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Abstract: Energy provided by microgrids should be considered, especially because their purpose is
to supply loads from the available power source of the combined sources of energy, including the
grid, optimally and efficiently to satisfy the load demand securely and economically. Sensing the
accuracy of the different physical parameters of the combined power sources and energy storage
plays a crucial part in the efficiency and resilience of microgrids. The present microgrids mostly
use conventional sensors, which are greatly impacted by ambient conditions such as high-voltage
(HV) and electromagnetic interference (EMI). So, this paper presents an enhanced microgrid based
on replacing the conventional sensors with fiber Bragg grating (FBG) sensors renowned for their
immunity to EMI and HYV, in addition to the virtue of distributing sensing capability. The enhanced
microgrid based on FBG sensing was tested experimentally at different potential points predefined
on the microgrid and validated with a microgrid simulation model. Real-time measurements of
FBG and conventional sensors were recorded at the potential points and applied to the Simulink
model to compare the performance for both cases. The unit and integration tests showed an obvious
improvement in the accuracy and resiliency of the microgrid by using FBG sensors.
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doi.org/10.3390/en15249273 The key components of microgrids (MGs) such as switches, sensors, energy sources,
and energy storage are integrated to allow the microgrid to function efficiently and se-
curely [1]. Moreover, energy harvesting, and management of MGs can be realized by
Received: 27 October 2022 efficient energy extraction from renewable energy sources (RES) and storing excessive
Accepted: 3 December 2022 energy efficiently in energy storage devices [2—4]. In addition, loads of MGs can be con-
Published: 7 December 2022 trolled, and the energy consumption is managed based on conditional monitoring and
Publisher’s Note: MDPI staysneutral ~ Femote control of MGs [5]. That means controlling loads, and managing energy sources
with regard to jurisdictional claims in  and storage devices in MGs require accurate sensing devices combined with wire and
published maps and institutional affil- ~ Wireless communication, as can be seen in many research works including what is pre-
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iations. sented in [6]. In that research, the authors tested their work on an ABB-distributed control

system (DCS) based on conventional systems. Furthermore, several research works in the

literature have shown how crucial it is to monitor the component of MGs accurately to
BY

secure the resiliency, reliability, and optimal economical operation of MGs [7-11]. Moreover,
some research work has shown a remote control based on a human-machine interface
(HMI) and conditional monitoring based on conventional sensors [3-5]. The conditional
monitoring and remote control of MGs found in dozens of recent research works have been
performed based on conventional sensors considering the specifications listed in datasheets,
including accuracy and response speed. However, there has been no consideration for the
environmental working conditions in which these conventional sensors are utilized, such
as harsh weather conditions, high-voltage, and electromagnetic interference effects. Seeing
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conditional monitoring and remote control of MGs from the perspective that considers the
anomalous conditions highlights a great problem because metrics and trends yielded by
conditional monitoring are based on thousands of measurements and sensors’ readings
of conventional sensors that could be affected by abnormal ambient operating conditions.
All physical parameters of MGs, such as current, voltage, temperature, humidity, torque,
strain, stress, and tilt are vulnerable to such effects when using conventional sensors [12].
As a result, all decisions taken by the control systems of MGs based on such sensors might
be doubtable depending on the working environment conditions and how far these con-
ventional sensors are affected by such conditions. In conclusion, the performance of MGs
is affected by the type of utilized sensors and the same for the reliability, security, and
resiliency of MGs [13]. This research aims not to describe the results of the conditional
monitoring, and remote-control work of MGs presented in the literature. Instead, it aims to
highlight the error margin that could be there in such work due to utilizing sensors that
might be showing inaccurate behavior in anomalous working conditions. In addition, it
presents a better replacement for a sensing technology that has shown robust immunity
to high-voltage and EMI in addition to other features. However, first, it is important to
prove the defects of the conventional sensors in MGs applications under such abnormal
operating conditions. This can be proven in two ways: finding some experience presented
in the literature or proving it experimentally. For the literature part, the USA loses USD
150 billion every year because of power outages mostly caused by defects in conditional
monitoring and remote-control systems of MGs [14]. Surveying the literature also proves
the secure operation of MGs; there should be expected a timely and accurate response that
acts dynamically based on accurate conditional monitoring in energy applications such as
tracking the maximum power point of PV power systems and battery charging systems that
can be realized by having a highly accurate sensor with immunity to external conditions
such as HV and EMI [15-18]. Furthermore, in large-scale MGs, when a balance between
load demand and energy source capacity is required based on remote communications and
conditioning monitoring of MGs, accurate and constantly accurate sensors at normal and
anomalous conditions should be used [19,20]. The other way to prove the margin of error
of using conventional sensors in MGs is to prove it experimentally, which is the aim of this
paper, in addition to introducing a better replacement that could resolve that issue and
enhance the performance, accuracy, efficiency, and operating security of MGs. The fiber
Bragg grating (FBG) sensing technology was used in this research to enhance MGs thanks
to the proven immunity to HV, EMI, and chemical effects [21]. On top of that, it provides
the distribution or multiplexed sensing capability, which covers long distances and wide
surface area. On the other hand, the conventional sensors cannot offer these unique features
of the FBG sensors [22]. Therefore, FBG sensors have been utilized in various medical,
civil, electrical, mechanical, aerospace, maritime, and hybrid energy power systems, and
military applications [23-26]. The paper presents this improvement by implementing MG
experimentally alongside MG Simulink for validation. Potential points at MG were defined
and measurements were taken using conventional and FBG sensors at different operating
scenarios. Then, readings were compared, showing the difference in accuracy. Lastly, all
readings were applied to the MG Simulink to compare the performance parameters in
two cases.

The paper is organized as follows: Section 2 presents the methodology and Section 3
describes the demonstrates the results. Ultimately, Section 4 concludes the work.

2. Materials and Methods

To achieve the objective of this research, which was a comparison of the performance of
the conventional sensors and the FBG sensors in MGs, experimental and simulation-based
models of MG were designed. The potential points were decided to install both types of
sensors: conventional and FBG sensors. The dataset yielded by the taken measurements
applied to testing scenarios including power sources, transformers, energy storage, DC,
and AC loads. Two types of commercial temperature sensors were used: the LM35 analog
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sensor and the DS18b20 digital sensor. Moreover, a commercial FBG TSHH-S sensor with
an interrogator ODAQ data acquisition box is used for testing.

2.1. FBG Sensing Background

This section introduces the basic principle of utilizing FBG sensors in measuring
physical signals. Figure 1 depicts a basic scenario showing how the FBG temperature
sensor works. When an optical source indicated on the left is applied to the FBG sensor
with a structure and grating shown in the middle, that yields a transmitted light after
passing through the FBG that shows a reflected Bragg wavelength of FBG was deducted
from the source wave. The operation can be described as the Bragg grating inside the core
reflecting a portion of the received light and transmitting the remaining, as shown in the
right part of the Figure. The reflection occurs at and only at the grating condition realized as
in Equation (1). The principle of measuring a physical signal such as temperature based on
FBG is based on coupled mode theory which states the Bragg wavelength of FBG depends
on the effective refractive index and the grating period [27]. Therefore, for every change
that occurs to the measured physical signal, there is an equivalent change that happens
to the refractive index of the core of FBG, which in turn causes a shift in the reflected
Bragg wavelength of FBG, as depicted in Figure 1. It clearly shows the change in Bragg
wavelength of FBG from A1 to A, two changing the temperature from Tj to T;.

/\B =2A neff (1)
where:
Ap : the bragg base wavelength
A : grating period
nefs o the refractive index
T1 3
1 'y T2 T
Cladding -
Core | |11l Shiftin A /
T1>T2 —p
Cladding
Core |[[]1I]]
T2 T Ass As: Wavelength

Figure 1. An example of changing temperature and equivalent change in the Bragg wavelength of
FBG [18].

The equation model is shown for deriving a relation between bandwidth, reflectivity,
sidelobe and grating length, and the change in refractive index. The bandwidth can be
determined as follows [20]:

AN = {25"0’7} @)
s
where:
6ng: The variation in the refractive index;
n: The fraction of power in the core.
Moreover, the reflected power can be determined as follows:
sin h? (17(V)5n0\/1 - F2¥)
Pg(A) = ®)

cosh? (17(V)(5n0 V1-— F2¥) — 1?2
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where:

A : the grating periods;
V: the fringe visibility;
Lg = NA: the grating length.

Using the above mathematical equations makes it reasonable to analyze the correlation
between these input and output parameters.

2.2. Experimental Setup of MG

A complete experimental setup of MG was implemented including the basic parts
of a typical hybrid MG with AC and DC bus. It included renewable energy sources PV
arrays of power 250 W, battery bank storage (4 cells x 12 V 12 Ah), wind emulator, AC
grid, AC-DC rectifier, DC-DC converter, and DC-AC inverter, variable load AC and DC as
shown as a single line diagram in Figure 2.

—_ ;j
_,‘ ; Rectifier  DC-DC —
Converter (29
f————e . L I~ ~ 713
o ' et - ik
| \‘\8 ) | = |
| T | |- |
| I s Converter | py System |
| (10) ST | |
| — (4}
| | | |
| | AC EBlectrical Load | |
AC Wind | 82~ Essential OC Electrical Load | I
I Turbine
| | | |
| | | |
= |
O | |
I ac Programmable > | = |
| source | | (5) |
| iy,
: | | DC Programmablel
| | Source |
| / | PsDC1
L 1 C l
_____ L 5 T |
Converter
co1
™| Rectifier DC-DC L
Converter
.-"V —
Inverter ( 6 )
L~ Battery Ban
DC-DC
Converter
ACBUS DC BUS

Figure 2. The experimental setup of the proposed scheme of the MG.

2.3. Simulink Model of MG

Because the experimental setup was limited to the specific size of power and compo-
nents, a simulation model of MG was also designed as shown in Figure 3 reflecting the
potential points at which the conventional and FBG sensors will be installed, i.e., the PV
array, point of common coupling (PCC), transmission lines, buses, breakers, generators,
and loads.
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Figure 3. Simulink model of MG.

2.4. Real-Time Simulation

For integrating the collected data from measurements of the FBG and conventional
sensors, a real-time simulator based on OPAL-RT 4510 was used to interface the measure-
ments with the MG Simulink as designed in Figure 4. It shows the measurements collected
from FBG and the conventional sensors were applied to the potential points predefined
in the Simulink model via analog input ports of the OPAL-RT. Moreover, the output of
the Simulink model was applied to the scopes via analog output channels of the Opal-
RT. Moreover, Figure 5 depicts the connections and configurations between the Simulink
variables and the input and output analog channels of the OPAL-RT.

MEG

FBG sensors MATLAB ——N] OPALRT

data SIMULINK ]—l/ AOs

Compare results and show
advantages of FBG sensors
v EMI,
v bandwidth,
v’ attenuation,
v’ sensitivity

OPALRT
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data —
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’

Figure 4. Realtime simulation methodology.
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Figure 5. Realtime OPAL RT components design.

3. Results

This section presents the results of the research testing results which were planned to
be of twofold scenario: a unit testing part and integration testing as well. The unit testing
aimed at comparing the accuracy of measurements between the conventional sensors and
the FBG sensors at the named potential points. Table 1 lists the sensors used in the study
and the kind of test cases. There were dozens of potential points in the MG to install sensors
and there were many different physical signals to be measured for conditional monitoring
and control of MG. However, it was fair enough for the research and to avoid lengthening
the paper, temperature signal was selected to be measured at three of the potential points
of MG which were in the test. Two types of conventional temperature sensors and one
FBG temperature sensor were used at three selected potential points: the battery pack, PV
array, and the PCC. In addition, because HV and EMI are the most effective harsh operating
conditions, they were selected in addition to the normal operating condition to be tested in
this study.

Table 1. The testing data.

Sensors Test Cases Potential Points
MTS FBG Temperature sensors, Normal case Battery pack
DS18b20 digital temperature sensor HV Effects PCC
LM35 analog temperature sensor EMI Effects PV array

3.1. Unit Testing of MG Sensing

In these test cases, the measurements at the predefined potential points of MG were
taken for the conventional sensors and FBG sensors to compare their accuracy.

3.1.1. Normal Condition at PV Array as an Energy Source

Figure 6 shows the results of measuring the temperature at the PV under normal
operating conditions. Four sorts of measurements were taken, infrared (IR), FBG sensors,
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LM35, and DS18b20. The IR temperature sensor was of very high accuracy, so it was used
as a reference. Based on the trends of temperatures shown on the right with legends, it is
noticeable that the FBG sensors had with the most accurate readings compared with the
two conventional sensors.
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Figure 6. Normal operating conditions at the PV panel.

3.1.2. Normal Condition at the PCC

Figure 7 depicts the trends of temperature readings of the conventional sensors,
the IR reference reading, and the FBG sensor at the point of common coupling PCC. It
shows clearly the FBG was the most accurate reading and the closest to the reference
readings, while the other two types of conventional sensors were not accurate and had a
high perturbation.

Table 2 compares the readings for the normal condition at the PCC point for all
conventional sensors, IR reference, and FBG, statistically. The numbers show clearly that
the FBG had the lowest standard deviation which means it had the lowest variation to
the mean value and was the most accurate as compared to other conventional sensors.
In addition, a statistical analysis was conducted quantitively to compare the main and
standard deviation of each sensing technology readings as represented in the third and
fourth column in Table 2. The FBG mean was the closest one to the IR sensor reading mean,
while other conventional sensors went further. Moreover, the standard deviation of the FBG
and the reference IR sensors had the lowest values meaning they had the least fluctuation
as compared to the conventional sensors that had a high deviation. In other words, the less
the std the less the distance between the measured values and the mean values.
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Figure 7. Normal operating conditions at PPC.

Table 2. Statistics of the measurements at PCC point.

min max Avg std
IR 24.15217 24.25836 2418738 0.021523
LM35 23.12 26.64 25.18818 0.7772
DS1820 24.56 26.38 25.54879 0.512773
FBG 24.14999 24.21119 24.16056 0.011033

3.1.3. Battery Charging Test Case with All Sensors

Figure 8 depicts the trends of temperature readings in the case of battery charging for
conventional sensors, IR reference, and the FBG sensor as well. It shows clearly the FBG
sensors had the lowest variation and best accuracy by comparing them to the reference
reading of the IR temperature sensor.

Table 3 compares the readings at charging the battery pack for all sensors conventional,
IR reference, and FBG statistically. The numbers show clearly that the FBG had the lowest
standard deviation which means it had the lowest variation to the mean value and was
the most accurate as compared to other conventional sensors. The quantitative analysis
represented in the mean and standard deviation in the third and fourth columns shows
the mean of the FBG was the nearest one to the mean value of the reference IR sensor
readings while other conventional sensors higher significantly higher than the reference.
In addition, the FBG reading deviation was the lowest while other sensors had a high
remarkable deviation.
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Figure 8. Temperature reading trends of FBG, LM35, and DS18B20 sensors in the battery charging
test case.

Table 3. Statistics of the measurements of all sensors for charging the battery.

Sensor Minimum Maximum Mean std
LM35 23.12 27.59 25.63666667 0.843662
DS18B20 24.56 27.56 26.10838384 0.719801
FBG 24.14998872 24.39 24.26463471 0.084516
IR 23.96363717 24.37186922 24.16026272 0.103179

3.1.4. Battery Discharging Test Case

Figure 9 depicts the trends of temperature readings for conventional sensors, FBG
sensors, and IR sensors as a reference for accuracy. These readings were taken for the
case of discharging the battery. FBG sensors still showed the most accurate readings with
minimum fluctuations.

Table 4 compares the readings taken at discharging the battery pack for all sensors
conventional, IR reference, and FBG, statistically. The numbers and statistical analysis
represented in the mean and standard deviation represented by the third and fourth column
in Table 4 show clearly that the FBG had the lowest standard deviation which means it had
the lowest variation to the mean value and was the most accurate as compared to other
conventional sensors.

Table 4. Statistics of the measurements of all sensors for discharging the battery.

Minimum Maximum Mean std
IR 29.07688 29.45507 29.26742 0.100912151
LM35 28.26728 32.74276 30.73532 0.843199771
DS1820 29.15517 29.46502 29.31607 0.094830821

FBG 29.58173 32.56393 31.16355 0.724598182
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Figure 9. Temperature reading trends of FBG, LM35, and DS18B20 sensors in battery discharging test
case.

3.1.5. Testing the Condition of EMI Effects at the PCC

Figure 10 compares the conventional sensors with the FBG sensor under the effects of
EML. It shows the most affected one was the analog sensor LM35, then the digital sensor
DS18B20. However, the least effect was shown when using the FBG sensors.

Temperature (C)

LM35 FBG DS1820

Figure 10. EMI effects on the FBG, LM35, and DS18B20 sensors.

3.1.6. Testing the Condition of HV Effects at the PCC

Figure 11 compares the conventional sensors with the FBG sensor under the effects of
HYV at the PCC point. It shows the most affected one was the analog sensor LM35, then the
digital sensor DS18B20. However, the least effect was shown when using the FBG sensors.
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3.2. Testing the Effect of Sensing Accuracy on the MG Performance

After showing the difference in sensing accuracy between conventional sensors and
the FBG sensors at different potential points marked in Figure 3 of the MG for different
scenarios and under normal and anomalous operating conditions, the effects of the sensing
accuracy on the MG performance were studied. For that purpose, the data collected from
the experimental setup reading for all sensing technology digital and analogue conventional
sensors and FBG sensors were applied to the Simulink model shown in Figure 12 to study
the MG performance parameters with each sensing technology.
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Figure 12. Applying the measurements of sensor reading on the MG.
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3.2.1. Testing at Normal Condition

Two tests were conducted at the normal operating condition which was the output
from the PV array based on the sensed temperature using analog represented in yellow
and digital conventional represented in brown sensors and based on FBG temperature
sensor represented in blue color as well. Figure 13 depicts comparatively the mean of the
measured voltage and the output power of the PV array at normal operating conditions.
Considering the reference measured values of the mean voltage and power of the PV were
230 V and 100 kW at the standard conditions 25 °C and 1000 w/m?, the voltage and power
of the PV array in the case of conventional sensors had a significant noise when the noise
was very limited in the case of FBG sensors.

Considering the reference measured values of the voltage, current of the battery
bank which are 670 V and 100 A, respectively, comparing battery voltage and the state
of charge (SOC) of the battery bank as shown in Figure 14, some noise was shown in the
case of conventional sensors and very tiny and limited noise came with using FBG sensors.
Moreover, noticeably, the slopes of the SOC curve including charging and discharging
cases were different in the case of conventional and FBG sensors. That means the decision
of turning from charging to discharging or from discharging to charging was different.
Thereby, the age of the battery will be affected by the accuracy of temperature readings.

Moreover, Figure 15 compares the mean output power at the point of common cou-
pling (PCC) for the cases of using conventional analog and digital sensors and for utilizing
the FBG sensor, showing fluctuation and noise with conventional sensors especially the
analog sensors while the noise was very limited, and accuracy was the best when FBG
sensors were used taking into consideration that the reference measured value of the power

at the PCC was 147.7 kW.
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Figure 13. Output metrics at the potential point of PV array output.
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3.2.2. Testing under EMI Effects

Two tests were conducted at abnormal operating conditions, working under EMI
which was the output from the PV array based on the sensed temperature using analog
represented in yellow and digital conventional represented in brown sensors and based on
FBG temperature sensor represented in blue color as well. Figure 16 depicts comparatively
the mean of the measured voltage and the output power of the PV array under EMI
operating conditions. Voltage and power of the PV array in the case of conventional sensors
had a dramatic noise while the noise was still very limited in the case of FBG sensors.
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Figure 16. Output metrics at the potential point of PV array output under EMI.

By comparing battery voltage and soc at the battery bank under EMI effects as shown
in Figure 17, it showed a significant noise in the case of conventional sensors and very
tiny and limited noise comes with using FBG sensors. Moreover, noticeably, the slopes
of the SOC curve including charging and discharging cases were different in the case of
digital conventional and FBG sensors, but it was significantly noisy for analog sensors.
That means the decision of turning from charging to discharging or from discharging to
charging was different. Thereby, the age of the battery will be affected by the accuracy of
temperature readings.
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Figure 17. Output metrics at the potential point of the battery bank under EMI.
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Moreover, Figure 18 compares the mean output power at the point of common cou-
pling (PCC) for the cases of using conventional analog and digital sensors and for utilizing
the FBG sensor. In the case of EMI, it showed a fluctuation and noise with conventional
sensors especially the analog sensors while the noise was very limited, and accuracy was
the best when FBG sensors were used.
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I r— s — R _ [ =
= T — e ———— e — —
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Figure 18. Output metrics at the potential point of PCC output under EML

4. Conclusions

This research investigated the effects of changing the accuracy of the conventional
sensors due to working under harsh operating conditions such as# EMI and HV effects
on the MG performance and operation security. Moreover, it introduced FBG sensing
technology as a better replacement for the conventional sensors in MGs. The paper proved
based on experimental and simulation the significant negative impacts of the EMI and HV
on the accuracy of the conventional sensors. On the contrary, it showed the high immunity
of the FBG sensors to such effects. Then, the paper applied the measurement data to the
potential points of MG in the experimental setup and Simulink model of MG to study the
effects of replacing the conventional sensors with the FBG sensors on the performance,
reliability, and security of MGs operation. The results clearly showed that FBG sensors were
significantly more accurate and slightly affected by EMI and HV while the conventional
sensors were highly impacted. Consequently, the performance of MGs based on FBG
sensing was better than that of conventional sensors.
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