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Highlights

e New modeling approach of the secondary control for single-phase microgrid is proposed.

SOGI-FLL dynamics are introduced in the modeling of the secondary control layer.

Amplitude dynamic model of SOGI-FLL is derived based on phasor theory.

e Tuning procedure for the proper selection of the control parameters is discussed.
The proposed control approach is tested under various disturbances.
The results validate the proposed approach to achieve the desired transient response.
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Abstract

In a microgrid (MG) topology, the secondary control is introduced to compensatefor, the woltage amplitude
and frequency deviations, mainly caused by the inherent characteristics of the dreop.control strategy. This
paper proposes an accurate approach to derive small signal models of the frequencysand amplitude voltage
at the point of common coupling (PCC) of a single-phase MG by analyzing the dynamics of the second-
order generalized integrator-based frequency-locked loop (SOGI-FLL). The-frequency estimate model is then
introduced in the frequency restoration control loop, while the derivedumodel of the amplitude estimate is
introduced for the voltage restoration loop. Based on the obtained models,/the MG stability analysis and
proposed controllers’ parameters tuning are carried out. Also, this study includes the modeling and design of
the synchronization control loop that enables a seamless transition from island mode to grid-connected mode
operation. Simulation and practical experiments of a hierarchical control scheme, including traditional droop
control and the proposed secondary control for two single-phase _parallel inverters, are implemented to confirm
the effectiveness and the robustness of the proposal undeérdifferent operating conditions. The obtained results
validate the proposed modeling approach to provide the expeécted transient response and disturbance rejection
in the MG.

Keywords: Single-phase microgrid, Secondary. control, Frequency and voltage restoration,
Modeling, SOGI-FFL dynamics, Synchronization

1. Introduction

Microgrids (MGs) are localselectrical/networks, which are designed for efficient, reliable and flexible use
of distributed generators (DGs)including renewable energy sources and energy storage devices [1, 2, 3]. In
such networks, the distributed gemerators are linked at the point of common coupling (PCC) via power
converters enabling MGs to/operate either in grid-connected mode or islanded mode [4, 5]. The control
of power converters-based MG must be able to guarantee some objectives such as power-sharing, power
quality enhancement;synchronization, and power flow management [6]. Toward this end, hierarchical control
consisting of primary, secenidary and tertiary controls is the most adopted scheme in the literature [7, 8, 9]]. The
primary control.is locally implemented to ensure power-sharing among DG units and their stable operation.
Whereas, the secondary control is required to compensate for frequency and amplitude deviations caused
by the inherent characteristics of the primary control, as well as ensuring power quality enhancement. In
addition, when-the grid connection mode is expected, microgrid synchronization to the main utility grid is
included'within the secondary control scope [10]. The tertiary controller deals with the power flow by providing
the set'points to the lower control levels.
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The secondary control, intended for frequency and amplitude restoration, has been considered for both
single and three phase AC microgrids [11, 12, 13, 14, 15]. Two main strategies of the secondary control
layer have been reported in the literature; centralized and distributed approaches [16, 17, 18, 19, 20, 21]. In
the centralized control approach, a central controller is responsible for producing the DGs’ control signals,
based on the estimated microgrid parameters, i.e., frequency and amplitude. In this strategy, an underlying
communication network is required to communicate the appropriate control signals to the primary control
of each DG unit. While the distributed secondary control is locally implemented in each DG with the aim
to improve the system reliability. This control strategy requires both local estimates and the measured
parameters of interest of the rest of DG units, which are exchanged through a sparse communication network,
to produce the required set points to the primary control. The above-mentioned approaches‘generally use
the phase-locked loop (PLL) technique to estimate the frequency and amplitude of the microgrid at,the PCC
and those of other DG units. According to this estimation approach, the dynamic models of the secondary
control for frequency and amplitude restoration have been derived by exploiting the small sighal model of the
PLL. For instance, [22] have modeled the centralized secondary control of a three-phase MG considering the
PLL transfer function to express the frequency estimate dynamics in the frequercy restoration. While the
amplitude estimation is modeled as a unity gain for the amplitude restoratioms. Similarly, in [23], the PLL
model has been used in the frequency recovery model for two different control strategies: model predictive
controller and Smith predictor-based PI controller. However, the voltage recovery modeling has not been
reported. The same concept has been adopted to model the distributed secondary control for frequency and
amplitude restoration in [19], [24] and [25]. In [26], a unity voltage'feedback has been considered in state
space modeling of a distributed voltage control. It is worth mentioningsheré that all the available modeling
approaches are proposed for three-phase MGs, in which only the frequency estimate dynamics has been taken
into account, and the amplitude estimate has been modeled as a*unity gain. This concept is valid for three-
phase MGs, as the frequency is estimated by the PLL while the amplitude can be computed directly by using
the a8 voltage components that are obtained based on _the abe/af coordinate transformation. However, in
single-phase MGs, both amplitude and frequency are estimated using the PLL, from a single-phase input
voltage. Hence, the estimation dynamics of both of these wvariables should be taken into consideration in the
frequency and amplitude restoration modeling. According to this reason, the authors in [27] have proposed a
schematic diagram of the secondary control modelsfor amplitude restoration of a single-phase MG. In fact, a
first-order transfer function is introduced to describe the amplitude estimate dynamics. One should note that
this is the only paper found in the existing literature which deals with this issue. However, the authors did not
mention how this transfer function has“been obtained and how its parameter has been selected. This is may
be due to the difficulty of expressing the amplitude estimation dynamics from the PLL’s small signal model.
Hence, the analyses of the amplitude restoration control based on this model are not accurate. Consequently,
an improper tuning of the control parameters and, then, the stability of the MG can be seriously compromised.

Although the existing litérature has addressed extensively the frequency and amplitude restoration in the
secondary layer for three-phase MGs and has covered all the modeling and control design aspects, there is still
blind spots and challengingtasks regarding single-phase MGs. The main challenges related to the secondary
control modeling in gingle-phase MGs, are listed below:

e Lack of precise modeling of microgrid frequency and voltage restoration control, more particularly, due
to the unknown dynamics of the involved estimates

e Lack of a comprehensive tuning procedure for parameters selection of the proportional-integral (PI)
controllers involved in the restoration control.

The present paper aims to derive accurate dynamic models of the secondary control layer for both frequency
and amplitude restoration, intended for an islanded single-phase AC microgrid. To this end, the authors
explore the main features of SOGI-FLL to get the transfer functions that describe the frequency and amplitude
estimates dynamics and to introduce them into the overall secondary control modeling (see Fig. 1). Actually,
the main contributions, in this paper, are listed hereafter:

e Dynamic phasor concept-based SOGI-FLL modeling is proposed to derive the amplitude estimate dy-
namic model. The derived model is, then, introduced as feedback in the amplitude restoration control
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Figure 1: Hierarchical control of a single-phase AC microgrid considering primary control and secondary control based on SOGI-
FLL for parameters estimation. The MG consists of two parallel DG units, in which each, DGhhas its own local controller,
connected to a local load and the utility grid at a common AC bus.

loop

e The linearized model of the frequency locked loop (FLL) is/suggestédras a frequency estimate model.
This model is considered as a feedback in the frequency restoration control loop

e The stability analysis of the system and a systematic design.process for a proper selection of the restora-
tion controllers’ parameter are performed

e The synchronization modeling and control design that/enables a seamless transition from islanded mode
to grid-connected mode operation are studied'

Simulation and experimental implementationtef.a hierarchical control scheme, including traditional droop
control and the designed secondary control for twe single-phase parallel-connected inverters, are carried out
to assess the effectiveness of the proposal-ufider various disturbances.

The rest of this paper is structuredtas follows. Section 2 describes the primary and proposed secondary
controls of an autonomous single-phase AC. microgrid. In Section 3, the proposed modeling approach of sec-
ondary control for frequency and“voltage\restoration is provided. In this section, the phasor theory-based
SOGI-FLL modeling analysis is’developed. Frequency and amplitude restoration modeling and tuning proce-
dure, as well as the synchronization modeling and control design, are also presented in this section. Section 4
shows the simulation results of the microgrid including the proposed restoration and synchronization controls.
Section 5 presents the experimental results of a designed platform based on ARM Cortex microcontrollers for
the proposed controldmplementation. Finally, some conclusions are reported in section 6.

2. Proposed control scheme for single-phase AC microgrid

In Fig./2, it shows the hierarchical control scheme for two parallel-connected single-phase inverters, forming
an islanded AC MG. As depicted in Fig. 2, the power inverters-based DGs share the same AC bus through a
line inductiveimpedance. The local load and the utility grid are also connected to this AC bus. Each DG unit
consists of ‘@voltage source inverter (VSI) fed by a DC source and associated to an LC filter allowing high-
frequency content cancelation [28]. In this structure, the hierarchical control of the islanded MG is divided
into two control levels: primary and secondary.

1) Primary control:
The primary control adopted in this work is based on the droop control method, which is the most employed
strategy for islanded AC microgrids [29, 30]. This level is strictly local and is responsible for active
and reactive power-sharing between DG units without any communication. According to Fig. 2, the
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primary control layer includes, SOGI-FLL-based power calculations, droop controller, virtual impedance
loop, and voltage and current control loops. The SOGI-FLL scheme is introduced to extract the orthogonal
components of the output voltage and current, v,g and i,g, of each DG unit, in order to calculate the
average active and reactive powers (P and @) by using the following expressions [31]:

. . (1)
Qi=1/9 (ﬁm X tjo — Via X im)

where: i = 1, 2.
These calculated powers are used by the droop controller to generate the corresponding voltagefrequency
and amplitude, w; and FE;, according to the droop control functions, given by the following expressions:

w; = w* — mP; + Owyes )
Ei =LE" - an + aEres

where w* and E* are the frequency and amplitude references respectively, m and n are the droop control
coefficients. Jw,es and JF,.s are the control signals received from thessecondary control level in order to
compensate for frequency and amplitude deviations.

In order to produce the voltage reference, v}, across the capacitor of the output filter, the generated
sinusoidal voltage using the droop control outputs is compared. to the virtual impedance voltage (v.), as
expressed by the following equation:

Vi (t) = E; x sin ( / widt) — . (1) (3)

The produced reference voltage (v}) is handled By an iiner multi-loop control to provide the appropriate
PWM pattern for each VSI. More details about theyprimary control can be found in [32].

Secondary control:

As the frequency and voltage at the PCC deviate from their nominal values due to the droop control
characteristics, the secondary controllerwill bring them back to their rated values. The block diagram
of the proposed secondary controlyimplemented in the MG central controller, is shown in Fig. 2. In
this control level, SOGI-FLL estimates the/microgrid’s frequency and amplitude, as well as the orthogonal
components of both microgrid end the utility grid. Then, two control loops; synchronization and restoration
are built up. In the synchronization stage, the extracted orthogonal components are used to compute the
phase angle difference betweemthe MG and the utility grid and passes through a proportional (P) controller
to be matched. The corresponding control signal is used to update the frequency reference in the restoration
control loop. In the,restoration stage, the estimated frequency and amplitude (wc, E Mmc) are compared
to the desired nominal values (wi;o, Er/e) and processed through IP controllers to produce the required
adjustments for the/actual frequency and amplitude. The produced control signals i.e., Owyes and OF,.¢s,
are sent to the primary control level, via a low bandwidth communication link, to recover the desired
nominal values.

The expressionsof the frequency and amplitude restoration compensators based on the IP-type controller
can belexpressed as follow:

OWpes = /ki_f (Wi — &usyn) —wype)dt — kp—f X wma 4)
OE, 0, = / ki (Blye — Bai) dt — kyi x Barc (5)

where ky,_f, ki—¢, and ky—g, ki—g are frequency and voltage controllers’ gains, respectively, Owgyy, is the
synchronization control signal, which is set to zero when the grid is not present.
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Figure 2: Hierarchical control scheme for two single-phase.inverters-based islanded AC microgrid.

In order to analyze the microgrid stability and ‘to'select properly the parameters of the frequency and
voltage secondary control, accurate dynamic’models are developed. The proposed modeling approach to
derive these models and the tuning procedure of the control parameters are presented in the next section.

3. Proposed modeling approachsof the secondary control

The proposed modeling appreach{aims to obtain accurate dynamic models of the secondary control for
frequency and amplitude restoration of a’single-phase AC microgrid. The main idea of the proposed approach
is that the frequency and amplitude estimates dynamics of SOGI-FLL, which should be derived, are exploited
in the secondary controlanodeling.” As depicted in Fig. 3, the restoration control model includes the models
of; frequency/amplitude restoration control, communication delay, and SOGI-FLL frequency and amplitude
estimates of the seecondary control stage. In addition, the models of droop control, power calculations and
the inner control-loopsiof the primary control stage are introduced in the restoration model. Furthermore,
the restoration odel involved the line impedance model that describes the frequency and amplitude changes
from DG units to,.the PCC.

The modeling, of SOGI-FLL scheme is given in subsection below, where the frequency dynamics is con-
cluded, while a theoretical analysis in the phasor domain is developed to obtain the voltage estimate dynamics.
In th&second subsection, the modeling of the frequency and amplitude restoration control based on the SOGI-
FLL dywamics is developed, in which the dynamics of the inner controller is assumed to be negligible due to
its fast response. Also, the line impedance model is considered negligible in the restoration modeling process.
A tuning procedure based on the obtained mathematical models, as well as the synchronization modeling and
design analysis are also investigated in other subsections.
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Figure 3: Model of the restoration control loop based on SOGI-FEL dynamics:

3.1. Modeling of SOGI-FLL

The SOGI-FLL scheme is an adaptive second-order filter used to‘estimate the key parameters of a single-
phase input voltage [33]. The block diagram of SOGI-FLL structure is highlighted in Fig. 4. It consists of
two main blocks; SOGI-based quadrature signal generator (SOGI-QSG)/and FLL. The SOGI-QSG block is
responsible for extracting the direct and the orthogonal voltage components that are used to calculate the
voltage amplitude. While the FLL unit estimates the operating frequency to be fed to the SOGI-QSG block.

According to Fig. 4, the closed loop transfer functionsywhich describe the relationship between the extracted
orthogonal components (0pr¢a, Umag) and the input microgrid-voltage can be given by:

_ Omca(s) s
Ga (3) - UMG_(S) = kwMG ) T k(;)MGS +U:)]2\/[G (6)
dmgpls) v 1
G = 2P L 7
5 (s) iz (s) YMG + komas + @i q (7)

where s is the Laplace variable, 4ons@ isthe estimated frequency, and k is the SOGI-QSG gain, which is
generally recommended to take/the value % (33].

In addition, the simplified transfer’ function of the FLL frequency adaptation loop can be expressed as
follows [34]:
I

. .
OMG = SRWOMG (8)

where wysq is the input fréquency, and T is the FLL gain, which is related to the FLL controller gain ~; given
in Fig. 4; by,the following expression [34]:

_ kwMGF (9)

Asitacan be noted, Eq. (8) which describes the relationship between the input frequency and the estimated
one, cawvbe considered as a model for the frequency estimation dynamics. While, for the dynamics of amplitude
estimatey theoretical analysis in the phasor domain is developed to derive its corresponding model. The
developed analysis is given hereafter.

According to Eq. (6), the differential equation describes the direct component (9p/Gq) dynamics as a
function of the input voltage (varg), can be written as:

N N . ~2 N .
DMGa + kOMeOMGa + @y giMea = kOpmctma (10)
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where ¥/ is the first derivative of the input voltage, o MGa and b MGa, are thefirst and the second derivatives
of the estimated direct component 0y;cq, respectively.

The representation of the input voltage and the direct component voltage in the phasor domain is illustrated
in Fig. 5. ) )

Accordingly, the expressions of vara, Varg, OMGas Umca and UprGe as a function of its synchronous reference
frame components in the phasor domain, under frequency conditién (i.e.,\Wp¢ = wia), can be given by:

o ) i
Ive = (VmG—d + jvme—q) € :

VMG = [0MG-d + JOMG-q + JWMG (VMG—-d + JVMG—-q)] e

ﬁMGoz = ('[}MGa—d + jf)MGa—q) 6J9

UMGa = |UMGa—d + J0MGa—q + jwrme (Dmca—d + jﬁMGa—q)] e’

DMGa = |VMGa—d T JOMGa—q + 2 X jwma <@Mca—d + j@MGafq) —wo (OmGa—a + jf)MGafq):| el?
(11)
where j denotes the imaginary number and 6 is theyphase angle between the rotating and fixed frames.
By substituting Eq. (11) into Eq. (10), and after some mathematical manipulation, the expressions of ¥prga—d
and Oprga—q voltages as a function ofithelinput voltage dg components (varg—d, VaG—q), in the s-domain can
be obtained as follows:

[ OMGa—d } Nhwrrc { _AB i } [ VMG-d ] (12)

OM@a—q (2 + kwpes)® + (kw2 + 2wnmes)” L YMG—q
where:

A= 8%+ kwnes® + 2w os + kwi g
B = wMGs2

By proposing vy ¢ as‘a reference in the rotating reference frame, hence, virg—a = Fyma, Vvme—q =0, Onca—d =
Eye and@yrga—g = 0, Eq. (12) becomes:
[s3 + kwaes® + 2w3 s + kwi o]

[s(s+ kwMg)]2 + [wama (28 + kwnrg))

EMG = kwMG QEIMG (13)

This transfer function describes the amplitude estimation dynamics of the SOGI-FLL.
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The obtained actual transfer function, given by Eq. (13), is very complex, thus, for the.sake of simplicity
this transfer function can be approximated as a first-order transfer function basedéon the analysis of its poles.
Hence, the poles of the fourth-order transfer function given by Eq. (13), for —2"< k'K 2, can be expressed as
follow:

N 2
= koo g (14 4/1— (E) y
_ _kwue k)2 ( )
P34—_T+JWMG 1+ 1—(5)

It can be noticed from these expressions that P, and Py, which haveithe lowest imaginary part, are the dominant
poles. Thus, these poles are taken for the reduced second-ordertransfer function. Then, the multiplication of
the dominant poles (P2 x P4) gives a real pole, which is the pele of the simple first-order transfer function.
In addition, by setting the steady-state gain to be the samepthe simple model that describes the amplitude
estimation dynamics of the SOGI-FLL is given by:

EMG_( LUl )EMG (15)

S kwMG/2

To verify the accuracy of the obtainéd frequency and amplitude models given by Egs. (8), (13) and (15), a
simulation study using MATLAB /Simulink environment is conducted. In this simulation study, the estimated
frequency and amplitude by thé SOGI-ELL are compared with the ones predicted by their models for step
changes in the input frequency and amplitude, respectively. The transient responses of the frequency estimate
for two different values of the;FLL gain (I") are illustrated in Fig. 6 (a), while, Fig. 6 (b) shows the amplitude
estimate transient responses for two distinct values of the SOGI-FLL parameter k. From these figures, it can
be seen that the obtaified models can predict accurately the average dynamic behavior of SOGI-FLL regarding
frequency and amplitudé estimation.

Consequently; the obtained models are useful to be introduced in the restoration control loops for the
estimation of microgrid voltage amplitude and frequency.

3.2. Modeling of the frequency and amplitude restoration loops

This subseetion presents in details the dynamical modeling of the frequency and amplitude restoration
control loops:

3.2.1. Voltage control loop

The block diagram of the voltage control model based on the derived simple model, which describes the
amplitude estimation dynamics of the SOGI-FLL, is shown in Fig. 7. This block diagram is composed of:
a droop control model, an IP-type controller followed by a communication line delay (G4), and the derived
simple model (Hsogr) used to extract the microgrid amplitude.
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25 According to Fig. 7, the closed loop tramsfer function of the voltage restoration control can be obtained as

follows:
. B I:k'i—E/si| Gd (8) E* _ ’I’LGLPF (3) Q (16)
M 1 ¥ Gpr_p(sVlsocr (5)Ga(s) M€ 1+ Gpr_p(s)Gal(s) Hsoar (5)
where the transfer functions,are given below:
kp_gs+ ki_
GPI_E(S):% (17)
1
Gals) =~ (18)
GLPF (8) = Si—fu}f (19)
Hsogr (s) = M (20)
(s + k"JMG/Q)

where 7'1s the time delay of the communication link, and Gppr is a low pass filter considered for reactive
20 power calculation with a cutoff frequency wy = 27 x 20.
Substituting Eqgs. (17) to (20) into Eq. (16), the complete mathematical form of the voltage control model

10
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Figure 8: Root-Locus plots for: (a) 0.0001 < k;_g < 100 and k,_g = 0.01, and (b) —1 < k,_g < 100, and k;_p = 1.5.

can be expressed as follows:

(21)

o= e tobm ) [ 1T, ”(S“GHC/ki-E){ “ g
S

B,
s 4+as?+bs+c Ts+1)| T M¢ s34 as? +bs+c | s+uwy

with the following parameters
o kwMG
2
_ kwme

b= 9, (1—|—kp_E)

1
N

kwyic
27

The obtained amplitude control model is used to analyze the stability of the MG system for control
parameters variation. Fig. 8 (a) and (b) depict a’series of root-locus diagrams, showing the evaluation of
the characteristic equation eigenvalues for k,.p and k;_p variation, respectively. From these figures, it is
clearly shown that the system eigenvalues‘move toward an unstable region when the controller proportional
and integral terms increase. Hence, this inereases the system oscillations and consequently, the microgrid goes
to instability.

c=kiLg

3.2.2. Frequency control loop

Fig. 9 shows the block diagram of the frequency control model based on the FLL linearized model. This
block consists of: adrogp. control model, the FLL model (Hprr) used to estimate the microgrid frequency,
an IP-type controller and a/communication line delay (G4). According to this figure, the closed loop transfer
function that deéscribes the frequency restoration dynamics can be derived as follows:

whes = {ki’f/s} Ga (s) Wt mGrpr (s) (22)
14+ Gpr—y(s)Ga(s)Hprr (s) 14+ Gpr—y(s)Ga(s)Hprr (s)
where the transfer functions Hrrr and Gpy_y are given by:
GPI—f(S)Zw (23)
Hprr (s) = S-FLF (24)
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Figure 9: Block diagram of the frequency secondary control model.

By substituting the expression of these transfer functions into Eq. (22), the small signal model of the frequency

restoration control can be obtained as follows:

wMma =

s34+ as?+bs+c 75+ 1)

with the following parameters:

(ki—ps?® + aki_ys +c) 1 . m (32 Wl c/ki~f)
w
s( MG s3 +as25bs+ ¢

(25)

The stability analysis of the microgrid system is performed based on the extracted frequency model. The
trajectory of the characteristic polynomial.eigenvalues of this model as a function of the frequency control
parameters, k,_ ¢ and k;_y, is presentedin Figy 10 (a) and (b). These figures show that when k,_; and k;_
increase the two dominant eigenvalugs.of the system move toward unstable region, hence, leads the microgrid

to instability issues.

3.3. Tuning Control Parametérs

To properly select the parametersof the frequency and amplitude restoration control, the following analysis
based on the obtained models'is developed. According to Eq. (21) and Eq. (25), the transfer functions relating

the actual amplitude/and frequency to the desired ones can be derived as follow:

Bages = (ki—gs® + aki_ps + c) [ 1 } I
s3+as?+bs+c s(rs+1)| M¢

(ki_fSQ +aki_fs—|—c) 1 .
WMG =TT s + bs + ¢ [s(rsqtl)}wMG

12

(26)

(27)
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Figure 10: Root-Locus plots for: (a) 0.0001 < k;_y < 100 and k,_y = 0.01, and (b) —0.5 < k,_y <100 and"k;_ g = 2.6.

By assuming that the time delay is negligible regarding SOGI-FLL estimation tiine and that the pertur-
bation amount of the droop model is also negligible, hence Eq. (26) and Eq./(27) becomes:

By = hiop g E; (28)
MG 52 + kwéwc (1 + kp—E)5+ ki—EkwéVIG MG
Tki_y
wMG = Wi 29
MG AT (1 + kp_yg) S kgL M€ (29)
0 The characteristic polynomials of these transfer functions are:
k k
s+ ZME (L ) s +Wip wsm =0 (30)
20pwn 4B w?_p
o kwya kope
s+ = L+ kpp)s+kioy 5 =0 (31)
2 wnt § Wi,f

where ¢ and w,, stand for the damping factor and the natural frequency, respectively.
Accordingly, the expressions of the proportional and integral gains of both amplitude and frequency controllers
can be expressed as follow;

ky g = ACpwn-5 1
{ N (32
i—FE — kwma
kp_p = 284n=t _q
{ ST (33)
ki-p = T+
255 Based on,the/control design concept for deadbeat response proposed in [35], and by selecting proper value

of the damping factor ¢ that can ensure, in an optimum way, a tradeoff between overshoot and settling time,

the corrésponding natural frequency can be determinate relatively to the desired settling time of the control

responsér Once ¢ and w,, are chosen, the controller parameters can be computed using Eqs. (32) and (33).

It is worth mentioning that the value of the damping factor ( is chosen according to the analysis based on

%0 root-locus plots given in Figs. 8 and 10 and, then, verified according to the transient response of the obtained
models.

In order to evaluate the robustness of the designed frequency and amplitude controllers for system pa-

rameters variation and under load disturbances, a simulation study in MATLAB/Simulink is carried out. In
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Figure 11: Transient responses of the secondary control models for: (a) frequency and (b) amplitude restoration, with three
different values of the time delay (7).

this study, the transient performances of the obtained secondary control models in response to step changes
in the frequency and amplitude references and active and reactive powers arevevaluated, considering three
distinct values for the time delay (7). The obtained results are depicted'in Fig. 11 (a) and (b), and shown
the transient response of the frequency and amplitude restoration controlywréspectively. It can be observed
that the proposed control approach is robust against time delay variation and load changes, as amplitude and
frequency of the MG are properly restored.

3.4. Synchronization control loop

In this subsection, the modeling and control design of\théwsynchronization control loop are presented. The
synchronization control scheme is given in Fig. 2, and it is{included within the scope of the secondary control
layer. According to Fig. 2, the expression of the proposed synchronization controller can be given by:

Qwsyn'= kp-g (9" — @) (34)

where k,_, is the proportional gain term of the synchronization controller, ¢* is the phase angle reference,
which set to zero, and ¢ is the phase.difference between the MG and the main gird.
Actually, the expression of the phase amgle difference ¢ can be obtained based on the cross product
mathematical formulas.
According to the first formulaj the cross product of the microgrid and the main grid voltages can be defined
by [36]: o
7, x Bvcll = Vy Ere sin () (35)

where Vg is the estimfated voltage amplitude of the main grid.
The second formulafof the cross product in the stationary reference frame can be expressed as:

|75 A Umcll = gadrcp — OmGadys (36)

where OprGap and Ugqp are the extracted orthogonal components of the microgrid and the main grid voltages.
Subtracting, Eq./ (35) from Eq. (36), and considering small phase angle variation, i.e., sin(¢) ~ (¢) the
expression of the phase angle difference can be found as follows:

ﬁga’[}MGﬁ - /&MGaﬁgﬁ o /I-A)gozﬁMGﬁ - /I-A)MGaﬁgﬁ
VoEma E12\4G

¢ =

(37)

Consequently, Eq. (34) becomes:

/I-A)ga{)MGﬂ - /LA)MGaﬁgﬁ

Owsyn = —kp—g £2
MG
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synchronization control

Figure 12: Block diagram of the Synchronization feedback control.

To adjust the parameter k,_4 of the synchronization controller, a model is developed as ean be seen in Fig.
12. This figure depicts the block diagram of the phase angle control, which includes the plant model (G4(s))
and the synchronization control model. According to this figure, the closed loop transfer function of the phase
angle control can be derived as follows:

kp—¢G¢ (8) *
= 39
T T koG (5) (39)
where the expression of the plant model G(s) is given by:
1
Gy (s) =~ (40)

Substituting Eq. (40) into Eq. (39), the closed loop modelrofsthe,phase angle control can be obtained as
follows: N
PP *
= — 41
¢ s+ kpig o < )
By applying the first-order control design concept to\the transfer function given by Eq. (41), the proportional
gain k,_4 can be calculated using the following éxpression:

B = o 1 (0.02) (42)

s

where T is the desired settling time.

4. Numerical simulation

A simulation study, under MATLAB/Sim Power System environment, is carried out in order to assess the
effectiveness and therohustness of the proposed secondary control approach. Based on the structure given
in Fig. 2, a system test’of an islanded microgrid is built up. The constructed microgrid consists of two DG
units with the same powerrate (2.5 kW), feeding a local inductive load (40 €2, 1 mH). The secondary control
parameters are selected according to the presented tuning process so that its response is ten times slower than
the primary contrel..The parameters taken in the simulation study are reported in Table 1.
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Table 1: Power stage and control parameters

Parameter \ Symbol \ Unit \ Value
Inverters power stage
Nominal voltage (RMS) E* (RMS) Vv 220
Nominal frequency ("’*/27r Hz 50
DC bus voltage Ve \% 450
Loads Ry, Lj Q, mH 40, 1
Filter capacitor C1,Cfo iy 26
Filter inductor r1,2,Lp1o Q,mH | 0.5,25
DG1 line impedance Ly mH 0.9
DG?2 line impedance L mH 1.2
SOGI-FLL scheme
SOGI gain k - 0.7
FLL gain r 571 40
Primary control
Frequency-droop gain m W/rad. s/| 0.0003
Amplitude-droop gain n VAT/V 0.003
Virtual impedance L, mH 4
Secondary control
Voltage proportional gain kp—E - -0.45
Voltage integral gain ki—g s~} 1.57
Frequency proportional gain kp—y - -0.22
Frequency integral gain kiZy 571 2.67
Synchronization gain kp—g 51 0.76
Communication delay time T ms 0.5

The following case studies are considered:

e Case 1: This case aims to evaluate the performance of the frequency and amplitude restoration control
in the presence of frequent load chianges. To this end, the microgrid begins with no-load operating
condition, and next DG units (1 -and 2) start to feed a common inductive load at t = 1 s, while only the
primary control is running. At t.= 2is,/the frequency and amplitude restoration control are activated,
then a load change is realizedy by disconnecting and reconnecting a resistive load (40 Q) from/to the
microgrid at t = 5 s andd = 7.5s,respectively.

e Case 2: The aim of this case study is testing the proposed restoration controller performance under DG
disconnection operating condition. For this purpose, a sudden disconnection of the inverter #2 from the
microgrid is programmed at t = 5 s, and only inverter #1 remain supplying the common load, where the
same scenarios;ias thelfirst case by starting with no-load and next enabling the primary and secondary
controls with an inductive load; are considered.

e Case 3:"This case study analyses the performances of the synchronization controller. So, this controller
is enlabled at t = 5 s, to synchronize the microgrid with the main utility grid (50 Hz and 220 V).

Fig. 13 shows the transient responses of the frequency, amplitude, and active and reactive powers, of DG1,
DG2 and the microgrid (or common load bus (CLB)), for the first case study. It can be observed that at
no-load\operating condition, the frequency and the amplitude of each DG unit and at the CLB are at their
nominal values. Then, when a load is suddenly connected; while the primary control is running; they drooped
with the same amounts in order to share the active and reactive powers of the load, which is also demonstrated.
When the restoration process is enabled (at t = 2 s), the frequency and amplitude static deviations produced
by the droop control are removed. Notice that the frequency and voltage inside the microgrid are seamlessly
restored to the nominal values, i.e., 50 Hz and 311 V. In addition, as it is shown, the proposed secondary
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controller ensures a smooth frequency and voltage recovery when a load change suddenly occurs (at t = 5 s
and 7.5 s), and the active and reactive powers-sharing is still guaranteed. We note that the proposed controller
provides good transient responses in respect to the desired predefined performances; settling time around 1 s
and without overshoots.

The obtained results demonstrating the performances of the proposed restoration control for case 2 are
given in Fig. 14. It can be seen that, when the DG2 is disconnected from the microgrid (at t = 5 s), the
designed controllers restore successfully the frequency and amplitude of the microgrid, formed only by DGI,
to their nominal values. Note that the settling time of the frequency and voltage transient responses is about
1 s. In addition, it can be seen that the DG2 variables are set to the nominal values. It is worthamentioning
that the small difference between the voltage amplitude of DG1 and the nominal value is due/te the voltage
amplitude of the line impedance.

Fig. 15 illustrates the obtained results for case 3. It can be observed that, when the synchronization
process is enabled (at t = 5 s), the phase angle difference between the microgrid and{the main utility grid
moves toward zero. Also, the frequency and amplitude of the DG units and CLB are fixed to the grid set
points. While the active power remains constant during the synchronization process. We notice that the
settling time of the synchronization transient response is around 5 s.
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Figure 13: Obtained results in response to case 1
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Figure 15: Obtained results in response to case 3.

5. Experimental results

In order to evaluate the performance of the proposed secondary control approach, an experimental set-
up is built as shown in Fig. 16. This experimental set-up is similar to the structure presented in Fig. 2,
where two single-phase full-bridge VSIs with LC filter are connected in parallel, forming an islanded microgrid
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Table 2: Experimental parameters
Parameter \ Symbol \ Unit \ Value
Inverters power stage

Nominal voltage (RMS) E* (RMS) Vv 30
Nominal frequency ("’*/27r Hz 50
DC bus voltage Ve \% 60
Loads Ry, Q 8
Filter capacitor Cr1,Cra uF 16, 18
DG1 Filter inductor ri, L Q,mH | 0.3, 2.7
DG@G2 Filter inductor roL s Q,mH | 0.5, 2.6
DGT1 line impedance Ly mH 0.8
DG@G2 line impedance Lo mH 0.5
SOGI-FLL scheme
SOGI gain k - 047
FLL gain r s71 40
Primary control
Frequency-droop gain m W/md. s 0.003
Amplitude-droop gain n VAT/V 0703
Virtual impedance L, mH 2
Secondary control
Voltage proportional gain kp—E - -0.69
Voltage integral gain ki_p 51 0.49
Frequency proportional gain kp=y - -0.71
Frequency integral gain ki_f s71 0.58
Synchronization gain g 571 0.35
Communication delay time T ms 1

with a power rate of 0.1 kW. The primary control of each DG unit and the designed secondary control
are implemented in separate ARM Cortex“microcontroller (STM32F407). RS232 (URAT) protocol is used
to communicate between these microcontrollers for the aim of sending the produced control signals by the
secondary controller toward the DGs'local'eontrollers. In addition, measurements sensors are used to provide
the required voltages and currents to the \ARM Cortex microcontrollers via signal conditioning circuits. For
more details, the algorithms of'the primary and secondary control, given in the upper part of Fig. 16, are
programmed in MATLAB Simulink based STM32F4 Embedded Target and, then, the generated code using
Embedded Coder are loaded into the’'STM32F4 board. The sampling frequencies of the primary and secondary
controls are set to 10 kHz and 1 kHz, respectively. The power stage and the control parameters taken in this
experiment are summarized in,Table 2.

It is worth notingithat the same cases as the simulation study are considered in the experimental test.
However, these tests are earried out at different times and load values. In addition, the obtained results are
extracted from ARM microcontrollers and plotted using MATLAB to provide better quality.

In the first experiment, before the secondary control for frequency and voltage restoration is enabled at

= 15 s, lonly the primary control was running. Next, at t = 25 s and t = 35 s, a resistive load of 8 Q is
suddenly diseenniected and reconnected from/to the MG. Fig. 17 shows how the restoration control regulated
the frequeney and voltage deviation inside the DGs in response to this experiment test. From these figures,
it can be seen that frequency and amplitude of both DGs voltage and at the CLB are seamlessly restored to
their nominal values when the secondary control is enabled (at t = 15 s), and after load change as well (at t
= 25 s and 35 s). In addition, it can be remarked that the settling time of frequency and amplitude transient
response is around 5 s. Notice that the active and reactive powers-sharing between the DG units is still can
be observed.

In the second experiment, after activating the secondary control at t = 15 s, the DG2 unit is suddenly
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Figure 16: Block diagram of the experimental setup based en ARM Cortex uCs

disconnected from the MG at t = 26 s. Scopes of Fig. 188hew that the secondary controller is able to regulate
successfully the frequency and amplitude to their rated valtes'with the desired transient response (a settling
time of 5 s and without overshoot). In the third experiment, the synchronization algorithm is introduced to
synchronize the MG to the grid at t = 25 s, after enabling the secondary control at t = 15 s. Fig. 19 depicts
the waveforms of the main grid and the MG voltages and their zooms for each scenario. It demonstrated that
these voltages are accurately synchronized.when the¢“synchronization control is activated. In addition, it can
be observed in Fig. 20, that the phase angle difference between the main grid and MG is matched to zero after
a settling time of 10 s. Moreover, as showny the voltage frequency and the amplitude of the CLB and the main
grid are also matched. It is worthdmentioning that the notches appearing in the figures of the experimental
results are due to the power suppliesifluctuations.
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6. Comnclusion

In this paper, a new approach to obtain accurate models of the secondary control for a single-phase

s microgrid was proposed. The proposed modeling approach exploits the dynamics of the SOGI-FLL scheme
that have served to achieve precise stability analysis of the MG and the proper tuning of the secondary control
parameters. The modeling and the design analysis of the synchronization control loop were also carried out, in
this paper, in order to enable the transition from the islanded mode to grid-connected mode. The effectiveness
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and the robustness of the proposed modeling approach were verified, on a hierarchical control including the
designed secondary control for parallel VSIs supplying a common load, by simulation studies in MATLAB/
Sim power system and validated experimentally on ARM Cortex microcontrollers platform.

The obtained results from the simulation studies and the experimental tests have confirmed the robustness
of the proposed control approach in keeping the frequency and voltage amplitude close to their nominal values
under various disturbances. Additionally, the designed frequency and amplitude controllers have provided
desired transient responses with the predefined performances. Transient responses with settling time around 1
s and 5 s, and without overshoot for simulation and practical results, respectively, were achieved. Furthermore,
the synchronization algorithm has ensured a seamless transition from islanded mode to grid-connected mode,
in which the settling times of the simulation and experimental transient responses were found as designed: 5
s and 10.
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