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Abstract: Internal oscillations among multiple generation systems in low-voltage stand-alone nanogrids
and small-scale microgrids can cause instability in the entire generation system. This issue becomes
worse when the coupling strength between the generation systems increases, which is a result of
a shorter distance between them and a smaller reactance to resistance ratio. Previous approaches,
which were based on the independent control design and considered the coupling effect as distur-
bances, may fail to tackle this issue when the two generation systems become strongly coupled.
Therefore, in this paper a novel method is proposed to handle this coupling effect by designing robust
decentralized controllers in a sequential manner to address the problem of voltage and frequency
control in a nanogrid. This proposed sequential design is a general technique that is applicable to
multiple inverter-based generation systems in a nanogrid or small-scale microgrid. For the ease
of demonstration, in this paper the case of two interconnected inverters with LC output filters is
studied. Two robust decentralized controllers are designed for the two inverter systems by using the
µ-synthesis technique. The sequential design takes into account the interconnection line between the
two inverters. Moreover, the controllers are designed to be robust against all the parameter variations
in the system including the LC filter and interconnection line parameters. The simulation results
demonstrate the superior performance of the proposed controller over the independently-designed
controllers for the case of two generation systems that are highly coupled due to the short distance
between them. Moreover, the proposed controller is shown to be robust against the LC filter and in-
terconnection line parameter uncertainties as compared to the sequentially-designed linear quadratic
Gaussian controllers.

Keywords: coupled systems; µ-synthesis; nanogrid; robust controller; sequential design; inverter;
uncertainty

1. Introduction

Distorted voltage and current waveforms in low-voltage (LV) nanogrids (NGs) and
small-scale microgrids (SSMGs) are crucial problems, as they lead to low energy efficiency
and power quality deterioration [1]. Such distortions can provoke resonance in the system,
which may lead to instability [2]. This problem is of more importance in LV standalone
NGs and SSMGs, where multiple generation systems are connected together within short
distances, and the coupling strength between them is increased.

Employed as interfaces between renewable energy sources such as wind turbines and
photovoltaic units and the utility grid, inverters are one of the most indispensable units
in NGs and SSMGs due to the global penetration of renewable energy sources [3]. Total
harmonic distortion of the inverter output current can be decreased by using LC filters.
Such passive filters are commonly used in solar systems to minimize the amplitude of
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harmonics, thus enhancing the power quality [4]. Nonetheless, such passive filters give rise
to undesired resonances and bring about more challenges for the design of controllers [5].

Aside from the abovementioned challenges, with the proliferation of NGs and SSMGs,
the distances between generation systems have considerably decreased, which in turn has
decreased the X/R ratio and increased the dynamic coupling strength between them [6].
In addition, using power electronic-based generation systems in such NGs and SSMGs
decreases the total inertia of the system, which can cause fluctuations due to disturbances
and the strengthened coupling between the inverter systems through the interconnection
line [7]. In conventional generation systems, synchronous generators are employed as the
main source of power, which have higher inertia due to the presence of the mechanical
interfaces. The low inertia of inverters as well as the strengthened coupling between
them introduce instability into the system, which needs to be addressed by designing
advanced controllers. To this end, robust controllers should be designed for strongly
coupled distributed generators to tackle the problem of instability.

The control of inverter-based interconnected generation systems has been addressed
by several studies in the literature. In [8], a nonlinear droop control scheme was used
to enhance the power-frequency performance and to tackle the transient active power
sharing issues in parallel NGs. In [9], a hierarchical control scheme was presented for a
multi-bus NG consisting of PV generations, battery storage systems, and loads. The power
flow was regulated to ensure the technical feasibility of the obtained setpoints. A new
droop control strategy for NGs in the islanded mode was presented in [10], where the
proposed controller ameliorated the dynamics of the power electronic interfaces in NGs.
In [11,12], a fuzzy-based control scheme was proposed to tackle the weak power-sharing
performance issue of a droop control system due to the network impedance. However,
the case of X/R � 1, which is equivalent to shorter interconnection distances, was not
considered in their analyses. In [6], an H∞ control of a system with two interconnected
voltage source converters (VSCs) was presented to damp the low-frequency oscillations.
The effect of the network dynamics on the stability of SSMGs was investigated in [13],
where a particular model-order reduction method was used to systematically account for
the network dynamics.

In [14], a decentralized voltage and frequency control of off-grid AC SSMGs based on
an interconnection and damping assignment passivity-based control was proposed. An
adaptive control of frequency and voltage using distributed cooperative control and adap-
tive neural networks was presented in [15] for inverter-based distributed multi-microgrids.
In [16], a two-level distributed control scheme was presented to bring together the dis-
tributed energy resources in low-voltage SSMGs, where the interconnections were con-
sidered to be resistive. Another similar study was presented in [17], where a distributed
control strategy was introduced to regulate the voltage and power of interconnected SSMGs.
In [18], an efficient reduced-order model of inverter-based SSMGs was presented, whose
structure was similar to the quasistationary model and included the effects of network
dynamics. The issue of a low X/R ratio in the low-voltage SSMGs was investigated in [19],
where the impact of the interconnection line and droop controllers were assessed. In [20],
the issue of SSMG instability was addressed by introducing a systematic scheme to deter-
mine the proper size of the virtual impedance, thus improving the stability of the droop
control. A model-free centralized control scheme was proposed in [21] to coordinate invert-
ers in a dispachable SSMG, such that it operated as a single-controllable resistor. In [3], a
decentralized robust control strategy based on the µ-synthesis technique was presented to
control the voltage of an inverter in an isolated SSMG.

One of the main problems that has not been fully addressed in the aforementioned
studies is the variation in the interconnection coupling strength caused by the distance
changes between the generation systems. In other words, as the distance between genera-
tion systems decreases, the interconnection strength between them increases to the point
where the entire system becomes unstable. This issue is not of high concern for the grid-tied
generation systems in which the power system is stabilized by the grid. However, in
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standalone NGs, where the distances between different distributed generation systems are
shorter, the effect of the coupling strength on frequency fluctuations becomes more crucial.
Even though some studies have considered the low interconnection distances between the
generation systems, there has been no analysis and guarantee of the robustness against the
changes in the system parameters. Considering the fact that islanded NGs and SSMGs are
becoming more frequent [22,23], designing robust controllers that can take into account
this coupling effect as well as other parameter uncertainties can significantly improve the
issue of instability in such cases.

The goal of this study is to propose a novel robust control scheme, which considers the
effect of coupling interconnections within the control design process. This control strategy
is referred to as the sequential design of decentralized robust controllers. By designing the
controllers in a sequential way, the robustness of the entire system against the variations in
coupling strength as well as the LC filter parameters are improved considerably. Therefore,
the main contributions of this study are summarized as follows:

1. Sequentially designing decentralized controllers for strongly coupled inverter-based
generation systems in a nanogrid without communication links.

2. Ensuring the robustness of the decentralized controllers against the variations in
all the parameters of the inverter-based generation system, while attenuated the
resonance frequency of LC filters.

3. Conducting simulations to verify the superior performance of the proposed control
system as compared to the independently-designed decentralized controllers as a
benchmark.

4. Conducting simulations to show the superior performance of the proposed control
system in terms of the robustness against the LC filter and interconnection line pa-
rameter variations as compared to linear quadratic Gaussian (LQG) controllers as a
benchmark.

The rest of the paper is summarized as follows. In Section 2, the dynamical model of
the two interconnected inverter-based distributed generation systems is presented. The
system parameter variations and structured uncertainties are presented in Section 3. The
proposed sequential decentralized control design is provided in Section 4. The simulation
results and discussions are presented in Section 5. Finally, the conclusion of the paper is
given in Section 6.

2. The Model of Interconnected Inverters in a Nanogrid

The investigated model in this study is demonstrated in Figure 1, where two invert-
ers are connected by an interconnection line, for which both the inductive and resistive
properties are considered. Such inverters are connected to renewable-based generation
systems, such as wind turbines or photovoltaic panels. As illustrated in Figures 1 and 2,
the inverters are connected to the energy storage systems, which are in turn charged by the
energy from the renewable generation sources. The renewable generation systems have
their own control systems that are decoupled from the control systems in the inverters,
which is why they are not considered in this study (for more details, the reader is referred
to [24]). The focus of this paper is to design decentralized robust controllers to regulate the
voltages of the loads for the case of a short interconnection line between the two inverters.
Figure 2 demonstrates a VSC combined with an LC filter for each one of the generation
units. The objective of the decentralized controllers is to make the load voltage, vload,
follow a sinusoidal reference signal, vre f , in the presence of a strong coupling between the
two subsystems (inverters), the parameter uncertainties of the LC filter, and undesired
disturbances in the load. It should be noted that the design of the LC filters is outside the
scope of this work and can be found in [25,26].
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Load 1 Load 2

Inverter 1 Inverter 2

Figure 1. Interconnected inverters.

+

_

+

_

Figure 2. The circuit of a VSC with an LC filter connected to the load and interconnection line.

Based on the circuit illustrated in Figure 2, the corresponding open-loop dynamic
equations of the system are as follows:

iinv1 = Ginv1(vinv1 − vload1) (1)

Ginv1 :=
1

L1s
vload1 = Gvc1 [iinv1 − iload1 − GL(vload1 − vload2)]

Gvc1 :=
1

C1s

GL :=
1

LLs + RL

The same set of equations can be obtained from the second subsystem (inverter).
Finally, based on the dynamical equations in (1), the closed-loop block diagram of the two
interconnected inverters is shown in Figure 3, where K1 and K2 represent the decentralized
controller transfer functions, and Minv1 and Minv2 represent the inverter gains.

+

_

+
_

+

_

_

+
_

+

_ + _ +

+

_

Block diagram of the model in equation (1)

Figure 3. Closed-loop block diagram of the interconnected inverters with LC filters and interconnec-
tion line dynamics. The open-loop dynamic equations in (1) are highlighted by a yellow box.
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3. Parameter Variations of the System and Structured Uncertainties

The uncertain parameters of the inverter model are the LC filter components and the
interconnection line resistance and inductance parameters. In the µ-synthesis framework,
the range of the model parameter variations is the major design criterion, which is modeled
by using multiplicative uncertainties as follows:

x = x̄(1 + Exδx), (2)

where x and x̄ represent the uncertain and nominal parameter values, respectively, “Ex”
amounts to the maximum percentage deviation of the parameter x from its nominal value,
and “δx” pertains to the corresponding normalized uncertainty variable, such that |δx| < 1.

By placing the multiplicative uncertainties defined in (2) into the associated transfer
functions in (1) and using the upper linear fractional transformation (LFT) operator [3], the
following uncertain transfer functions are obtained for the subsystem i (i = 1, 2):

Ginvi (s) = Fu(Ḡinvi (s), δLi ) (3)

Ḡinvi (s)
∆
=

1
L̄is

[
−L̄iELi s 1
−L̄iELi s 1

]

Gvci (s) = Fu(Ḡvci (s), δCi ) (4)

Ḡvci (s)
∆
=

1
C̄is

[
−C̄iECi s 1
−C̄iECi s 1

]

GL(s) = Fu(ḠL(s),
[

δLL
δRL

]
) (5)

ḠL(s)
∆
=

1
L̄Ls + R̄L

[
−L̄LELL s −R̄LERL 1
−L̄LELL s −R̄LERL 1

]
where Ḡinvi (s), Ḡvci (s), and ḠL(s) represent the nominal transfer functions of their corre-
sponding transfer functions, and Fu(., .) is the LFT operator. The same transfer functions
can be obtained for the parameters of the second inverter.

Figure 3 is extended into Figure 4 by using the aforementioned LFT models of uncertain
parameters and corresponding transfer functions in Equation (1). As shown in the extended
block diagram in Figure 4, the original transfer functions are replaced by the corresponding
upper LFTs.

++

+

_ __

+

_

_

Figure 4. Extended block diagram of the first subsystem in Figure 3.
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As seen in Figure 4, ei (i = 1, 2) is defined to be the voltage tracking error. The
controller is required to satisfy the following constraints:

Tei (s)Wei (s) <
1

δei

(6)

Tui (s)Wui (s) <
1

δui

(7)

where Tei (s) and Tui (s) are the transfer functions from vre fi
to ei and iloadi

to ui, respectively,
and δei and δui (i = 1, 2) determine the tightness of the above constraints. Moreover, the
choice of the two performance weight functions, Wei and Wui allocated to the variables ei
and ui, respectively, affects the time response of the closed-loop system. Their parameters
are selected such that the best time response of the system is achieved. The following
choices were made in this study for the abovementioned transfer functions and parameters:

Wui (s) = 10−3 (8)

δei = δui = 1

Wei (s) =
100

s(0.001s + 1) ∏
j=1,3,5,7

s2 + 1000s + j2ω2
g

s2 + s + j2ω2
g

,

where ωg = 2π f (rad/s), and f = 60 (Hz).
In the next section, the extended model in Figure 4 is used to design sequential

decentralized robust controllers in the framework of µ-synthesis.

4. Sequential Decentralized µ-Synthesis Design

The µ-synthesis structure in the form of ∆/Q/K (uncertainty/nominal system/controller)
is obtained from the extended system illustrated in Figure 4. This structure is demonstrated
in Figure 5.

Figure 5. The µ-synthesis structure of the two interconnected inverters.

In this regard, the uncertainty matrix ∆ of the system has the following block-diagonal
structure, which consists of the uncertain parameters of the model:

∆ = diag(∆1, ∆2) (9)

∆i = diag(∆a
i , ∆b

i ), i = 1, 2

∆a
i = diag(

[
δLL δRL

]
, δLi , δCi )

∆b
i = diag(δei , δui ),
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where the operator “diag” represents the block-diagonal concatenation of its arguments.
All of the nominal transfer functions of the extended model are combined together

to define Q(s) as demonstrated in Figure 6, where the operators Ii(.) and Oi(.) represent
the input and output of the nominal transfer function Q(s) associated with the subsystem
(inverter) #i (i = 1, 2), respectively, and are defined as follows:

Ii(Q) =



I(Ḡinvi )
I(Ḡvci )
I1(ḠLi )
I2(ḠLi )

iloadi
vre fi

, Oi(Q) =


O(Ḡinvi )
O(Ḡvci )
O(ḠLi )
Wui ui
Wei ei

 (10)

where the operators I(.) and O(.) represent the input and output of their arguments,
respectively, and the operator Ii(.) (i = 1, 2) represents the ith input of its argument.

Figure 6. Inputs and outputs of the nominal system Q(s).

The decentralized robust controllers K1(s) and K2(s) are designed based on the fol-
lowing Laplace-domain robust control condition [27]:

µ∆(FL(Q(s), K(s))) < 1 (11)

K(s) ∆
= diag(K1(s), K2(s)),

where FL(., .) represents the lower LFT of its arguments, and “µ(.)” denotes the µ-norm
and is defined in (12) as follows:

µ∆(X)
∆
=

1
min∆∈∆{σ̄(∆) : det(I − X∆) = 0} , (12)

where ∆ and σ̄ represent the uncertainty block diagonal matrix, defined in (9), and the
largest singular value operator, respectively. If there is no ∆ ∈ ∆ such that det(I − X∆) = 0,
then µ∆(X) is equal to zero.

Because of the block-diagonal form of the controller K(s), the classical µ-synthesis
design cannot be carried out. One way to tackle this issue is to execute the µ-synthesis
design process in two steps for K1(s) and K2(s), sequentially. In other words, the first
controller K1(s) is designed for the transfer function Q(s) that is attached to the matrix ∆1
by an upper LFT, while the second controller K2(s) and the uncertainty matrix ∆2 are left
open as shown in Figure 7a. After the first controller is designed, it is connected to the
system Q(s) by a lower LFT. Then, considering both uncertainty matrices ∆1 and ∆2 as
shown in Figure 7b, the second controller is designed for the whole system. The details of
this procedure are summarized in the following five steps:

Step 1. While the connections corresponding to the controller K2(s) and the uncertainty
matrix ∆2 are left open, the controller K1(s) is designed by using the D-K iteration
algorithm in such a way that the following Laplace-domain robust criterion
holds:

µ∆1(FL(Q1(s), K1(s))) < 1, (13)
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where Q1(s) is the transfer function of the entire system including only the inputs
and outputs related to ∆1 and K1(s).

Step 2. The designed controller K1(s) is connected to the system Q(s) by a lower LFT.
Step 3. The controller K2(s) is designed by using the D-K iteration algorithm for the

entire system while taking both uncertainty matrices ∆1 and ∆2 into account
such that the following Laplace-domain condition holds:

µdiag(∆1,∆2)
(FL(Q2(s), K2(s))) < 1, (14)

where Q2(s) = FL(Q1(s), K1(s)).
Step 4. The designed controller K2(s) is connected to the system Q(s) by a lower LFT.
Step 5. The closed-loop system is simulated.

(a) (b)

Figure 7. The procedure of the sequential design of the decentralized robust controllers based on
the ∆/Q/K structure: (a) design the first controller K1, while the second controller K2 is replaced by
open connections, and (b) design the second controller K2, while the first controller K1 is designed
and in place.

In order to design the decentralized controllers K1(s) and K2(s) to satisfy conditions
(13) and (14), respectively, the D-K iteration algorithm is utilized through the command
“dkit” in MATLAB. For more information about the D-K iteration algorithm, the reader is
referred to [23,27], which elaborate the details of this algorithm.

The next section discusses the implementation of the sequential design of the decen-
tralized robust controllers, and the simulation results for the expanded model illustrated in
Figure 4 are presented and compared to the independent design of the robust controllers.
The sequential design resulted in a more robust performance with respect to the coupling
strengths between the distributed generation systems. In addition, the robustness of the
proposed control scheme against the LC filter and interconnection line parameters was
compared with LQG decentralized controllers.

5. Simulation Results and Discussion

The proposed control strategy was implemented for the two interconnected inverter
system indicated in Figure 1, and the simulation results are presented in terms of the
robust control condition in Equation (11), time-response performances, and robustness and
resonance analyses. In all the simulation scenarios, the third, fifth, and seventh harmonics
were injected into the system as sinusoidal disturbances with amplitudes of 1, 0.7, and 0.5,
respectively. The parameter values of the system, which were used in the simulations, are
listed in Table 1.
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Table 1. The values of the system parameters used in simulations.

First inverter Minv1 = 1, L1 = 3.0 (mH), C1 = 2.0 (µF),
Lload1 = 1.0 (H), Rload1 = 630 (Ω)

Second inverter Minv2 = 1, L2 = 2.8 (mH), C2 = 2.2 (µF),
Lload2 = 1.2 (H), Rload2 = 632 (Ω)

Interconnection line RL = 0.642 (Ω/km), LL = 2.2 × 10−4 (H/km) [28]

5.1. Real-Time Simulation Using OPAL-RT

The MATLAB/SIMULINK R2019a software was used to simulate the closed-loop
control system, and the OPAL-RT (OP5700) real-time simulator was used to conduct the
real-time simulations. OPAL-RT has two platforms for its computations, namely CPU and
FPGA. The CPU specifications are Intel Xeon E5, 8 Cores, 3.2 (GHz), and 20 (MB) cache
memory, which is used to simulate slow dynamics such as mechanical, grid, and control
systems with the simulation step size of 10 (µs)–100 (µs). The FPGA platform is used for
fast dynamics with the simulation step size of 100 (ns)–1 (µs) for power electronics in which
the high frequency gate signals of the power transistors are simulated and generated by
the FPGA. OPAL-RT is a powerful tool for the hardware-in-the-loop (HIL) simulations,
which include both the steady-state and transient responses, providing a complete and
comprehensive solution for the HIL simulation. The applications of OPAL-RT are in
the realm of power systems, power electronics, aerospace, and automotive sectors [29].
The simulations in OPAL-RT were run in real-time due to the fact that all three stages
in Figure 8 including the measurements, computations, and commands were executed
in a time window shorter than the simulation step size specified for the application. In
other words, the controller needed to receive the feedback measurements, execute the
control algorithm, and generate the command signal within the simulation step size. The
simulation step size for the slow dynamics of the closed-loop control system, which are
used by the CPU, as well as the fast dynamics of the power electronics, which are used by
the FPGA, were calculated as follows:

• The bandwidth of the closed-loop control system was 6.66 (kHz). The sampling
frequency was set to ten times faster, i.e., 6.66 (kHz) × 10 = 66.6 (kHz), which was
equivalent to the simulation step size of 15 (µs).

• The switching frequency of the power electronic unit was 1 (MHz). The sampling
frequency in the FPGA platform was set to ten times faster, i.e., 1 (MHz) × 10 = 10
(MHz), which was equivalent to the simulation step size of 100 (ns).

The real-time OPAL-RT simulator includes a FPGA platform that can accurately
represent inverters and their switching mechanism by using hardware description language
(HDL). The OPAL-RT and its FPGA unit have been verified to be able to provide a very
accurate simulation of inverters [30,31]. To this end, the FPGA provides the following
advantages:

• The computation time within each time step is independent of the size of the system
due to the parallel nature of the FPGAs.

• Overruns do not happen while the model is running.
• The simulation step size is very small, in the order of 100 (ns).
• The corrective algorithms for the inter-simulation time-step switching events can be

eliminated without jeopardizing the accuracy or the numerical stability.
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Measure Compute Command

Simulation step size

Measure Compute Command

Simulation step size

Figure 8. Real-time simulation timing diagram.

5.2. Robust Control Conditions

Figures 9 and 10 illustrate the robust control conditions in Equations (13) and (14),
respectively, for the sequential design of the decentralized robust controllers. The µ-norm
in both steps of the design process was less than one, which indicates that Equations (13)
and (14) and thus Equation (11) were satisfied.
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Figure 9. Robust control condition for the sequential design in Equation (13) (Step 1 of the proposed
5-step design procedure).
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Figure 10. Robust control condition for the sequential design in Equation (14) (Step 3 of the proposed
5-step design procedure).

5.3. Time Response Performance

The interconnection line parameters are proportional to the distance between the
two inverters, which play an important role in the coupling strength between the two
inverters and the stability of the entire system. All the simulation results for the proposed
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sequentially-designed decentralized controllers were compared with the independently-
designed ones in which the effect of the interconnection line is considered as an external
disturbance. The details of the independent design of the decentralized robust controllers
can be found in [3]. The following two case studies were considered in order to compare
the two control designs in terms of their performances with respect to the interconnection
line distance between the two inverters.

• The first case study was for the distance of 1 (km). Figures 11 and 12 demon-
strate the time response of the load and reference voltages for the sequentially and
independently-designed controllers, respectively. Both controllers had acceptable per-
formances in tracking the reference voltage when the distance between the inverters
was 1 (km).

• The second case study was for the distance of 200 (m). The time responses of the load
and reference voltages for the sequentially and independently-designed controllers
are shown in Figures 13 and 14, respectively. In this case, the interconnection strength
between the inverters was larger as compared to the first case study, which in turn led
to the instability of the independently-designed control system. The control system
designed by the sequential method remained stable with an acceptable performance,
while the one designed by the independent scheme started to have unstable oscillations
around t = 0.01 (s).

It was concluded that the distance of 200 (m) between the two generation systems was
the borderline of stability for the independently-designed decentralized controllers. The
main reason is that the independent design of decentralized controllers does not consider
the coupling dynamics (through the interconnection line) between the two inverters. On
the other hand, the sequential design takes the complete dynamics of the interconnection
line into account in order to design the decentralized controllers. The proposed sequential
control design technique is applicable to any small networks of inverters such as NGs
and SSMGs.
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Figure 11. Time response of the sequentially-designed decentralized controllers for 1 (km) distance
between the inverters.
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Figure 12. Time response of the independently-designed decentralized controllers for 1 (km) distance
between the inverters.
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Figure 13. Time response of the sequentially-designed decentralized controllers for 200 (m) distance
between the inverters.
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Figure 14. Time response of the independently-designed decentralized controllers for 200 (m) distance
between the inverters.

5.4. Robustness Analysis

Due to the variations in the parameters of the LC filters, the closed-loop control system
was expected to be robust against them. According to [30], the variations in the LC values
are within ±10% of their nominal values. In this study, the variations were considered to
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be ±20%, which provided more margin. The interconnection line parameters were also
taken as uncertain parameters. Since this work is in the context of nanogrids and small-
scale microgrids, the interconnection line parameter values are volatile due to the location
changes made by users that will impact the lengths and parameter values of the intercon-
nection lines. Moreover, the cables and wires in the scale of nanogrids are influenced by the
transmitted electrical signals of other devices, which consequently impact their impedance
values [31]. Since the independent design of the decentralized controllers showed poor
performance when the interconnection coupling increased, the robust performance of the
proposed control scheme was compared with that of the sequentially-designed decentral-
ized LQG controllers. The reason to choose LQG control design as a benchmark is due to its
optimal control performance against uncertainty [32]. Figures 15 and 16 demonstrate the
time response of both the proposed control and LQG control schemes for ±20% parameter
variations of LC filters as well as the interconnection line parameters, respectively. As
observed, the proposed control design had better robustness as compared to the benchmark
due to the consideration of the parameter uncertainties by the control design process.
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Figure 15. Time response of the sequentially-designed decentralized controllers for 500 (m) distance
between the inverters and ±20% variations in the parameters of the LC filters and the interconnec-
tion line.
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Figure 16. Time response of the sequentially-designed decentralized LQG controllers for 500 (m)
distance between the inverters and ±20% variations in the parameters of the LC filters and the
interconnection line.

5.5. Resonance Analysis

As mentioned before, the LC filters give rise to undesired resonance frequencies in
the system, which make the control design more challenging. However, the decentralized
robust controllers proposed in this work were able to attenuate this resonance frequency



Energies 2022, 15, 8995 14 of 16

significantly as depicted in Figure 17, which illustrates the open-loop and closed-loop Bode
diagrams of the generation system 1.
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Figure 17. Open-loop and closed-loop frequency responses of the generation system 1 with the LC
filter resonance frequency.

6. Conclusions

In this paper, a decentralized robust control scheme based on sequential design was
proposed to tackle the voltage control and regulation problem for two inverter-based gener-
ation systems, which are strongly coupled. The generation systems are connected together
through an interconnection line consisting of inductive and resistive components. The pro-
posed robust controller included two local controllers for the two generation systems, which
were designed sequentially by using the µ-synthesis technique. As the controllers had a
block-diagonal structure, there was no communication link between them. Furthermore,
±20% variations were considered for all the uncertain parameters of the nanogrid, which
were modeled by structured uncertainties. These uncertainties were taken into account
in the process of designing the robust decentralized controllers. The simulation results
demonstrated that the decentralized controllers satisfied the Laplace-domain condition of
robust control. Moreover, under strong interconnection between the generation systems, the
decentralized controllers designed sequentially outperformed the decentralized controllers
designed independently. The main reason is that the sequential design considered the
impact of coupling among the generation systems in the design process of the controllers,
whereas the independent design treated them as disturbances. Furthermore, the superior
robust performance of the proposed controllers over the LQG controllers was demonstrated.
It was also verified that the sequentially-designed decentralized controllers successfully
attenuated the resonance frequency. This study suggests that as the distances among
generation systems in a standalone nanogrid become shorter, the independently-designed
controllers result in instability, while the proposed sequentially-designed controllers per-
formed well.
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Nomenclature

δx Normalized uncertainty variable for the parameter x
Ex Maximum percentage deviation of the parameter x
µ µ-norm operator
ωg Frequency of the generation systems
ei Error signal of the generation system i (i = 1, 2)
Fu Upper linear fractional transformation (LFT) operator
GL Transfer function of the interconnection line between the two inverters
iinvi Inverter current of the generation system i (i = 1, 2)
iloadi

Load current of the generation system i (i = 1, 2)
Ki Decentralized controller’s transfer function of the generation system i (i = 1, 2)
Mi Inverter gain of the generation system i (i = 1, 2)
ui Control signal of the generation system i (i = 1, 2)
vinvi Inverter voltage of the generation system i (i = 1, 2)
vloadi

Load voltage of the generation system i (i = 1, 2)
vre fi

Reference voltage of the generation system i (i = 1, 2)
Wei Error performance weight function for the generation system i (i = 1, 2)
Wui Input performance weight function for the generation system i (i = 1, 2)
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