages:

i) The system starts feeding to a 10 kW resistive load.
ii) In the second stage, another 10 kW resistive load is

connected (20 kW in total is connected).
iii) The next stage is to connect a rectified load of 10 kW

(30 kW in total).
iv) Returns to the original stage (only the resistive load

of 10 kW is connected).
v) In the next stage, the grid voltage decreases to 80%

of the nominal voltage.
vi) The last stage is repeating the stages ii)-iv) for after

returns to the original stages.
The above sequence presents several changes in the nominal

operation that will test the performance of the proposed control
strategy in anomalous scenarios, which can be too abrupt for
classical control strategies, so a state-of-the-art control strategy
should be used as a comparison in order to be able to point out
the effectiveness of the proposal. MPC-based control strategies
have performed acceptably in similar studies, therefore, we
adapt the control strategy presented in [37] as a comparison.

B. Temporal results
Fig. 6 is composed of oscilloscope views that show the

temporal response of the controller tested when facing the
sequence of events. A view of the dq´frame signals during
the entire sequence is presented to better see the behavior in
each stage, while an abc´frame view of two cycles allows one
to observe the signal waveform in detail. The signals plotted
represent the phase-ground voltage and the current on the filter.
The dq´frame states are reported given 10 s (10ˆ1 s/div),
where are presented the temporal response obtained by the
proposed control in Fig. 6a, and the temporal response ob-
tained by the MPC-based control strategy in Fig. 6b, while the
abc´frame states are reported in a 50ms (10ˆ5 ms/div) view,

https://github.com/RFuentesAlbornoz/A-New-Convex-Approach-for-Grid-Supporting-Inverter-Control-Based-On-DLMIs.git
https://github.com/RFuentesAlbornoz/A-New-Convex-Approach-for-Grid-Supporting-Inverter-Control-Based-On-DLMIs.git
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where Fig. 6c and Fig. 6d represents the proposed control and
MPC-based control, respectively.

From Fig. 6a we can notice that the voltage is maintained
at the desired set point, presenting slight distortions when
changes in the load or the grid voltage occur, where its last
changes provide the most significant distortions. The current
increases proportionally with increasing load, even when the
grid voltage is not at its nominal value. The higher increase
in current is shown by the decrease in the amplitude of the
grid voltage. It occurs because the DG increases the current to
compensate for the voltage drop of the grid, injecting power
directly into the grid, in addition to the power supplied to the
load.

Note that in Fig. 6b one can observe a similar temporal
response on voltage signals between the proposed control and
the MPC-based control, but in the current signals, the MPC-
based control presented a higher noisy behavior, therefore, for
precision analysis, it is necessary to conduct a harmonic study
of these signals. In this sense, Fig. 7 presented a comparison
of the harmonic distortion for both controllers, where Fig. 7a
reports the voltage analysis, while Fig. 7b reports the harmonic
distortion analysis of currents. The harmonic distortion anal-
ysis figures are plotted using data obtained directly from the
oscilloscope to clarify the signal. A fundamental frequency of
50Hz was considered. Fig. 7b shows a higher Total Harmonic
Distortion (THD) in the current signal of the MPC-based
control versus the proposed control strategy, while Fig. 7a
indicates a similar behavior in the phase-ground voltage signal
for both control strategies. This can be explained since MPC-
based control works by minimizing a cost function, which
generates a trade-off between the signals that compose the
cost function. In the study, the authors adjusted the weight
associated with the voltage signal as effectively as possible to
achieve the lowest possible THD in voltage. This adjustment
led to results comparable to those obtained with the proposed
control method. However, after fitting the weight for the
voltage, the authors found that they could not further reduce
the THD of the currents, which present a higher THD than the
proposed control. A possible explanation for this is that the
proposed control incorporates more information to generate
the control action. Furthermore, the proposed controller is a
gain-scheduled method that better adapts to the grid frequency
and parametric variations.

Fig. 8 shows the grid currents and the filter voltage in abc-
frame. The correlation between the amplitude of abc and dq-
frame can be validated, but the most important thing, in the
zooming pictures, can be seen the alternate behavior of the
phases, such that the auxiliary picture in Fig. 8a shows the
currents in the main stage operation stage, remembering that
they are: nominal load connected to the grid, an RL load
connected to the grid, a rectified load connected, both loads
disconnected, drop in the grid voltage, and again the sequential
of loads connection. The zoomed picture in Fig. 8c shows
that the filter maintained its voltage amplitude, even though
the amplitude of the grid voltage decreased. In Fig. 8b, it is
interesting to note that the convergence time of the currents is
approximately 30-40ms.

VI. CONCLUSION

This paper presents a procedure to design an offline con-
troller that ensures D-stability to a sampled-data system
besides validating it through experimental apparatus. The
proposed algorithm considers the digital redesign of an of-
fline DOF controller that guarantees the D-stability of the
continuous-time system; then, the discretized version of the
controller is obtained; finally, an additional test to guarantee
stability (provided by an approach based on DLMI) of the
hybrid system (composed of the continuous-time represen-
tation of the real plant controlled by the digital version of
the controller) is conducted. The experimental validation was
carried out in an environment that emulated a supporting-
grid inverter system, and the controller was implemented
on a DSP device. The controlled grid-connected converter
allows for good operation under anomalies in the voltage grid
amplitude, compensating the necessary active power through
the filter output current, and holding the voltage reference in
distinct scenarios. The HIL results show clear signals that the
controller has achieved a regular state in all load cases studied
despite the anomalies presented, even regulating a voltage drop
of 20%. The proposed control presents better performance than
a state-of-the-art strategy concerning the THD of current, with
an increase of 17.5% while holding the voltage performance.
Even though the control design considers only the voltage
tracking as the main design objective, i.e., when the grid-
supporting problem is addressed, the proposed method based
on digital re-design employs a sampled-data approach and
offers an alternative to the actual solution in the literature.
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