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Abstract

This paper presents a control system and energy management strategy (EMS) with a standalone and grid-
connected mode in the microgrid. The microgrid is energized by distributed energy resources (DER) such
as photovoltaic panels, wind turbines and lithium-ion batteries. The controller structure for regulating the
voltage regulation in this microgrid consisting of renewable energy sources and an energy storage system
is covered. Overshoot, rise time, settling time performances of designed self-tuning fuzzy proportional-
integral-derivative (SFPID) controller and conventional proportional-integral-derivative (PID) controller
examined comparatively. In addition, an EMS has been proposed for loads that fed in the microgrid. Here,
the aim is to make maximum use of RESs as much as possible, maintain voltage regulation, and ensure
continuity in the feeding of the critical load. The system switches between the standalone and grid-
connected modes if necessary. A model of the microgrid's dynamic behavior is constructed, and it is
simulated in the MATLAB®/Simulink environment. The proposed SFPID controller stabilizes the bus
voltage and frequency oscillations within the allowable tolerance limits in a short time despite the

disturbance effects on the generation and load side.

Keywords: Energy management system, fuzzy controller, microgrid, renewable energy system.

1 Introduction

In traditional power systems, energy production
methods are largely based on fossil fuels, and the
negative effects of these fuels on the environment have
become quite alarming. In these systems, central power
plants are preferred to meet the energy needs of
consumers, and the network structure is interconnected.
Therefore, high voltage transmission lines are required
during the transmission of energy to the consumption
centers. This is the reason for investment costs increase
and transmission losses. The production of clean energy
in distributed energy resources (DER) based on
renewable energy systems (RES), such as photovoltaics
(PV) and wind energy (WT), plays an important role
due to the positive impact on the environment [1, 2]. In
recent years, microgrid (MG) structures fed with
alternative energy sources have been raised. The MG
system has efficiency, ease of control, and network
integration.
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MGs are small community networks, and they have
attracted much attention in recent years due to their
advantages, such as reducing power losses in
transmission lines, achieving maximum utilization from
RES, and providing reliable energy to consumers.
Typical MGs include PV arrays, WTs, energy storage
systems (ESS), power DC/DC converters, DC/AC
inverters, and local loads that can operate standalone or
grid-connected mode in power systems [3]. MGs, which
can operate both connected to the main grid and
independent of the grid, have proven to be efficient in
eliminating the negative effects of intermittent energy
generation depending on weather and environmental
conditions [4].

MGs are vital for managing existing energy sources,
frequency and voltage control, and the smooth and
optimum operation of the existing network. In an energy
system, it is necessary to keep the amplitudes of the
voltage of the load buses within certain operating limits
in both steady-state and transient voltage stability
events. In the literature, many methods such as fuzzy
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logic controller [5], self-tuning fuzzy PI/PID (SFPID)
controller [6-9], adaptive neuro-fuzzy controller [10],
conventional PID controller [11], predictive power and
voltage control [12, 13] are recommended for voltage
control in MG. In addition, energy management and
optimization have become the focus of research
conducted on MGs. The control methods used in the
optimum operation of MGs can generally be grouped
into four classes such as centralized [14], decentralized
[15], distributed and hierarchical control methods [16-
18]. Three-level hierarchical control methodology is
widely used, including primary, secondary and tertiary
control levels [19, 20]. Ziouani et al. [21], a control
strategy based on a hierarchical approach, is presented
to operate MG, which continuously switches between
island mode and grid-connected modes. In order to
regulate the output voltage, the inner control is used to
improve the stability in the primary control, amplitude,
and frequency for active and reactive power-sharing.
Mohamed et al. [22] developed a tertiary control
algorithm for DC MG, and a laboratory-scale test was
performed experimentally.

In this paper, the SFPID controller has been suggested
to minimize voltage oscillations in a MG consisting of
RES and ESS and improve the voltage response of the
system. The designed controller is compared with the
conventional PID controller. Furthermore, an energy
management strategy (EMS) has been proposed to
regulate power flow in MG. The suggested EMS
ensures that the voltage and frequency in the MG are
maintained at the specified limits and switches between
the standalone and the grid-connected modes to ensure
continuity in the supply of the critical load.

2 Configuration and Modeling of the Microgrid

PV arrays and WTs based on permanent magnet
synchronous generators (PMSG) form renewable energy
sources in the MG structure. A battery pack is available
to provide the needed power in cases where the
generated power cannot meet the load demand. Also,
MG includes power electronic converters and dynamic
loads used as interfaces in connecting these sources to
the DC bus. These components are connected through a
DC bus, as shown in Figure 1.

A 400V DC bus is created for RES and ESS. A
converter is used when connecting the PV system to the
DC bus. The wind turbine based on a PMSG is first
converted to DC with the help of a three-phase rectifier
and then connected to the DC bus via the boost
converter. Here, taking changes in bus voltage and
power as a reference and with the control of the boost
converter, RES is worked at the maximum power point
(MPP). The ESS is connected to the DC bus via the

bidirectional converter to perform charging and
discharging according to the state of the energy. The
SFPID controller has been suggested to minimize
voltage oscillations between MG and AC loads and
improve the system's voltage response. The EMS's
integration among source, load, and network is carried
out according to the priority of the loads. If the
resources are insufficient to feed the critical load, the
grid-connected mode is switched.

In the suggested MG structure, the total load is 9 kW
and the critical power (P..) is defined as 2.5 kW, load2
(P,,) 3.5 kW and load3 (P,3) 3 kW. The installed
power capacity of the system is a total of 11.1 kW,
including PV generation system 6.1 kW and WT
generation system 5 kW. The energy capacity of the
ESS unit used as a storage device in the system is
determined as 6 kwh.

2.1. Photovoltaic System

PV systems are one of the most important RES and
convert irradiant energy directly into electrical energy.
Since the electrical energy obtained from the PV system
will vary depending on the sun's position, clouds and
temperature changes, the operation of PV arrays at the
MPP is important for system efficiency. In the boost
converter structure, perturb and observe (P&O)
technique provides working at the MPP. Figure 2 shows
the boost converter structure, and Table 1 shows the
electrical characteristic of the PV module.

Table 1. Electrical characteristics of the photovoltaic
module (25 °Cand 1000 W/m?).

Description Symbol Value
Maximum power (W) Prax 305.23
Open circuit voltage (V) Voc 64.2
Voltage at MPP (V) Vinpp 54.7
Cells per module Neen 96
Short-circuit (A) I 5.96
Current at MPP (A) Lnpp 5.58
Diode saturation current (A) I 1.36e™
Shunt resistance (€2) Ry 420.55
Series resistance (Q) R, 0.3778
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The PV system consists of 20 modules, five parallel
strings and four serial modules per string. As seen in the
relationship between the P-V and I-V curves of the PV
arrays in Figure 3, the installed capacity of the PV
arrays is 25 °C cell temperature and 6105 W in the
irradiance of 1 kW/m?. The output voltage of the PV
arrays from 218.8 V is increased to 400 V DC bus
voltage with the boost converter.
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2.2. Wind Energy System

One of the other essential RES is wind turbines. Many
types of generators are used in wind turbines. One of
them is PMSGs, which can be used directly in wind
turbines without a gear system. For this generator type,
the rotor magnetic flux is generated by permanent
magnets; therefore, it has no brush mechanism. Since
there are no rotor windings, there are no winding losses,
and a high-power density can be achieved [23]. The
WT, diode rectifier and MPPT controlled converter

structure are shown

in Figure 4. The technical

characteristics of the PMSG are listed in Table 2.

-t

rpr——

Figure 4. Wind turbine and boost converter structure.
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Table 2. Technical characteristics of the PMSG. Table 3. Technical specifications of the ESS.
Description Symbol Value Description Symbol Value
Nominal PMSG power (W) P, 5000 Maximum capacity (Ah) Q 30
l;lto:nlnal ytiltage ((SIS;L) V) ;n O?)éi o Nominal voltage (V) v, 200

ator resistance s .
Stator inductance (mH) Lg 0.975 Fully charged voltage (V) Vr 2328
No. of pole pairs p 4 Cut-off voltage (V) V. 150
Flux linkage (V.s) oy 0.1688 Internal resistance (£2) R; 0.0667
Viscous damping (N.m.s) F 0.0004924 Nominal discharge current (A) I, 13.04
Moment of inertia (kg. m?) Ji 0.003945

2.3. Energy Storage System

The ESS is connected to MG's DC bus with a
bidirectional converter. The energy surplus obtained
from RES and not used on the load side is stored in
ESS. Energy stored is used to meet the demand of the
load when the network is not sufficient or the network is
not available. Thus, both the critical loads are not de-
energized, and the control of the voltage and frequency
components is provided within limits. According to the
Coulomb Counting method, SOC is given in Equation
(2.2).

t

Iy
SOC(t) = SOC(t—1) + f ot 2.1)
0 “b

Where SOC(t — 1) is the initial value of SOC right
before I, battery current is applied to the battery cell, C,
is the capacity of the battery and time t of the battery.
Charging the battery is performed according to the
limits determined in the control algorithm. These limits
are important for the safety of the battery and are given
in Equation (2.2).

SOCpin < SOC < SOCpnay (2.2)

SOCpin and SOC,, 4, are the minimum and maximum
charge states of the battery. These values are determined
as 20% and 100%, respectively. The ESS structure is
given in Figure 5, and the used system's technical
characteristics are given in Table 3.

Figure 5. Battery and bidirectional converter structure.
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3. Voltage Source Converter and SFPID controller

The voltage source converter (VSC) converts the DC
input voltage to a symmetrical AC output voltage at the
desired amplitude and frequency. The inverter gain, also
known as the modulation index, can be defined as the
ratio of the AC output voltage to the DC input voltage
[24]. The adjustable output voltage is obtained by
controlling this gain parameter in the inverter with the
suggested SFPID. The block diagram based on the
SFPID controller is given in Figure 6.

Power

'0935mH | 0323mH |

Sources

I{/
1]

1]"‘ 24uk

'l AWM ‘ O :

Figure 6. Block diagram of SFPID controller.

The feedback error of the fuzzy inference system is e
and the derivative of the error is Ae. They are given in
Equations (3.1) and (3.2).

e(t) = Vyep (£) = V() (3.1)
Ae(t) =e(t) —e(t—1) (3.2)
Where  V,.((t) represents reference input, V,(t)

represents output signal. Feedback error e and Gaussian
membership functions are used during the fuzzification
of the derivative of the error Ae, and it is represented in
Equation (3.3) [25].

Where the width of the fuzzy set is o and the center of
fuzzy set c. Thus, the input data e and Ae are converted
to the appropriate linguistic value using the fuzzy
Mamdani inference model. The fuzzy inference system
linguistic variables are organized as negative big (NBB),

(c —x)?

202

f(x;0,¢) = exp (— (3.3)
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positive big (PBB), negative small (Nss), positive small
(Pss) and zero (ZR). Rule bases are given in Table 4,
and Table 5 and membership functions for input and
output variables are given in Figure 7. In the next step
of the fuzzy inference system, K,,, K; and K; outputs are
determined according to the rule base defined in Table 4
and Table 5. As an example;

IF e(t) is NBB and Ae(t) is ZR THEN K, is Pss, K is
Nss and K; is Nss. All other cases are described
similarly.

Table 4. The rule base of K, and K,

e\Ae NBB NSS ZR PSS PBB
NBB PBB PBB PSS PSS ZR
NSS PBB PSS ZR ZR NSS
ZR PBB ZR ZR ZR NBB
PSS PSS ZR ZR NSS NBB
PBB ZR NSS NSS NBB NBB

Table 5. The rule base of K;

e\Ae NBB NSS V4 PSS PBB
NBB NBB NBB NSS NSS ZR
NSS NBB NSS ZR ZR PSS
ZR NBB ZR ZR /R PBB
PSS NSS ZR ZR PSS PBB
PBB ZR PSS PSS PBB PBB

Degroe of membamtip

Figure 7. Gaussian membership functions for input
variable (a) e(t) (b) Ae(t) and output variable (c) K,
gain (d) K; and K, gain.

Finally, the fuzzy output is converted to a sharp control
signal in the defuzzification process. The centroid
method defined in Equation (3.4) is used during this
process.

_ Xim X p(xy)
B Dz H(x) 34

Where, x is the defuzzified value, x; indicates the
sample  element, u(x;) is the membership function,
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and n represents the number of elements in the sample.
Thus, the best proportional gain constant Kp, the
integral gain constant K; and derivate gain constant
K, outputs are obtained. These values are used as the
multiplier in the calculation of PID coefficients.
According to Equation (3.5)-(3.7), the PID controller
parameters are updated.

K, = Kpo * K, (3.5)
K; = Ko * K/ (3.6)
Kd = KdO * Ké (37)

Where, K, is proportional modification coefficient, K;
is integral modification coefficient, K is derivative
modification coefficient. The initial values of the PID
controller are calculated using transfer function-based
Simulink PID Tuner. K, is initial proportional gain
(0.02), K;, is initial integral gain (0.6), and K, is initial
derivative gain (0.0001). The control signal of the
SFPID controller is defined as shown in Equation (3.8).
Simulink block diagram of the MG is given in Figure 8.

de(t)

= (3.8)

UFPID = er(t) + KL' f e(t) + Kd

Finally, filtration is performed to bring the voltage at the
inverter output closer to the form of a sinusoidal wave.
An LCL filter was used for this purpose. As a result of
the analyzes, calculated values of inductors L, and L,
and capacitor C are 0.935mH, 0.323mH and 16.24 pF,
respectively (see Figure 6).

4. Energy Management System in DC Microgrid

The EMS provides coordination between MG's
standalone mode and grid-connected modes. It also
allows activation and de-activation of loads in a
controlled manner. Depending on the state of the
sources and loads, the power equation in MG should be
defined as in Equation (4.1).

va+Pwd=PL T Ppase (4.1)

Where, the Py, represents battery power, P,,,Pyq
represent power generated by PV array and WT,
respectively. P, represents the total power of loads that
are connected to MG. Similarly, the total load is defined

by Equation (4.2).

P+ Py + P+ Pross = P (4.2)
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Figure 8. Simulink diagram of the MG architecture.

P.. represents the critical load that must be active
continuously. P,, and P,; are loads that can be

Table 6. MG transition strategy

controlled according to the load condition. The EMS
flow diagram between power supplies and loads is

shown in Figure 9.
In this case, scenarios related to SOC are given in Table

6. According to the flow diagram, if the total power
produced by RES is insufficient to meet the demanded

power, the battery supplies the energy as required. If
SOC falls below 50%, it opens the S, circuit breaker,

and so load2 is disabled. If SOC falls below 40%, it

opens the S circuit breaker, and so load3 is deactivated.

Scenarios | Transition Events
conditions

1 SOC<SOC,.x |Battery discharging, PV
and WT are in MPPT

2 SOC<50% Load2 shedding, PV
and WT are in MPPT

3 SOC<40% Load2 shedding, PV
and WT are in MPPT

4 SOC<SOCin | Pgrid—» ON

5 SOC>SOCax | Pgrid—» OFF

Start ’
" Tis

Carmgumem madels and
read lapats
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P = (P s il)

-
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tersery
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Figure 9. Flowchart of the proposed EMS.
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If the SOC, which is determined as the safe range for
the battery, falls below the SOC,,;, level, the power
flow from the battery to the load is stopped. The grid is
switched to connected mode, and the battery is charged
in this case. If the production capacity of the power
supplies is greater than the demanded load, the energy
surplus is stored in the battery. When the battery reaches
SOC,,. level, excess energy is transferred to the grid.

5. Simulation Results and Discussion

In Figure 1, the block diagram is simulated in the DC
MG MATLAB®™/Simulink environment. A SFPID
controller is designed for system voltage stability. The
comparison of PID and SFPID controllers is given in
Figure 10. The performance values for the PID and
SFPID controllers are given in Table 7. Reference root
mean square (RMS) value of output voltage in MG is
230 V. When a PID controller is used in the control
structure of the VSC, the overshoot value of the output
voltage is 244 V, and this value is 236 V when the
SFPID controller is used. Similarly, for the PID
controller, the rise time is 0.035s, and the settling time
is 0.301s, while for the SFPID controller, these values
are 0.021s and 0.075s, respectively. The results show
that the proposed SFPID controller improves the
overshoot 57.14%, rise time 40% and settling time
75.08% in performance criteria compared to the PID
controller.

Table 7. Comparative performance analysis of PID and
SFPID controllers.

Parameter PID SFPID
Overshoot (%) 6.087 2.609
Rise Time (s) 0.035 0.021
Settling Time (s) | 0.301 0.075

The voltage and frequency stability of the MG on the
standalone and grid-connected modes has been analyzed
under variable production scenarios. In these scenarios,
the solar radiation is 0.2-1 kW/m?, and the wind speed is
changed autonomously between 8-12 m/s. When the
simulation is started, the SOC of the battery is 80%. The
changes in the power flow between the source and the
load are given in Figure 11. In the initial case, the solar
panels produce 6.08 kW in 1 kw/m?, the wind turbine
produces 5.4 kW at 12 m/s, and the totally produced
power is 11.08 kW. In this case, all loads with a total of
9 kW are operational. The surplus 2.26 kKW power is
transferred to ESS. When solar irradiance decreased to
0.25 kW/m? at second 2, the energy obtained from solar
panels decreased to 1.59 kW. In this case, because the
power supplies are insufficient to meet the demand
power, 2.5 kW of power is met from ESS to meet the
total load.
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Since the SOC value of the battery falls below 50% of
the limit value defined in the EMS in 5 s, load2 with the
lowest priority level of 3.5 kW is disabled, and surplus
0.52 kW power is used to charge the ESS. It is assumed
that wind speed is to fall to 8 m/s and the solar
irradiance is 0.1 kW/m? in the 6th second. Since the
power produced under these conditions could not meet
the current demand load, the ESS in the charge state
went into discharge mode with 4.33 kW power to meet
the remaining load demand. When ESS continues
discharge for a while, SOC falls below 40%, load3 with
low priority was disabled and critical load continued to
feed. Discharge operation is stopped because the battery
charge falls below SOC,,,;,, level in the 10.2th second. In
order to be ensured of feed of the critical load, EMS
switched to grid-connected mode. When the system
switches to the grid mode, all loads are supplied, and
RES has charged ESS. As the SOC level of ESS reached
to SOC,4, In 14 s, the grid was deactivated and
switched back to standalone mode. Thus, the supply of
the loads continues to be provided by the RES.

The variation of DC bus current and voltage in MG is
given in Figure 12 compared to PID and proposed
SFPID controller. Voltage variation in the DC bus is
shown in Figure 12 (a) for PID and SFPID controllers.
In this system, it is desired that the DC link voltage
remains at 400 V. In order to evaluate the change in the
DC bus voltage during the simulation process generated
in different scenarios, voltage regulation values
maximum positive & and lowest negative & were
obtained according to Equation (5.1) [26].

e — min(wy)

& = .100%

U
(5.1)

& =

. — max (uy)

.100%
U

Where, 1y is reference DC voltage and u; is the DC
voltage value at the time of operation. Maximum
oscillation in the DC bus voltage has occurred in the
14th second due to changes in scenarios or load after the
condition in which MG gets into a steady state. As seen
in Figure 12 (a), considering the oscillation values that
continued for 200 ms in the 14th s, the voltage
regulation results obtained from the PID controller are
8.75% and 0% ( & and ¢; ), and the results obtained
from the proposed SFPID controller are 4.85% and 0%,
respectively. The variation of the DC bus current is
shown in Figure 12 (b) for both controllers. Here, the
DC current change of the system depending on the load
is seen. The fluctuation of the DC bus current is seen to
be high at the start. This is due to the voltage and
current oscillations during the wind turbine operation.
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The graphs of the change in the maximum and RMS
values of the load voltage during the simulation process
(SFPID) in MG are given in Figure 13. Similarly, the
biggest oscillation in the AC bus voltage after the
steady-state of the MG occurred at 14s. Considering the
maximum and minimum voltage values of the
oscillation that continued for 150ms, the voltage
regulation results & and ¢ are obtained as 0% and -
1.74%, respectively (see Figure 13(b)). According to
these results, it has been shown that the oscillations in
the load voltage are within limits according to the EN

8

g

o

50160 standard [27]. The graph of the change in system
frequency during the simulation process in MG is given
in Figure 14. The changes in scenarios or load after the
stabilization of MG, the maximum oscillation in the
system frequency occurred at 14.38 s and lasted for 200
ms (10 cycles). This shows that the oscillations are
within the limit values according to EN 50160 standard.
Similarly, it has been observed that the SFPID
controller greatly reduces oscillations in the system
frequency relative to the PID controller.

(a)
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Figure 13. Graph of the AC load voltage change of MG (a) Maximum AC load voltage value (b) AC load voltage

RMS value.

504

50.3

Frequency [Hz]

o

PO
—SFPID|

Time [s]

Figure 14. Effect of PID and SFPID controllers on system frequency.

Also, the total harmonic distortion (THD), a measure of
the formal proximity between the output waveform and
its main component, is one of the performance criteria
that measures power quality. As seen from the graphics

in Figure 15, THD,, and THD;, in the voltage and current
are measured, and it is seen that they are within the limit
values according to IEC 61000-4-7 standard [28]. A
comparative graph of current and voltage harmonics of
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SFPID and PID controller is shown in Figure 16. The
THD is calculated as 3.54% and 3.29% for voltage and
current when using the PID controller in the MG. On
the other hand, THD for voltage and current in SFPID is
3.14% and 3.12%, respectively. The results clearly
showed that the THD ratio is improved by 9.4% for
voltage and 5.17% for current compared to the proposed
SFPID  controller with the PID controller.
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6. Conclusion

In this study, a MG structure consisting of RES with
ESS has been developed to operate in standalone and
grid-connected modes. The aim is to make maximum
use of RES. However, RES and ESS resources may be
insufficient to feed the critical load, the worst-case
scenario. In this case, MG switches between standalone
and grid-connected modes to ensure continuous feed.

In the MG, the SFPID controller is designed for voltage
regulation stability compared with traditional PID
controllers. Results show that compared to the PID
controller, the SFPID controller diminishes overshoot at
voltage signal at the system output by 57.14%, shortens
settling time by 75.08% and improves rise time by 40%.
Thanks to the designed controller and suggested EMS
system, the system performance is good and within limit
values under all scenarios.
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Future work will include a hierarchical control method
and hardware implementation for several MGs and
ESSs.
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