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Abstract: Motivated by the problem of different types and variations of load in micro-grids, this paper
presents robust proportional-resonant controllers with a harmonics compensator based on the
internal model principle. These controllers ensure robust tracking of sinusoidal reference signals in
distributed energy resource systems subject to load variation with respect to sinusoidal disturbances.
The distributed generation resource and the resonant controllers are described using the augmented
state system approach, allowing the application of the state feedback technique. In order to minimize
the tracking error and ensure robustness against perturbation, a set of linear matrix inequalities (LMIs)
are addressed for the synthesizing of controller gains. Finally, results obtained in the simulation for
resonant compensators with the distributed energy system are presented, in which the controller is
applied to the CC-CA inverter.

Keywords: proportional resonant controller; robust control; distributed generation, microgrid; LMI

1. Introduction

Distributed energy resource (DER) systems are extensively used in micro-grids for the connection
of renewable energy sources and storage [1]. However, this system must be able to maintain in its
output voltage the same characteristics of the voltage provided by the electrical network to which
they are connected, i.e., constant frequency and voltage amplitude and sine waveform, even when
the primary network presents any failure (distortion, or even cut in the blackout supply). In practice,
it is sought that, in the event of a power outage, for example, the equipment connected to the DER
output will continue to operate normally to feed the locally connected loads. A basic method to obtain
the proposed results is to compare the DER output voltage with a sinusoidal reference signal of the
same waveform than the expected signal of the primary electrical network in normal operation [2].
However, the tracking of the reference signal becomes complex due to the non-linearities induced by
the association of the different types of loads and the LCL filter connected at the output of the inverter.
For example, the wide majority of electronic devices require direct current sources, equipped with
a rectifier stage with full diodes bridge, which represents a great source of harmonic distortions due to
the current waveform, and consequently the voltage in the grid [3].
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Due to the critical nature of the loads, DER performance is regulated by international (ANSI/IEEE,
1986; IEC, 2011) standards [4], imposing conditions for the system’s transient and steady state
performance. During transient, standards require a small variation in the output voltage amplitude
and a fast recovery time when a load is added or removed from the system. In steady state,
the output voltage of a DER must be a sinusoidal signal with constant amplitude and frequency. To be
considered as a sinusoidal signal when subjected to periodic disturbances caused by non-linear loads,
the output voltage THD (Total Harmonic Distortion) and IHD (Individual Harmonic) must be within
limits defined in these standards. A fundamental performance requirement of a distributed energy
resources (DER) system with sinusoidal output is to provide a voltage with low harmonic distortion,
which operates even under uncertainties, parametric variations and non-linearities induced by
phenomena such as delay and saturation and disturbances, which are very common in practice.
This objective can be fulfilled by choosing an adequate control law.

Recently, considerable literature has been produced around the theme of DER control in
microgrids to solve the above-cited problems. A major solution consists in the use of resonant
compensators, adjusted to act on the fundamental frequency of the output and most significant
harmonics. This method is based on the addition of harmonic modes (sine or cosine functions) in the
direct control loop. The ideal resonant controller presents infinite gain at the resonance frequency,
which allows us to reject the other components. The use of a set of resonant controllers in parallel
allows the rejection of disturbances and reference tracking at selected frequencies. However, a high
number of resonant compensators makes control tuning more complicated. Furthermore, it is necessary
to take into account the ranges of the load and its variation in the problem formulation. Although there
is a large number of published results dealing with DER system control, topics that still deserve further
investigation are the proposition of controller design methodologies according to specific standards
and the use of conditions based on Lyapunov functions for a more rigorous analysis of the stability
and robust performance of the closed-loop system.

In the literature, different controllers have been applied to control the distributed energy system
based on the inverter with an LC filter. In Reference [5], PID (Proportional Integral Derivative)
controllers were proposed. However, these ones were based on the voltage RMS value to obtain the
feedback signal. Thus, their use solves the problem of voltage amplitude, but, in general, it does
not solve the problem of distortion of the output voltage waveform [6]. A cascaded voltage/current
control based on a virtual impedance concept has been developed in [7]. This topology simultaneously
improves the injected grid current and local load voltage in island and grid connected microgrids.
An optimized proportional resonant (PR) controller taking account of the computational delay from
the digital control system was proposed in [8]. A controller based on a polytopic model was proposed
in [9] for the current controller development by taking into account the grid inductance variations
and soft saturation. To minimize output current ripples and reduce the steady-state current deviation,
a quasi proportional resonant controller was proposed in [10]. Generally, the proportional resonant
controller parameters are tuned manually. However, in [8], the authors proposed an optimization
tuning of the RCs controller. An adaptive PR controller was proposed in [11] to ensure a current
tracking under grid parameter variations. The authors used a fourth order filter with the adaptive
RC to estimate online the resonance frequency, and then the grid impedance variations. In order to
reduce the steady state current error, a modified proportional resonant controller used for the inner
current control loop and indirect vector controller at the rotating reference frame was proposed in [12].
A controller to compensate the resonance phenomena without knowing the system parameters and
without affecting the controller bandwidth in island microgrids was proposed in [13]. A three degrees
of freedom cascaded voltage/current controller based onH∞ theory was proposed in [14,15]. The main
advantage of this controller is to ensure the stability of the closed-loop system and the robustness
against parameter uncertainties.

To solve the above problems, the proposed method in this paper is based on the solution of
optimization problems addressed by linear matrix inequalities (LMIs) formulation, which allows
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to concatenate the parameters of different resonant compensators acting in different frequencies.
The proposed design method includes an easy solution to synthetizing the gains of the resonant
controller, for a given capacity of the applied load range to distributed generation system units in the
microgrid. The determination of gains is formalized through a convex optimization problem under a
set of linear matrix inequalities constraints. In this paper, state feedback is used in conjunction with
multiple resonant compensators that ensure the elimination of the steady state error and guarantee the
rejection of multiple harmonics of the fundamental frequency produced by non-linear loads. In order to
ensure the desired performances, the LMIs constraints construction is performed using a performance
criterion throughout a robust regional poles placement [16,17].

Following this paper, a mathematical modeling of a DER system is proposed in Section 2.
In Section 3 the proposed controller is presented, as well as the augmented model of the DER
system and proportional resonant controllers including harmonic compensator and disturbance.
Followed by the fundamental concepts for stability by Lyapunov and D-stability based on LMIs, which
are discussed in Section 4. The simulation results are presented in Section 5, where the obtained
values of the controller gains are given as well as considered DER system parameters, the controller
discretization method, and the structure of the digital implementation of the controller. In Section 5,
the results obtained with the use of the controller designed for the simulated system are discussed,
with the description of the tests used and discussion for each of the results. Finally, in Section 6,
the conclusions reached from the developments and the simulation of this contribution are presented,
as well as the definition of possible lines of development for the future.

2. Mathematical Modeling of DER System

2.1. System Description

In the distributed energy system, the conditioning of the output voltage is performed by a DC-AC
voltage inverter together with a second-order LC Low Pass filter, as shown in Figure 1. This figure
shows the electrical diagram of the inverter used and the polarity of the currents involved. The model
to be presented to the distributed energy system disregards the influence of the use of batteries and
filter capacitors. The switching circuit (or switching) composed of the IGBT (Insulated Gate Bipolar
Transistor) switches fed by the DC link voltage and the PWM (Pulse Width Modulation) modulator
is modeled by the average value of the voltage applied to the LC low-pass filter and which will be
represented by the input voltage VDER = kPWM VCC, where kPWM is the gain of the modulator and
VCC the voltage of the DC link.
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Figure 1. Distributed energy system circuit.

2.2. Linear Load Model Considerations

From Figure 1, the linear load model considers two fundamental factors that serve to understand
the equations of modeling the DER system with a connected load.
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1. Considers the Yload admittance as a time-varying parameter, where only the admittance values
are known considering the two generic DER operating regimes: empty operation (minimum
admittance) and nominal (maximum admittance).

2. Considers current disturbances such as: sags, swell, notch or peak currents among other
disturbances, and are modeled by the disturbance current id [18]. The id current is also an input
to the DER system, but it is not controllable and its value will depend on the load, unlike the
VDER signal. In this way, the id current is considered as a disturbance to the system and its
presence is seen as a source of loss of system performance.

The load admittance value is in the range of [0.0001; 0.2 S], that is:

Yload =
1

Zload
, Yload ∈ ∆ := {Yload : 0.0001 S ≤ Yload ≤ 0.2 S} (1)

2.3. State Space Modelling of DER System

The representation of the system in the state space describes the dynamic behavior of all the
energy storage elements in the distributed energy system, which in this case are the inductor L f and
capacitor C f belonging to the inverter filter. To better understand the physical relationships between
the components of the inverter, Figure 2 shows the block diagram representation of the inverter that
shows the relationship between the capacitor voltage and the inductor current. The block diagram
facilitates understanding and later description by state variables. As the load connected to the DER
system can be linear or non-linear, this paper considers a representation of the load current in terms
of two distinct components. The first current, derived from the admittance Yload, which represents
a linear load that consumes a current iload. The second added to iload is an id current, which in this
paper represents disturbances or disturbances to the value of the load applied to the distributed
energy system. This current represents in a simplified way the model of non-linear loads connected to
a DER system [19,20].

The initial methodology to compose the state matrices requires the determination of the differential
equations that govern the behavior of the voltages and currents involved in the filter, according to the
polarity defined in Figure 1. Basically, two equations are used, one referring to the mesh equation and
the other one to the node equation as shown in (2).

VDER = vload + vL f + iL f RL f
iL f = iC f + iload + id

(2)

Knowing that the relationship between voltage and current in the inductor and capacitor are
given by:

iC f = C f
dvC f

dt

vL f = L f
diL f
dt

(3)

The voltage drop in the internal resistance of the inductor is proportional to the current flowing
through it, as well as the voltage drop in the internal resistance of the capacitor. In this way, Equation (4)
is defined.

vRL f = RL f iL f

vRC f = RC f iC f
(4)

and taking into account the voltage drop in the resistance referring to the losses in the capacitor,
we obtain:

vload = vC f + vRc f

vload = vC f + iC f RC f
(5)
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From (3), the current is obtained at the series impedance of the capacitor, reaching the equation
for voltage at the load:

vload = vC f + C f
dvC f

dt
RC f (6)

By replacing the two equations defined in (3), we obtain the relationship defined in (7).

iL f = C f
dvC f

dt
+ vload ·Yload + id (7)

And replacing the variable Vload of Equation (7) in Equation (6) we obtain Equation (8)

iL f = C f
dvC f

dt
+ Yload

(
vC f+C f

dvC f

dt
RC f

)
+ id (8)

We then arrive at an equation where there are only the measured variables related to each other
as presented in (9).

dvC f

dt

(
C f + Yload · C f RC f

)
= iL f −Yload · vC f − id (9)

As there is the presence of the capacitor voltage and its derivative, the following manipulation
can be done to arrive at the first state Equation (10), related to the capacitor voltage.

dvC f

dt
=

1
Yload

C f

(
1

Yload
+ RC f

) iL f −
1

C f

(
1

Yload
+ RC f

)vC f −
1

Yload

C f

(
1

Yload
+ RC f

) id (10)

Having obtained the first equation of state from the law of nodes applied to the system,
the process for obtaining the second equation of state will now be started based on the law of meshes,
given by Equation (11).

VDER = vL f + vRL f + vC f + vRC f (11)

Using the study already carried out, the manipulation of the equation begins by substituting (3),
and (4), leading expression (12).

VDER = L f
diL f

dt
+ RL f iL f + vC f + RC f iC f (12)

Replacing (12) in (2), it takes the following expression:

VDER = L f
diL f

dt
+ RL f iL f + vC f + C f RC f

dvC f

dt
(13)

From the replacement of Equation (10) in Equation (13) we have the expression in (14).

VDER = L f
diL f
dt + RL f iL f + vC f + C f RC f

[
1

Yload
iL f

C f

(
1

Yload
+RC f

) − vC f

C f

(
1

Yload
+RC f

) − 1
Yload

id

C f

(
1

Yload
+RC f

)
]

(14)

Factoring and manipulating algebraically (14) we obtain (15).

VDER = L f
diL f

dt
+ iL f

RL f +

1
Yload

RC f(
1

Yload
+ RC f

)
+ vC f

1−
RC f(

1
Yload

+ RC f

)
− id

1
Yload

RC f(
1

Yload
+ RC f

) (15)



Appl. Sci. 2020, 10, 8905 6 of 15

Finally, Equation (16) comes from the state of the inductor current, which is extracted through the
algebraic manipulation made in Equation (15).

diL f
dt = VDER

L f
− iL f

1
L f

[
RL f +

RC f
Yload(

1
Yload

+RC f

)
]
− vC f

1
L f

[
1− RC f(

1
Yload

+RC f

)
]
+ id

1
Yload

RC f(
1

Yload
+RC f

) (16)

Defining the current in the inductor as state and the voltage in the capacitor as another state,
we obtain the following representation by the state variables:

ẋ(t) = Ax(t) + Bu(t) + Bww(t)
z(t) = Cx(t)

(17)

where x(t) =
[

x1 x2

]T
=
[

iL f vC f

]T
is the state vector, w(t) = id is the external disturbance

signal, u(t) = VDER is the control signal (PWM output), z(t) = vC f is the output of the system,

C =
[

0 1
]
, and it is observed in the model, that the current id is not a variable of known

characteristic and is modeled as a disturbance external to the model.

A =


−
(

RL f
L f

+
1

Yload
RC f

L f

(
1

Yload
+RC f

)
)

− 1
Yload

L f

(
1

Yload
+RC f

)
1

Yload

C f

(
1

Yload
+RC f

) −1
C f

(
1

Yload
+RC f

)

 B =

 1
L f
0

 , Bw =


1

Yload
RC f

L f

(
1

Yload
+RC f

)
− 1

Yload

C f

(
1

Yload
+RC f

)

 (18)

The DER system considered in this paper uses capacitors with low resistance RCf. Thus, in order
to simplify the model obtained in (17) and (18), it is considered that RC f = 0. Thus, starting from (18),
the following state matrices are obtained for the system defined in (17):

A (Yload) =

 − ( RL f
L f

)
−1
L f

1
C f

−Yload
C f

 , B =

[
1

L f
0

]

Bw =

[
0
−1
C f

]
, C =

[
0 1

] (19)
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Figure 2. Inverter block diagram with filter and load.

3. Proportional Resonant Controller Model

In order to develop an effective control method to ensure the tracking of a sinusoidal reference,
as well as the rejection of disturbances related to non-linear loads and harmonic compensation,
new methodologies have been developed. In this work, proportional resonant controllers [21], based on
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the Internal Model Principle [22], are used. The proportional resonant compensators impose poles on
the imaginary axis at frequencies equal to those of the reference, and show infinite gain in the resonance
frequency. As real loads do not drain current linearly (with a waveform equal to the waveform of the
applied voltage), the use of only one compensator at the fundamental frequency is not sufficient to
keep a satisfactorily low THD. In particular, for DERs, typical non-linear loads can be seen as current
disturbances in the frequency of the output voltage and in its multiples. The rejection of this type
of disturbance will be fundamental for the good performance of a DER system. Consequently, a set
of resonant compensators is used to reject each multiple harmonic frequency of the fundamental,
by allocation of gain in multiple frequencies [23,24]. The following transfer function is usually used in
the implementation of the ideal resonant controller.

CRh(s) =
s2

s2 + ω2
h

(20)

where ωh is the frequency of the signal to be followed or rejected. In some applications a damping
factor ξ is inserted at the poles of Equation (20) to avoid discrete implementation problems regarding
the position of resonant poles at the edge of the unit circle [25]. Given a resonant controller with
transfer function:

CRh(s) =
s2

s2 + 2ξωhs + ω2
h

(21)

Note that by making ξ = 0 the controller (21) reduces to (20). Controllers like this allocate
imaginary pole pairs at the frequency of the reference to be traced and the frequencies of the
disturbances to be rejected. To represent the multiple compensators, Equation (21) that models
the resonant compensator in general is repeated in parallel in the block diagram of the control system,
as shown in Figure 3. The multiple-resonant gain controller in (21) with proportional gain can be
rewritten as

GPRh(s) = k2 +
n

∑
h=1

kh+1 + kh+2s
s2 + 2ξhωhs + ω2

h
(22)

where kh+1 and kh+2 are the gains to be determined for each mode and k2 is a direct transmission term
applied to the input signal from the controller.
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Figure 3. Block diagram of closed loop system for proportional resonant controller and inverter with
LCL filter.

Controller Based on the Principle of the Internal

Model The design of controllers that guarantee follow-up of references and the rejection of
disturbances is of great practical interest, being one of the main study topics for a number of
authors over the years. The Principle of the Internal Model (IMP) [22] is an essential theoretical
result for the design of a control system aiming at the follow-up of reference signals and rejection of
disturbance signals. Its fundamental idea is to generate, within the control loop, a signal with the same
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characteristics as the signals to be followed and/or rejected. The closed-loop system must contain all
persistent modes (which do not tend to zero at steady state) of the reference and disturbance signals in
order to guarantee perfect tracking/rejection [26] . Using the principle of superposition, a controller
based on the internal model principle simultaneously includes the reference and disturbance poles
for the asymptotically stable system and without the cancellation of mentioned poles and zeros,
the reference follow-up and rejection of disturbances with multiple harmonics, which occur in DERs
with typical non-linear loads, with zero error in steady state. According to the principle of the internal
model [22], in a feedback control system like the one in Figure 3, there is zero error in a steady state
if the closed loop system is asymptotically stable and the poles of the system include the poles of
reference to be tracked. In order to present the way in which the proportional resonant control tuning
method was developed, initially it is necessary to obtain the state-space representation of the transfer
function presented in Equation (22) [25,27], as in system (23):

η̇ = ACRη(t) + BCRe(t)
yCR = CCRη(t) + DCRe(t)

(23)

The representation of (23) in the state space is given by
η̇r(t) =

 ACR1 · · · 02
...

. . .
...

02 · · · ACRn

 ηr(t) +

 BCR1
...

BCRn

 e(t)

yCR(t) =
[
CCR1 . . . CCRn

]
ηr(t) + [DCR] e(t)

(24)

where ηCR(t) ∈ R2n is the state vector of the multi-resonant controller, e(t) is the input signal, yCR(t) is
the output signal, and ACR, BCR and CCR are matrices of appropriate size.

ACRh =

[
0 ωh
−ωh −2ξhωh

]
, BCRh =

[
0
1

]
CCRh =

[
kh+1 kh+2

]
, DCRh = [k2]

(25)

for each resonant mode, that is, evaluated for each pair (ξh, ωh), h = 1 . . . n. The controller based on
the internal model principle has internal variables as output variables, which facilitates the design of
the controller gains by full state feedback, since all state variables are available for control, as shown
in Figure 3. The augmented system is composed only of the plant and proportional compensators
based on internal model principle in the frequency of the fundamental, ω0, and the characteristic of
rejection of load disturbances in the other harmonic frequencies. Generalizing the representation of
the plant with the controller, it can be written that :{

˙̃x(t) = Ãx̃(t) + B̃uu(t) + B̃ww(t) + B̃rr(t)
ỹ(t) = C̃x̃(t)

(26)

where w(t) = id
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x̃(t) =


x(t)
η1(t)
η2(t)

...
ηn(t)

 Ã =


A (Yload) 02×2 02×2 · · · 02×2

−BCR1C ACR1 02×2 · · · 02×2

−BCR2C 0 ACR2 · · · 02×2
...

...
...

. . .
...

−BCRnC 02×2 02×2 · · · ACRn

 , B̃u =


B

02×1

02×1
...

02×1



C̃ =
[

C 01×2 · · · 01×2

]
, B̃w =


Bw

02×1

02×1
...

02×1

 , B̃r =


02×1

BCR1

BCR2
...

BCRh



(27)

4. Robust Controller Design Based on LMIs

D-Stability

The chosen D-stability region is given by the intersection of a semi-plane sector (ρ) to guarantee a
lower limit on settling time. Disc sector (σ) is used as an upper limit on settling time. It restricts the
magnitude of the eigenvalues indirectly and imposes a limitation on the control effort. LMI regions [28]
are defined as regions of the complex plane that can be described in terms of characteristic functions
as follows:

D = {s ∈ C : fD(s) < 0} , fDσ,ρ,θ (s) = L + sM + s̄MT (28)

Lemma 1 below presents a condition that ensures the quadratic D-stability of the closed loop
system (26) in a given LMI region.

Lemma 1. Quadratic stability of D-Region [28]. Consider the LMI region with a characteristic function
(28). Additionally, consider that M = MT

1 M2, where both M1 and M2 are matrices with k lines and rank
per complete line. The system (26) presents quadratic D-stability with region (28) if there are real symmetric
matrices P > 0 and U > 0 such that: L⊗P + He

{
M⊗

(
P
(

Ã + B̃uK
))}

MT
1 ⊗ (PB∆)

(
MT

2 U
)
⊗ CT

∆
M1 ⊗

(
BT

∆P
)

−U ⊗ I 0
(UM2)⊗ C∆ 0 −U ⊗ I

 < 0 (29)

When the LMI region of interest is formed by the intersection of other LMI regions, quadratic
D-stability is guaranteed when the same matrix P meets (26) simultaneously with the characteristic
functions of each region [29].

In particular, the region of our work can be described as D = Dσ ∩Dρ, where

Dσ = {δi ∈ C : < (δi) < −σ, σ > 0, σ ∈ R} , Lσ = 2σ; Mσ = 1

Dρ = {δi ∈ C : |δi + q| < ρ, ρ > 0, ρ ∈ R} , Lρ =

[
−ρ q
q −ρ

]
, Mρ =

[
0 1
0 0

]
(30)

The following theorem details the conditions in the form of LMIs for the positioning of the
eigenvalues of Ã + B∆∆(t)C∆ + B̃uK in D = Dσ ∩Dρ

Remark. One can notice that the quadratic D-stability is wider than theH∞ condition. Indeed, the quadratic
D-stability allows to guarantee the stability of the uncertain system as well as theH∞ performance. We refer the
interested reader to [28] and the references therein.
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Theorem 1. When real scalars σ and ρ are known, the closed-loop system ˙̃x(t) =
(

Ã (Yload(t)) + B̃uK
)

x̃(t)
is asymptotically stable for all (Yload)min ≤ Yload(t) ≤ (Yload)max , and the poles are located in the region
S(σ, ρ), if there exists a symmetric positive definite matrices Q ∈ R(n+2h)×(n+2h), W ∈ R1×(n+2h) such that
the following LMI are feasible:

Ã (Yload)min Q + QÃT (Yload)min + B̃uW + B̃T
u WT + 2σQ < 0

Ã (Yload)max Q + QÃT (Yload)max + B̃uW + B̃T
u WT + 2σQ < 0

(31)

[
−ρQ Ã (Yload)min Q + B̃uW

QÃT (Yload)min + WT B̃T
u −ρQ

]
< 0

[
−ρQ Ã (Yload)max Q + B̃uW

QÃT (Yload)max + WT B̃T
u −ρQ

]
< 0

(32)

With: He
{

ÃQ + B̃uW
}

and He
{

ÃQ− B̃uW
}

represent the hermitian block
(

Ã (Yload)
max
min Q+

QÃT (Yload)
max
min + B̃uW + B̃T

u WT) ,
(

Ã (Yload)
max
min Q−QÃT (Yload)

max
min + B̃uW − B̃T

u WT) , respectively.

min
Q,W

γ subject to :

Q = QT > 0, optimization problems in (29) and (30)
(33)

5. Simulation Results and Discussion

Using the robust control law presented in the previous sections for synthesizing gains of the
distributed energy system, this section groups results from simulations tests. The numerical values of
electrical components, LCL filter and resistances and capacitances parameters associated with each
load situation for design purposes of the DER controller are listed in Table 1. The reference signal to
be followed by the output voltage is sinusoidal with an RMS value of 127 V and frequency of 60 Hz.
The inverter switching frequency is 21.6 kHz, 360 times greater than the frequency of the reference
signal. The simulation environment is given by Matlab/Simulink for the DER system with linear and
non-linear test loads, including the generation of PWM signal for inverter switching in a half bridge
and DER control loop, with a controller properly discretized by zero-order hold with a sampling
frequency of 21.6 kHz as shown in Figure 4. The LMI parameters chosen in this paper to improve the
dynamic response and stability in steady-state are shown in Table 2.
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Figure 4. General scheme of the distributed energy resource (DER) system with the proposed control.
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Table 1. DER system parameters.

Parameter Value

Nominal power 5.2 KVA
RMS output voltage 127 V

Frequency 60 Hz
Output power factor 0.7

Inductance L f = 1 mH
Parasitic resistance of the inductor RL f = 0.015 Ω

Capacitance C f = 250µF
Capacitive parasitic resistance (considered) RC f = 0 Ω

Uncertain linear load impedance Ymin, Ymax = [5; 10, 000]Ω
DC bus capacitances C1, C2 = 6600 µF

DC bus voltage Vcc = 520 V

Rlin1 = 32.92 Ω, Rlin2 = 8.23 Ω
Load parameters Rsnlin1 = 0, 73 Ω, Rsnlin2 = 0.75 Ω

Rnlin1 = 37.2 Ω, Rnlin2 = 16.5 Ω
Cnlin1 = 3010µF, Cnlin2 = 9010µF

Table 2. Linear matrix inequalities (LMI) parameters used for controller design.

Parameter Value

σ (Sigma position) 100
ρ (radius of the circle) 20,000

c (center of circle) 0

Figures 5 and 6 show the voltage and current curve under load steps in the period of two
seconds considering additional load steps of 20% at t = 0.2 s and of 80% at t = 0.6 s. Following by
a subtractive step of t = 80% at t = 1.4 s and, finally, a subtractive step of 20% at t = 1.8 s. In Figure 5a,
a cycle (16.67 ms) of the voltage (127 V RMS) and output current (Figure 6a) of the DER system with
100% linear load. In this figure it is evident how the voltage curve fits almost perfectly over the
reference curve. Similarly for the current curve, which has an almost sinusoidal appearance with and
without controller with fundamental frequency and a harmonics compensator (HC). Figures 5b and 6b
show voltage and output current curves from the DER system with 100% non-linear load with HC,
differently as for linear load, in non-linear load, the deformation of the current curve is more
pronounced, which is caused by this type of load. Figures 5c and 6c show the simulation results
for voltage and current without HC in the controller; from these figures we can seen that the non-linear
load creates a voltage deviation voltage that increases proportionally to the connected step load. In the
linear and non-linear load with HC, the shape of the current is slightly deformed compared with 100%
non-linear load without HC. However, both non-linear loads present small transients and overshoots
for additive and subtractive load steps contrary to the linear load, which has voltage and current
responses that are perfectly sinusoidal.

Figure 7 shows the values of the empty RMS voltage, with 20% and 100% linear load, and with
20% and 100% non-linear load, respectively, of the DER system. In this study, we take account of
the steady state voltage without the transients of connected and disconnected loads. For the linear
load, we observe that the RMS value of the voltage remains satisfying the most stringent standard,
which is also the case for the non-linear load with the controller use HC. However, for the non-linear
load without HC, when the addition of 100% non-linear load occurs, the RMS value of the voltage
slightly exceeds (2%) the limit of the IEEE 944 standard. Figure 8 shows the THD of the DER system
output voltage for all additive and subtractive steps with different periods for linear and non-linear
loads. In the cases where the PR controllers are used with harmonic compensators, the THD with 25%
and 100% linear/non-linear loads varying meet the IEEE and IEC standards for the proposed LMI
approaches, as shown in Figure 8a,b. However, when the PR controllers are used without harmonic



Appl. Sci. 2020, 10, 8905 12 of 15

compensators, the THD with 25% non-linear load satisfied the IEC 62040-3 standard and IEEE 944
standard norms but did not satisfy the norms with 100% non-linear load. For each case, the THD
values of the DER system with empty, with 20% and 100% linear/non-linear load are shown in Table 3.

It is observed in Figure 9a–c that the system is running empty and, when the step non-linear load
increases (with and without HC in controller), the voltage deviation increases, which confirms the
results shown in Figure 5. The increasing of voltage deviation is more important when not using a
harmonics compensator in the controller. However, when the system undergoes a subtraction of the
non-linear load step, the voltage deviation decreases. It is important to note that this graph does
not take into account load insertion or removal transients. Our interest in this case in assessing this
graph is the voltage in steady state. However, it is possible to observe that transients appear in the
voltage deviation value due to the loads connection/disconnection. These transients do not impact the
proposed control system performance because of the output voltages’ small variation in the amplitude
and the fast recovery time. In fact, transients remain in compliance with IEEE 944 standard limits.
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Figure 5. DER output voltage curve different loads. (a) 100% linear load with HC. (b) 100% non-linear
load with HC. (c) 100% non-linear load without harmonics compensator (HC).
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Figure 6. DER system output current curve. (a) 100% linear load with HC. (b) 100% non-linear load
with HC. (c) 100% non-linear load without HC.

Table 3. THD voltage with different load steps.

Operation Mode Empty Load 20% Load 100%

Linear load 0.09% 0.088% 0.087%
Non-linear load with HC 0.062% 0.8107% 2.328%

Non-linear load without HC 0.12% 3.547% 9.71%
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Figure 7. RMS value of DER system output voltage. (a) 100% linear load with HC. (b) 100% non-linear
load with HC. (c) 100% non-linear load without HC.
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Figure 8. THD value of DER system output voltage. (a) 100% linear load with HC. (b) 100% non-linear
load with HC. (c) 100% non-linear load without HC.
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Figure 9. DER system output voltage deviation. (a) 100% linear load with HC. (b) 100% non-linear
load with HC. (c) 100% non-linear load without HC.

6. Conclusions

The distributed generation resource systems are being used in the micro-grid applications and,
therefore, the concern with their reliability grows as the currents requested from DER systems have a
non-linear character. In this paper, a multiple resonant compensator strategy through the robust control
theory is proposed for guaranteeing stability and performance for different types of loads including
the problem of harmonic cancellation and attenuation of disturbances in the output voltage of DER
systems caused by non-linear loads. The stability and performance criteria based on Lyapunov’s theory
are used and described using the formulation by linear matrix inequalities, where it was possible to
establish design criteria for determining the gains of the multiple resonant compensators by allocating
poles in order to guarantee a good dynamic performance and harmonic rejection. The simulation
results prove that the controller studied in this work presents advantages in relation to the dynamic
performance and in a steady state against load variations. In future work, an adaptive frequency system
will be added to resonant compensators to increase robustness when a variation in the frequency of the
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reference signal is allowed. Another important point is to use Anti Windup compensators in parallel
with the resonant to avoid saturation of the control signal.
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