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Intelligent Secondary Control of Islanded AC
Microgrids: A Brain Emotional Learning-based
Approach

Mohammad Sadegh Orfi Yeganeh, Member, IEEE, Arman Oshnoei, Member, IEEE, Nenad Mijatovic, Senior
Member, IEEE, Tomislav Dragicevic, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—This paper proposes a distributed intelligent
secondary control (SC) approach based on brain emo-
tional learning-based intelligent controller (BELBIC) for power
electronic-based ac microgrid (MG). The BELBIC controller is
able to learn quick-auto and handle model complexity, non-
linearity, and uncertainty of the MG. The proposed controller
is fully model-free, indicating that the voltage amplitude and
frequency deviations are regulated without previous knowledge
of the system model and parameters. This approach ensures
low steady-state variations with higher bandwidth and maintains
accurate power-sharing of the droop mechanism. Furthermore,
primary control is realized with a robust finite control set-model
predictive control (FCS-MPC) in the inner level to increase the
system frequency bandwidth and a droop control in the outer
level to regulate the power-sharing among the distributed gen-
erations. Finally, experimental tests obtained from a hardware-
in-the-loop testbed validate the proposed control strategy for
different cases.

Index Terms—Brain emotional learning based intelligent con-
troller (BELBIC), Distributed generation (DG), Finite control set
model predictive control (FCS-MPC), Microgrid (MG), Voltage
source converter (VSC).

|. INTRODUCTION

SLANDED microgrids (MGs) are a group of interconnected

loads and distributed generations (DGs), and they are usually
interfaced to the grid through power converters to reduce pollution
and power transmission losses, and obtain high-energy utilization
rates with the flexibility of different installation locations [1].
The most significant challenges in islanded AC MGs are finding
solutions for optimal power flow, increasing systems reliability and
robustness, improving the stability characteristics of voltage and
frequency, and power-angle in dynamic loads, constant loads, and
inductor motor [2], [3]. To ensure the control of MG dynamics,
a hierarchical control structure including primary control (PC),
secondary control (SC), and tertiary control (TC) is defined [4]-
[6]. The PC stabilizes the voltage and frequency and offers power-
sharing capability among DGs. The SC can restore the voltage and
frequency deviations created by PC operations. The TC handles the
power flow management between the grid and MGs at the Point of
Common Coupling (PCC).

In the PC layer, the reactive power-voltage amplitude (Q-E)
and real power-frequency (P-w) droop control method has been
implemented to ensure the advantages of being communication-
free for the power-sharing mechanism, and voltage and frequency
stability [7], [8]. The main challenge of the droop control is steady-
state errors, which the SC section is considered to compensate
for this drawback. Besides, another restriction is communication
network time delay and the bandwidth (BW) of the PC that many
controllers have been used to improve this shortage, which is
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originated from the low-speed range of multiplying modules and
instruments [9]-[15]. Conventional controllers such as proportional-
integral (PI) and proportional resonant controllers have simple
concepts and functionality and are easy to implement but they
suffer from unbalancing in steady-state and transient performance
and have reduced performance while the output frequency changes.
To make an improvement on the BW and mentioned drawbacks,
finite control set-model predictive control (FCS-MPC) has been
replaced by a cascaded multi-loop structure [10]. This controller
is recognized as one of the most promising controllers for industry
and power electronic applications such as power converter/motor
drives due to its capability over real-time solutions (one-step-ahead
prediction) with multiple objectives and constraints [16], [17].

SC schemes can be categorized into centralized, distributed, and
decentralized schemes [18]. Under a centralized SC strategy, an
MG controller gathers data from the PCC and restores voltage and
frequency by a PI controller. The controller output signal is then
sent to local controllers of each DG through communication links.
The centralized methods can attain suitable voltage and frequency
restoration. However, reliance on the MG controller and one-to-
all communication structure decreases system reliability as the
breakdown of the MG controller or communication can collapse
the entire MG. To realize the SC based on local variables of the
DGs, decentralized approaches have been proposed. However, these
methods require a thorough knowledge of the MG topology to eval-
uate the variables [18]-[21]. In light of reliability, distributed SC
schemes separated from MG central controller can be considered
as a tradeoff between the centralized and decentralized schemes
[22]-[25]. In [26], a distributed SC for voltage variations via
feedback linearization is introduced. However, the method entirely
depends on MG parameters. A general SC structure based on
the distributed averaging PI is proposed in [27]. Nevertheless, the
low bandwidth SC was utilized to compensate for voltage and
frequency deviations, making the MG very slow. A secondary
controller consisting of a PI regulator for voltage and frequency
restoration has been presented in [12], [28]. However, PI-based SC
risks switching failure and deteriorates real power-sharing. In [17],
[29], a fuzzy controller is used in the SC level to damp the voltage
and frequency deviations with higher bandwidth. However, the
system performance is impacted by the fixed fuzzy rules employed
in the design procedure of the controller. A finite-time secondary
control method is presented in [30], [31] to perform precise reactive
power sharing and regulate the frequency and voltage of an islanded
MGs. However, the upper bound of the finite convergence time
relies on the MG’s initial condition before triggering the control
methods. Thus, finite-time control strategies can not guarantee
a specified convergence since priori initial operation conditions
are usually unavailable. In order to reach higher compatibility
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and reliability, battery systems are involved within islanded MGs.
Utilizing distributed secondary control for energy storage systems
is discussed in [32], where a distributed terminal sliding mode
controller is used to execute active power sharing and match
the state of charge of the distributed energy storage systems. In
[33], a distributed sliding mode controller is proposed for voltage
and frequency restoration and accurate active power-sharing in an
islanded MG. However, these controllers do not consider reactive
power sharing. As a consequence, the secondary control methods
reported in the previous studies mainly rely on the operating point
conditions, which makes them less robust and reliable. Although
some researchers have developed online tuning approaches to avoid
this dependency [11], they still demand a precise mathematical
instance, which is a complex and time-consuming duty. Moreover,
the changing conditions and variations of the MG imply that there
is no fixed mathematical model for all system conditions. In such
a design, model mismatches or unexpected changes in the MG’s
configuration or parameters affect the controller’s performance,
particularly in steady-state.

The intelligent approaches rehabilitate such shortcomings in
obtaining a robust performance in various operating conditions
of MGs. The main characteristic of intelligent approaches is the
model-free structure that enables them to handle model complexity,
non-linearity, and uncertainty in power electronic applications. The
brain emotional learning-based intelligent controller (BELBIC) is a
model-free intelligent controller with a simplistic control framework
[34], [35], making it viable for practical applications in real-time.
This method has a reinforcement learning process as a principle,
effectively tackling disturbances and uncertainties in the system.
However, unlike the reinforcement learning methods in the machine
learning area, BELBIC does not present the need for exhaustive
training [36]. Minimal computational intricacy, online learning abil-
ity, and no requirement for prior knowledge of MG dynamics make
BELBIC a unique controller over other intelligent controllers such
as artificial neural network (ANN) and fuzzy logic control. Also,
it is simple, with rarer tuning parameters in emotional regulators,
and, unlike ANNSs, it does not demand an extra iterative procedure
for learning or correcting parameters. In contrast, in neural network
control, the network topology, like the number of nodes, layers, and
parameters in the activation functions, are essential considerations
that must be appropriately considered [37]. In [38], the BELBIC
controller has superior performance compared with PI and fuzzy
logic controllers in both online and offline simulations for PMSM
drive systems in different test conditions. It is shown in [39] that
the BELBIC can offer more effective solutions than fuzzy logic and
neural network in controlling the synchronous machines in power
systems.

Motivated by the previous discussions, this paper proposes a
model-free and adaptive controller based on BELBIC to provide
accurate voltage and frequency compensator signals for VSC-
based islanded ac MG. In this way, neither the parameters nor
structures of the system are needed beforehand. Unlike the conven-
tional controllers generally designed for fixed operating conditions,
the BELBIC avoids the dependency of the control system on
the operating conditions and demonstrates robust performance in
load disturbances and uncertainties. A mathematical representation
is also provided to evaluate the convergence conditions of the
controller. The control scheme performance is compared to a
ANN-PI controller and a control strategy reported in [12]. The
proposed control scheme compensates for the steady-state voltage
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Fig. 1: General view of an islanded AC microgrid.

and frequency deviations using an entirely distributed procedure
and preserves active and reactive power sharing during both steady
state and transitions. An FCS-MPC method is initially presented in
the inner level of the PC section to control the voltage of VSCs.
The VSCs’ voltage regulation is improved with a fast transient
response by employing FCS-MPC. Simulation and experimental
validations are provided to demonstrate the effectiveness of the
proposed control strategy.

Il. PRINCIPLES OF AC MICROGRID CONTROL

Fig.1 demonstrates the communication layer and distributed
intelligent SC section between AC and DC sources like wind energy
and photovoltaic systems. Distributed control is one of the most
desired communication-based control techniques that does not need
a central controller. Therefore, the information is only for each unit
and requires a lower bandwidth [3]. Then, the SC layer sends w
and v references to the droop section to realize the voltage and
frequency regulation. The droop section should adjust the power-
sharing (active and reactive) among DGs to provide a balance inside
the MG. Besides, a robust FCS-MPC has been utilized in the inner
controller.

A. Power Calculation and Droop Sections

The droop control is employed to control active and reactive
power-sharing and synchronize each converter. The droop control
mechanism can be expressed as

— Dp.P ()

where w,.y and v,y are the reference frequency and voltage
respectively; wy,, and v,, are the nominal frequency and voltage of
each DG unit, respectively; Dp, and Dg, are the droop coefficients,
which are chosen based on the rated power of the DG unit and
the permissible deviations in frequency and voltage amplitude; and
P; and Q); are the filtered active and reactive powers of DG, as
follows:

Wref = Wn;

Uref = Un;

Py = Gprp;
Qi =Gra

pi = voaiioai + voﬁiioﬁi (3)
qi = voﬂiioai + voaiioﬁi (4)

where G, = +
we; P; and Ql are the measured active and reactive powers of DG;;
and v, and i, are the instantaneous output voltage and current of
DG, in a-g frame.
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B. Primary Control

There are three cascaded control sections in converters’ conven-
tional current-regulation-based inner controller to ensure voltage
and frequency stability. Voltage control loop, current control loop,
and modulation section (PWM). An alternative robust FCS-MPC
controller is proposed in the PC section, in order to improve the
dynamic performance of the integrated DGs. Based on [10], FCS-
MPC controller can eliminate the series effect of low bandwidth
from voltage and current control loops. Therefore, more BW flexi-
bility and fast control response can be obtained by replacing a single
FCS-MPC with a cascaded multi-loop structure, and achieving a
BW improvement in the secondary section. The approximated BW
of FCS-MPC is a few times more than the voltage and current
control loops. FCS-MPC works based on calculating the cost
function for all possible switching states on the three-phase VSC
and then obtaining the desired v; that minimizes the cost function.
Fig. 2 illustrates eight possible switching states, voltage vectors,
and related cost functions, in which a specific cost function can be
obtained for each voltage vector. The value of C'Fy and CF; are
the same but the difference is their effects on the switching orders
(number of on and off switches at each cycle) and finally the value
of switching losses. The output current (i,), filter output current
(i), and filter voltage (vy) are presented in vectors as follows:

I 17, vp = [ra vpo vrwl”

®)

Three-phase variable vectors are transferred to the two-
dimensional vector (o stationary reference frame) by employing
the Clarke transformation (7) as 7' = 2[1 €757 ¢/37|T. Finally,
the output voltage and current of the converter can be expressed in
the state-space form as follows:

vip = lifu ifo ifw

lo = ['Lou Lov low

d if [ if V;
- = Al 7 B| 6
dt [ Uf ‘| Uf + ZO ‘| ( )
where
_Ry 1 1 0
A=| {0 B=| W @
o 0 —o;

Model predictive control technique works based on predicting
vy and if, and then applying the proper magnitude for V,..; in the
objective function. In [13], a new strategy is proposed to improve
the performance of the DC-link voltage quality of the VSC than
the conventional FCS-MPC. Therefore, by tracking the voltage
reference and its derivative simultaneously, the proposed strategy
could improve the THD of the DC-link.

Uref(k) = Vyep(cos(wrepk) + jsin(wresk)) ®)
Vrefa(k) = Viercos(wrerk) 9)

Urefﬁ(k) = Vreijin(wrefk) (10)

where k is a representative for time, v,.s and w;.y are the voltage
and frequency of the reference signals, respectively. By taking
a time derivative of (8), the voltage derivative reference can be
obtained:

dvref(k)

dk = wref‘/refcos(wrefk) - jwref‘/refs'in(wrefk) (11)
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Fig. 2: Voltage vectors and switching states of a two-level three
phase VSC.

dvy (k)

In addition to tracking reference voltage by (8), —— could
also track dl}%i(m to get better THD on the DC-link voltage. In

order to form capacitor voltage derivative, predicted current 77 and

measured current ¢, are required:

dvg(k) _ tyalk) —ioa(k) | isa(k) —iop(k)
dt Cy Cy

(12)

It is intelligible that the voltage derivative can be well-tracked
by minimizing the difference between the first and second terms of
(11) and (12) as follows:

Ureg(k) = (CfWres Vresp = ifa + ioa)*+

(CpresVrefa +irs —iop)? (13)

Therefore, the main objective function consists of the prediction
error (v.) with a weighting factor (1), the current limitation (§;;,,),
the number of switching efforts (ST) with a weighting factor (J2),
and the minimizer for the voltage derivative (v,¢4), Which are as
below:

ve(k) = vp(k +1) — vpey(k) (14)
S RIS S
SW (k) =Y |u(k) = u(k —1)] (16)

OF : 8100 (k) + E1im (k) + 02.SW (k) + vpeg (k) (17)

In addition, the weighting factors §; and o can be determined by
utilizing tools such as artificial neural network. In this study, these
weighting factors are considered fixed values equal to 3 and 2,
respectively.
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Fig. 3: Proposed scheme of the primary (FCS-MPC) and distributed secondary control of the VSC-based microgrid.

C. Secondary Control

The main duty of the SC is to compensate for the voltage
amplitude and frequency deviations by sending the data to the PC.
The SC section can regulate the voltage amplitude and frequency
variations driven by PC. Mathematically, the SC section meets the
following expressions:

tlg?c wi(t) = Wref (18)
lim v;(t) = vyes (19)

t—te

As (5) and (6) imply, the frequency and voltage amplitude can
be regulated in a finite time ¢.. To share the active and reactive
powers properly and (5) and (6) satisfactory, the correction terms
are added to SC as follows:

(20)
21

sec

Wref = Wn; _DPi-Pi + 0w
Uref = Un; _DQ1Q1+6

Vsec

where 6, and ¢ are the frequency and voltage compensator
signals provided by the SC, respectively. In this study, the SC
is equipped with BELBIC to generate the control signals. A
comprehensive investigation has been done on the SC in section
Iv.

Vsec

[1l. DESIGN OF INTELLIGENT SECONDARY CONTROLLER

Regulating voltage and frequency in the SC loop is one of
the critical challenges for power converters in islanded AC MGs.
In this study, the BELBIC is employed to recover the voltage
and frequency magnitude to their nominal values and maintain
the power-sharing among the DGs. More details over inputs and
outputs of primary control, droop section, and secondary section
are illustrated in Fig. 3. The controller comprises the Amygdala,
which is in charge of emotional learning, the Orbitofrontal cortex,
sensory cortex, and the Thalamus [35], [38]. The model has two
inputs, including sensory input (S7) and emotional signal (ES).
The sensory cortex receives the Thalamus output and then submits
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it to the Amygdala (A) and Orbitofrontal (O) cortex. Preprocessing
on S1 signal such as filtering or noise reduction is performed by the
Thalamus. A and O networks, respectively, represent the functional
blocks of the amygdala and orbitofrontal cortex. The subtraction of
network A and network O outputs yields the BELBIC output, which
is expressed by

u(t) = A(t) — O(1).

Network A is provided with the inputs of SI and ES. The SI
input is multiplied by a predetermined connection weight (G) to
obtain the output of network A, given by:

A(t) = SI(H)G(t)

(22)

(23)

where G(t) changes in accordance with the following integral
equation

Gt) = / sa(tydt + G(0) (24)
0
where
0g(t) = aSI(t)[max(0, ES(t) — A(t) — Au(t)) (25)
Ay (t) = max[SI(t)]G,(t) (26)

where « is the learning rate; A, is a neuron that receives maxi-
mum sensory signals from the thalamus directly; max[SI] is the
maximum of all sensory signals. The dynamics of GG, is expressed
by

t

G, = / dgadt + G4(0). 27)

0

The network O is provided with ST and ES inputs as well

as the last model output. The network O output is computed by

multiplying connection weight (H) into the ST signal.
O(t) = SI(t)H(t) (28)
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where H (t) varies as follows:

H(t) = /0 t Sh(t)dt + H(0) (29)

where

5h(t) = BSIDA(t) — O(t) — ES(1)] (30)

where [ represents the inhibition rate; taking the initial states
G(0) = H(0) = G,(0) = 0 into consideration, the BELBIC output
in (22) can be written as

u(t) = SI(t)a / SI(#)[maz(0, ES(t) —A(t) — Aq(t))]dt

0
-8 /0 SIM)[A(t) — O@t) — ES()|dt].  (31)

The A and O networks learning happens via its internal rules for
adaptive weight update given by Eqs. (25) and (30). Updating the
adaptive weights in the O network is similar to the A network rule,
whereas its weight may decrease or increase as essential to follow
the required inhibition.

Taking the computational model and execution characteristics of
BELBIC on the SC into consideration, extracting the conditions
that provide the BELBIC internal stability is required. The internal
stability of BELBIC depends on the conditions for asymptotic
convergence of the outputs of A and O networks. The convergence
conditions will be discussed in the following section.

A. Convergence condition

Theorem 1. Given the network weight adjustments as in (22) to
(30), there exists a combination of SI signal, and parameters of o
and B such that [35]

D1 —aSI(t)? <1
2)|1 — BSI(t)* < 1

which confirms the convergence of the weights of network A and
network O asymptotically.

Proof. The controller’s behavior can be split into two distinct
phases: transient and steady-state phases. Initially, during the tran-
sient phase, (25) can be expressed as:

Sg(t) = aSI()[ES(t) — A(t) — Au(?)] (32)

During the steady-state phase, the variation of weights of A and
O networks is zero. i.e.

8g(t) = 8ga(t) = Sh(t) = 0 (33)

Applying the condition (33) on (32) and (30), and assuming
SI(t) # 0,

ES(t) = Aq(t) = SI(t)Ga(t) = u(t) (34)

Assuming that g, and g} represent the weight of network A dur-
ing and after adjustment, respectively; and ES’(t) = SI(t)G4(t)
and ES’ = SI(t)G} denote ES signal before and after adjustment,
respectively. The weight adjustment of dg, is written as follows:

3ga(t) = aSI(t)[max (0, (ES(t) — ES'(t))] (35)

© 2022 IEEE. Personal use is
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when ES(t) — ES’ > 0, (35) decreases to
1ga(t) = aSI(t)(ES(t) — ES')

= aSI(t) (SI(t)gy(t) — SI(t)Ga(t))
= aSI(t) (G5 (1) — Ga(t))
= aST% ()G, (1) (36)

where, G, (t) = G%(t) — Gu(t). In a slight duration of &t, Gq(t)
varies as

Galt +6t) = Ga(t) + 6ga(t)

Gt + 0t) = GE(t + 6t) — Go(t + 6t)
= Go(t +0t) — Go(t) — 09 ()
= Ga(t) — aSI?G,(1)

= (1 —aST?)G,(t) (37)

Therefore, G (t + 6t) — Gq(t) if |1 — aST?| < 1. The adjustment
in Network O is expressed as
Sh(t) = BSI(t)(A(t) — O(t) — ES(t))
= BSI(t) (0~ SI()H(t) - SI()G (1))
= —BSI*(t) (Ga(t) + H(1))

= —BSI%(t)H (t) (38)
where H(t) = G*(t) + H(t). The term H(t) varies as
H(t+ 6t) = H(t) + Sh(t)
H(t + 6t) = GX(t + 6t) + H(t + dt)
=G (t+dt) + H(t) + 6h(t)
= H(t)— BS?H(t)
= (1 - BSI*)H(t) (39)

Therefore, H(t + 6t) — H(t) if |1 — BSI?| < 1.

Remark 1. The convergence conditions given in Theorem 1
should be considered when selecting o and (.

To achieve the promising performance of the BELBIC, forming
an empirical relation between SI, ES, and output (u) is crucial.
For the BELBIC in the secondary frequency control (represented as
BELBIC#1 in Fig. 3), u is the frequency compensator signal wge.,
and for the BELBIC in the secondary voltage control (represented
as BELBIC#2 in Fig. 3), u is the voltage compensator signal V.

B. Design of Sl and ES in BELBIC#1

The ST and ES inputs for BELBIC#1 are selected as (40) and
(41) respectively.

ST = ¢1(w:ef - wMg) + (bz /(w;fef - ij(;)dt (40)

ES =y (wyey —wma) + 72 /(w:ef —wMG)dt + Y3Wsee (41)

where ¢; and ¢, are weighting coefficients for the SI function; 74,
72, and 3 denote weighting coefficients for the &S function; wy, f
denotes the average reference frequency of the MG; and wjy¢ is
the frequency average for all DGs, which is expressed as follows:
N
2i=1WDG,

where N is the number of DGs in the MG.
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Fig. 4: Block diagram of the proposed secondary control scheme

The values of these weighting coefficients are obtained through
a trial and error process. The rationale behind the outlined S7 and
ES functions is to achieve fast response, a minimum overshoot
and steady-state error, and a minimum deviation from an arbitrary
reference. The functions SI and ES are, therefore, chosen as the
outputs of a PI block in response to w:, §F—wMa-

C. Design of Sl and ES in BELBIC#2
Similar to frequency control, the SI and ES inputs for BEL-

BIC#2 can be given as:

ST = ¢,(vy; — vrrc) + B / (Wis —omc)dt  (43)

ES =7 (vyer —vma) + 7 /(v:ef —vpG)dt + Yivsee  (44)

where v, represents the average of voltages broadcasted from
each DG. A voltage observer is employed to estimate the average
voltage of the MG [40], which is expressed by

Zj‘\il UDG;

= % (45)

The weighting coefficients ¢}, @5, v, ¥4, and 4, as in (40) and
(41), are determined through a trial and error process. The trial-and-
error procedure was conducted by the knowledge of the designer
based on the experience about the SC level and admissible search
space of the control signal. The functions ST and ES, as in (40)
and (41), are selected as the outputs of a PI block in response to
'U;k ef — VMG-

Fig. 4 displays the BELBIC-based SC scheme. Eqs. (42) and
(45) imply that the SC controllers are implemented in a distributed
manner. The SC level is settled in each DG as a local controller,
while communication links at the upper control level transfer
measured data of each unit. SC collects frequency and voltage
from other DG units, averages them, and broadcasts their value
to the other DGs. The frequency and voltage compensator signals
are eventually sent to the droop section to regulate the reference
frequency and voltage.

Desirable scaling factors (SFs) are also considered in the output
signals of the controllers to attain optimal results. A particle swarm
optimization algorithm tunes the SFs by minimizing the following
performance index.

VMG

min F = Z / AOJDGZ + Avpgi ) dt (46)

Decision variables:
SFwi,min S Ssz S SFwi,maa:
SFm',min S SFvi S SF'ui,mam

(47)
(48)

As (46) indicates, the integral of time multiplied by squared
error is utilized to get the optimal solution. For each controller,
the minimum and maximum values for SFs are considered as 0.1
and 5, respectively.

Remark II. The common features of this method and the main
reasons for its selection are twofold. First, this method has the
capability to produce dynamic outputs for control purposes. This
includes generating the control commands in the SC loop with
respect to the operating point variations and the occurrence of
any disturbance as opposed to the conventional controllers. The
proposed controller compensates for the steady-state voltage and
frequency deviations using an entirely distributed procedure and
preserves active and reactive power sharing during both steady
state and transitions. Second, this intelligent method has model-free
structures and their functionalities are independent of the dynamic
model and complexities of the MG. This feature provides a great
flexibility in design and facilitates the use of the proposed method
in practice. The application of this control method in this paper is
based on the supervisory (on-line) regulation application.

Line
Impedance

Voltage and Current
Measurements

PC (Control Desk)|

Fig. 5: General view of the experimental setup.
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Fig. 6: Experimental results of the transient power-sharing accuracy between two VSCs with equal power-sharing rates for the proposed
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distributed intelligent secondary control technique. (a), (b), and (c) Active and reactive power, voltage and current diagrams.
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Fig. 7: Experimental results of the transient power-sharing accuracy between two VSCs with equal power-sharing rates for the conventional
PI controller. (a), (b), and (c) Active and reactive power, voltage and current diagrams.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed distributed intelligent secondary
control technique, the simulations have been provided in MATLAB
SimPower system, and the experiments have been carried out in a
hardware in the loop (HiL) setup includes two DGs with two VSCs,
as shown in Fig. 3. The reference voltage and frequency are 100 V
and 50 Hz respectively, and the other parameters are demonstrated
in Table 1. Five different test cases are investigated to evaluate the
performance of the proposed controller. Three of them are provided
with experimental results (Case 1 to 3), and the performance of the
proposed controller is compared with the conventional PI controller.
Two of them are simulated (Case 4 and 5). The obtained results of

TABLE I: Parameters Value of the System

Parameters Symbol Value
Output voltage of rectifier Ve 260 V
Nominal voltage magnitude V4 100 V
Nominal frequency f 50 Hz
Sampling time Ts 50 ps
Capacitance of LC filter Cy 2x5us
Virtual impedance Zy 38 Q
Impedance of LC filter Zy 0.5+ 2.2mH
Line impedance Z 0.5Q + 2.2mH
Extra line impedance 21 unb 0.5Q + 2.2mH
Load resistance (load 1) Rr1 60 Q
Load resistance (load 2) Rro 30 Q
P - w droop coefficient (DG1 & DG2) Dp 0.002 rad/W
Q - v droop coefficient (DG1 & DG2)  Dg 0.01 V/V Ar.s

the proposed controller have analyzed against the ANN-PI, and
the conventional PI. These cases are equal and unequal power-
sharing rates, unbalanced grid-line impedance, comparative perfor-
mance analysis among different controllers, and implementing the
proposed controller on a MG with three VSCs by considering a
communication time delay (disturbance). Fig. 5 demonstrates the
utilized components such as measurements, grid-line impedance,
loads, power supply, and control unit of the islanded AC MG with
details. Two full-bridge three-phase VSCs (SEMITEACH IGBT,
20kW), a DC power supply (Delta Elektronika SM1500-CP-30),
eight current and six voltage measurements, two LC filters, two
line impedance, and two loads (load 1 is 60 €2 and load 2 is 30
Q) are utilized in the experimental setup. A dSpace MicroLabBox
DS-1202 is employed in the control unit, and a soft driving system,
some protection circuits, and a switching algorithm are designed in
the practical section. Fig. 5 presents a general view of the existed

51.0 T T 50.1
Proposed Controllelj i

_\508 —— PI Controller’ !
':E‘ 50.0 [+ Ay
=50.6 \ .
9 AY
S504 9958 12.9 13.4
L IEEE 157 1 : \ P
35042 /\ - IEC 61727 ) Load Change ..
& 501 : » ¥

50.0 | # ¢ y » N

49.9 ‘ :

498 7 4 6 8§ 10 12 14 16 18 20

Time (s)

Fig. 8: Experimental results of the transient frequency between
two DGs with equal power-sharing rates for the secondary control
in both the proposed control technique and the conventional PI
controller.
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distributed intelligent secondary control technique. (a), (b), and (c) Active and reactive power, voltage and current diagrams.
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Fig. 10: Experimental results of the transient power-sharing accuracy between two VSCs with unequal power-sharing rates for the
conventional PI controller. (a), (b), and (c) Active and reactive power, voltage and current diagrams.

setup in the smart converter lab at DTU, and a view of the Control
Desk templates, and related block diagrams in MATLAB/Simulink.

A. Case 1: Equal Power Sharing

In this case study, the performance of the proposed distributed
intelligent SC technique is compared with the conventional PI
controller. Figs. 6 and 7 present the experimental results of the
variations of the active and reactive power for both the control
techniques in different load conditions. In this part of the practical
results, the PC and SC sections are activated. For the first step,
load 1 (Rz1) was connected to the system, and then, for the second
step, load 2 (Rp2) was connected to the setup, and the tests were
implemented for both control techniques. Therefore, during the
load change, two times more active power is injected into the load
through the power converters. By utilizing the FCS-MPC control
technique in the PC section, the BW of the voltage control has
increased a lot. Therefore, there are no issues between the outer
loop and the inner loop connections anymore, and the fluctuations
generated by the harmonics in the measured active and reactive
power are almost suppressed by the SC section. It’s clear, that the
proposed intelligent control technique has a fast dynamic response
and lower fluctuations than the conventional PI controller in active
and reactive power distribution. Besides in Figs. 6 (c) and 7 (c),
the experimental results were taken with the power analyzer, which
can verify a fast and accurate voltage and current restoration with
the proposed controller. In addition, active power, average current
and voltage for each phase of the load side, and the system’s
frequency are also demonstrated. As it can be seen from Fig. 8,
the frequency deviations of both controllers are considered the
standards IEEE 1574 and IEC 61727. Based on IEEE 1574, 0.8%
over frequency and 1% under frequency fluctuations are allowable,
and based on IEC 61727, 1% over and under frequency, deviations

© 2022 IEEE. Personal use is

are allowable in this voltage range [10]. According to Fig. 8, the
average frequency deviation of the proposed intelligent controller
is around 30% lower than the conventional PI controller.

B. Case 2: Unequal Power Sharing

To validate the results of the proposed control technique, another
case test with unequal power-sharing rate of DGs is presented in
Figs. 9 and 10. In this case, the power-sharing rates of VSCI1 is
two times of DG2. It is clear that the proposed control technique
can sufficiently share the active and reactive power between two
DGs more precisely and faster dynamic performance than the
conventional PI controller. Besides, the fluctuation ranges of both
active and reactive power for the proposed controller is lower than
the conventional PI controller with the same operating condition.
Based on Figs. 9 (c¢) and 10 (c), the current and voltage restoration
has a better performance with the proposed controller than the
conventional PI controller.

C. Case 3: Unbalanced Grid-Line Impedance

To verify the robustness of the proposed control technique, an
uncertainty of the system’s parameters is checked out on the grid-
line impedance. In this part, an inductance load with a small
resistance was added to the grid-line Z; ., of DG2. By adding the
extra impedance to the DG2, the total active power decreases to 330
W. The experimental results present a fast dynamic response, and a
perfect tracking reference voltage and frequency for the proposed
control technique in comparison with the conventional PI controller.
Figs. 11 and 12 present a diagram of the powerful performance of
the proposed intelligent SC against the conventional PI controller in
equal power-sharing with unbalanced grid-line impedance in the SC
section. The proposed intelligent SC is well-designed to adaptive
itself with the variations of the load- and line- parameters.
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Fig. 11: Experimental results of the transient power-sharing accuracy between two VSCs with unbalanced grid-line impedance for the
proposed distributed intelligent secondary control technique. (a), (b), and (c) Active and reactive power, voltage and current diagrams.
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Fig. 12: Experimental results of the transient power-sharing accuracy between two VSCs with unbalanced grid-line impedance for the
conventional PI controller. (a), (b), and (c) Active and reactive power, voltage and current diagrams.

In this study, FCS-MPC was utilized as the primary controller, 800 ‘
and the conventional PI and the proposed intelligent control tech- §70° BELBIC
niques are operated in the secondary section. Due to the same 600 IA;;V(/}'-P’
. . =~ ontroller
primary section and an equal number of measurements (voltage and g !
current), the calculated burden time or sampling time was analyzed < i i
in the Control Desk environment for both control techniques, and 030 W T brapr=3d0W
the lowest value changed from 25 us to 35 u. The calculated S L"“dc"“"ge
sampling time shows the capability of the selected control unit and = 2. |
available components of the HiL setup, especially the voltage and 0 | i
. I 2 3 6 8
current measurements. The prepared setup can easily operate the Time (s)
utilized controllers with a 50 us sampling time ratio (Table I). _ 0o
e T S e e R
% BELBIC \— =
. 400NN S e
D. Case 4: Comparative Performance Assessment 350 [ PLContraller a /’ =380 VAR
In this case study, to peruse the performance of the proposed m;gg """""""""""""""""" [
intelligent controller, a comparison has been provided among the > ool |
ANN-PI [41], the conventional PI, and the proposed technique in 2 50| Boaa=190VAR | i r PL&-P2=190-VAR
. = Load Change
the secondary section. The ANN has been employed as a tuner S 100
for the PI controller and designs the parameters of Kp and K7 < 50 P14& P2=9) VAR
in an online manner. A feed-forward ANN structure with a back- 07 3 3 y 3 3 3
propagation training algorithm is utilized. The structure of ANN Time (s)

includes 2 neurons in the input layer, 20 neurons in the first hidden
layer, 7 neurons in the second layer, and 2 neurons in the output
layer. Fig. 13 (a) and (b) illustrate the accuracy of dynamic response
with two VSCs for each controllers. In this scenario, power-sharing
rates are equal. It is obvious that the proposed intelligent controller
(BELBIC) has a faster dynamic response on power-sharing accuracy
in both active and reactive power in compared with the ANN-PI
and the conventional PL

E. Case 5: Equal Power Sharing with Three VSCs

To investigate the performance of the proposed distributed in-
telligent secondary control technique for more contributed VSCs,
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Fig. 13: Simulation results of a comparison of the transient power-
sharing accuracy between two VSCs with equal power-sharing rates
for the proposed distributed intelligent secondary technique with
ANN-PI controller and the conventional PI controller in active and
reactive power.

a scenario with three VSCs is analyzed with equal power-sharing
rates. In this case study, the load changes at t = 4s from 402
to 20€2. Fig. 14 (a) and (b) present the accuracy and the fast
dynamic response of active and reactive power-sharing between
three VSCs for the proposed control technique. In Fig. 14 (c) and
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Fig. 14: Simulation results of the transient power-sharing accuracy
between three VSCs with equal power-sharing rates for the pro-
posed distributed intelligent secondary control technique. (a), (b),
Active and reactive power, (c) and (d) Voltage and current diagrams.

(d), fast dynamic response and restoration are presented for both
voltage and current diagrams. Sharing data on a communication
link among DGs relies on the control structure of a system. The
dynamic response of the proposed controller is much faster than
the linear controller [12].

Fig. 15 presents the effect of communication link delay on the
frequency regulation with three VSCs for the proposed intelligent
secondary control. In this case, the frequency restoration is illus-
trated with a 30 ms delay on the communication link (the red line
presents the normal operation of the proposed frequency control
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Fig. 15: Frequency restoration with 30 ms communication link
delay.

and the blue line shows the proposed frequency control with the
communication link delay). The results show that the proposed
controller is able to restore the frequency deviation and recovery
time with 30 ms delay in the communication link.

V. CONCLUSION

This paper proposed an intelligent secondary control scheme for
VSC-based islanded AC Microgrid. Firstly, an FCS-MPC method
is used in the inner level of the PC section to control the voltage
of VSCs. The VSCs’ voltage regulation is improved with a fast
transient response by employing FCS-MPC. Then, the BELBIC
is used in the SC loop to recover the voltage and frequency
magnitude to their nominal values. The SC level is implemented
in a distributed manner so that it is settled in each DG as a local
controller. Compared to previous studies, the main contribution of
the proposed control scheme is that the SC is thoroughly model-
free. The proposed controller’s key features are the online learning
capacity, minimal computational complexity, and no need for prior
knowledge of MG dynamics. Experimental verifications, with two
DGs, as an islanded ac MG, are conducted to demonstrate the
effectiveness of the proposed control scheme. The results assure
that the proposed control scheme regulates voltage amplitude and
frequency deviations with superior dynamic performance to con-
ventional control structure while sustaining equal power-sharing
among parallel VSCs with no communication network requirement.
In future work, to enhance the performance of the BILBIC con-
troller, optimization methods can be employed to adjust weighting
coefficients optimally.
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