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A B S T R A C T   

This paper presents an intelligent energy management method to control the voltage and frequency at the pri-
mary and secondary control levels of micro-grids. The proposed model is based on the model predictive control 
(MPC) at the primary and intelligent neural network (INN) at the secondary. The purpose of this paper is to 
control the voltage and frequency based on the uncertainties of power generation resources and loads. In order to 
validate, the results of the proposed model are compared in different scenarios with other methods such as Fuzzy 
and PID controllers. The performance of the proposed method in primary and secondary as well as the coordi-
nation of this method with a high degree of sensitivity along with HESS and diesel generator units, in addition to 
increasing stability and reliability, protects the operation of the micro-grid against fluctuations based on un-
certainties. The results show that this method, in addition to accuracy, has a higher operating speed than other 
controllers. As a result, the voltage and frequency restoration in the primary and the compensation of deviations 
from the reference in the secondary are associated with acceptable results. In order to validate the simulation 
results and experimental results are also presented.    

Nomenclature 
HESS Hybrid Energy Storage System 
PSO particle swarm optimization 
INN Intelligent Neural Networks 
CL Critical Load 
FL Flexible Loads 
DG Distributed Generation 
SOC State of Charge 
SDT Strong Duality Theory 
LF Lyapunov Function 
∆Pgrid Grid power deviation (MW) 
∆PHESS HESS output power deviation (MW) 
∆PDiesel Diesel output power deviation (MW) 

∆PLoad Load power deviation (MW) 
A System matrix 
G Control matrix 
Ψ(t) Matched uncertainties 
Г(t) Mismatched uncertainties 
PHESS HESS power (MW) 
Pgrid Main grid Active Power (MW) 
Qgrid Main grid Reactive Power (MVAR) 
Sgrid Main grid Apparent power (MVA) 
∆P Active power changes (MW) 
∆Q Reactive power changes (MVAR) 
Vcritical Critical Voltage (V) 
P̂ Predicted Active power (MW) 
Q̂ Predicted Reactive power(MVAR) 
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PFL Flexible Loads active power (MW) 
QFL Flexible Loads reactive power (MVAR) 
ηloss Loss coefficients 
CHESS Charging quantity (Ah/w) 
Cos φ Power factor 
R Speed regulation coefficient 
Qi

t Reactive power injected into bus i (MVAR) 
Pi

t Active power injected into bus i (MW) 
n Total number of the bus 
|Vi

t |, |V
j
t | Voltage amplitude at bus i,j (V) 

δi
t ,δ

j
t Corresponding voltage angle 

Gij Conductance matrix 
Bij Susceptance matrix 
|ωi

t | Absolute value of frequency at bus i (rad) 
nQi,mPi Droop gain 
v∗

odi 
Voltage generated by droop control (V) 

ωi Angular frequency generated by droop control (rad) 
vni Nominal value of DG output voltage (V) 
ωni Nominal value of DG angular frequency (rad) 
Pi Filtered output active power (MW) 
Qi Filtered output reactive power (MVAR) 
vodi,voqi Direct and quadrature component of DG output voltage (V) 
ildi, ilqi Direct and quadrature component of DG inductor current (A) 
vidi,viqi Direct and quadrature component of inverter output voltage 

(V) 
iodi, ioqi Direct and quadrature component of DG output current (A) 
vbdi,vbqi Direct and quadrature component of DG bus Voltage (V) 
rfi,Lfi,Cfi Resistance, inductance and capacitance of LC filter 
rci,Lci Resistance and inductance of the coupling line 
β Charging and discharging coefficient 
γg(t) Parameter uncertainty 
Ug, UHESS Control signals of Diesel generator and HESS 
∆V Voltage deviation (V) 
∆f Frequency deviation (Hz) 
Tg,Tgrid,TDiesel,THESS Time constant (s) 
KP Gain coefficient of power system 
∂vcriticali

∂PT Voltage sensitivity coefficient based on active power 
∂vcriticali

∂QT Voltage sensitivity coefficient based on reactive power 

1. Introduction 

In recent years, the problems caused by fossil fuels in the production 
of electrical energy have created several environmental challenges. 
Therefore, researchers have proposed the idea of electrical micro-grids 
based on renewable energy. Micro-grids not only have the ability to 
cope with environmental challenges but also change the technical and 
economic structures of current networks [1, 2]. 

Although micro-grids have many advantages, the use of this idea in 
current distribution networks has faced operating conditions with 
various challenges such as: control challenges, security, reliability, 
flexibility, energy management and stability. Advances in the power 
electronics industry, as well as energy storages, have enabled micro- 
grids to provide attractive and reliable responses to these challenges. 
Therefore, it can be stated that power electronics and energy storage 
devices as two wings, play an essential role in the development of the 
micro-grid idea [3, 4, 5, 6, 7]. 

Control infrastructure is considered as one of the most important 
parts of micro-grids. Control factors in micro-grids are divided into three 
basic levels, which are: primary, secondary and tertiary. According to 
the various factors and objectives of operation as well as scheduling 
frameworks, each control level is responsible for meeting the set goals of 
the same level. Each level of control operates within its own time frame. 
Short-term objectives at the primary level, medium-term objectives at 

the secondary level and long-term objectives at the tertiary level are 
considered [8, 9, 10]. 

In recent years, with advances in the artificial intelligence industry 
and intelligent algorithms, micro-grids have seen significant advances in 
controlling key factors such as voltage, frequency, and power. Today, 
artificial intelligence structures and intelligent algorithms based on 
machine learning theories such as neural networks not only provide the 
optimal technical and economic utilization for micro-grid operators, but 
also the use of these structures will increase the degree of accuracy and 
reliability [11,12]. 

1.1. Literature review 

In order to ensure the performance of micro-grid, control methods 
and stability analysis are crucial. In micro-grid, by increasing the levels 
of connection to the main grid, increasing the presence of distributed 
generation resources, using energy storage devices, increasing use of 
power electronics, using communication infrastructure and considering 
electricity market factors increase the complexity of their operation. 
Therefore, the complexities of micro-grids must be met by providing 
secure and reliable solutions. In [12], in addition to examining the 
methods of artificial intelligence, it has also stated the features and 
limitations of this method. This article is a comprehensive overview of 
the applications of this method in security assessment, stability assess-
ment and fault detection in micro-grids. On the other hand, the chal-
lenges facing this idea such as the high requirements on data, 
unbalanced learning, interpretable artificial intelligence, problems in 
learning transfer and the strength of artificial intelligence based on the 
quality of communication have been examined. 

In [13], a control method based on the predictive method for voltage 
and frequency regulation in an island micro-grid is presented. The 
proposed method is considered with respect to the voltage and fre-
quency fluctuations at the moment of islanding. In this paper, by con-
necting different micro-grids to each other, it is possible to control the 
voltage and frequency fluctuations with proper distribution of active 
and reactive powers. In this paper, in addition to comparing the pro-
posed method with PI controllers, the proposed method is analyzed in 
three scenarios in order to validate it. The results show the optimal 
control of voltage, frequency and control errors reduction. One of the 
weaknesses of this work is that although it considers the battery storage 
as part of the control structure, its dynamic behavior has not been 
studied. Basically, because the voltage and frequency must be controlled 
over short periods of the time, the dynamic behavior of the battery is not 
able to control the voltage and frequency fluctuations in instantaneous 
disturbances. 

Ref [14] presents technical and economic analysis of energy man-
agement based on intelligent methods and machine learning theory. The 
goals set in this reference are based on two main objectives, which 
include maximizing the profit from energy exchange and also mini-
mizing fluctuations due to the exchange Power flow between the 
micro-grid and the main network. Therefore, the objective function is 
planned based on technical and economic factors. The intelligent 
methods described in this reference include Genetic algorithms, Dy-
namic programming, ANFIS, Fuzzy systems, Support vector machine, 
Neural networks. In addition to comparing methods, their characteris-
tics and limitations are also examined. 

In [15], the authors have proposed an adaptive neuro-fuzzy infer-
ence system (ANFIS) model based on general micro-grid droop charac-
teristics to control the voltage and frequency. The proposed model, 
independent of the effect of line impedance, has been investigated in 
various scenarios. Voltage and frequency are two basic parameters in 
electrical networks that are mainly dependent on active and reactive 
power fluctuations. In micro-grids based on distributed generations, the 
use of voltage source converters with a specific droop characteristic is 
common. With changes and fluctuations in load, fluctuations occur be-
tween production and consumption. These changes cause deviations in 
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the output voltage and frequency of the converters. If these changes are 
large, the stability of the micro-grid may be compromised. Based on the 
results obtained from this study, it is possible to observe the proper 
performance of the proposed model against various load fluctuations. 
The proposed intelligent model is based on a combined neural network 
and fuzzy algorithm. One of the strengths of the proposed model is the 
intelligence and micro-grid learning ability against fluctuations 
affecting voltage and frequency changes, which in turn increases the 
layers studied in the neural network structure. Although this structure 
has good results in island micro-grids, but the validation of this structure 
has not been analyzed in the grid connected operation mode as well as 
networked micro-grids. On the other hand, the absence of storage re-
sources, which play an essential role in controlling the power fluctua-
tions, is a significant part that challenges the proposed structure. 

In [16], a new method for controlling voltage and frequency in AC 
micro-grid in the presence of wind farms based on synchronous gener-
ators is presented. The proposed technique allows the wind farm to be 
connected to the main grid using an HVDC rectifier. The control model 
presented in this paper allows the AC micro-grid, which consists of a 
wind farm and a rectifier, to be operated in two modes of voltage or 
current control. Among the strengths presented in the proposed model 
are endurance against load fluctuations in the island operation mode, 
resistant to capacitive bank switching, resistant to power generation 
constraints due to low wind speed and also AC rectifier switching. One of 
the major challenges facing this model is its efficiency in hybrid 
micro-grid structures based on DC power generation resources. This is 
important because the hybrid micro-grid structure in addition to many 
advantages, has a variety of control complexities. 

In [17], the authors have presented a control model based on 
compensation of the voltage and frequency deviations in the secondary 
level of island micro-grids by considering the active power distribution. 
The proposed model based on multi-objective functions considers the 
effects of model uncertainty and changing the parameters of power 
generation units. It thus offers a certain degree of strength against all 
these factors. In the proposed model, in order to control voltage and 
frequency fluctuations, the information of distributed generation units 
and the resources that are in their neighborhood are considered. This 
method not only simplifies communications infrastructure, but also re-
duces investment and operating costs. The proposed design counteracts 
any fluctuations in the terminal voltage and frequency of DG units. This 
method also facilitates various errors based on the optimal division of 
active power in a predetermined ratio, despite the variations of variable 
load over time. The proposed control scheme is based on a nonlinear 
dynamic model of inverter-based DG units (which may not all be the 
same). One of the ambiguities in this research is the lack of validation of 
the proposed model in the grid connected mode. On the other hand, in 
the inverter-based micro-grids, the imbalance between production and 
consumption causes a deviation in the voltage and output frequency of 
these converters, which in the absence of a proper micro-grid control 
strategy will be unstable. 

In [18], the authors have proposed a model for voltage and frequency 
control of an islanded micro-grid at the secondary level based on the 
finite time factor. The proposed model compensates for the voltage and 
frequency deviations from their reference values by controlling the 
active and reactive power flow. Therefore, it has presented its goals by 
properly distributing active and reactive power as well as using 
communication infrastructure based on local information and neigh-
borhoods. Therefore, the communication structure used in this research 
is designed based on the neighbor-to-neighbor protocol. The strengths of 
this research based on the results are: the efficiency of the proposed 
model by considering the unequal impedances of the lines and also 
control of the load fluctuations and operation in the plug and-play mode. 

In [19], a new multilayer architecture is designed for the control 
algorithm based on the large signal model, which enables the micro-grid 
to operate in a wide range of operating points. The objectives of the 
designed controllers include voltage and frequency amplitude 

regulation as well as the output power of distributed generation sources. 
In this paper, two levels of local and centralized control are considered. 
The operation scenario of these controllers is based on communication 
structures. The performance of the proposed method is such that when 
the central controllers are unable to operate due to errors in the 
communication networks, then the local controllers must control the 
critical micro-grid factors. The voltage and frequency control method is 
based on the modified droop method and is considered in the distribu-
tion network with high R/X rate. The inner layer of the proposed model 
is responsible for regulating voltage and frequency, while the outer layer 
is responsible for controlling the distribution and exchange of power. 
This model has also been analyzed for validation in three scenarios of 
islanded, grid connected and networked mode. One of the strengths of 
this paper is the reduction of uncertainties in the energy distribution 
management system by exchanging power in the networked mode 
micro-grid operation structure. One of the ambiguities in this article is 
the lack of accurate study of the impact of errors in the communications 
infrastructure and how the proposed model works with such errors. On 
the other hand, not examining the effect of communication infrastruc-
ture delays and the resulting uncertainties on the proposed method also 
poses a major challenge to this model. 

In [20], a new demand response (DR) control method is proposed to 
control frequency fluctuations by considering the compensation of 
problems caused by communication delay and frequency deviation error 
detection. In this paper, a centralized and distributed control method 
based on flexible loads is programmed. The results of the proposed 
method show the reduction of the maximum frequency deviation. 

1.2. Micro-grid research challenges 

As mentioned in the literature review section of previous research 
[1-20], the weaknesses of research have been categorized. Some of the 
most important research challenges related to micro-grids can be 
expressed as follows: 

1) As the number of micro-grids connected to the main grid in-
creases, controlling and monitoring the power flow between the 
micro-grids and the main grid will become more complex. 
Therefore, lack of management and control of exchange power 
will lead to stability problems and reduced reliability in the 
operation of energy distribution networks in the presence of 
multiple micro-grids.  

2) Since the voltage and frequency are considered as one of the most 
important factors of operation and stability, control of these two 
factors in the period of milliseconds and seconds is essential. Due 
to the fact that the micro-grid has the feature of operation in two 
modes of connection to the main grid and islanded, so it is very 
important to provide an efficient model in controlling the voltage 
and frequency, especially in switching time intervals between 
these two modes of operation. At the same time, it should be 
noted that the operation method in these two cases is so different 
from each other that this should also be considered in providing a 
control method. For example, when the micro-grid is operated as 
a connection to the main network, the frequency deviation range 
of about 1% (0.5 Hz) is considered. While this deviation in 
islanded mode is equal to 3% (1.5 Hz) [8,11].  

3) Because synchronizing the voltage amplitude between the micro- 
grid and the main grid is complex, connecting two active elec-
trical grids with different voltage amplitudes create a surge cur-
rent between two grids. This in turn will lead to stability 
problems and reduced reliability.  

4) The connection of the micro-grid to the main grid will cause the 
dependence of the micro-grid power, while in the case of islands, 
the micro-grid power will be independent. Algorithm for chang-
ing power independence as well as power dependence between 
these two systems is another issue that should be considered in 
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providing methods of energy management and micro-grid power 
control. 

5) Because the micro-grid includes various devices such as distrib-
uted generation sources, energy storage devices, power elec-
tronics, communication infrastructure and electrical loads with 
different characteristics, providing a control structure appro-
priate to the characteristics of the equipment in the micro-grid is 
difficult and vital. In other words, it can be said that due to the 
complexities of micro-grids, the presentation of control models in 
addition to high importance, has both potential and actual 
complexity. 

6) Distribution and management of power between power genera-
tion sources, energy storage and consumers due to their 
inequality coefficient of coincidence, controlling the voltage and 
frequency of the micro-grid becomes complex and difficult in 
different operating conditions.  

7) Problems due to the lack of fast and accurate error detection in 
the micro-grid, which exploits it in network connection modes 
and islanded mode leads to unstable conditions.  

8) With the increase of micro-grid penetration in current networks 
in order to monitor and control optimally at different levels of 
micro-grids, conventional methods do not have sufficient capa-
bility. Therefore, the use of intelligent and advanced methods is 
essential. 

9) Lack of fast and accurate investigation, prediction and moni-
toring of dynamic micro-grid behavior based on transient events, 
provide critical operation problems. Transient factors can be 
divided into the following two categories, which it is necessary to 
consider these factors in presenting control models: Normal 
transient factors: load step, motor starting, switching, load 
shedding, transformer inrush, etc. Unexpected disturbances: 
sudden power outage, short circuit, etc.  

10) Lack of investigation and consideration the uncertainties 
affecting the dynamic behavior of the micro-grid, which poses 

critical problems for the stability and management of the micro- 
grid. 

1.3. Research objectives and innovation 

Part 1: In this paper, an attempt has been made to consider various 
factors that affect the performance and operation of the micro-grid. The 
proposed method is based on the management and control of power and 
energy with the aim of controlling the voltage and frequency of the 
micro-grid. Then, by using predictive and intelligent models, increasing 
the level of accuracy and speed of the proposed method in detecting 
different events and providing an appropriate reaction based on un-
certainties is presented. Meanwhile, with the optimal management of 
power distribution based on intelligent frameworks, on the one hand, 
power exchange with the main network and on the other hand, power 
management between energy production sources, storages and con-
sumers is controlled. In this regard, by considering the predictive dy-
namic model of some equipment, the speed and accuracy of the 
proposed method in dealing with various events has increased. 

Part 2: In this paper, the proposed model is based on controlling the 
operation objectives in primary and secondary micro-grids, using pre-
dictive model and intelligent algorithm. The two main factors in the 
primary and secondary levels are the voltage and frequency fluctuations 
control. These two factors are considered as two important parameters 
in the operation of the micro-grid. At the primary level, the control 
method must control the instantaneous fluctuations of voltage and fre-
quency. At the secondary level, the deviation of these two parameters 
from their reference values is controlled by the proposed method. At the 
primary level, voltage and frequency parameters are controlled using a 
prediction model based on uncertainties as well as the use of optimi-
zation tools along with the optimal performance of energy storage units. 
At the secondary level, voltage and frequency deviation relative to 
reference values are controlled using an intelligent control method 
based on neural network algorithm and analysis of micro-grid data. The 
effective factors in the proposed model are the analysis of the dynamic 

Fig. 1. The structure of the proposed control model in the presence of communications infrastructure  
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behavior of the hybrid energy storage system (HESS) and the backup 
diesel generator in the active and reactive power distribution. In addi-
tion, the proposed model is based on the use of communications infra-
structure. The simulation and experimental results of the proposed 
method along with control algorithms have been analyzed to evaluate 
the efficiency of this method. Fig. 1 shows the proposed control structure 
in this paper. 

The main innovations of this article are summarized below:  

1 Presenting a robust voltage and frequency control model based on 
predictive control structure at the primary level and INN algorithm 
at the secondary level by considering the uncertainty of distributed 
generation sources, loads, communication delays and the role of 
flexible loads in managing critical scenarios.  

2 Presenting the optimal active and reactive power distribution model 
and intelligent energy management between power generation 
sources and HESS in order to respond appropriately to the control of 
voltage and frequency fluctuations in both primary and secondary 
levels by considering the charge, discharge and SOC thresholds of 
HESS.  

3 Increasing the speed and accuracy of the criteria to compensate for 
instantaneous voltage and frequency fluctuations, as well as 
reducing the standard deviation from the reference values of voltage 
and frequency by intelligent and predicted structure.  

4 Increasing detection speed as well as high accuracy in dealing with 
events affecting the operation of the micro-grid 

The rest of the article includes sections: In section 2, modeling of 
micro-grid parameters along with the control method in primary and 
secondary is stated. Section 3 describes the simulation and imple-
mentation requirements. Section 4 describes the results. Finally, a 
conclusion is presented in Section 5. 

2. Modeling and control topology 

2.1. Network model and equipment 

2.1.1. Main grid model 
Eqs. (1)-(2) show the power flow model between the micro-grid and 

the main network as well as the critical voltage prediction model of the 
micro-grid during operation based on the linear model by Taylor 

approximation [21-22]. In Eq. 2, the sensitivity coefficients∂vcriticali
∂PT , ∂vcriticali

∂QT 

are calculated according to the Ref [22]. 
[

Pgrid− min ≤ P(t) ≤ Pgrid− max
Qgrid− min ≤ Q(t) ≤ Qgrid− max

]

,∀t⇒
(
Pgrid(t)

)2
+
(
Qgrid(t)

)2
≤
(
Sgrid− max

)2

(1)     

2.1.2. Model of distributed generation resources 
Since renewable energy resources such as solar and wind have un-

certainty due to oscillating behavior in power generation, so using the 

uncertainty model, their probability density function can be modeled. In 
order to simplify the calculations of the probability function, this 
problem can be considered as convex and limited predictive distances. 
This model is obtained according to data based on information of power 
generation sources and their operation [23-24]. Since in micro-grids, 
reactive and active powers are used as controllable parameters in 
voltage and frequency regulation, so regardless of their dynamic model, 
these two factors are modeled in Eqs. (3) to (5). The time model 
considered in this research is in seconds. As a result, reactive power can 
be considered equivalent toQDG[k] = QDG− ref [k]. The predictive power 
distribution equations based on the predicted ranges are as follows: 
[

PDG− min ≤P[k]≤PDG− max
QDG− min ≤Q[k]≤QDG− max

]

,∀t⇒
[
(PDG[k])2

+(QDG[k])2
≤(SDG[k])2

(PDG[k])2
+(QDG[k])2

≤(3VDG[k]Irms− DG)
2

]

(3)  

P̂DG[k] + ΔPDG− min[k] ≤ P̂DG[k] ≤ P̂DG[k] + ΔPDG− max[k], ∀k
QDG− min[k] ≤ Q̂DG[k] + ΔQDG[k] ≤ QDG− max[k], ∀k

(4)  

ΔPDG[k] = PDG[k] − PDG[0]
ΔQDG[k] = QDG[k] − QDG[0]

(5)  

2.1.3. Flexible load model 
One of the important factors in controlling the voltage and frequency 

of the micro-grid is flexible loads. Therefore, part of the micro-grid load 
is considered as flexible loads. Flexible loads play their role in critical 
situations based on management logics [25]. Although the use of flexible 
load model improves the economic factors of the network, in order to 
operate efficiently, proper control over this part of the micro-grid must 
be provided [26].The model for these loads is based on the rules of time 
shift and load shedding. In this study, in addition to the set of flexible 
loads, critical loads are also considered. The planned power for critical 
loads is 0.44MW. In order to increase the micro-grid security level, the 
power of the HESS unit is considered equal to the critical loads. The 
flexible load model is as follows: 

PFL− min ≤ PFL− (t) ≤ PFL− max, ∀t (6)  

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(QFL− (t))
2
+ (PFL− (t))

2
√

∗ |cosϕ| = |PFL− (t)|,∀t (7)  

2.1.4. Power flow model 
The main and micro-grid AC power flow model based on power, 

voltage and frequency constraints are equal to [27]: 

Pi
t =
∑n

j=1

⃒
⃒Vi

t

⃒
⃒
⃒
⃒Vj

t

⃒
⃒(Gijcos

(
δi

t − δj
t

)
+ Bijsin

(
δi

t − δj
t

)
(8)  

Qi
t =
∑n

j=1

⃒
⃒Vi

t

⃒
⃒
⃒
⃒Vj

t

⃒
⃒(Gijsin

(
δi

t − δj
t

)
+ Bijcos

(
δi

t − δj
t

)
(9)  

V̂ criticali [k] =

⎡

⎢
⎢
⎢
⎢
⎣

Vcriticali [0] +
∂vcriticali

∂pT
DG

⋅ΔPDG[k] +
∂vcriticali

∂QT
DG

⋅ΔQDG[k] +
∂vcriticali

∂pT
HESS

⋅ΔPHESS[k]

+
∂vcriticali

∂pT
grid

⋅ΔPgrid [k] +
∂vcriticali

∂QT
grid

⋅ΔQgrid[k],∀i, k

⎤

⎥
⎥
⎥
⎥
⎦

(2)   
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{
Pij

t =
⃒
⃒Vi

t

⃒
⃒
{⃒
⃒Vi

t

⃒
⃒Gij −

⃒
⃒Vj

t

⃒
⃒
(
Gijcos

(
δi

t − δj
t

)
+ Bijsin

(
δi

t − δj
t

))}

Qij
t = −

⃒
⃒Vi

t

⃒
⃒
{⃒
⃒Vi

t

⃒
⃒Bij +

⃒
⃒Vj

t

⃒
⃒
(
Gijcos

(
δi

t − δj
t

)
− Bijsin

(
δi

t − δj
t

))}

}

⇒
(
Pij

t

)2

+
(
Qij

t

)2

≤
(
Sij

max

)2

(10)  
⃒
⃒Vi
⃒
⃒

min ≤
⃒
⃒Vi

t

⃒
⃒ ≤

⃒
⃒Vi
⃒
⃒

max (11)  

⃒
⃒ωi
⃒
⃒

min ≤
⃒
⃒ωi

t

⃒
⃒ ≤

⃒
⃒ωi
⃒
⃒

max (12)  

2.1.5. Dynamic model of power control and electronic converters of DG 
units 

The model of DG unit converter controllers is based on Droop 
characteristics, especially at the time of islanding. The equations of the 
electronic converter model are expressed according to [28]. The factors 
expressed in this section are the infrastructure of the proposed control 
model at the secondary level. 

v∗
odi

= vni − nQiQi (13)  

ωi = ωni − mPiPi (14)  

d
dt
(ildi) = −

rfiildi

Lfi
+ ωiilqi +

vidi

Lfi
−

vodi

Lfi
(15)  

d
dt
(
ilqi
)
= −

rfiilqi

Lfi
− ωiildi +

viqi

Lfi
−

voqi

Lfi
(16)  

d
dt
(vodi) = ωivoqi +

ildi

Cfi
−

iodi

Cfi
(17)  

d
dt
(
voqi
)
= − ωivodi +

ilqi

Cfi
−

ioqi

Cfi
(18)  

d
dt
(iodi) = −

rciiodi

Lci
+ ωiioqi +

vodi

Lci
−

vbdi

Lci
(19)  

d
dt
(
ioqi
)
= −

rciioqi

Lci
− ωiiodi +

voqi

Lci
−

vbqi

Lci
(20)  

2.1.6. HESS and diesel generator dynamic model 
Another important factors that play a key role in controlling the 

voltage and frequency of the micro-grid are the HESS units and their 
dynamic model to compensate the voltage and frequency fluctuations. It 
is noteworthy that the power of the HESS unit and the diesel generator 
has been selected in such a way that part of this power is considered as a 
spinning reserve in order to control the voltage and frequency. In this 
section, the transfer function model: diesel generator, governor, HESS 
unit and main power system are expressed in Eqs. (21) to (24). 

GDiesel = 1 / (TDiesels+ 1) (21)  

Gg = 1
/ ( (

Tg + σg(t)
)
s+ 1

)
(22)  

GHESS = 1 / (THESSs+ 1) (23)  

Fig. 2. SOC flowchart - primary and secondary level control units  

R. Sepehrzad et al.                                                                                                                                                                                                                              



Electric Power Systems Research 202 (2022) 107567

7

Ggrid = kgrid
/ (

Tgrids+ 1
)

(24) 

The frequency dynamic model based on uncertainty due to the 
change of governor parameters during the operation of the diesel 
generator is considered with respect to σg(t) and the time constant Tg. 
The dynamic equations of frequency with respect to the parameters 
affecting it are as follows: 

x(t) =
[
Δf (t),ΔPDiesel(t),ΔPHESS(t),ΔPg(t)

]T
∈ Rm (25)  

d
dt
(Δf (t)) =

kgrid

Tgrid

[
ΔPDisel(t)+ΔPHESS(t) +ΔPgrid(t) − ΔPLoad(t)

]

−
1

Tgrid
Δf (t) (26)  

d
dt
(ΔPDiesel(t)) = −

1
TDiesel

ΔPDiesel(t) +
1

TDiesel
ΔPg(t), (27)  

d
dt
(
ΔPg(t)

)
=

σg(t)
Tg
(
Tg + σg(t)

)

[
1
R

Δf (t)+ΔPg(t) − ug(t)
]

−
1

RTg
Δf (t)

−
1
Tg

ΔPg(t) +
1
Tg

ug(t) (28)  

ΔPHESS(t) =
1

THESS
uHESS(t) −

1
RTHESS

Δf (t) −
1

THESS
ΔPHESS(t) (29) 

As shown in Eq. (28), the uncertainty factor based on changes in 
diesel generator parameters during operation is equivalent to: 

γg(t) = σg(t)
/ [

Tg +
(
Tg + σg(t)

)]
(30) 

According to Eqs. (25) to (30), another classification can be 
described for the uncertainties based on the diesel generator (γg(t)) and 
the power system (ΔPLoad(t)andΔPgrid(t)). These categories include 
matched (Ψ(t)) and mismatched (Γ(t)) uncertainties. Therefore, the 
frequency dynamic model is equal to: 

x′

(t) = Ax(t) + G(u(t) + Ψ(t) + Γ(t)) (31)  

A =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
Tgrid

kgrid

Tgrid
0

kgrid

Tgrid

0 −
1

TDiesel

1
TDiesel

0

−
1

RTg
0 −

1
Tg

0

−
1

RTHESS
0 0 −

1
THESS

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,G =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0

0 0
1
Tg

0

0
1

THESS

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,Ψ(t)

=

[
− Tgλg(t)ug(t)

0

]

,Γ(t) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0

kgrid

Tgrid

(
ΔPgrid − ΔPLoad(t)

)

0

λg(t)
(

1
R

Δf + ΔPg(t)
)

0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(32)  

u(t) =
[
ug(t), uHESS(t)

]T
∈ Rn (33)  

2.1.6.1. SOC Model of HESS. In order to investigate the SOC behavior of 
HESS in this paper, two models are analyzed according to Fig. 2. The 
first model is related to the voltage and frequency restoration. The 
second model is related to the power flow of distributed generation re-
sources. If SOC (0) is considered as initial values and HESS energy 
changes are considered in the time interval t, then the SOC equations in 
other time ranges are equal to: 

SOC(t+1)=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

SOC(t)−
∫ t

0
HESS(τ)dτ,

SOCmin<SOC(t)<SOCmax,or
SOC(t)=SOCmax&HESSi(t)>0,or

SOC(t)=SOCmin&HESSi(t)<0,
SOC(t), else,

(34)  

HESS(t) =

⎧
⎪⎪⎨

⎪⎪⎩

ΔPHESS− max/β, ΔPHESS(t) > ΔPHESS− max,

ΔPHESS(t)/β, 0 < ΔPHESS(t) ≤ ΔPHESS− max,

βΔPHESS(t), ΔPHESS− min ≤ ΔPHESS(t) < 0,
βΔPHESS− min, ΔPHESS(t) < ΔPHESS− min,

HESS(t) =

⎧
⎪⎪⎨

⎪⎪⎩

ΔQHESS− max/β, ΔQHESS(t) > ΔQHESS− max,

ΔQHESS(t)/β, 0 < ΔQHESS(t) ≤ ΔQHESS− max,

βΔQHESS(t), ΔQHESS− min ≤ ΔQHESS(t) < 0,
βΔQHESS− min, ΔQHESS(t) < ΔQHESS− min,

(35)  

2.1.6.2. Predictive model of charge and discharge of HESS with operating 
constraints. As mentioned, one of the roles of the HESS is to restore the 
voltage and frequency of the micro-grid. Therefore, the prediction 
model of the HESS charge and discharge along with operating con-
straints is expressed in Eqs. (36) to (39): 

SOC[k] = CHESS[k]/CHESS− max⇒[CESS[k − 1] − (ηloss ∗CHESS[k − 1])
− (PHESS[k − 1]) ∗Δt]/CHESS− max

(36)  

ΔPHESS[k] = PHESS[k] − PHESS[0] (37)  

CHESS− min ≤ CHESS[k] ≤ CHESS− max⇒PHESS− min ≤ PHESS[k] ≤ PHESS− max (38)  

|ΔPHESS[k]| ≤ ΔPHESS− max (39)  

2.1.7. Communication infrastructure model 
Since communication infrastructure is one of the underlying factors 

in micro-grid management and control, so according to Fig. 3 in this 
paper, the unidirectional graph model along with the delay model in 
communication infrastructure has been used. One of the scenarios dis-
cussed in the results section is based on the effect of communication 
latency on the proposed control method. The communication delay 

Fig. 3. Unidirectional graph communication model in different zones  

Table 1 
Characteristics of communication infrastructure  

A set of communication nodes that is 
equivalent to the DGs in the micro-grid. 

Infinite and non- 
empty set 

V = {v1, v2,⋯,

vN}

Send information from node i to node j Set of edges E = {(Ej,Ei)}

The weight of edge conditions are as follows: 
aij > 0 if(vi, vj) ϵ E
otherwise aij = 0  

Associated 
adjacency matrix 

A = [aij ] ∈

RN×N   
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model is considered based on the method presented in the reference 
[29]. The unidirectional graph model is described in (40). 

{Ggraph = (V,E,A)

ω′

i(t) = ω′

i(t)
∑

dωij

[

ωi(t − τi(t)) − ωj
(
t − τj(t)

)
]

(40)  

where τ(t) is the time-varying delay which is defined in the 0 < τ(t)
< τmax(t)range,τmax(t) is the maximum communication delay tolerance. 
Table 1 

2.2. Voltage and frequency control modeling at primary and secondary 

2.2.1. Voltage and frequency model at the primary control 

2.2.1.1. The principle of MPC. In this section, the voltage and frequency 
control model based on predictive control theory is presented. Different 
sections such as objective function, problem solving method and line-
arization are expressed. Predictive control model based on uncertainties 
of power generation sources and electrical loads are considered. 
Considering the uncertainties in this model increases the efficiency of 
the proposed method. Accordingly, in this section, the model of a time- 
invariant discrete linear system with limited uncertainty and constraints 
of its time domain is expressed [30-32]: 
{

x(k + 1) = Ax(k) + Buu(K) + Blω(k)
z(k + 1) = C(k) + Duu(K) + Dlω(k) (41)  

|ur(k + i)| ≤ ur,max, i ≥ 0, r = 1, 2, ...,m
|xr(k + i)| ≤ xr,max, i ≥ 1, r = 1, 2, ...,m (42) 

Where x(k) ∈ Rn: is the system state, u(k) ∈ Rm: is the input, 
z(k) ∈ Rp:is the output of the system, w(t) ∈ W: indicates uncertainty due 
to errors and external disturbances expressed by the mismatch model. 
W ∈ Rn, X ∈ Rn, U ∈ Rnare compact, convex, and contain an open 
neighborhood of the origin, respectively. Therefore, the objective 
function of the predictive model can be considered as a min-max 

function. By solving Eqs. (41) to (43), the values of control variables are 
obtained in the next time period. 

min
u∈U

max
w∈W

JTp(k)⇒min
u∈U

max
w∈W

∑TP

i=0
[ ‖ x(k + i)‖T+ ‖ u(k + i)‖R]

therefore⇒Uk = {u(k + 1), u(k + 2), ..., u
(
k + Tp − 1

)}
(43) 

Where U: is the set of control variables, W: is the admitted distur-
bances set, Tp: is the number of prediction horizons, R and T: is the di-
agonal weighting matrices, Uk: is the set of the state feedback control 
law of the next time periods, u(k+1) is the first optimal reaction in the 
next control step. 

Using the model expressed in Eqs. (41) to (43), it is possible to apply 
the minimization of the voltage and frequency fluctuations at the pri-
mary level of micro-grids. Input variables include active and reactive 
micro-grid powers. State variables are also considered as node voltages 
and micro-grid frequencies. The disturbance variables are also consid-
ered as active and reactive power fluctuations of power generation 
sources and HESS units. Therefore, by solving the proposed model, the 
modified powers are sent to the power generation units and the HESS 
units. The strength of this model in terms of power generation, is that the 

operator of the micro-grid at different times can consider various stra-
tegies to control voltage and frequency based on active and reactive 
power. Power fluctuations are generally predictable at primary. There-
fore, in order to control voltage and frequency fluctuations, this model 
can have high efficiency. 

2.2.1.2. Objective function of the voltage and frequency control model 
based on MPC method. The goals in primary control are to restore and 
control the voltage and frequency fluctuations. The MPC is used to 
control these two factors in the next time horizons of micro-grid oper-
ation. The control model should basically be coordinated with the 

minmax

⎡

⎢
⎢
⎢
⎢
⎣

∑NP

k=1

(

‖ V̂ critical[k] − Vref ‖
2
WV

+ ‖ f̂ [k] − fref ‖
2
Wf

+ ‖ SOC[k] − SOC(0) ‖2
WSOC

+

‖ ΔQDG[k] − ΔQDG[k − 1]‖2
WQ− DG

+ ‖ ΔPDG[k] − ΔPDG[k − 1]‖2
WP− DG

+ ‖ ΔPHESS[k] − ΔPHESS[k − 1] ‖2
WHESS

+ ‖ ΔPLoad[k] − ΔPLoad [k − 1]‖2
WLoad

+ ‖ ΔPgrid[k] − ΔPgrid[k − 1]‖2
Wgrid

)

⎤

⎥
⎥
⎥
⎥
⎦

(44)   

Fig. 4. Structure of INN algorithm  

Table 2 
Summary of INN training structure  

Item Value 

No. of hidden layers 1-3 
No. of neurons in each layer 1000 
Loss function Mean square error pluse L2 

Learning rate 1e¡2 

Exponential decay rate 0.96 
Exponential decay step 50 
No. of training samples 87501 
No. of test samples 1000- 2400 
Iteration steps 2000 
Data preprocessing min-max-scaler  

Table 3 
Time calculations comparing INN and Monte Carlo methods  

No. of samples Calculation time 
INN Monte Carlo 

1000 0.8 12.35 
2000 1.01 16.25 
5000 1.21 20.82 
8000 1.6 30.44  
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cooperation between power generation units and HESS. It should also be 
noted that power generation units are assumed to be operated in MPPT 
mode. Basically, the control variables based on the active and reactive 
power factors of DG units as well as the rules of charging and dis-
charging HESS sources based on their optimal SOC are considered. In 
addition, in order to increase the accuracy in the calculations of the 
proposed model, other influential factors such as the effect of loads and 
the main grid power are also expressed in the objective function.   

Where V̂critical[k]: is the predicted critical voltage at the k-th predic-
tion period, Vref :is the micro-grid reference voltage, ̂f [k]: is the predicted 
frequency at the k-th prediction period, fref : is the micro-grid reference 
frequency, SOC[k]: is the HESS state of charge, SOC(0): is the Initial 
value, W: is the diagonal weight matrices for each of the parameters in 
the objective function. 

In order to control voltage and frequency fluctuations, the voltages of 
micro-grid nodes are considered as global and local. The important point 
is to determine the critical voltage of the micro-grid bus. Ref [33] pro-
vides an efficient method for measuring and determining the critical 
bus. The range of voltage fluctuations as well as protection voltages is 

expressed according to IEEE 1159-2009 standard. Therefore, the oper-
ation of micro-grids in different zones is considered. Each zone is 
operated based on reference voltage and frequency. Therefore, accord-
ing to Fig. 3, three categories of micro-grids are considered. 

2.2.1.3. Solution method 

2.2.1.3.1. Solution method for robust optimization model. In the 
optimization model, the most critical state of uncertainties (sudden 
changes in the output of power sources and loads) is considered in order 
to increase the reliability and security of the micro-grid. Because solving 
Eq. (45) is complex and difficult, it is necessary to transfer this equation 
into a single-level equation. Here, using strong duality theory, Eq. (45) 
can be transformed into a single-level- quadratic optimization equation 
[34]. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

min
u max

w
f (u,w)

s.t.Au+Bw≤C
w∈
[
ŵ+Δwlower,ŵ+Δwupper

]

u∈
[
ulower,uupper

]

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

⇒

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

min
u f (u,w)

s.t.Au+max
w

Bw≤C

w∈
[
ŵ+Δwlower,ŵ+Δwupper

]

u∈
[
ulower,uupper

]

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(45)   

The single-level Eq. (45) is expressed according to Eq. (47). 

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

min
u

f (u,w)

s.t. Aiu + Bi(ŵ + Δwlower) + 1T θi ≤ Ci
θi ≥ Bi

(
Δwupper − Δwlower

)

θi ≥ 0
ulower ≤ u ≤ uupper

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(47) 

strongdualitytheory⇒Aiu + Biw ≤ Aiu + Bi(ŵ + Δwlower) + 1T θi

⇒

⎧
⎪⎨

⎪⎩

min
θi

Aiu + Bi(ŵ + Δwlower) + 1T θi

s.t. θi ≥ Bi
(
Δwupper − Δwlower

)

θi ≥ 0

⎫
⎪⎬

⎪⎭
,

{
Aiu + max

μ
(Bi
(

ŵ + Δwlower + μ
(
Δwupper − Δwlower

))
≤ Ci

0 ≤ μ ≤ 1

}
(46)   

f
(
ΔPDG[k],ΔQDG[k],ΔPHESS[k],ΔPgrid[k]

)
= (PDG[0] + ΔPDG[k])2

+ (QDG[0] + ΔQDG[k])2
− 3VDG[k]Irms− DG ≤ 0,

therefore⇒f ≈

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

(
ΔPDG[0],ΔQDG[0],ΔPESS[0],ΔPgrid[0]

)
+

∂f
∂ΔPDG

(ΔPDG[k] − ΔPDG[0])

+
∂f

∂ΔQDG
(ΔQDG[k] − ΔQDG[0]) +

∂f
∂ΔPHESS

(ΔPHESS[k] − ΔPHESS[0])

+
∂f

∂ΔPgrid

(
ΔPgrid [k] − ΔPgrid [0]

)

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(48)   

f (V, f )

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

(
ΔPDG[0],ΔQDG[0],ΔPESS[0],ΔPgrid[0]

)
+

∂f
∂ΔPDG

(ΔPDG[k] − ΔPDG[0]) +
∂f

∂ΔQDG
(ΔQDG[k] − ΔQDG[0])

+
∂f

∂ΔPHESS
(ΔPHESS[k] + ΔPHESS[0]) +

∂f
∂ΔPgrid

(
ΔPgrid [k] − ΔPgrid [0]

)
+ 1T θ[k]

1T θ[k] ≥ 0

θ[k] ≥ 0

θ[k] ≥
∂f

∂PDG
(ΔPDGi − max[k] − ΔPDGi − min[k])

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(49)   
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Where w: is the disturbance vector, u: is the decision vector, ŵ: is the 
prediction value of the uncertainty parameter, ΔwupperandΔwlower: are the 
upper and lower limit of disturbance and prediction error,ulower,uupper: are 
the upper and lower limit of decision vector, μ: is the decision variables, 
θi: is the double variables. 

2.2.1.3.2. Constraint Linearization. Because the constraints of the 
problem are nonlinear, the constraints of the problem are linearized 
using the Taylor expansion:   

2.2.1.3.3. Transforming MPC-based Voltage and Frequency Regulation 
Model. This section describes the single-line optimization equation 
based on SDT:   

min
∑NP

k=1

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

‖V̂ critical[k]− Vref ‖
2
WV

+‖SoC[k]− SoC(0)‖2
WSOC

+‖ f̂ [k]− fref ‖
2
Wf

+‖ΔQDG[k]− ΔQDG[k− 1]‖2
WQ − DG+‖ΔPDG[k]− ΔPDG[k− 1]‖2

WP− DG

+‖ΔPHESS[k]− ΔPHESS[k− 1]‖2
WHESS

+‖ΔPLoad[k]− ΔPLoad[k− 1]‖2
WLoad

+‖ΔPgrid [k]− ΔPgrid[k− 1]‖2
Wgrid

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(50)  

2.2.2. Voltage and frequency control model in secondary 

2.2.2.1. Hypotheses. 

1 The structure of the droop control specifies the distributed genera-
tion output voltage within the reference frame of the d-axis. Voq is 
also considered equal to zero [35].   

2 The continuous function f(x) : Rn⇒Rm can be approximated by the 
INN activation function. Therefore, due to the compact set S ∈ Rn 

and constant valuesδn, the hidden layers of the artificial neural 

network algorithm are equivalent tof(x) = WTσ(x)+ δ(x). Where 
W ∈ Rl×p is the INN weight, δ(x)is the INN approximation error, p is 
the INN output variables, l is the number of INN nodes. While the 
stated function is considered with the condition‖ δ(x) ‖< δn,∀x ∈ S. 
As a result, the activation function in the INN algorithm is equivalent 
to: 

σj(x) = exp

[
−
(
x − ξj

)T
∗
(
x − ξj

)

v2
j

]

, j = 1, 2, ..., l (51)   

Whereξj and v2
j is center and variance of the function considered, 

respectively [36-37].  

1 3. For a compact setRn, the ideal weights function of the INN are 
bounded by known positive values. Where ‖ W‖F ≤ Wβ denotes the 
Frobenius norm [38]. 

2.2.2.2. Intelligent neural network structure model. The INN algorithm is 
used as an efficient regression tool to respond to computational 
complexity. Here, the structure and performance of the INN algorithm 
according to Fig. 4 is presented. First, before sending the training in-
formation to the neural network unit for regression analysis, the infor-
mation is pre-processed. The task of information pre-processing is to 
minimize training data deviations to improve regression accuracy and 
computational efficiency. In this section, first the input and output data 
are expressed in terms of per-unit. Then, in another section, the existing 
information is normalized by the min_max_scaler conversion method. 
The normalized relationship is equal to: 

λnew
s (t) =

(

λs(t) − minλ(t)
s

)

(

maxλ(t)
s

− minλ(t)
s

) (52) 

Which s is an index of training data. minλ(t) and maxλ(t) are the 
minimum and maximum characteristics of the voltage and frequency 
deviation factors in the total training data set. According to the 
normalization of Eq. (52), the data values are modeled based on binary 
data 0 and 1. The above information processing helps to create a regular 
search area for faster convergence of this algorithm. Eq. (53) is a model 
of the hidden layers of the INN algorithm: 

Table 4 
Results of training based on INN structure  

Observation No. of samples Mean square error 

Training 87501 0.03599 
Validation 18750 0.03658 
Testing 18750 0.03711 
Overall 125001 0.03656  

Table 5 
Technical specifications of micro-grid  

Nominal active power set required 1.5MW 
Apparent power 1.7MVA 
Nominal active power output generated by distributed 

generation sources 
1.1MW 

Power set HESS 0.44MW 
Base power 1 MW=1pu 
Power received from the main grid 0.4MW 
Critical Load (CL) 0.4MW 
Flexible Loads (FL) 1.1MW 
Flexible load rate changes 0.1-0.4MW 
Power of diesel generator (model SD500-GENERAC) 0.5MW 
Micro-grid voltage VLL=400V, 

Vph=220 
Micro-grid frequency 50Hz 
Line impedance per kilometer Z=0.521+j0.083 
Converter THD rate THD<5% 
Power factor 0.88≤ Cosφ ≤1 
Upper limit SOC rate of HESS unit 90% 
Low limit SOC rate of HESS unit 20% 
Charging and discharging coefficient 0.95 
Rate of power changes in normal and critical mode 0.1-0.4MW  

Fig. 5. Micro-grid model and its equipment  
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yl
sk =

∑

j=1
xl

sjωl
jk + bl

k (53) 

The output results are expressed in lth of the hidden layer according 
to Eq. (53), where s: is the sample index, yl

skis the output data, j is the 
sample feature index, xl

sj: is the input data, k: is the index of neurons, ωl
jk: 

determined weight input jth feature, bl
k is the bias. The activation func-

tion model and other parameters are obtained according to the reference 
[39]. ωl

jkandbl
k are factors that must be calculated. Therefore, these two 

parameters are obtained based on the back-propagation algorithm. This 
method tries to guide the studied model to the optimal global value by 
changing the parameters of the neural network algorithm based on the 
gradient method [36-39]. Table 2 shows the summary of INN training 
structure, Table 3 describes the time calculations comparing INN and 
Monte Carlo methods and Table 4 shows the results of training based on 
INN structure 

Next, the voltage and frequency control in the secondary part of the 
micro-grid based on Lyapunov stability theory is analyzed. In this con-
trol structure, the method of INN has been used in order to control the 
voltage and frequency deviation as well as the optimal distribution of 
active and reactive power. 

2.2.2.3. Voltage control model based on INN. The relationship between 
the output and the input voltage variable based on the structure pre-
sented in the section (modeling of converters) is expressed. Therefore, 
by deriving Eq. (17) and substituting into relation (15), Eq. (54) is ob-
tained and then the error tracking function (Ertracking− 1i) is expressed in 
Eq. (55). This error tracking variable is expressed to control the balanced 
distribution of reactive power: 
(
V ′′

odi

)
=
(
LfiCfi

)− 1[ωiilqiLfi − rfiildi − vodi − (i′ odi)Lfi + vidi
]

(54)  

Ertracking− 1i =

{
∑

j∈Ni

aij
(
nQiQi − nQjQj

)
+
∑

j∈Ni

aij
(
vodi − vodj

)
+ gi

(
vodi − vref

)
}

=

(di + gi)vodi −

{
∑

j∈Ni

aij
(
nQiQi − nQjQj

)
+
∑

j∈Ni

aijvodi + givref

}

(55) 

Since it is difficult to regulate the voltage between distributed gen-
eration sources by considering their reactive power based on droop 

factors, so the error function (55) is introduced to correct the distribu-
tion of power between distributed generation sources. As a result, by 
using the INN algorithm, an attempt is made to reduce this error (vodi −

vref ). The next error variable is also expressed as Eq. (56): 

Ertracking− 2i = (di + gi)
(
v′

odi

)
− ϕi (56) 

Where ϕi is the virtual control function expressed in Eq. (58). In 
order to control the voltage, the expansion of Lyapunov function is 
provided:   

(
ϕi = − k1ie1i +

{
∑

j∈Ni

aij
(
v′

odj
)
−
∑

j∈Ni

aij(nQi(Q
′

i) − nQj
(
Q′

j)
)
}

(Q
′

i) = ωicf Qi + ωicf
(
voqiiodi − vodiioqi

)

)

⇒
(
V ′

1i

)

= Ertracking− 1iErtracking− 2i − k1iEr2
tracking− 1i

(58) 

The following is another Lyapunov function:   

According to the second hypothesis expressed in the secondary 
voltage control section, the INN structure and the controller model are 
expressed as Eq. (60). 

vidi=− Ertracking− 1i − k2iErtracking− 2i+Fi(xi)⇒

Fi(xi)=

[

ωiilqiLfi+rfiildi − vodi+(i′ odi)Lfi − vidi+

(
LfiCfi

di+gi

)

(ϕ
′

i)

]

=W∗T
i σi(xi)+δi(xi)

(60) 

It should be noted that since the ideal neural network weight vector 
W∗T

i ∈R1×n is an unknown value, its estimated value, which is equivalent 

toŴ
T
i , can be used to control the secondary voltage. n is also the number 

of nerve nodes. Therefore, neural network-based voltage control, weight 
estimation error, and its upgrade rules are: 

vidi = − Ertracking− 1i − k2iErtracking− 2i − Ŵ
T
i σi(xi)

therefore⇒
(

Ŵ
′

i

)
= Gi(σi(xi)Ertracking− 2i − ki‖ Ertracking− 2i‖ Ŵ i

) (61) 

Where k1iand k2iare positive constants and Gi ∈ Rn×n is a diagonal 
matrices. Eq. (59) is expressed as Eq. (63) by substituting relations (60) 
and (61) in it. The input parameters of the INN algorithm based on 
voltage and its fluctuations as well as error tracking functions are also 
equal to the relation (62). 

xi =
[
vodi,Ertracking− 1i,Ertracking− 2i, (v

′

odi)
]

(62)  

(
V ′

2i

)
=

(

W∗
i − Ŵ i

)T

i
σi(xi)Ertracking− 2i + δi(xi)Ertracking− 2i − k1iEr2

tracking− 1i

− k2iEr2
tracking− 2i

(63)  

2.2.2.4. Frequency control model based on INN. In this section, the 
micro-grid frequency control method based on the intelligent artificial 

V1i =
1
2

Er2
tracking1i ⇒DifVliandsubstituting(53)and(54)into(V ′

1i)(V
′

1i) =

⎧
⎪⎨

⎪⎩

Ertracking− 1i[(di + gi)(v
′

odi)

−

{
∑

j∈Ni

aij
(
v′

odj
)
+
∑

j∈Ni

aij
(
nQi
(
Q′

j
)
− nQj

(
Q′

j
))
}

⎫
⎪⎪⎬

⎪⎪⎭

(V
′

1i) = Ertracking− 1i
[(

Ertracking− 2i + αi
)
−

{
∑

j∈Ni

aij(v
′

odi) +
∑

j∈Ni

aij
(
nQi(Q

′

i) − nQj
(
Q′

j
))
}

(57)   
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network algorithm is expressed by considering the proportionality of the 
active power distribution. In this section, the purpose is to synchronize 
the operating frequency based on the reference frequency. Derived from 
Eq. (14), Eq. (64) is obtained. By determining the error function of the 
INN algorithm based on Eq. (65), the Lyapunov Vfi function can be 
specified, which are: 
(
ω′

i

)
=
(
ω′

ni

)
− mPi

(
P′

i

)
(64)  

Ertracking− ωi = (di + gi)ωi +
∑

j∈Ni

aij
(
mpiPi− impjPj

)
−
∑

j∈Ni

aijωj + giωref (65)   

Therefore, the controller input variable based on the frequency 
changes in Eq. (67) as well as the error weight function and dynamic 
changes based on the INN in order to control the frequency deviation in 

Eq. (68) can be expressed as follows: 
(
ω′

ni

)
= − k3iErtracking− ωi + (di + gi)

− 1

∗

{
∑

j∈Ni

aij
(
ω′

j
)
+
∑

j∈Ni

aij
(
mpi(P

′

i) − mpj
(
P′

j
))
}

+ mpi
(
P′

i

)
(67)  

W∗
fiσi
(
xfi
)
= mpi

(
P

′

i

)
+ (di + gi)

− 1

∗

{
∑

j∈Ni

aijω
′

j +
∑

j∈Ni

aij
(
mpi(P

′

i) − mpj
(
P′

j
))
}

− δi
(
xfi
)

(68) 

Which by substituting Eqs. (67) and (68) in Eq. (66), the Lyapunov 
Vfi function is expressed as follows: 
(

V ′

fi

)
=

(

δi
(
xfi
)
− k3i + W̃

T
fi σi
(
xfi
)
)

Ertracking− ωi (69) 

V2i = V1i +
1
2

(
LfiCfi

di + gi

)

Er2
tracking− 2i ⇒

Dif
(V

′

2i) = (V
′

1i) + Ertracking− 2i

(
LfiCfi

di + gi

)

[(di + gi)(v′′odi) − (ϕ
′

i)]

⇒Substituting(52)(V
′

2i) = Ertracking− 1iErtracking− 2i − k1iEr2
tracking− 1i + Ertracking− 2i

[

ωiilqiLfi − rfiildi − vodi − (i′ odi)Lfi + vidi −

(
LfiCfi

di + gi

)

(ϕ
′

i)

] (59)   

(
V ′

fi
)

=
1
2
(di + gi)

− 1Er2
tracking− ωi ⇒Dif ( V ′

fi
)
= Ertracking− ωi(di + gi)

− 1( Er′

tracking− ωi
)
= Ertracking− ωi

[

(ω′

i) − (di + gi)
− 1

∗
∑

j∈Ni

aij
(
ω′

j
)

+(di + gi)
− 1
∑

j∈Ni

aij
(
mpi(Pi

′

) − mpj
(
P′

j
))
]

⇒Substituting(62)( V ′

fi
)
= Ertracking− ωi

[

(ω′

ni) − mpi(P
′

i) − (di + gi)
− 1

∗

{
∑

j∈Ni

aij
(
ω′

j
)
+
∑

j∈Ni

aij
(
mpi(P

′

i)− impj
(
P′

j
))
}]

(66)   

Fig 6. a) Island mode and critical fluctuations. b) Voltage control. c) Frequency control. d) Active power distribution dynamics related to distributed generation units 
and HESS. e) Reactive power distribution dynamics related to distributed generation units and HESS. f) SOC oscillations dynamics of HESS unit. 
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Fig 6. (continued). 
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As a result, frequency control at the secondary level based on the INN 
and according to the rules of updating as well as the error of its weight 
estimation function are: 
(
ω′

ni

)
= − k3iEr2

tracking− ωi
− Ŵ

T
fi σi
(
xfi
)
Ertracking− ωi (70)  

(

Ŵ
′

fi

)

= Ri(σi
(
xfi
)
Ertracking− ωi − ρi‖ Ertracking− ωi‖ Ŵ fi

)

(71) 

Which k3iand ρiare a positive constant as well as Ri ∈ Rn×n is positive 
diagonal matrix. INN input functions, which include changes in fre-
quency, active power and error tracking functions, which are equal to:xfi 

= [vodi,Ertracking− ωi,ωi,mpiPi]. 

3. Simulation and performance requirements 

In this section, the requirements and execution algorithms in the 
simulation section are presented. Thus, as shown in Fig. 5, the network is 
considered part of the distribution network 20 / 0.4KV Rajaee Port in 
Iran. In order to standardize the existing network and use control pro-
tocols, changes have been made in the network to improve the perfor-
mance of the proposed method. The technical specifications of micro- 
grid is presented in Table 5. 

4. Results 

4.1. Scenario 1: Voltage and frequency restoration based on micro-grid 
disconnection from main grid (load fluctuations) 

Hypothesis:  

• Diesel generator start-up time is between 5 to 8 minutes and 
distributed generation sources along with HESS unit are able to 
supply the loads in this time.  

• The control method is examined in micro-grid number 1.  
• The HESS has 55% of the initial charge. 
• Disconnection and connection of power generation sources in mi-

nutes and the performance of controllers in seconds is considered. 

At t=5s, the micro-grid is disconnected from the main grid and 
continues to operate in island mode. In this scenario, the voltage and 
frequency control based on the proposed method and the use of HESS are 
investigated. The main grid delivers 0.4MW of power to the micro-grid. 
By disconnecting the injected power from the main grid, the micro-grid 
suffers from a severe power outage (critical power). Because the HESS 
power is available in a limited period of time (8 to 15 minutes), this 
equipment must operate in a coordinated manner and high sensitivity 
with the control method provided in the primary and secondary levels. 

Fig 6. (continued). 
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In order to be able to provide micro-grid power in longer time intervals, 
a 0.5MW diesel generator is considered as a backup unit (between 80 to 
90% of the rated power is used). In this scenario, the basic factors of the 
micro-grid up to the start-up and connection of the backup diesel 
generator to the micro-grid are controlled by distributed generation 
units and HESS units. Fig. 6 examines the voltage, frequency, active and 
reactive power distributions, the voltage and frequency compensation 
structure, and the performance of the HESS unit. Fig (6-a) shows the 
uncertainty caused by the disconnection of the main grid. In this sce-
nario, the proposed method is compared with two methods, fuzzy and 
PID controller. As can be seen in Fig (6-b, c), the proposed method 
restore the voltage and frequency in t=5 to 5.5s using the primary 
controller. In t=5.5 to 6s, the secondary controller is activated and by 
compensating the voltage and frequency deviation, it brings these two 
factors to the reference or predetermined values. The reference voltage 
is 0.98pu and the frequency is 50Hz. Fig (6-d, e, f) also show the dis-
tribution of active and reactive power of distributed generation sources 
as well as the active and reactive power of HESS units with their SOC, 
respectively. The HESS unit can control the reactive power distribution 
and instantaneous voltage fluctuations by using the super-capacitor 
feature and help to recover this factor. On the other hand, HESS unit 
is able to provide the required power of the micro-grid or store its excess 
power in order to control the voltage and frequency by using the high 
volume of the battery. It should also be noted that complete evacuation 

of HESS units in order to increase their lifespan is prevented. Accord-
ingly, this equipment is operated between two levels of charge and 
discharge, which is 90% and 20% average. Comparison of the proposed 
method with other methods shows that this method has an acceptable 
performance against critical micro-grid fluctuations. The proposed 
method with high accuracy and speed, in addition to recovering voltage 
and frequency, also compensates for the deviation values from their 
reference. 

4.2. Scenario 2: Voltage and frequency restoration based on the 
uncertainty of load fluctuations in the state of sudden increase and 
decrease 

Hypotheses:  

• The micro-grid is operated in island mode.  
• Diesel generator is in operation mode.  
• HESS is in full charge mode.  
• Load uncertainty is based on sudden changes.  
• The control method is examined in micro-grid 1. 

In this scenario, the power consumption of the micro-grid is suddenly 
increased or decreased. Therefore, the proposed control structure at the 
primary and secondary levels is analyzed under these conditions. In 

Fig. 7. a) Sudden load changes in island mode. b) Voltage control. c) Frequency control. d) Active power distribution dynamics related to distributed generation 
units and HESS. e) Reactive power distribution dynamics related to distributed generation units and HESS. f) SOC oscillations dynamics of HESS unit. 
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t=5s, the net power consumption of the micro-grid increases abruptly. 
This occurs due to uncertainty in the sudden increase in load (or even 
due to the outflow of power generation sources from the micro-grid). In 
this case, the combined controllers at the primary and secondary levels 

with proper coordination have the ability to control the fluctuations that 
have occurred. In the primary controller, by using the HESS structure 
and using the capabilities of the battery and super-capacitor, power 
fluctuations can be controlled by injecting active and reactive power. 

Fig. 7. (continued). 
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The use of backup diesel generators and HESS, in addition to recovering 
the voltage and frequency of the micro-grid in the primary, compensates 
their deviation from the reference in the secondary. Fig. 7 shows the 
control of voltage, frequency, active and reactive power distribution, 
and the operation of HESS in this scenario, respectively. As shown in 
Fig. (7-a), changes in active and reactive power have been investigated 
in the presence of a 100 KW induction motor and a 200 KW load. The 
induction motor requires a large amount of reactive power from the grid 
in a fraction of a second in addition to the active power. Exactly at the 
moment of connecting the motor to the micro-grid, the primary con-
trollers can control the voltage and frequency fluctuations for a period of 
t=5 to 8s (motor starting), and then by increasing the motor power to the 
nominal value, the secondary controller is activated in t=8.5s to 
compensate for the deviation. In addition, distributed generation units 
of 0.05MW will be able to control the load. 

In t=15s, 100KW induction motors and 400KW load are discon-
nected from the micro-grid, in which case the primary and secondary 
controllers maintain the voltage and frequency of the micro-grid at an 
acceptable level by activating HESS units (in order to store the excess 
micro-grid energy). In these conditions, as in the previous case, HESS 
play an important role. In this case, in order to control the voltage and 
frequency, the power injected into the micro-grid is stored by the HESS 
structure in coordination with the proposed methods. The coordination 
of HESS units and the proposed methods is of great importance and 
sensitivity. On the other hand, with the stabilization of the micro-grid 
after the oscillations, the diesel generator unit will be able to discon-
nect from the micro-grid. During this period, surplus power is stored by 
the HESS unit. 

Therefore, in the stated conditions, the reason for using the predic-
tion model based on uncertainty can be fully observed. The main reason 
for using the predictive model based on uncertainty factors in the pri-
mary is to provide a reliable control structure against instantaneous 
fluctuations of the micro-grid. Using the predictive model and consid-
ering the uncertainties, the proposed control method can be presented 
with higher coordination and reliability, along with the use of HESS 
structures and backup diesel generators. At the secondary, the proposed 
control method based on the accuracy of data with low tolerance has the 
ability to reduce the deviation from the reference of voltage and fre-
quency factors. In the secondary, because the voltage and frequency 
control must be controlled in about a second, Fig. (7-b, f) shows that the 
method expressed in the secondary is capable of controlling sudden 
fluctuations well. In this figure, in addition to the proper coordination of 
the primary and secondary controllers, the coordination of the proposed 

method with the HESS and backup diesel generator supports the 
appropriate dynamic behavior of these two units. 

4.3. Scenario 3: Voltage and frequency restoration based on DG 
uncertainty and load step fluctuation 

Hypothesis:  

• Flexible loads are cut-down in three 0.1MW stages.  
• The micro-grid is in island mode and the backup diesel generator is in 

operation mode.  
• HESS is in full charge mode.  
• The control method is examined in micro-grid 1. 

In this scenario, part of the net grid power is reduced by removing 
one of the distributed generation sources (0.3 MW). In this scenario, the 
operation algorithm is presented in two parallel parts. As shown in Fig. 8 
in the first section, voltage and frequency fluctuations resulting from DG 
interruption are controlled by HESS, backup diesel generator, primary, 
secondary controllers. In the second part, considering that the net pro-
duction capacity of the micro-grid is reduced and also the HESS are 
decreasing, then power management on flexible loads is presented. 
Under these conditions, flexible loads are removed from the grid by 
reducing the 0.1 MW steps in three steps to prevent the voltage and 
frequency fluctuations (Fig (8-b)). At t=5s, the DG3 unit shuts down. 
Therefore, in the first step and in t=5s, a load equal to 100 KW is cut off. 
Load reductions continue at t=6s and t=7s. In this scenario, the allow-
able fluctuation of the micro-grid frequency equal to 0.5 Hz and the 
allowable voltage fluctuation of 5% is considered. 

At t=5s after the DG3 is disconnected, the HESS are activated to 
manage the reduced power compensation. In this scenario, in order to 
create critical conditions, the net power of the HESS unit is considered 
equivalent to critical and sensitive loads. In this case, the HESS units first 
control the voltage and frequency fluctuations according to the primary 
controller. Then, the secondary controller based on the INN algorithm, 
compensates for the deviation by controlling the power distribution of 
the HESS units and reducing the power of the flexible loads. As shown in 
Fig. (8-d), when the micro-grid frequency is reduced to 49.7Hz, then a 
power equivalent to 100 KW is cut off from the flexible loads. Then 
again, by reducing the frequency to 49.6Hz, the power equivalent to 100 
KW of flexible loads is reduced. Here the critical frequency is 49.5Hz. 0.1 
Hz is considered as a safety margin in frequency control. Fig (8-b,e) 
shows how the proposed method works compared to other methods. At 

Fig. 7. (continued). 
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Fig. 8. a) Disconnect the DG3 unit. b) Flexible load management. c) Voltage control. d) Frequency control. e) SOC oscillation dynamics of HESS unit  
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t=15s, the DG3 is reconnected to the micro-grid. In this case, due to the 
prevention of severe fluctuations and also the recovery of the HESS unit 
power, the flexible loads in 0.1MW steps are connected to the micro- 
grid. These management conditions ensure the stability of the micro- 
grid after disturbances occur. The Flexible load management will also 
improve the voltage profile and micro-grid frequency. With the proper 
distribution of active and reactive powers as well as the coordinated 
performance of HESS units with the control method are presented, the 
voltage and frequency factors are also controlled in this scenario with 
high accuracy and speed. 

4.4. Scenario 4: Voltage and frequency restoration considering the effect 
of communication delay 

One of the most important and indispensable parameters in pro-
posing control methods is the delay caused by communication infra-
structure. Because the proposed methods are used in milliseconds and 
seconds, then communication latency becomes significantly more 
important. If this delay is not taken into account in modeling the control 
method, then the accuracy of the proposed method will be unreliable. In 
this scenario, the effect of communication delay on the proposed control 
method is presented. Communication infrastructure latency is consid-
ered in the range of 200ms and 400ms. In this case, the proposed control 
method (Fig (9-b, c)) is examined and compared with Fuzzy method (Fig 
(9-d, e)). The disturbances considered in this scenario are equivalent to 
disconnecting or reconnecting a load of 0.2MW. If the communication 
infrastructure latency increases, then the instability and fluctuations of 
the micro-grid will increase sharply. The result of this comparison shows 
that the proposed method has an acceptable response compared to other 
methods. The proposed method shows higher speed and accuracy than 
other methods in controlling fluctuations and deviations of voltage and 
frequency factors. 

Therefore, the proposed model by controlling voltage and frequency 
fluctuations in a shorter period of time prevents the micro-grid to lead to 
instability and protects the micro-grid against instability. This point is 
important because by combining the predictive method and the INN 
algorithm, several important features have been considered in the pro-
posed method. In order to express the importance of speed and high 
accuracy of the proposed method, it should be stated that if communi-
cation infrastructure delays and sudden load changes in the critical state 
are considered, coordination between grid control equipment will not be 

possible and micro-grids will face instability and collapse. As a result, by 
creating a suitable context and using the features of the proposed 
method; optimal control of essential micro-grid parameters can be 
suggested. Important features of the proposed control method are: 

• First feature: accurate prediction of micro-grid errors and un-
certainties makes it easier to control micro-grid fluctuations and 
deviations (primary level).  

• The second feature is memory and learning in the INN method, 
which makes it easier to deal with micro-grid errors (secondary 
level).  

• And speed, which is the third characteristic due to the combination 
of these two methods. The speed of dealing with micro-grid fluctu-
ations is important because the proposed method can respond to 
fluctuations in the shortest possible time. At the same time, the 
shorter the response time, the more reliable the micro-grid stability 
can be achieved. 

4.5. Real time monitoring/control hardware, experimental Set-Up and 
validation results 

In this section, the rapid control prototyping (RCP) of micro-grid 
control based on software and hardware infrastructure is provided. 
The software infrastructure used is based on MATLAB/Simulink and RT- 
LAB software. Important and basic hardware infrastructure is also based 
on the use of OPAL-RT hardware (OP5600 and OP8660) and LabVolt 
Electromechanical Training System. Accordingly, Fig. 10 shows the 
relationship between the simulation environment and the hardware 
environment (experimental set-up). The proposed control system based 
on real time structures is analyzed and operated, which requires the use 
of two equipment, OP5600 and OP8660. RT-LAB is the real-time tech-
nology that is revolutionizing the way model-based design is performed. 
Through its openness, it has the flexibility to be applied to any simula-
tion and control problem, and its scalability provides a low-risk entry 
point for any application, allowing the developer to add compute power 
where and when needed–whether it is to speed up simulations or for 
real-time hardware in the loop applications. RT-LAB provides tools for 
running and monitoring the simulations or controls on various runtime 
targets. An open architecture enables RT-LAB to work with MATLAB/ 
Simulink. 

The OP5600 as a real-time digital simulator consists of two primary 

Fig. 8. (continued). 
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Fig. 9. a) Load fluctuations. b) Voltage control by the proposed method in microgrids and in different zones. c) Frequency control by the proposed method in 
microgrids and in different zones d) Voltage control by Fuzzy method in microgrids and in different zones. e) Frequency control by Fuzzy method in microgrids and 
in different zones. 
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and secondary parts. The primary part includes analog and digital input 
and output modules (I/O). The secondary part includes the multi-core 
processor computer and FPGA capable of running the entire OPAL-RT 
suite of real-time simulation software. This equipment provides a good 

platform for achieving the best accuracy, based on the real-time RCP 
structure to control critical micro-grid factors. Therefore, this equipment 
is considered as a powerful tool for RCP and hardware-in-the-loop (HIL). 
The technical specifications of this equipment are presented in Table 6. 

Fig. 10. Real Time Monitoring, Control Hardware and Experimental Set-Up.  
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The OP8660 is an HIL Controller and data acquisition interface 
designed to be used with the complete OP5600 simulation system to 
provide a supplementary signal conditioning. It contains high current 
and high voltage input conditioning modules, which allow conversion of 
current and voltage to ±10V voltage signals. The OP8660 creates a 
suitable connection between the software environment (the real-time 
simulator OP5600 based on MATLAB/Simulink) and the hardware 
(micro-grid system: renewable and non- renewable energy resource, 
storages, power electronics, variable load ...). All measurement frame-
works; Testing and control is designed in MATLAB / Simulink software 
environment and then integrated with RT-LAB for real time monitoring. 
RT-LAB is also a real-time software environment capable of running real- 
time RCP based on OPAL-RT hardware (OP5600 and OP8660). The 
model designed in MATLAB / Simulink environment is loaded on RT- 
LAB software environment. The programmed commands are then 
loaded on OP5600 and OP8660 by this software environment. Finally, 
all management signals are sent to the micro-grid. 

As shown in Fig. 10, the proposed model is programmed based on 
both software and hardware environments. According to Fig. 10, the 
simulation and experimental environment is divided into the following 
three parts.  

1 Modeling Environment (MATLAB / Simulink software, RT-LAB 
software environment, Main Server and Personal Computer).  

2 Real Time Monitoring and Control (OPAL-RT hardware (OP5600 and 
OP8660)).  

3 Experimental Set-Up and Measurement Environment (Control 
Hardware and Experimental Set-Up). 

The modeling environment includes MATLAB / Simulink and RT- 
LAB software along with hardware equipment to run the proposed 
models. Real Time monitoring and control includes OPAL-RT hardware 
(OP5600 and OP8660). In the experimental set-up section, two basic 
sections are presented. The first part is the micro-grid laboratory model 
and the second part is the measurement, sampling and monitoring 
environment, which is directly related to the user software environment. 
Therefore, the results are provided to the micro-grid control and man-
agement unit in the form of feedback signals. The INN calculation and 
the proposed method are implemented on MATLAB / Simulink software 
R2019b, and the hardware environment is a laptop with Intel®Core™ 
i7-7600U 2.8 GHz CPU, and 16.00 GB RAM. Here, for validation, the 
simulation and experimental results are compared. Therefore, the 
experimental and simulation results of Scenario 4 (voltage and fre-
quency control of micro-grid No. 1) are presented in Fig. 11. 

As shown in Fig. 11, the tolerance of simulation and experimental 
results is between 2 and 5%. This error also depends on various reasons 
such as laboratory conditions, quality of sampling and measurement 
equipment. Due to the fact that measurement and sampling equipment 
are classified in different classifications based on measurement error, so 

the simulation results and experimental results can be seen with a 
tolerance range of 2 to 5%. Therefore, in general, the tolerance observed 
in the experimental results compared to the simulation results is 
acceptable. Because this tolerance does not affect the performance of the 
results of the proposed model and the proposed model is used with 
appropriate accuracy. 

5. Conclusion 

In this paper, an intelligent method based on MPC and INN algorithm 
to control the voltage and frequency at the primary and secondary 
control levels is described. Accordingly, the voltage and frequency 
control at the primary is considered by the MPC based on the un-
certainties of power generation sources and load fluctuations. At the 
primary level, the voltage and frequency control model is presented as a 
multi-objective optimization problem in a multi-time period according 
to the effective parameters. In addition to linearization, this model has 
become a quadratic equation. Secondly, using the INN model, the de-
viation from the voltage and frequency reference is compensated by 
using the error tracking function. In this section, compensation for de-
viation from the reference is based on the use of Lyapunov stability 
function and error tracking function. The HESS unit and the backup 
diesel generator have been used as two practical tools to advance the 
objectives of this research. In order to validate, the simulation results 
were compared with Fuzzy methods and PID controller. According to the 
obtained results, the proposed method has features such as high speed in 
error detection, high speed in responding to fluctuations and distur-
bances of micro-grids, increasing accuracy in reducing deviations from 
the reference values of voltage and frequency, providing intelligent 
management of power and energy distribution between production 
sources and HESS as well as two characteristics of prediction and 
learning that are achieved by combining the model of predictive control 
and neural network. These two features have increased the reliability 
factor of using the proposed method. Finally, in order to evaluate the 
performance of the proposed method, the experimental results based on 
the electrical distribution network of Rajaee Port in Iran have been 
analyzed. 

Authorship Statement 

All persons who meet authorship criteria are listed as authors, and all 
authors certify that they have participated sufficiently in the work to 
take public responsibility for the content, including participation in the 
concept, design, analysis, writing, or revision of the manuscript. 
Furthermore, each author certifies that this material or similar material 
has not been and will not be submitted to or published in any other 
publication before its appearance in the Journal of ‘Electric Power 
Systems Research’. 

Table 6 
The OP5600 specifications  

CPU 1x Xeon Gold 5222 (4 cores - 3.80 GHz) 
FPGA Xilinx® Artix®-7 FPGA, 200T 
Software Platform Compatibility RT-LAB and HYPERSIM 
High speed communications 4x SFP socket, 1 to 5Gbps, duplex multi-mode optical fiber (50/125 or 65/125μm), Xilinx Aurora compatible Up to 5 PCI or PCIe interface cards 
I/O boards (8 slots per system) Analog - 16 channels per slot (max. of 128 per system) 

Digital - 32 channels per slot (max. of 256 per system) 
I/O monitoring Mini-BNC for up to 16 Analog/Digital channels 
Connectivity Ethernet, RS-232, VGA, Keyboard and mouse 
Dimensions (HxWxD) & weight 17.8 × 47.7 × 49.3 cm, Simulator: 9.07 - 15 Kg  
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