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Abstract

When dealing with interconnected power systems, any sudden load changes leads to the deviation of active power and
frequency in the tie-line. The daily management of the power system is also conditioned by the control of the active power
and the frequency. It is a very important task in the conduct of the any electrical network to supply sufficiently and with high
reliability the active power to be transmitted to the customers. Maintaining the frequency of each area and tie-line active
power flow variation within prescribed value by adjusting the generator active outputs remain one of the main tasks of the
network operators. This paper presents a model predictive regulator in controlling the power flow in tie-lines and frequency
deviations in the microgrid, which will lead to power balance between the total active power generated and active power
demand of the system. The system being studied consists of two microgrids, each made up of a wind farm, conventional
thermal and hydro plants generator, photovoltaic (PV) system, storage system and active power demand. Predictive control

algorithm is applied to control the power flow between two microgrids.

Keywords Active power control - Model predictive control - Tie-line - Renewable energy - Storage system - Smart grid

Introduction

Maintaining uniform active power flowing in a control
area is one of the main objective of the daily management
of the power system. This balance must be maintained
even when the active power demand variation occurs. The
control problem becomes more complex when considering
an interconnected smart grid system. The call of additional
active power in any one of them is met by the increasing
the active power generated of all connected areas and
frequency variation occurs as consequence of this new
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situation. Keeping the system frequency approximately at
normal value, maintaining the power flow in tie-line at
planned value and the ability of each area to absorb its
own load variation are the main qualities of a good control
strategy. The sensitivity against frequency and load changes
determine the robustness of the controller. Two approaches
are widely used in control strategies: state variables and
transfer function models. Most of the paper found in the
literature addressing LFC solution using MPC algorithm are
based on the Simulink model of MPC or transfer functions
models. Table 1 presents some of them.

Most of the control strategies are based on the conven-
tional controllers as the proportional integral and derivative
(PI and PID). Which are easier to apply but most of the time
give large settling time. The research carried out nowadays
were initially based on artificial intelligent systems mainly
on neural networks and fuzzy logic [14—18]. These tech-
niques are based on the human expertise knowledge of their
behaviour only and do not require any identification or sys-
tem model. This is their main advantage over the others meth-
ods. The actual tendency in control strategies is the com-
bination of the artificial intelligence algorithms with the
conventional controller to solve the frequency or active
power flow control issue in microgrids [19-24]. These algo-
rithms have attracted attention in load frequency controller
design and showed their effectiveness for the design prob-
lems, but two difficulties must be taken into account. The
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Table 1 MPC based LFC solutions

MPC based LFC solutions

MPC model Areas References
Distributed model based state variables 4 [1]
Distributed model based Simulink 2;3;3and 4 [2-4]
Decentralised model based Simulink 3 [5, 6]
Nonlinear model based Simulink 2 and 3 [7-9]
sRobust nonlinear based state variables 1 [10, 11]
Robust multivariable based Simulink 3 [12]
Supervisory MPC based Simulink 4 [13]

Bat Inspired Algorithm based Simulink 2 [10]
Economic MPC based state variable 1 [11]

first one is the convergence when dealing with refined
search space, and the second one is the feasible trap in local
minima solution due to the weakness of the local searching
space ability [25, 26].

The algorithm named Model Predictive Control (MPC)
belongs to a category of artificial intelligence algorithms
that compute in a sequential manner using adjustments of
manipulated variables to optimise and predict the future
behaviour of the system. MPC is considered as one of
the advanced control technique in control area [2, 27].
Its theoretical development over years can be seen by
the amount of research available in the literature. As
regards to the solution of load control frequency problem in
power network some researches can be cited as references.
Considering the imbalance uncertainty in the power system
a predictive load frequency control model was presented
in [2]. The presented model was based on the simplified
system model that was updated using the Kalman algorithm
for estimation of state and parameter considering the tie-line
flow limit. The second model incorporating tie-line power
flow limit, the capacity of generation units, and their change
rate was proposed in [10]. According to this research,
considering certain problems of LFC the MPC is a more
realistic solution to the issues that power systems are dealing
with nowadays. A model predictive load frequency control
was presented in [11]. The proposed simplified MPC
model took into account the existing network configuration
and the power flow limitation in the tie-lines. Kassem
[28] has proposed a model predictive controller based on
neural network of a two microgrids LFC for improving the
power grid dynamic performance. The effectiveness of the
presented approach was demonstrated over a LFC using a
fuzzy logic controller. Table 1 summarises some predictive
controllers model based LFC solutions.

Khalid and Savkin [29] have proposed LFC based MPC
for an optimal control of wind battery energy storage system
(BESS). A model based on the prediction of frequency
using Grey theory was also designed to optimise the
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performance of the basic predictive controller. LFC of
multi-interconnected area power system using distributed
model predictive was proposed in [29]. Analyses of results
from three interconnected power system network have
shown some improvements robustness and computational
burden was show in the performance of closed-loop.
Mohamed et al. [3] have presented a decentralised MPC
based LFC in an interconnected power system. The results
have shown that considering the proposed predictive method
the overall performance of the closed loop technique has
demonstrated robustness in load disturbances condition.

An economic aspect included in MPC to solve the LFC in
one control area that was presented in [5]. The authors have
proposed an operation cost reduction approach considering
an order of magnitude similar based on the difference ratio
of two set points MPC and PI controller. Sokoler et al.
[30] have proposed an application of economic MPC for
LFC considering a single area power system. The optimal
operation control problem directly includes all the operation
costs into its objectives function. Decentralised MPC based
LFC in a tough situation for deregulated power systems was
proposed in [6]. The effectiveness of the proposed model
has been shown using different scenarios on interconnected
power system model. Ersdal et al. [7] have proposed a
MPC for power grid LFC when considering the imbalance
uncertainty. Based on the simulations performed on the
power system with a high number of wind generation
integrated, it was shown that in certain cases in which the
state of the art LFC applying PI controller and normal MPC
have failed by violating the constraints of the system whislt
the robust MPC fulfil all these constraints.

Distributed MPC strategies including application to LFC
in electrical network was proposed in [1]. The distributed
approach framework realises the performance similar to
centralised MPC. Power system MPC-LFC was presented in
[8]. The authors have modelled the limit of governor valve
using fuzzy logic method and the local model predictive
controllers were included into a nonlinear control system
strategy. Distributed LFC based MPC of multi-area power
grid after deregulation was introduced in [31]. Considering
the frequency control problem as a dynamic control problem
this model was designed based on the distributed model
predictive considering external disturbances and the limit
of active power generation constraints. Shiroei et al. [12]
have proposed a robust predictive control model based LFC
taking into account the generation limit constraints. The
authors took into account the uncertainty and parameter
variations and the proposed model was robust. MPC based
LFC design concerning wind turbines was introduced in
[9, 13, 32]. The proposed model introduced the fast response
of frequency of a connected area power system taking into
account wind turbines generation. Zhang et al. [4] have
proposed a MPC for a reliable LFC with wind turbines. The
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algorithm used has reduced the impact of the randomness
and intermittence of wind turbines effectively.

This research proposes a mathematical model of active
power control based on MPC algorithm. Two microgrids
interconnected via two ac tie-lines are considered and the
simulation results were compared with those obtained using
the open control loop or applying the optimal control. The rest of
this research paper is structured as follows: In “Microgrids
Presentation” the configuration of the studied system is
explained. Energy model system, overall structure of the
microgrids are detailed in “Energy System Model”. “Energy
System Control Model” introduces the open loop and
close loop modelling. “Results and Discussions” presents
the system data, simulations results and discussions. The
conclusion of the research is summarised in “Conclusions”.

Microgrids Presentation

The studied system is composed of two microgrids,
connected through two ac tie-lines, as shown in the Fig. 1.
Each microgrid feeds its consumers and the tie-lines allow
the power transfers between the connected microgrids.
Power flow variations in the-lines give information about
the local load. Each microgrid can be represented by an
equivalent large turbine, energy storage system, photo-
voltaic system and wind system.

Electrically coupled together, each microgrid has an
equal number of generators and constitutes a coherent group

AREA 1 PCC 1

Py(k)

Large Hydro Plant

Py(k
Wind Farm 1 ELY Py(k)

(all power sources respond directly together to any load
variations). This configuration is called a control area within
which the frequency is assumed to be the same regardless of
the state that the network can go through (static or dynamic
states). Since a tie-line transmits power within or outside
a control area (microgrid), this fact must be accounted in
the additional power balance equations for each control
area.

Energy System Model
Overall Structure of the Microgrids

From Fig. 1, it can be seen two interconnected microgrids.
The main source of microgrid 1 is conventional hydro power
plant (synchronous generator 1 or SG 1, denoted by P (k))
and microgrid 2 has a conventional thermal power plant as
a main source (synchronous generator 2 or SG 2 denoted
by Pg(k)). Each microgrid is embedded with a wind farm
(P> (k) and Py(k)), PV (P3(k) and Pio(k)), Battery Energy
Storage System 1 (BESS 1) (denoted by P4 (k) discharging
mode and Ps(k) charging mode), BESS 2 (denoted by
P11 (k) discharging mode and Pj>(k) charging mode) and
system load (Pr (k) and Pr;(k)). Two ac ties-lines are used
to interconnect the two microgrids (tie-line 1 denoted by
Ps (k) and P; (k) for tie-line 2). The active powers from wind
farm, PV and the active load demand considered as inputs
data are given and used under profile form.

PCCI AREA I

Py(k) Large Thermal
Plant

Py(k

Pyk
P5(k)

Pri(k)y
N w =y

Fig.1 Power system model
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System 1
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Wind Farm and PV Array

The data used in this study are taken under profile form for
wind farm 1 and 2 and PV 1 and 2, for one day or 24 hours.
The profile was generated based data used for wind farm
and PV in the literature [33-37]. Wind farm, PV, BESS and
SG powers can be write as following:

e  For the first microgrid:
Py (k)+ P2 (k)+ P3(k)+ Ps(k) — Ps(k)— Pr1(k) = 0 (1)

e  For the second microgrid:

Pg(k) + Po(k) + Pio(k) + P11(k) — P1o(k) — Pra(k) > 0

@
All these powers are subject to the following constraints (3):
0 < Pi(k) < P™ 3)

where P"** is the maximum active power from each source.
Storage System Bank

The dynamics of the battery, charging and discharging gives
its state of charge. The general equation giving the dynamics
of the battery is given as follows (4), (for BESS 1):

Soc(k + 1) = Soc(k) + ne Pa(k) — na Ps(k) “

where Soc(k) expressed the state of charge considering a
sampling time k, P4(k) and P5(k) express the charging and
the discharging mode of the BESS 1 respectively; n. and
ngq represent the charging and discharging efficiency, both are
uncertain parameters and will be estimated for this research
work.

Equation 4 can be rewritten as followings for BESS 1
(charging and discharging mode):

0¢(0) — ne 3 (Palh) — Ps(k) = 50¢™ = —e 3 (Pa(h) — Ps(A)) = 506™ — s0c(0)

i=1 i=1

soc™™ < s0c(0) — 14 i (Pa(k) = Ps(k)) = +na i (P4 (k) = Ps(k)) < soc™" — s0¢(0)

1= 1=

&)

Considering the second storage energy system (BESS 2)
the Eq. 4 can be rewritten as follows:

Soc(k + 1) = Soc(k) + nc Pr1(k) — na Pia(k) (6)

Using Eq. 6, the mathematical development for BESS 2
gives Eq. 7 for charging and discharging mode.

j j
s0c(0) = ne Y- (Pri(k) — Pra(k)) < soc™ = —nc 3 (Pr1(k) — Pra(k)) < soc™ — soc(0)

i=1 i=1

. J J .
soc™™ < s0c(0) = na Y- (Pr1(k) = Pra(k)) = +na Y- (Pr1(k) — Pia(k)) < soc™" — s0c(0)
i=1 i=1

(N

Equation 8 gives the limit or constraints of SOC of the
storage system bank:

By™ < Soc(k) < BY™ ®)

where B‘Snin and B are the upper and lower limits of the
storage system bank for BESS 1 and BESS 2.

Energy System Control Model
Open Loop Modelling

Active power from wind, PV arrays and storage system
(BESS 1 and BESS 2) are modelled as the variable power
sources and controlled during 24 hours which is taken as
control horizon. Power transfer between the two intercon-
nected microgrids via the two ac tie-lines are optimised and

@ Springer

kept within the tolerable limits to ensure the balance of the
interconnected system as well as to decrease the stress in
the operation in the presence of unbalance conditions. The
multi-objective is to keep the active power flowing between
the two microgrids as minimal as possible and to maximise
the renewable energy production to ensure the active power
spinning reserve and increase the reliability of the system.
The first objective function is given by the Eq. 9 as follows:

N

min At Y (Ps(k) + Pr(k)) + Bf Af 9)
k=1

The second objective is formulated as the maximisation of
the production of renewable energy and expressed as follows:

N

—min ) (P2(k) + P3(k) + Po(k) + Pro(k)) (10)
k=1
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The combinations of the two objective functions give
the multi-objective function to be optimised given by the
following expression:

N N
min At Y (Ps(k) + P;(k)) + Bf .Af —max Y (Py(k)
k=1 k=1

+ P3(k) + Po(k) + Pio(k)) (11

All the constraints used for this optimal control problem are
given in following expressions:

a) Constraints given in Egs. 12 and 13 imply that the total
active power of each area is equal to the active powers
from the main generator, wind system, PV arrays and
the battery energy system; and this total power is found
applying the Kirchhoff’s current law in the main bus of

each area (Eq. 12 for area 1, Eq. 13 for area 2).

Py (k) + P2 (k) + P3(k) + P4(k) — Ps(k) = Pr1(k) (12)

Pg(k) + Py(k) + Pio(k) + P11(k) — Pia(k) = Ppra(k)
(13)

b) Constraints given in Eqs. 1 and 2 ensure that the active
power delivered by the grid, wind, PV, and BESS for
each area is equal to the local load and the load will be
supplied anytime and in any conditions.

Constraints formulated in expression (14) ensure that
the active power delivered by the PV arrays, wind
system and BESS directly to the local of each area is

greater than zero.

c)

P >0;P,>0;P3>0; P4>0; Ps >0; Pg > 0;

Py > 0; Pio>0; P11 >0; P, >0 (14)

d) Constraints given in expression (15) ensure that each
energy sourceiis constrained by two limits: a maximum

and a minimum.

Pimin < Pi(k) < Pimax (15)

Fig.2 MPC control loop

Past Inputs »

o
o

e) Equations 16 and 17 ensure that battery energy storage
system charge will not be less than the minimum value
or higher than its maximum value

min

k
s0c(0) + At.cp »  Pa(k)

soc <
i=1
1 k
—At.c—t > Ps(k) < soc™ (16)
i=1
k
soc™™ < s0c(0) + At.cp Z P (k)
i=1
1 k
—At.c—t Z P (k) < soc™ 17)

i=1

For all instances of k = 1, ....Nis the sampling time.

Model Predictive Control (MPC) Configuration
(Close Loop)

MPC is defined as the close loop control of the process
or plant which aims to predict the output. As a close loop
control process, the MPC computes by iteration process
the optimisation calculus after resampling the state of the
plant during the control horizon. The process is computed
each time there is a flow of energy from the main source
to the grid and as well the flow of the energy from the
storage system to the load for each area. The control
system can be evaluated and the process can proceed to
the next iteration based on the updated information so that
the unforeseen situation can be addressed. This process is
performed for each sampling time. The resampling process
assists the system to become more stable when experiencing
disturbances. In this research, with the dependency of the
wind or PV or weather conditions, the closed-loop system
provides the stability of the energy flow into the system. The
structure of basic control loop of the MPC is presented in
Fig. 2.

References “Traj ectory

Predicted

Model - Output @

Future Inputs “

Cost Functio:I

State and Parameters Future Error “

Estimation

TConstraints

@ Springer



3 Page6of15

Technol Econ Smart Grids Sustain Energy (2018) 3: 3

The control optimal based MPC is determined in the
same manner as the open control loop presented in Eq. 12.
The system is modelled using the fully constrained model
predictive control, satisfying the demand at any sample of
time, maximising the use of renewable energy, and ensuring
the robustness of the system against all disturbances due
to load demand variation and renewable energy resources.
The studied system has 6 inputs (3 inputs for each area), 2
outputs (one for each area). The multi-objective function is
found as follows:

k+m
min At Y (Ps(k) + P;(k)) + Bf x Af
i=l+m
k+m
— min Z (Pa(k) + P3(k) + Po(k) + Pio(k)) (13)
i=14+m
where m = 1, ... M, Mrepresents the last iteration of

the control horizon. The objective function represented in
Eq. 11 is solved using Eq. 18. From the first sampling time
the sampling interval (k + 1) of the state of the plant is re-
sampled when the process of the optimisation is repeated for
new control horizon [38]. All the constraints applied from
the open loop configurations (12) to (17) are also applied
from the closed loop control, the only difference is that the
application of the constraints at this level are applied to each
sampling interval.

The designed controller based on the MPC is described
as follows: the energy flow from the all sources defined as
u(k) are taken as control input:

u(k) = [P1(k), P2(k), P3(k), Ps(k), P5(k), Pg(k), Py(k),
Pio(k), P11(k), P12(k)] (19)

B 1
o o0 o0 no —— 0 O 0 0 O
Nd
O 0 0 O 0 0 O 0 0 O
B=| 1 1 1 1 1 1
- 0 0 0
kst ksi ks1 ksi ksi ks L1
O 0 0 O 0 _—— — —
L ksy ks ks» ksa

The output is defined by Pp1(k) + Pr>(k) linked to the
system frequency variation expressed by (Awi, Awy) and
powers from renewable energy sources as inputs introduce
disturbances in the process. The system must be able to keep
the power transfer between the two microgrids as minimal
as possible (Pg(k) + P7(k) =~ 0) and to maximise the
production of the renewable energy sources.

System Modelling

Simulation model for all linear MPC is described by discrete
linear system (Eq. 20 or state space) considering the fact that
in most application of MPC the feed-forward matrix (matrix
D) is null:

{ x(k +1) = Ax(k) + Bu(k)
y(k) = Cx(k)

where: A the system matrix (n x n); B the control matrix
(m x n); C the output matrix (n x p); x (k) the state matrix;
u(k) the input matrix and y(¢) the output matrix.

Where:

(20)

(1—-0) 0 00
. 0 (1-0)00
A= 0 0 00 @n
0 0 00
0 0
1
Ne -
nd (22)
0 0
1 1
ksy  ks2

where: kg1 and kg are system constants of microgrid 1 and
2 respectively, o a constant linked to the state variable of the
problem.

0010
C‘[oom}

x(k) = [soci(k), soca(k), Aw; (k), Aw; (k)]

(23)

(24)

where x; represents the state variable of the system, and the
Eq. 25 gives the output of the system:

y(k) = [Awi(k), Awy (k)] (25)

@ Springer

The control model strategy using MPC is based on the linear
state space system given in Eq. 20. This equation is taken
as the plant of the system to be controlled. The objective
function used in the work is given as follows [39]:

Np

1

J=Y 0t+i--n-r@+i-D*=F-R"(¥-R (26)

i=1 !
Subject to the following constraint:
Mu(r) <y (27)

where Y (k) = [y7 (&), yT (k + £), ., YT (k + Np — D17,
and y(k + %) represents the predicted value of y at step i,
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(i =1, ..., Np) from sampling time k.R(k) = [r(k), r(k +
1),...,r(k + Np — 1)] expresses the predicted reference
value for Y'; Np is the predicted horizon; and the constraints
matrix M and vector y have their proper dimensions
according to the different constraints to be designed.

The control horizon must be equal to the predictive
horizon and the predicted states and output can be found by
the following iterations:

x(k + 1/k) = Ax(k) + Bu(k), y(k) = Cx(k)
x(k+2/k) = Ax(k + 1/k) + Bu(k + 1)
x(k +2/k) = A%x (k) + ABu(k) + Bu(k + 1/k)

(28)
x(k+ Np —1/k) = ANP=x (k) +sz-1 ANp—1-i
Bu(k +i — l/ki)ZI
Y(k) =[C,C, ..., C1X (k) = Fx(k) + U (29)

where: X (k) = [xT (k), xT (k+1/1), ..., xT (k+Np—1/1)]7,
Uk) = [ul k), ul (k+1/k), ..oul (k+Np — 1/k)]7

and
S
CA?
F = ,
C AN
T CB 0o ... 0 7
CAB CB ... 0
o= . ) o ) (30)
CA’;]P‘l CA’;’P‘Z : : : CANP._NCB

Equation 29 representing the predicted output can be
substituted into Eq. 26, therefore, minimising the objective
function will be equivalent to minimising the following
Eq. 31:

J=UTEU + FU 31)
where E = ¢T¢, H = (Fx(k) — R(k))T¢.

This equation is solved by considering the constraints
given in Eq. 27:

U =argrr%]inUTEU+FU (32)
The receding in horizontal control is the basis for the
implementation of the MPC. Equation 33 describes this

situation, where I is the identity matrix with proper
dimension:

u(ky =11,0, ..., 0]U (33)

Active power from all sources and battery are considered
as control inputs. The input vector is given in Eq. 19. The
outputs of the system expressing the linear state-space form
as multi-input and multi-output called MIMO system are
used for MPC design. The system outputs are defined by the
expression given in Eq. 25, where:
Awp = (P1(k) + Po(k) + P3(k) + Py(k) — Ps(k) = Pri(k)) x (g)
Awy = (Pg(k) + Py(k) + Pro(k) + Pi1(k) — Pra(k) — Pra(k)) x (é)
(34

Equation 34 gives the frequencies variations of the
microgrid 1 (Awp) and the microgrid 2(Awy). It express
simply all the power produced minus the power load
demand and the BESS discharge time for each control area.
The state vector is given in Eq. 24.

The objective function is to maximise the use of
renewable energy and to minimise the energy transfer in the
tie-lines interconnecting the two microgrids.

Pe(k) + P7(k) = |Pp1(k) — Pra(k)| (35)
Constraints

As an optimisation problem the following constraints were
taken into account to solve the problem. The development
of Equation (27) considering equations (3) and (35) and
the input vector u(k) give two matrices: the matrix M,
(the charging constraints matrix) and the matrix My
(the discharging constraints matrix) given in Appendix as
follows:

{ Men = Yen

Mach = Yacn '

according to Eq. 27. These matrices give the compact form
including all the constraints given in points (a) to (e).

Results and Discussions

Two microgrids connected through two ac tie-lines are
considered in this research. A control horizon used is
N = 24 hours. The main conventional hydro and thermal
generator running respectively in area 1 and area 2, have
the following rating power: Pj(k) = Pg(k) = 150MW
[40]. The characteristics of PV1, PV2, wind farm 1, wind
farm 2, Load 1 and Load 2 are given and were used under
profile form (Appendix A.3) [40]. The data form hydro-
electric power plant and thermal plant (steam turbine) can
be found in [40]. Fmincon (open loop), MPC (close loop)
and Proportional Integral (PI) were implemented in MatLab
2016 in a H97M-D3H system with processor: Intel (R) Core
™5 CPU @ 3.30GHz, 3301MHz, 4 Core(S), 4 Logical
Processor (S) and RAM of 8.00GB. The effectiveness
of the proposed closed control loop (MPC) is show in

@ Springer
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Fig.3 Active power deviation
in tie-lines when microgrid 1 is
under disturbance
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this section through these some simulations results. These
simulations are based on the introduction of active power
load disturbance (0.0 MW for microgrid 1 and 0.02 MW
for microgrid 2). Using the optimal control open loop
and the close loop (MPC controller) both active power
load disturbances were generated at + =0./s. To validate
the effectiveness of the proposed open and close loop,
the results from a traditional controller algorithm based
on proportional integral were used. The presented results
are based on the three controller’s algorithm performance.
Table 2 presents the optimal values of power flow or power
balance in the system considered when no disturbance is
introduced. Where Pg1 and Pgy are respectively the total
active power generated in area 1 and area 2.

Figure 3a presents the active power deviation in tie-line
1, Fig. 3b shows the same deviation in tie-line 2 when load
variation occurs in microgrid 1. By introducing the load
disturbance in microgrid 2 (active power load variation),
Fig. 4a and b show the results of this situation. It can be seen
from Figs. 3 and 4, that obtained responses with close loop
controllers are better than the ones achieved with the open

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (s)

()

loop controller. Using the close loop controller has been
found to be more reliable and this improves significantly the
response when considering the overshoots and settling time
(Table 1).

Figure 5a and b show how the frequencies F; (for
microgrid 1) and F> (for microgrid 2) vary during the load
variation or perturbation introduced. At ¢+ = 0.2 s, the
frequency simulations can be observed from Fig. 5a for
microgrid 1 and (b) for microgrid 2. Maximum frequency
deviation is about 0.037Hz for microgrid 1 and 0.04Hz
for microgrid 2 when considering the open loop controller.
When considering the close loop, the maximum frequency
deviation is found equal to 0.022Hz for microgrid 1 and
0.0203Hz for microgrid 2. The comparison of the frequency
gives a reduction of 0.015Hz and 0.0197H7 respectively for
F;1 and F,. The PI results have shown a good performance
when compared with the open results.

The critical cases were simulated by introducing the
load variation in both microgrids simultaneously. Figure 6a
presents the variation of the active power in tie-line 1
and Fig. 6b presents the same situation for tie-line 2. The
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Table 2 Optimal values of the

interconnected systems [40] h Py(t)  P3(t)  P(t)  Poi Pri(t)  Po(t)  Pio(t) Pu@)  Ps Ppa(1)
1 43.31 0.00 6.35 199.65 191.22  21.79 0.00 8.84 180.63 178.69
2 43.32 0.00 1271  206.03 19023  16.78 0.00 11.82 178.6 176.94
3 43.52 0.00 9.81  203.31 19042  13.80 0.00 8.93 172.73 168.64
4 43.42 0.00 14.68  208.1 191.33 13.79 0.00 10.72 174.51 173.87
5 43.14 0.00 18.14  211.28 193.05 13.78 0.00 12.72 176.5 175.67
6 43.78 0.08 19.65 21351 20643 13.76 0.09 17.81 181.66 172.05
7 42.62 7.74 9.12 20948 211.26 13.77 2.18 8.36 174.31 172.06
8 44.41 10.54  17.28 22223  215.12 19.78 5.90 19.94 195.62 197.26
9 41.63 11.55 1447  217.65  204.09 13.77 5.02 16.29 185.08 184.97
10  41.70 1454 1840 22464  206.14 17.77 11.14 19.42 198.33 174.10
11 40.79 16.44 1987 227.1 208.13 18.82 18.43 17.22 186.04 183.99
12 40.58 17.35 16.08  224.01 21391 14.81 26.62 10.65 202.08 200.99
13 41.87 19.60 1138 222.85 227.75 13.71 19.62 3.16 186.49 191.02
14 4262 19.78 12.09 22449 21331 13.74 19.49 14.58 197.81 185.00
15 4326 2004 18.60 2319 221.78 13.99  21.40 19.78 205.17 204.49
16 4572 1753 11.07 22725 204.53 14.32 17.71 10.04 192.07 191.03
17 5025 21.88 1850  240.63  213.03 15.13 22.62 19.83 207.58 206.39
18  55.55 0.01 19.14 22470 21595 20.16 0.00 18.78 188.94 177.64
19  59.03 0.00 19.23 22826 21253  36.17 0.00 19.09 205.26 189.98
20 59.95 0.00 19.70  229.65 209.21 47.31 0.00 16.78 214.09 189.81
21 59.85 0.00 1273 22258 207.02 46.10 0.00 12.04 208.14 177.02
22 59.62 0.00 11.00 220.62 201.57 42.86 0.00 11.50 204.36 175.03
23 59.04 0.00 12,56  221.6 198.95  36.49 0.00 15.18 201.67 189.20
24 56.59 0.00 0.62  207.21 197.11 22.94 0.00 0.075 173.015 170.02

frequencies variation corresponding to this situation are shown

in Fig. 7a and b, for Microgrid 1 (F) and microgrid 2 (F3). Table 3 Dynamic information of the simulations

According to the results obtained, some advantages can .0 Loop OST (MW) STT(s)

be listed when considering the closed control loop over

the open loop and the PI. In presence of uncertainties of =~ MG 1 disturbed

parameter and active power demand variation the model was TL 1 OL 7.21 9.2

robust and the response to re-equilibrate the system was fast. CL 3.11 6.3

This can be seen through presented the simulation results. PI 7.01 8.5

The comparison of performance between the proposed TL 2 OL 7.35 9.6

closed loop controller and the open loop schemes were CL 3.15 7.1

carried out and can be seen from the presented results. It is PI 72 9.1

can be seen that from the presented results, the closed loop MG 2 disturbed

controller response is much more effective when compares TL1 oL 75 9.1

with the open loop (based on optimal control) response; CL 42 54

and the closed control loop was found to be more suitable TL 2 OL 6.7 8.3

to deal with more efficiency with both power demand CL 3.4 6.2

changes and parameters uncertainties of the system. Also, it PI 6.5 8.7

is o7.bserved that both the close loop or MPC and the open  nG 1 and MG 2 disturbed

loop controllers are robust, but the closed loop controller TL 1 OL 6.7 12.8

approach has the advantage over open loop controller CL 51 1021

with regards to faster damping oscillation, the reduction PI 63 131

of parameters variations, and frequency enhancement. The TL 2 OL 73 12.8

constituted system performance based and observed using CL 54 951

the dynamic parameters, mainly composed by the settling PI 3.1 123

time, overshoot and undershoot; this can be seen in Table 3.
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Table 3 gives some results concerning the dynamics
information of the simulations conducted after using
perturbation techniques as explained in this section.

Where MG (Microgrid), PI (Proportional Integral controller),
TL (Tie-Line), OL (Open-Loop), CL (Close-Loop), OST (Over-
Shoot Time) and ST (Settling Time). The comparison between
the open and the close loop are presented in this paper.

Conclusions

The aim of this research was to present the simulations of
open loop based on optimal control theory and the close
loop based on the Model Predictive Control. The compari-
son of these two control models were based on the network-
model of interconnection of two microgrids via two ac
tie-lines. The results show the effectiveness of the method
used when it comes to the problem posed and resolved
in this research. Three different cases were introduced by
load variations in the first microgrid, second microgrid and
both simultaneously, were considered to have different
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simulations results. Based on the simulation results, the
close loop control shows a higher accuracy and faster than
an open control loop strategy scheme even for complex
dynamical system. All these results have demonstrated that
those obtained using the closed control loop (MPC) con-
troller have shown robustness against large power demand
changes and system parameters variations and has better
performance in comparison with the open loop controller.
In two words: the peak undershoot and the settling time
were reduced. The results presented in this research were
compared with the one obtained with PI and show that
the implementation of the open and closed loop of con-
trol when considering an interconnection of the sources
of renewable energies (PV, wind) depend strongly on the
weather.

Appendix

A.1. The Charging Constraints Matrix of the System
is Given as Follows:

e=NeNoBoBeoNololeo oo«

)

P1 mx
Pymx
Psmx
Pymx
Psmx
Pemx
Pymx
Psmx
Pomx
Piomx
Pyymx
Piomx
Pren

Pemx
Plex
Promx

@ Springer



3 Page12of15 Technol Econ Smart Grids Sustain Energy (2018) 3: 3

where Prgyis the total active power from the renewable
energies sources.

A.2. The Discharging Matrix of the System is Given
by the Following Matrix:
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,14 .3%xones (1,N/24),11.4xones (1,
9.8xones (1,N/24),0.0xones (1,
0.0xones (1,N/24),0.0xones (1,

,0.0%o0ones (1,N/24),0.0xones (1,
0 (

A.3. The System Parameters

Sampling time: t;, = %;

Control horizon N = 24;

s0cmax = 0.95; socmin = 0.25; s0co = 0.35; Eff =
0.85 for BESS 1 and BESS 2.

.0xones (1,N/24),0.0%ones (1,
N/24)]1';

Main generators rated power: SG1 = SG2 = I50MW; e

Active power from PV 1 and PV 2 under profile as follows:

PV_max=[0.0%ones (1,N/24),0.0xones (1,
N/24),0.0xones (1,N/24),0.0xones (1,

N/24),0xones (1,N/24),0.08+ones (1,

N/24),5.3xones (1,N/24),9.25xones (1,
N/24),9.3xones (1,N/24),5.3xones (1,
N/24),7.6xones (1,N/24),9.2xones (1,
N/24),9.9xones (1,N/24) ,15.3%ones (1,

@ Springer

Active power from WF 1 and WF 2 are also given under
profile form.

Load demands in MG 1 and MG 2 are also given under
profile form

Load.model=[5.3xones (1,N/24),5.1*ones
(1,N/24) ,4.2xones (1,N/24),6.1l+ones (1,
N/24),10+ones (1,N/24) ,14.3%ones (1,
N/24) ,1l6xones (1,N/24),21.4+xones (1,
N/24),15.6xones (1,N/24),9.3*ones (1,
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N/24),12.6+ones (1,N/24),21.
N/24),23.6+ones (1,N/24) ,26
N/24),28.1lxones (1,N/24),21.
N/24),18.8xones (1,N/24),18.
N/24),20.8xones (1,N/24),27.7+«ones (1,

Fig.8 Control scheme of the
microgrid for area 1

2xones (1,
.3xones (1,
4xones (1,
9xones (1,

N/24),28.9xones (1,N/24),21.7+ones (1,
N/24),10.9xones (1,N/24),9.7+ones (1,

N/24)1";

A.4. Control Scheme of the Micro-controller

PV 1 WF 1 BESS 1

v A4 A4

Control core

!

Process startatt=T + 1 =

Y

Measures state variables and outputs

v

Linear and non-linear
constraints

_ | Compute the predictions of outputs overs

a finite horizon N

v

Solve and minimise the objective
function f

v

Apply the optimal control input

.
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