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IMPROVING BIOGAS PRODUCTION USING DIFFERENT
PRETREATMENT OF RICE HUSK INOCULATED WITH OSTRICH
DUNG
Huda Jassim *, and Amal H. Khalil
Department of Environmental Engineering, College of Engineering,
University of Babylon, Iraq

ABSTRACT: The increased demand for fossil fuel due to its huge importance in global energy has caused
many problems to the environment both locally and globally. This study investigated the feasibility of the
anaerobic co-digestion using rise husks as a biomass waste source and ostrich dung as a source of inoculum for
biogas production as renewable energy. Samples of grounded RH were pretreated with ultrasound, hydrothermal,
combined hydrothermal-ultrasonic, NaOH (3% w/v) and combined 3% NaOH-ultrasound pretreatment. The
cumulative production of biogas for the pretreated samples was 44.19, 39.5, 46.3, 47.16 and 52.38 ml/g VS,
respectively. The results stated the increase in biogas generation by 50.72, 34.72, 57.91, 60.85 and 78.65%,
respectively, as compared to untreated sample that produced 29.32 ml/g VS of biogas. The results of methane
productivity, which were 30.73, 26.78, 32.24, 32.91 and 37.3 ml/g VS, respectively; for the pretreated samples
with the same arrangement mentioned above, caused an increment by 66.11, 44.76, 74.27, 77.89, 101.62%,
respectively, as compared to methane yield of the untreated sample that resulted in 18.5 ml/g VS. It was
observed that there was well compatibility between estimated and predicted values for methane (> 0.95) using
modified Gompertz model. The improvements in biogas and methane yield pointed out the anaerobic codigestion of rice husks after pretreatment inoculated with ostrich dung is a promising technology to produce
renewable energy. The use of ostrich dung encouraged biogas productivity. In addition, Biogas can reduce
environmental pollution by managing wastes.
Keywords: Biogas; Co-digestion; Hydrothermal; Ultrasound, Rice husks; Ostrich dung.

ﺗﺤﺴﯿﻦ إﻧﺘﺎج اﻟﻐﺎز اﻟﺤﯿﻮي ﺑﺎﺳﺘﺨﺪام ﻣﻌﺎﻟﺠﺎت ﻣﺴﺒﻘﺔ ﻣﺨﺘﻠﻔﺔ ﻟﻘﺸﻮر اﻷرز اﻟﻤﻠﻘﺢ ﺑﻔﻀﻼت اﻟﻨﻌﺎم
 اﻣﺎل ﺣﻤﺰة ﺧﻠﯿﻞ، *ھﺪى ﺟﺎﺳﻢ
 ان اﻟﻄﻠﺐ اﻟﻤﺘﺰاﯾﺪ ﻟﻠﻮﻗﻮد اﻻﺣﻔﻮري ﻧﺴﺒﺔ اﻟﻰ اھﻤﯿﺘﮫ اﻟﻜﺒﺮى ﻓﻲ اﻟﻄﺎﻗﺔ اﻟﻌﺎﻟﻤﯿﺔ ادت اﻟﻰ ﻋﺪة ﻣﺸﺎﻛﻞ ﻟﻠﺒﯿﺌﺔ ﻣﺤﻠﯿﺎ:اﻟﻤﻠﺨﺺ
 اﻟﺪراﺳﺔ اﻟﺤﺎﻟﯿﺔ ﺑﺤﺜﺖ اﻣﻜﺎﻧﯿﺔ ﺗﻄﺒﯿﻖ اﻟﮭﻀﻢ اﻟﻤﺸﺘﺮك اﻟﻼھﻮاﺋﻲ ﺑﺎﺳﺘﻌﻤﺎل ﻗﺸﻮر اﻟﺮز ﻛﻤﺼﺪر ﻟﻠﻤﺨﻠﻔﺎت اﻟﺤﯿﻮﯾﺔ.وﻋﺎﻟﻤﯿﺎ
 ﺗﻤﺖ ﻣﻌﺎﻟﺠﺔ ﻣﺴﺤﻮق ﻗﺸﻮر اﻟﺮز ﺑﻌﺪة.وﻓﻀﻼت اﻟﻨﻌﺎم ﻛﻤﺼﺪر ﻟﻠﺒﻜﺘﺮﯾﺎ ﻻﻧﺘﺎج اﻟﻐﺎز اﻟﺤﯿﻮي ﻛﻨﻮع ﻣﻦ اﻟﻄﺎﻗﺔ اﻟﻤﺘﺠﺪدة
اﻟﻤﻌﺎﻟﺠﺔ اﻟﻤﺮﻛﺒﺔ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ،اﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﺒﺨﺎر، ﻣﻌﺎﻟﺠﺎت وھﻲ اﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ
3%  واﺧﯿﺮا اﻟﻤﻌﺎﻟﺠﺔ اﻟﻤﺮﻛﺒﺔ ﺑﮭﯿﺪروﻛﺴﯿﺪ اﻟﺼﻮدﯾﻮم، (3% w/v) اﻟﻤﻌﺎﻟﺠﺔ ﺑﮭﯿﺪروﻛﺴﯿﺪ اﻟﺼﻮدﯾﻮم ﺑﺘﺮﻛﯿﺰ،واﻟﺒﺨﺎر
، 47.16 ، 46.3، 39.5،44.19  اﻻﻧﺘﺎج اﻟﻤﺘﺮاﻛﻢ ﻟﻠﻐﺎز اﻟﺤﯿﻮي ﻟﮭﺬه اﻟﻨﻤﺎذج اﻟﻤﻌﺎﻟﺠﺔ ھﻮ.واﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ
ﻏﻢ ﻣﻦ اﻟﻤﻮاد اﻟﻌﻀﻮﯾﺔ اﻟﻤﺘﻄﺎﯾﺮة ﻋﻠﻰ اﻟﺘﻮاﻟﻲ ﻣﻤﺎ ﯾﻌﻨﻲ ان اﻟﺰﯾﺎدة اﻟﺤﺎﺻﻠﺔ ﻓﻲ اﻧﺘﺎج اﻟﻐﺎز اﻟﺤﯿﻮي ﻟﮭﺬه اﻟﻨﻤﺎذج/ﻣﻞ52.38
 ان اﻧﺘﺎﺟﯿﺔ اﻟﻤﯿﺜﺎن. ﻋﻠﻰ اﻟﺘﻮاﻟﻲ ﻣﻘﺎرﻧﺔ ﺑﺎﻟﻨﻤﻮذج ﻏﯿﺮ اﻟﻤﻌﺎﻟﺞ%78.65 ،60.85 ،57.91 ،34.72 ،50.72 اﻟﻤﻌﺎﻟﺠﺔ ھﻲ
 ﻋﻠﻰ اﻟﺘﻮاﻟﻲ ﻟﻠﻨﻤﺎذج اﻟﻤﻌﺎﻟﺠﺔ ﺑﻨﻔﺲ اﻟﺘﺮﺗﯿﺐ اﻋﻼه%101.62 ،77.89 ،74.27 ،44.76 ،66.11 ﺗﺤﺴﻨﺖ اﯾﻀﺎ ﺑﺤﻮاﻟﻲ
 ﻟﻘﺪ اظﮭﺮت اﻟﻨﺘﺎﺋﺞ ﺑﺎن ھﻨﺎك ﺗﻄﺎﺑﻖ ﺑﯿﻦ اﻟﻨﺘﺎﺋﺞ اﻟﻤﺨﺘﺒﺮﯾﺔ واﻟﻨﺘﺎﺋﺞ اﻟﻨﻈﺮﯾﺔ ﻋﻨﺪ ﺗﻄﺒﯿﻖ.ﻣﻘﺎرﻧﺔ ﺑﺎﻟﻨﻤﻮذج ﻏﯿﺮ اﻟﻤﻌﺎﻟﺞ
 ان اﻟﺰﯾﺎدة ﻓﻲ ﻧﺘﺎﺋﺞ اﻟﻐﺎز اﻟﺤﯿﻮي واﻟﻤﯿﺜﺎن. 0.95<  وﺑﻤﻌﺎﻣﻞ ارﺗﺒﺎطmodified Gompertz model اﻟﻨﻤﻮذج اﻟﺮﯾﺎﺿﻲ
ﺗﺸﯿﺮ اﻟﻰ ان ان ﻋﻤﻠﯿﺔ اﻟﮭﻀﻢ اﻟﻤﺸﺘﺮك اﻟﻼھﻮاﺋﻲ ﻟﻤﻄﺤﻮن ﻗﺸﻮر اﻟﺮز اﻟﻤﻌﺎﻟﺞ وﻓﻀﻼت اﻟﻨﻌﺎم ھﻲ ﺗﻜﻨﻮﻟﻮﺟﯿﺎ واﻋﺪة ﻓﻲ
 ان اﺳﺘﻌﻤﺎل ﻓﻀﻼت اﻟﻨﻌﺎم ﻗﺪ ادى اﻟﻰ ﺗﻌﺰﯾﺰ اﻧﺘﺎﺟﯿﺔ اﻟﻐﺎز اﻟﺤﯿﻮي اﻟﺘﻲ ﻟﮭﺎ دور ﻓﻲ ﺗﻘﻠﯿﻞ اﻟﺘﻠﻮث.ﻣﺠﺎل اﻟﻄﺎﻗﺔ اﻟﻤﺘﺠﺪدة
.اﻟﺒﯿﺌﻲ ﻣﻦ ﺧﻼل ادارة اﻟﻤﺨﻠﻔﺎت
 اﻟﻐﺎز اﻟﺤﯿﻮي؛ اﻟﮭﻀﻢ اﻟﻤﺸﺘﺮك؛ اﻟﺤﺮارﯾﺔ اﻟﻤﺎﺋﯿﺔ؛ اﻟﻤﻮﺟﺎت ﻓﻮق اﻟﺼﻮﺗﯿﺔ؛ ﻗﺸﻮر اﻟﺮز؛ ﻓﻀﻼت اﻟﻨﻌﺎم:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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Improving Biogas Production Using Different Pretreatment of Rice Husk Inoculated With Ostrich Dung

1.

INTRODUCTION

The global energy markets depend majorly on fossil
fuel like coal, petroleum, diesel, and natural gas.
Since fossil fuel formation requires trillions of years,
its stock is finite and subjects to diminution (Saboor et
al., 2017). However, ease of access to fossil fuels
during almost two centuries has decreased the
available fossil fuel reservoirs, causing rising prices.
(Sari & Budiyono, 2014). On the other hand, fossil
fuel is considered as one of the main sources of global
warming which emits carbon dioxide (CO2), methane
(CH4), and some other trace gases, which result in
many environmental problems and bad effects on
human health and ecosystem. Therefore, the issue that
has become a worldwide concern is the need for
renewable, cheap, and clean energy sources, which
has grown up with industrialization and global
development of technology, as described by Noori
(2017).
Anaerobic digestion (AD) has been defined as the
biochemical process in which microorganisms
breakdown the bulky organic molecule into smaller
molecules under anaerobic conditions (Srivastava,
2020). Lignocellulosic biomass is the earth’s most
abundant and renewable resource, and, lignin is its
strongest component such as hardwood, softwood,
grasses, as well as household, industrial, and
agriculture residues that can be used for sustainable
methane production (Otieno and Ogutu, 2020;
Zieliński et al., 2017).
Rice husks are agricultural wastes that remain after
the processing of the rice crop, like rice straw and rice
husk. Therefore, rice husks can be improved methane
yield, as reported by Vivekanandan & Kamaraj
(2011). Lignocellulosic biomass material majorly
includes cellulose, hemicellulose, and lignin, the
arrangements of the contents inside the biomass
makes it an extremely complex structure, as reported
by Rehman et al. (2013). In order to improve biogas
production from lignocellulosic biomass, a
pretreatment process is necessary to disrupt naturally
recalcitrant carbohydrateelignin shields that impair
the accessibility of enzymes and microbes to cellulose
and hemicellulose (Zheng et al., 2014). Besides, this
led to the enhancement of lignin and hemicellulose
removal, which allows hydrolytic reagents, improved
access to the cellulose molecules in the subsequent
hydrolysis steps (Rehman et al., 2013). From the
pretreatments, Ultrasound, hydrothermal, combined
hydrothermal-ultrasonic, alkaline, and combined
alkaline-ultrasound pretreatment. A high alternating
voltage is produced by ultrasound energy during the
pretreatment of ultrasound. Ultrasound waves produce
internal negative pressure, which in turn causes
forming of small bubbles during the process of cell
disruption. Ultrasound energy causes a stunning
temperature and pressure, which lead to the
destruction of the cell membrane (Liqian, 2011).
Hydrothermal pretreatment of lignocellulosic biomass
for enhanced bio-ethanol and biogas production is

gaining the 21st century. Water under high pressure
and temperature can penetrate into biomass, hydrate
cellulose, and removes hemicellulose and part of
lignin, the major advantages are no addition of
chemicals and no requirements of corrosion-resistant
materials for hydrolysis reactors in the hydrothermal
pretreatment process (Chandra et al., 2012). Alkaline
pretreatment, usually employing NaOH, is known to
break bond linkages between lignin in the
lignocelluloses material, causing cellulose swelling
which results in greater accessibility of the cellulose
fraction (Talha et al., 2018). Combined pretreatments
including hydrothermal-ultrasonic and 3% NaOHultrasound pretreatment are applied, some studies
have found that the synergies of matched and mixed
pretreatments might optimize the overall outcome, as
reported by Liqian (2011).
This study was aimed to investigate the influence of
single pretreatment) ultrasonic, hydrothermal, NaOH
(3% w/v)) and combined pretreatment (hydrothermalultrasonic, 3% NaOH, -ultrasonic) for rice husks on
biogas production and on the characteristics of rice
husks.

2. MATERIALS AND METHODS
2.1 Preparing of Substrate and Inoculum
2.1.1 Preparing of Substrate
RH was collected from a rice field in Al-Musayib city
(Hilla, Iraq). After collection, the sample was
manually cleaned to remove sand and undesirable
particulates. The rice husk was air-dried for three days
at 37- 40 ºC. Then, they were milled by using an
electrical household grinder and screened by using a
mechanical screener to get a size of (0.3-0.6 mm). The
size of the sample was selected depending on the
previous work (Ismail and Noori, 2018). The
Chemical characteristics of RH are shown in Table 1.
Table 1. Chemical characterizes of rice husks (RH) and
ostrich dung (OD).
Variables
RH
OD
TS (%)
94.2
94.4

2

VS (%)

82.08

32.52

VS/TS

0.88

0.34

Cellulose content (%)

33

-

Hemicellulose content (%)

25

-

Lignin content (%)

20

-

Carbon content (%)

48.58

18.86

Nitrogen content (%)

0.52

2.33

C/N

93.42

8.09

Huda Jassim and Amal H. Khalil

were modified. The heating temperature (80 °C) used
in alkaline pretreatment was carried out according to
the previous research work (Hassan et al., 2016a)
while the concentration of NaOH (3%) and
pretreatment time (3hr.) were modified.

2.1.2 Preparing of Inoculum
Ostrich dung (OD) was used as bacterium sources in
this study. Six fresh samples (one and two days old)
were collected in the year 2019 from the ostrich farm
in Al-Mahawil city, Babylon, Iraq. Then, it was airdried, crushed, and stored in a plastic container. The
characteristic of OD is clarified in Table 1. The
inoculum was incubated at 35-37ºC for 1 week to
degrade easily degradable materials presented in them
and to reduce non-specific biogas generation (Saboor
et al., 2017; BundÓ et al., 2017). The slurry of
inoculum was provided by blending 300 ml of
distilled water with 35 g of crushed OD. The mixed
slurry was manually homogenized by glass rod,
according to the procedure adopted by Ismail and
Noori (2018).

2.3 Biochemical Methane Potential (BMP) Set
up
BMP tests were used to compare the anaerobic
biodegradability of pretreated and non-pretreated
microalgal biomass (Fabiana and Ivet, 2015), six
digesters were performed in a batch system. The
digesters included rice husk in case of untreated (RH1) and in case of pretreatments: RH-2, RH-3, RH-4,
RH-5, and RH-6. Figure (1) states, the arrangement of
the lab-scale system used in this study for the
anaerobic co-digestion process, which was depending
on the previous study (Ismail & Noori., 2018) with
some modifications to dimensions. Each digester is
represented by 500-mL Pyrex borosilicate. Inside
each digester, the ratio of 1:10 was used according to
previous research (Ismail & Noori., 2018). This ratio
indicated 30 g of solid waste: 300 ml of inoculum
slurry. A rubber stopper was used to plug each
digester. Two ports in each one with 5 mm diameter.
Glass tubes were submerged inside the digester
through the two ports. A rubber tube was connected to
each glass tube from the other end, which in turn
connected to valves to curb the release of generated
gas, according to previous research (Ismail & Noori.,
2018).
Before the start of each batch, the pH of all the
reactors was determined after mixing the inoculum
and substrate and was adjusted to pH =7 if necessary
by adding concentrated HCl solution after adding the
inoculums and substrates, according to the procedure
adopted by previous studies (Sambusiti et al., 2013;
Saboor et al., 2017). In order to avoid aerobic
respiration, oxygen in the headspace was replaced by
the purging of nitrogen gas for 3-5mins. The
introduced nitrogen will maintain an anaerobic
environment and it will be helpful for a survey of
methanogenic bacteria for effective biogas
production. Then the digesters were closed tightly, as
explained by Kannah et al. (2017).

2.2 Pretreatment conditions
To improve the capability of lignocellulosic RH to
digestate through the anaerobic co-digestion, six
pretreatments were applied which were ultrasound,
hydrothermal,
combined
hydrothermal
and
ultrasound, alkaline with NaOH (98%, provided by
CA, USA), and combined alkaline with ultrasound
pretreatment. The details of the pretreatments are
explained in Table 2. Each pretreatment was
performed using 30 g from ground RH. Ultrasound
pretreatment was performed by ultrasound cell
crusher (Model: SJIA-1200W MTI, Germany). The
temperature (25 °C) was selected depending on study
Kavitha et al. (2016) who reported that the sonication
was carried out at room temperature without any
temperature regulation. While the time (15 min) was
selected depending on study Sulʾman et al. (2011)
who reported that the optimum conditions for
pretreatment of the substrate at which the most
complete destruction of the plant material is achieved
are an intensity of 368 W/ cm2 and a duration of no
more than 15 min., the frequency (20 KHz, was
selected depending on Kavitha et al., 2016), whereas
the input power (480) was modified. In electrical
autoclave (Model: DAIHAN LABTECH, Korea), the
hydrothermal pretreatment was done. Pretreatment
time (15 min) was selected according to (Alzate et al.,
2012). The temperature (121°C) and pressure (15 psi)

Table 2. Pretreatment conditions in this study.
Pretreatment
Symbol
%
Temperature
type
NaOH
(°C)

Time

Frequency
kHz

Input power
W

Pressure
psi

Untreated
RH-1
Ultrasound
RH-2
25*
15** min
20
Hydrothermal
RH-3
121
15*** min
15
Hydrotherm
RH-4
The same conditions of hydrothermal and ultrasonic were applied in this pretreatment
al-ultrasonic
Alkaline
RH-5
3
80****
3h
480
AlkalineRH-6
all above conditions were applied in this combined pretreatment
ultrasound
* depending on study Kavitha et al. (2016), **depending on study Sulʾman et al. (2011), *** according to Alzate et al.
(2012), **** according to the previous research work (Hassan et al., 2016a).
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G(t) = G0.exp{- exp [

Rmax.e

G0

(λ-t) +1 ]}

(1)

Where, R max is a maximum production rate of
methane, ml/ gVS; G0 is the potential methane
production, ml/ gVS; G(t) is the accumulated biomethane at the time t, ml/g. VS; t is measured time,
day; λ is the lag-phase, day; and e is exp (1) = 2.7183
(Talha et al., 2018; Ismail and Noori, 2018).

3. RESULTS AND DISCUSSION
3.1 The Impact of Types Pretreatments on the
Properties of Rice Husk
The goal of the pretreatment process is to break down
the lignin structure and disrupt the crystalline
structure of cellulose so that acids or enzymes can
easily access and hydrolyze cellulose, as reported by
Kumar et al. (2009). In order to determine the
influence of pretreatment with ultrasound (RH-2),
hydrothermal (RH-3), combined hydrothermalultrasonic (RH-4), NaOH (3% w/v) (RH-5), and
combined 3% NaOH-ultrasound (RH-6) on the
amount of cellulose, Hemicellulose and lignin content
for RH were explained in Table 3.
Table 3 provides that all pretreatments the chemical
composition of RH. The amount of cellulose content
was increased from 33% for RH-1 to become 35% for
RH-6. The highest cellulose content is again by RH-6
pretreatment. In RH-2 pretreatment, 15 and 20%
hemicellulose and lignin reduction were noticed,
respectively, compared to an untreated sample (RH1), our results were in good acceptance with Sulʾman
et al. (2011) who suggested that ultrasound
pretreatment caused lignin removal by 11.4% when
it's used to treat lignocellulosic biomass. C/N (RH-2)
was increased by 3.26% and reduction in TS and VS
was obtained by 1.3 and 4%, respectively, compared
to an untreated sample (RH-1). For RH-3
pretreatment, all parameters including hemicellulose,
lignin, TS, VS, and C/N were decreased by 13.04, 17,
1.55, 3.29 and 3.2%, respectively, as compared with
the untreated RH-1. The amount of TS, VS, C/N,
hemicellulose and lignin was 90%, 79.67%, 63.19,
20.5% and 15.2% in the RH-4 pretreatment,
corresponding to a reduction of 4.46, 2.94, 32.36, 18,
and 24%, respectively, as compared to RH-1. In RH-5
pretreatment, the hemicellulose removal was 24%
compared to RH-1, while 31% was the removal of
lignin, the C/N ratio, TS was decreased by 25.13 and
2.23%, respectively, while VS was increased by
3.34%, as compared with RH-1. Our results agree
with the study Monlau et al., (2015) in which
hemicellulose (26%) with subsequent solubilization
and removal of lignin (22%), compared to untreated
samples because of pretreatment of sunflower stalks
with 4 g NaOH/ 100 g Total Solids (TS) at 55 °C for
24 h.

Figure 1. Experimental setup for a Biogas production
system that composed of the main parts: (1):
Water bath, (2) Activated digester, (3)
Thermostat, (4) Digital thermometer, (5) Rubber
tube for flushing nitrogen, and (6) Manometer.

Digesters were put in a thermostatic water bath (this
arrangement was depending on the previous study
(Noori, 2017) with some modifications) so that they
remain in the required range of temperature which
was 50 ºC which was selected according to previous
research, as described by Deepanraj et al. (2014).

2.4 Analytical Methods
Parameters like volatile solids (VS), total solids (TS),
total nitrogen (TN), total carbon (TC) and
lignocellulosic characteristics were analyzed for
untreated and pretreated samples of RH. Also, TS,
VS, TC and TN (TN was carried out using a Kjeldahl
digestion system (England)) were estimated
depending on the methods described by Ismail &
Noori (2018). The characterizes of lignocellulosic RH
which include lignin, hemicellulose, and cellulose
were determined depending on Van Soest̕s method
prescribed by Van Soest et al. (1991) using Raw
fibres extractor (England). Finally, the produced
biogas was measured daily by a manometer method,
as described by Ismail & Noori (2018).

2.5 Kinetic Study
For an anaerobic digester operating in a batch mode,
the rate of biogas generation corresponds to a specific
growth rate of methanogenic bacteria in this digester.
Accordingly, the predicted rate of biogas production
can be calculated using the Modified Gompertz
Model (Ismail and Noori, 2018), the modified
Gompertz model was carried out using (IBM SPSS
24.0.1FP2) analytical software. This non-linear
regression model has been identified as a good
empirical regression model commonly applied in the
simulation of methane accumulation, because of its
good enough precise prediction for different
substrates (Talha et al., 2018):
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Table 3. Influence of the pretreatments on the characteristics of RH.
Variable
Cellulose
Hemicellulose
content
content
(%)
(%)
RH-1
33
25

Lignin
content
(%)
20

TS (%)

VS (%)

C/N

94.2

82.08

93.42

RH-2

33.6

21.25

16

92.9

78.82

96.47

RH-3

32.8

21.74

16.6

92.7

79.38

90.43

RH-4

32.5

20.5

15.2

90

79.67

63.19

RH-5

34.5

19

13.8

92.1

84.82

69.94

RH-6

35

17.5

12.6

90.83

83.76

38.85

Table 4. Effect of pretreatments on cumulative productions
of biogas and methane.
Pretreatment
Max. Biogas
Max. Methane
production
yield
(ml/g.VS)
(ml/g.VS)

The highest decrease was obtained during RH-6
pretreatment at 30, 37, 58.41and 3.58% for
hemicellulose, lignin, C/N ratio and TS, respectively,
in comparison with RH-1. On the other hand, VS was
slightly increased by 2.005%. RH-6 pretreatment
caused the difference in the chemical compositions
and this difference earns it the preference compared to
RH-2 and RH-5. Our results were agreed with
previous research (Soontornchaiboon et al., 2016)
which showed that the pretreatment by the
combination of alkaline and ultrasound changed the
chemical composition of all samples (corn cob,
pineapple waste, bagasse, rice straw and water
hyacinth), which was better than sole alkaline
pretreatment.

3.2 The Effect of Pretreatments for Rice Husk
on the Generation of Biogas and Methane

RH-1

29.32

18.5

RH-2

44.19

30.73

RH-3

39.5

26.78

RH-4

46.3

32.24

RH-5

47.16

32.91

RH-6

52.38

37. 3

(2011), and that was confirmed by the hemicellulose
and lignin reduction in this study which was achieved
in RH-2 pretreatment by 15 and 20%, respectively,
compared to the control RH-1, as explained in Table
3. Rehman et al. (2013) stated that ultrasound
generates pressure with rapid cycling. In the
rarefaction phase of this pretreatment, the pressure
differentials within a solution cause growth and
forming of cavitation microbubbles in the sonicated
liquid. Thus, ultra-sonication produces both physical
and chemical effects in the slurry being sonicated. All
the above circumstances contribute to the
pretreatment of lignocellulosic biomass. Our results
agree with the previous study Deepanraj et al. (2014)
reported that the ultrasonic pretreatment at 20 kHz in
the batch reactor on a palm oil mill and stated that the
methane yield enhanced by 16%. And, that increase in
biogas production from 3657 L/m3 of WAS (waste
activated sludge) to 4413 L/m3 of WAS an increase in
methane production from 2507 L/m3 of WAS to 3007
L/m3 of WAS under optimal ultrasonic pretreatment
conditions in a batch reactor.
For RH-3 pretreatment, the enhancements, which
were stated above for biogas and methane yields,
were because of the fact s it is efficient in penetration
of the biomass, cellulose hydration, and removal of
hemicellulose and part of lignin (Hesami et al., 2015).

In this study, five pretreatments (RH-2, RH-3, RH-4,
RH-5 and RH-6) were used to improve the production
of biogas as compared to the control RH-1. Table 4
stated the cumulative productions of biogas and
methane for all pretreated and untreated samples of
RH. The cumulative productions of biogas for RH-2,
RH-3, RH-4, RH-5 and RH-6 were 44.19, 39.5, 46.3,
47.16 and 52.38 ml/g VS, respectively; corresponding
to biogas increment of 50.72, 34.72, 57.91, 60.85 and
78.65%, respectively, as compared to its value of the
control RH-1 which was equal to 29.32 ml/g VS for
biogas production, as clarified in Figure (2). The
cumulative productions of methane for RH-2, RH-3,
RH-4, RH-5, and RH-6 were 30.73, 26.78, 32.24,
32.91 and 37.3 ml/g VS, respectively; corresponding
to methane increment of 66.11, 44.76, 74.27, 77.89,
and 101.62%, respectively, as compared to its value
the control RH-1 which was equal to 18.5 ml/g VS for
methane yield, as clarified in Figure (3).
For RH-2 pretreatment, increasing in biogas and
methane yield was due to the disruption of the
structures of lignocellulosic biomass (hemicellulose
and lignin), where lignin transforms most actively
during the biodegradation of the pretreated substrate,
due to the disruption of its bonds with cellulose upon
ultrasonic treatment as reported by Sulʾman et al.
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The major advantages are that there is no
requirement for chemicals and corrosion-resistant
material for the reactor. Typically, it can remove most
of the hemicellulose and part of lignin in biomass by
degrading them into soluble fractions and loosen the
recalcitrant structure as well (Beltrán et al., 2019).
The results obtained by RH-4 pretreatment, which
showed enhancement in both biogas and methane
yields, were because the combined pretreatment was
better than individual pretreatment. As RH-4 was
combined of two pretreatments which were RH-2 and
RH-3, that enhanced its ability to increase biogas and
methane production yields. Zheng et al. (2014)
indicated that combined pretreatment could be

RH-1

RH-2

beneficial due to higher methane yield and more
biomass utilization compared to single pretreatment;
however, it may also increase pretreatment costs. The
results were in good agreement with the previous
study reported by Trzcinski et al. (2015) who stated
that combination ultrasonication and thermal
pretreatment of sewage sludge resulted in a 20%
increase in biogas production during the anaerobic
digestion of the pre-treated sludge.
For RH-5 pretreatment, the results could be due to
the fact that reported by Zheng et al. (2014) who
stated that alkaline pretreatment is thought to be the
cleavage and the saponification of carbohydrate-lignin
linkages.

RH-3

RH-5

RH-4

RH-6

Comulative biogas, ml/gVS

60

48

36

24

12

0
0

5

10

15

20

25

30

retention time, days
Figure 2. The cumulative production of biogas yield through the digestion process for all untreated and pretreated samples
of RH.
RH-1

RH-2

RH-3

RH-5

RH-4

RH-6

Cumulative methane, ml/gVS

40

32

24

16

8

0
0

5

10

15

20

25

30

Solid retention time, days
Figure 3. The cumulative production of methane yield through the digestion process for all untreated and pretreated
samples of RH.
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By the removal of crosslinks, alkaline pretreatment
leads to an increase of porosity, an internal surface
area, structural swelling, a decrease in the degree of
polymerization and crystallinity, disruption of lignin
structure, and a breakdown of links between lignin
and other polymers. The effective parameters should
have increased the porosity of the substrate, which
makes the carbohydrates more accessible for
enzymes, as stated by Liqian (2011). Sambusiti et al.
(2013) suggested that a 43% increase in methane yield
was noticed using pretreatment conditions 10%
gNaOH/g TS at 40 ºC for wheat straw in batch mode
in comparison with the control sample of wheat straw.
The results associated with RH-6 pretreatment
stated that it was better than RH-2 and slightly higher
than RH-5 in the production of biogas and methane
yield. In addition, RH-6 was better in lignin reduction
than RH-2 and RH-5, as stated in Table (3). This
performance of RH-6 pretreatment was due to that the
combined

pretreatment was better than single pretreatment. As
RH-6 was combined with two pretreatments, which
were RH-2 and RH-5, made the effect of RH-6 was
stronger than the effect of RH-2 or RH-5 in the
enhancement of biogas and methane yields. Our
results had provided an obvious consistency with
Talha et al. (2018) reported that the combined
alkaline and ultrasonic treatment, with different
NaOH loading rates (0.25%-6%) and pre-treatment
times, were applied to enhance methane yield (up to
39.49%) compared to the untreated filter mud.

3.3 Kinetic Study Using Modified Gompertz
Model
Figure (4a-f) and Table 5 present the results of the
application modified Gompertz model, which
explained that the estimated values and predicted
values were incompatibilities with ρ> 0.95.

Measured

Predicted

ml methane/g VS

20
16
12
8
4
R2= 0.959
0
0

5

10

15

20

25

30

Solid retention time, days
a: Predicted and measure results for RH-1 pretreatment.
Measured

Predicted

ml methane/g VS

35
28
21
14
7

rrR2=0.968
0
0

5

10

15

20

Solid retention time, days
b: Predicted and measure results for RH-2 pretreatment.
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0
0
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15
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c: Predicted and measure results for RH-3 pretreatment.
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ml methane/g VS
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d: Predicted and measure results for RH-4 pretreatment.
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e: Predicted and measure results for RH-5 pretreatment.

8

25

30

Huda Jassim and Amal H. Khalil

Measured

Predicted

ml methane/g VS

40
32
24
16
8

R2=0.969
0
0

5

10

15

20

25

30

Solid retention time, days
f: predicted and measure results for RH-6 pretreatment.
Figure 4. The predicted and measured results for methane yield to all the untreated and pretreated samples of RH for all
rectors (a, RH-1); (b, RH-2); (c, RH-3); (d, RH-4); (e, RH-5); and (f, RH-6).
Table 5. Results from Performing Modified Gompertz Model.
Digester
G(t) exp.
Gompertz model parameters
No.
λ
Rmax.
G0
(ml methane/g
VS)
(day)
(ml methane/g
(ml methane/g

R2
G(t) model

VS)
18.5

(ml methane/g
VS)
16.63

0.96

1

18.5

1.25

VS)
0.93

2

30.73

3.04

1.47

30.73

26.27

0.97

3

26.78

0.53

1.42

26.78

24.69

0.99

4

32.24

1.36

1.59

32.24

28.76

0.97

5

32.91

2.03

1.44

32.91

27.57

0.96

6

37.3

0.17

1.8

37.3

33.88

0.97

recommended for biogas and methane enhancement,
it caused an increase by 78.65 and 101.62%,
respectively, as compared to untreated rice husks.

4. CONCLUSION
The results obtained from anaerobic co-digestion of
pretreated rice husks inoculated with ostrich dung
were most effective than those of untreated rice husks.
In addition, the combined pretreatments for rice husks
showed better results than solo pretreatment in biogas
and methane production. The combined hydrothermal
and
ultrasonic
pretreatment
showed
better
productivity of biogas and methane than ultrasonic
and hydrothermal pretreatments separately. Also, the
combined alkaline and ultrasonic pretreatment
showed better productivity of biogas and methane
than alkaline and ultrasonic pretreatments separately.
Best performance in biogas and methane increase for
solo pretreatments was for alkaline pretreatment with
3% NaOH by 60.85 and 77.89%, respectively as
compared with untreated rice husks. The combined
alkaline and ultrasonic pretreatment were preferably
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FLEXURAL BEHAVIOR OF FRP BARS AFTER EXPOSURE TO
ELEVATED TEMPERATURES
Sherif E. El Gamal1, 2 *, Abdulrahman M. Al-Fahdi1, Mohammed Meddah1, Abdullah Al-Saidy1, and
Kazi Md Abu Sohel1
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Civil and Architectural Engineering, Sultan Qaboos University, Muscat, Oman
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ABSTRACT: This study investigates the flexural behavior of fibre-reinforced polymer (FRP) bars after being
subjected to different levels of elevated temperatures (100, 200 and 300°C). Three types of glass FRP bars (ribbed,
sand coated, and helically wrapped) and one type of carbon FRP bars (sand coated) were used in this study. Two
testing scenarios were used: (a) testing specimens immediately after heating and (b) keeping specimens to cool
down to room temperature before testing. Test results showed that as the temperature increased the flexural strength
and modulus of the tested FRP bars decreased. At temperatures higher than the glass transition temperature (Tg),
significant flexural strength and modulus losses were recorded. Smaller diameter bars showed better residual
flexural strength and modulus than the larger diameter bars. The immediately tested bars showed significant strength
and modulus losses compared to bars tested after cooling. Different types of GFRP bars showed comparable results.
However, the helically wrapped bars showed the highest flexural strength losses (37 and 60%) while the sand coated
bars showed the lowest losses (29 and 39%) after exposure to 200 and 300℃, respectively. The carbon FRP bars
showed residual flexural strengths comparable to those recorded for the GFRP bars; however, they showed lower
residual flexural modulus after being subjected to 200 and 300℃.
Keywords: Fibre-reinforced polymer bars; FRP; Glass FRP; Carbon FRP; Flexural strength; Flexural modulus;
Elevated temperatures; Bar diameters.

ﺳﻠﻮك اﻹﻧﺜﻨﺎء ﻟﻘﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف ﺑﻌﺪ ﺗﻌﺮﺿﮭﺎ ﻟﺪرﺟﺎت ﺣﺮارة ﻣﺮﺗﻔﻌﺔ
 و ﻛﺎزي اﺑﻮ ﺳﮭﯿﻞ, ﻋﺒﺪﷲ اﻟﺴﻌﯿﺪي, ﻣﺤﻤﺪ ﻣﺪاح, ﻋﺒﺪاﻟﺮﺣﻤﻦ اﻟﻔﮭﺪي,*ﺷﺮﯾﻒ اﻟﺠﻤﻞ
 ﺗﺒﺤﺚ ھﺬه اﻟﺪراﺳﺔ ﻓﻲ ﺳﻠﻮك اﻻﻧﺜﻨﺎء ﻟﻘﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف ﺑﻌﺪ ﺗﻌﺮﺿﮭﺎ ﻟﻤﺴﺘﻮﯾﺎت ﻣﺨﺘﻠﻔﺔ ﻣﻦ درﺟﺎت:اﻟﻤﻠﺨﺺ
 اﺳﺘﺨﺪﻣﺖ ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ﺛﻼﺛﺔ أﻧﻮاع ﻣﻦ ﻗﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى.( درﺟﺔ ﻣﺌﻮﯾﺔ300 ، 200 ، 100) اﻟﺤﺮارة اﻟﻤﺮﺗﻔﻌﺔ
 وﻣﻠﻔﻮف ﺣﻠﺰوﻧﯿًﺎ( وﻧﻮع واﺣﺪ ﻣﻦ ﻗﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف اﻟﻜﺮﺑﻮﻧﯿﺔ،  ﻣﻐﻠﻒ ﺑﺎﻟﺮﻣﻞ، ﺑﺎﻷﻟﯿﺎف اﻟﺰﺟﺎﺟﯿﺔ )ﻣﻀﻠﻊ
 أ( اﺧﺘﺒﺎر اﻟﻌﯿﻨﺎت ﻣﺒﺎﺷﺮة ﺑﻌﺪ اﻟﺘﺴﺨﯿﻦ و ب( اﻻﺣﺘﻔﺎظ ﺑﺎﻟﻌﯿﻨﺎت ﻟﺘﺒﺮد إﻟﻰ: ﺗﻢ اﺳﺘﺨﺪام ﺳﯿﻨﺎرﯾﻮھﯿﻦ ﻟﻺﺧﺘﺒﺎر.()ﻣﻐﻠﻔﺔ ﺑﺎﻟﺮﻣﻞ
 أظﮭﺮت ﻧﺘﺎﺋﺞ اﻹﺧﺘﺒﺎر أﻧﮫ ﻛﻠﻤﺎ زادت درﺟﺔ اﻟﺤﺮارة اﻧﺨﻔﻀﺖ ﻗﻮة و ﺟﺴﺎءة اﻟﻘﻀﺒﺎن ﺿﺪ.درﺟﺔ ﺣﺮارة اﻟﻐﺮﻓﺔ ﻗﺒﻞ اﻹﺧﺘﺒﺎر
. ﺗﻢ ﺗﺴﺠﯿﻞ ھﺒﻮط ﻛﺒﯿﺮ ﻓﻲ اﻟﻘﻮة واﻟﺠﺴﺎءة ﺿﺪ اﻻﻧﺜﻨﺎء، (Tg)  ﻋﻨﺪ درﺟﺎت ﺣﺮارة أﻋﻠﻰ ﻣﻦ درﺟﺔ ﺣﺮارة اﻟﺘﺰﺟﺞ.اﻻﻧﺜﻨﺎء
 أظﮭﺮت اﻟﻘﻀﺒﺎن اﻟﺘﻲ.أظﮭﺮت اﻟﻘﻀﺒﺎن ذات اﻷﻗﻄﺎر اﻟﺼﻐﯿﺮة ﻗﻮة و ﺟﺴﺎءة إﻧﺜﻨﺎء أﻓﻀﻞ ﻣﻦ اﻟﻘﻀﺒﺎن ذات اﻷﻗﻄﺎر اﻟﻜﺒﯿﺮة
 أظﮭﺮت.ﺗﻢ اﺧﺘﺒﺎرھﺎ ﻋﻠﻰ اﻟﻔﻮر ﻧﻘﺺ ﻛﺒﯿﺮ ﻓﻲ اﻟﻘﻮة واﻟﺠﺴﺎءة ﻣﻘﺎرﻧﺔ ﺑﺎﻟﻘﻀﺒﺎن اﻟﺘﻲ ﺗﻢ اﺧﺘﺒﺎرھﺎ ﺑﻌﺪ اﻧﺨﻔﺎض ﺣﺮارﺗﮭﺎ
 أظﮭﺮت اﻟﻘﻀﺒﺎن اﻟﻤﻠﻔﻮﻓﺔ ﺣﻠﺰوﻧﯿًﺎ،  وﻣﻊ ذﻟﻚ.اﻷﻧﻮاع اﻟﻤﺨﺘﻠﻔﺔ ﻣﻦ ﻗﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف اﻟﺰﺟﺎﺟﯿﺔ ﻧﺘﺎﺋﺞ ﻣﺘﻘﺎرﺑﺔ
( ﺑﻌﺪ اﻟﺘﻌﺮض٪39  و29) ( ﺑﯿﻨﻤﺎ أظﮭﺮت اﻟﻘﻀﺒﺎن اﻟﻤﻐﻄﺎة ﺑﺎﻟﺮﻣﻞ أﻗﻞ ﺧﺴﺎﺋﺮ٪60  و37) أﻋﻠﻰ ﺧﺴﺎﺋﺮ ﻓﻲ ﻣﻘﺎوﻣﺔ اﻻﻧﺜﻨﺎء
 أظﮭﺮت ﻗﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف اﻟﻜﺮﺑﻮﻧﯿﺔ ﻗﻮة اﻧﺜﻨﺎء ﻣﻤﺎﺛﻠﺔ ﻟﺘﻠﻚ اﻟﻤﺴﺠﻠﺔ.درﺟﺔ ﻣﺌﻮﯾﺔ ﻋﻠﻰ اﻟﺘﻮاﻟﻲ300  و200 إﻟﻰ
300  و200  ﻓﻘﺪ أظﮭﺮت ﻣﻌﺎﻣﻞ ﺟﺴﺎءة ﻣﻨﺨﻔﺾ ﺑﻌﺪ ﺗﻌﺮﺿﮭﺎ ﻟـ، ﻟﻘﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف اﻟﺰﺟﺎﺟﯿﺔ ؛ وﻣﻊ ذﻟﻚ
.درﺟﺔ ﻣﺌﻮﯾﺔ
. ﻗﻀﺒﺎن اﻟﺒﻮﻟﯿﻤﺮ اﻟﻤﻘﻮى ﺑﺎﻷﻟﯿﺎف؛ اﻷﻟﯿﺎف اﻟﺰﺟﺎﺟﯿﺔ؛ اﻷﻟﯿﺎف اﻟﻜﺮﺑﻮﻧﯿﺔ؛ ﻗﻮة اﻹﻧﺜﻨﺎء ؛ درﺟﺎت اﻟﺤﺮارة اﻟﻤﺮﺗﻔﻌﺔ؛ أﻗﻄﺎر اﻟﻘﻀﺒﺎن:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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Flexural Behavior of FRP Bars after Exposure to Elevated Temperatures

actual case when using the GFRP bars in concrete. The
elevated temperatures used were 100, 200 and 300°C.
The bars were tested in tension after exposure to the
elevated temperatures. The authors concluded that the
tensile strength decreased as the level of temperature or
exposure period increased. The losses of tensile
strength ranged between 3.1 to 35.1% and 9.7 to 41.9%
for concrete-covered and bare GFRP bars,
respectively.
Maranan et al. (2014) studied the flexural behavior
of sand-coated GFRP bars of different diameters
subjected to elevated temperatures up to 150°C. As the
temperature increased, the flexural strength and
modulus of the GFRP bars decreased. When
approaches the Tg of the bars, the polymer changed
from glassy (hard) material to rubbery (soft) material.
The polymer begins to lose the ability to hold the fibre
together and transfer stresses from one fibre to another.
For all temperatures from 21 to 80°C, the load
increased linearly with deflection up to failure. In
addition, temperatures from 100 to 150°C exhibited a
non-linear behavior and modulus degradation before
reaching the maximum load because the Tg of the bar
was about 117°C. The research recommended
additional studies to provide further information that
can be used to establish a relationship that can predict
the tensile response of the GFRP bars from the bending
response at elevated temperatures.
Ashrafi et al. (2017) investigated the physical and
thermal properties of FRP bars subjected to elevated
temperatures. The test specimens used were four types
of FRP bars; sand-coated GFRP, helically wrapped
CFRP, and grooved CFRP bars with two different
resins (epoxy and vinyl ester). The research concluded
that, as the temperature increased the tensile strength
of the FRP bars decreased. Also, the bigger the
diameter the greater tensile strength. The results of
CFRP bars showed linear deformation until reaching
the ultimate load. The critical temperatures of the sandcoated GFRP bars when losing 50% of its tensile
strength were 300, 375, 377 and 450°C for 4, 6, 8, and
10 mm respectively. The critical temperatures of the
three types of CFRP bars tested were 330, 360 and
450°C, respectively.
Hamad et al. (2017) studied the effect of elevated
temperatures on the mechanical properties of FRP bars
and the bond behavior between FRP bars and concrete.
The test specimens used were four types; sand-coated
CFRP, helically wrapped Basalt FRP (BFRP), helically
wrapped GFRP, and Steel bars. The elevated
temperatures used ranged between 125 to 450°C. After
exposure to elevated temperatures, the specimens were
left to cool in the air after taken from the electrical
furnace. The tensile strength reduction of FRP bars was
almost linear up to a critical temperature of 325°C. At
a temperature of 450°C, the GFRP and BFRP bars
melted and totally lost their tensile strength capacity.
Steel bars had a minor reduction in tensile strength
compared with the FRP bars. Among the FRP bars, the

1. INTRODUCTION
In recent years, Fiber Reinforced Polymers (FRP) have
become one of the promising reinforcing materials in
concrete structures. FRP reinforcing bars can be used
instead of steel bars in reinforced concrete (RC)
structures because of their excellent properties, which
include corrosion resistance, high strength-to-weight
ratio, appropriate fatigue performance, electric
insulation and easy cutting and handling (El-Gamal et
al. 2014). These advantages increased their use to
repair existing structures (Al-Saidy et al. 2015, 2017;
El-Gamal et al. 2019). They also increased their use
instead of steel bars in several new reinforced concrete
(RC) structures in corrosive environments such as
bridge deck slabs, parking garage slabs, RC
pavements, and RC columns (Benmokrane et al. 2007,
2008; El-Gamal et al. 2009; Thébeau et al. 2010; ElGamal et al. 2010; Bouguerra et al, 2011; Dulude et al.
2011; El-Gamal and Alshareedah 2020 a, b). On the
other hand, they have some disadvantages compared to
steel including no ductility, lower elastic modulus and
shear strength. In addition, they are very sensitive to
elevated temperatures (Ashrafi et al. 2017; Bazli and
Abolfazli 2020; Jafarzadeh and Nematzadeh 2020)
The wide use of FRP bars in concrete structures led
to new challenges for engineers. One of these
challenges is the performance of FRP bars when
subjected to elevated temperatures. FRP bars
performance is poor under elevated temperatures. As
the temperature increases, the matrix softens at the
glass transition temperature level (Tg). Above Tg, the
matrix elastic modulus significantly reduces due to a
change in its molecular structure. The thermal
properties of fibres, however, are better than the matrix
and can continue sustaining the load in a longitudinal
direction until reaching the temperature level of the
fibres. Engineers when designing a structure must
consider the time that the structure can withstand high
temperatures. Therefore, it is important to investigate
the behavior of FRP bars subjected to elevated
temperatures. Robert and Benmokrane (2010)
investigated the tensile strength, shear strength and
flexural strength of one type of glass FRP (GFRP) bar
subjected to elevated temperatures. The elevated
temperature levels ranged between 100 and 325°C. The
results showed that the shear and the flexural strengths
were much more sensitive to high temperature than the
tensile strength. The flexural strength of the GFRP bars
increased when the temperature decreased. At 120°C,
the mechanical strength and flexural modulus dropped
because of the change of the state of the polymer.
Alsayed et al. (2012) investigated the tensile
properties of GFRP bars subjected to elevated
temperatures for different periods. The study included
two groups of specimens. The first group was 60
specimens without concrete cover (bare bars) with 1 m
length. While the second group consisted of 60
specimens covered with concrete to represent the
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CFRP showed the highest bond strength with concrete
because of their better surface characteristics.
However, steel bars attained the highest bond strength
and modulus. The study recommended additional
experimental work using other types of commercially
available FRP bars.
The literature shows that few studies investigated
the flexural behavior of the FRP bars subjected to
elevated temperatures and recommended conducting
more research on this topic. In addition, these studies
are limited to specific types and diameters of the FRP
bars. Therefore, to enrich the knowledge about this
topic, it was decided to conduct this research study to
investigate the flexural behavior of different types and
diameters of FRP bars exposed to elevated
temperatures. Test parameters include the four types of
FRP bars (sand-coated GFRP, helically wrapped
GFRP, grooved GFRP, and sand-coated CFRP), three
diameters of the grooved GFRP bars (10, 16 and 20
mm), three target temperature levels (100, 200 and
300°C), and three exposure periods (1, 2 and 3 hours).
In addition, two testing scenarios were investigated: a)
testing specimens immediately after heating; and b)
keeping specimens to cool down to room temperature
before testing.

test set-up. The flexural tests were conducted in
accordance with the ASTM D790 standard (ASTM
D790-03, 2003). The clear span between supports was
180 mm and the overhangs were 30 mm. The tests were
carried out using a 600 kN MTS machine under a
loading rate of 4 mm/min. The applied load and the
mid-span deflection were recorded using a data logger.
Figure 2 shows a typical specimen during the testing.

(a) Grooved GFRP Bars (G1).

(b) Sand-Coated GFRP Bar (G2).

(c) Helically wrapped GFRP Bar (G3).

2. EXPERIMENTAL WORK
2.1. FRP Bars
Three different types of GFRP bars and one type of
CFRP bars were used in this study. The GFRP bars
included; a) grooved (G1) with nominal diameters of
10, 16 and 20 mm; b) sand-coated (G2) with a nominal
diameter of 10 mm, and c) helically wrapped (G3) with
a nominal diameter of 10 mm. While sand-coated
CFRP (C1) bar with a nominal diameter of 10 mm was
used. Table 1 presents the list of FRP types,
manufacturers and their properties. Figure 1 shows
photos of the bars used in this investigation.

(d) Sand-Coated CFRP Bar (C1).
Figure 1. FRP bars used in this study.

2.2. Test Specimens and Parameters
FRP bars were prepared for flexure tests. The length of
all specimens was 240 mm. The total number of
specimens tested in this study was 99 specimens. Three
specimens of each diameter were tested at room
temperature as control specimens. The remaining
specimens were exposed to temperatures of 100, 200,
and 300°C for one hour. An electric furnace was used
to heat up the specimens. The temperature was
increased at a rate of 3°C degrees per minute until
reaching the required temperature then was kept
constant at the required temperature level. All the G1
specimens were tested using two testing scenarios.
Half of them were tested immediately after taken out
from the furnace. The other half was kept in the lab for
one hour to cool down before testing. All other types
of FRP bars were tested immediately after taken out
from the furnace.

Figure 2. FRP specimen during flexure testing.
Table 1. Properties of FRP bars used in this study.
Type
Glass
Carbon
G1a
G2b G3c
C1b
Nominal
10
16
20
10
10
10
Diameter
Tensile 1150 1102 1094 1185 849
1596
Strength
(MPa)
Tensile 60.5 61.2 66.4 52.3 48.8
120
Modulus
(GPa)
Ultimate 1.9
1.8 1.65 2.26 1.81
1.33
strain
(%)
Area
66.5 199 284 71.3 71.3
71.3
(mm2)
a Made in UAE; b made in Canada; c made in the USA.

2.3. Flexural Test Procedure
All specimens were tested under a three-point bending
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elastic modulus significantly reduces due to a change
in its molecular structure and results in lower efficiency
in transferring shear forces between fibres,
consequently, results in lower flexural strength of the
FRP bars. Fig. 4(a) also shows that, in the immediate
scenario, the flexural strength losses at 100℃ was not
affected by the bar diameter where the matrix at this
temperature level was not significantly affected and the
failure was dominant by the fibres. At this temperature
level, the residual flexure strengths were 78, 84, and
84% for the 10, 16, and 20 mm diameter bars,
respectively. At 200 and 300℃ (higher than the Tg), it
can be noticed that the residual strength decreased as
the bar diameter increased. At 200℃, the residual
flexural strengths were 67, 32, and 19% for the 10, 16,
and 20 mm diameter bars, respectively. Similar
observations were recorded at 300℃ where the
residual flexural strengths were 48, 31 and 11%,
respectively. At these temperature levels, matrices
become weak and the shear strength of the matrix
dominants the failure. In smaller diameter bars, there
are lower horizontal shear stresses in the matrix, which
delays the matrix failure and results in higher residual
strength. These shear stresses increase as the bar
diameters increase and result in earlier failure of the
matrix and lower flexural strength. This can be seen
from the interlaminar shear failure observed in the 20
mm bars at high temperatures as shown in Fig. 3(b).
This agrees with previous research studies (Robert and
Benmokrane 2010; Maranan et al. 2014).
In the cooling scenario (Fig. 4(b)), it can be noticed
that the residual flexural strength was not significantly
affected by increasing the temperature level or bar
diameter. The flexural strength losses ranged between
5 and 8%, 4 and 14%, and 3 and 12% for bars exposed
to 100, 200 and 300℃ temperatures, respectively. This
indicates that allowing the temperature of the
specimens to cool down before testing enhanced their
strength and resulted in residual flexural strengths
close to those of the reference specimens. This shows
that the matrix gained strength after cooling and were
able to transfer the shear forces between the fibres,
which resulted in the high flexural strength values
compared to the immediate scenario.
Figures 5(a) and 5(b) show the residual flexural
modulus of all G1 bars for both immediate and cooling
specimens, respectively. The modulus results were
consistent with the strongest results. It can be noticed
that, for the immediate scenario, the modulus
decreased as the temperature level increased. The
residual flexural modulus was only about 18% at 200
and 300℃ for the 16 and 20 mm bars (losses of about
82%). This again could be related to the weakness of
the resin due to high temperatures especially for bigger
bars that did not lose heat during immediate testing. For
cooling specimens, the used temperature levels have a
slight effect on the flexural modulus of the tested bars.
For example, the residual flexural moduli of the 10, 16
and 20 mm was 99, 98 and 92% at 200℃ and 100, 98
and 84% at 300℃, respectively.

3. TEST RESULTS AND DISCUSSIONS
3.1. Summary of Results
Table 2 summarizes the experimental test results of all
tested bars. The values of the flexural strength and
modulus presented are the average values from three
specimens. The flexural strength (fb) and the flexural
modulus (Eb) were calculated using Eqn. (1) and Eqn.
(2), respectively. More details about these equations
can be found in Appendix A and Appendix B,
respectively.
𝑓𝑓𝑏𝑏 =

𝐸𝐸𝑏𝑏 =

8𝐹𝐹𝐹𝐹

3
𝜋𝜋𝑑𝑑𝑏𝑏

(𝐹𝐹50 −𝐹𝐹20 ) 4𝐿𝐿3

4
(Δ50 −Δ20 ) 3𝜋𝜋𝑑𝑑𝑏𝑏

(1)
(2)

where F, L, and db, are the maximum concentrated load,
clear span, and nominal diameter of the bars,
respectively; F50 and F20 are the concentrated load at
50 and 20% of the maximum load, respectively. Δ50 and
Δ20 are the mid-span deflection at F50 and F20,
respectively.
The values of F and Δ in Eqn. (2) were obtained from
the load-deflection curve of each bar. Specimens
exposed to 100 and 200ºC showed a linear relationship
between the load and mid-span deflection until failure
for all FRP types. Some of the specimens exposed to
300ºC show nonlinear behavior at higher loads levels
close to failure.

3.2. Failure Modes of Tested Bars
The general failure mode of most FRP bars after testing
is defined by crushing of the bars in the compression
zone and rupture of fibres in the tension side as shown
in Fig. 3(a). Some of the 20 mm diameter bars showed
an interlaminar shear failure at high temperatures (200
and 300℃) as shown in Fig. 3(b). It occurs due to high
horizontal shear force that affected the weak matrix at
high temperatures.

3.3 Effect of Temperature Level and Bar
Diameter (Type G1 Bars)
Figures 4(a) and 4(b) represent the residual flexural
strength of type G1 bars as a function of temperature
level and bar diameter for both immediate and cooling
testing scenarios, respectively. Figure 4(a) shows that,
in the immediate scenario, the residual flexural
strength decreased as the temperature level
increased. After exposure for one hour to 100℃, the
residual flexural strengths ranged between 78 to 84%
of the control samples. The residual flexure strength
was significantly affected after exposure to 200 and
300℃. At 200℃, the residual flexural strengths ranged
between 19 and 67% and then reduced at 300℃ to
range between 11 and 48%. This decrease in the
residual flexural strength at higher temperature levels
could be related to the matrix softening. As the
temperature exceeds the Tg temperature, the matrix
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Table 2. Flexural strength and modulus for test specimens.
Types
G1
G2
G3
C1
Diameter
10 mm
16 mm
20 mm
10 mm
10 mm
10 mm
Eb
𝑓𝑓𝑏𝑏
𝑓𝑓𝑏𝑏
𝑓𝑓𝑏𝑏
𝑓𝑓𝑏𝑏
𝑓𝑓𝑏𝑏
𝑓𝑓𝑏𝑏
Specimen
Eb (GPa)
Eb (GPa)
Eb (GPa)
Eb (GPa)
Eb (GPa)
(MPa)
(MPa)
(MPa)
(MPa)
(MPa)
(MPa) (GPa)
Room
1055
46.1
773
45.9
942
54.9
1131
37.7
Temperature
814
34.1
830
80.0
100-1h-i
823
45.4
652
44.2
793
45.4
1080
37.3
732
33.6
700
79.8
200-1h-i
710
32.9
246
8.4
176
10.1
806
26.1
516
26.2
538
37.9
300-1h-i
512
29.6
242
8.6
108
10.0
689
26.0
326
20.2
441
26.6
100-1h-C
1005
45.0
735
46.0
865
51.8
200-1h-C
909
45.8
738
45.2
849
50.5
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Figure 3. The general typical failure mode of FRP bars after testing.
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Figure 4. Residual flexural strength of G1 at different temperatures: (a) immediate; (b) after cooling.
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Figure 6. The behavior of different types of FRP bars exposed to different temperature levels: (a) residual flexural strength;
(b) residual flexural modulus.

affected at 100℃. For both 200 and 300℃, the
flexural modulus was significantly decreased for all
FRP types. The residual flexural modulus of the
GFRP bars at 200 and 300℃ ranged from 69 to 77%
and 59 to 69, respectively. The CFRP bars (C1),
however, showed the lowest residual flexural
modulus among all types with losses of about 53 and
67% at 200 and 300℃, respectively. This may point
to a weaker contact between the matrix and the carbon
fibres at a temperature higher than the Tg. It may be
also due to the type of matrix used in manufacturing
the carbon bars. Additional studies are required in the
future to clarify this point.

3.4. Effect of FRP Type
Figure (6a) shows the residual flexural strength of all
types of FRP bars with a 10 mm diameter. Similar to
type G1, the flexural strength of all FRP types
decreased as the temperature level increased due to
the resin decomposition at higher temperatures above
the Tg (around 120℃). Therefore, a significant
decrease of the flexural strength occurred because the
polymer lost part of its ability to hold the fibre and to
transfer the stresses between fibres. All types showed
close residual flexure strengths at different
temperatures. The residual flexure strength values
ranged from 78 to 95%, 63 to 71, and 40 to 61% at
100, 200, and 300℃, respectively. However, at all
temperature levels, type G2 (sand coated GFRP bars)
showed the highest residual flexural strength
compared to other types. The relationship between the
flexural modulus and temperature is shown in Fig.
6(b). It can be seen that the flexural modulus was not

4. CONCLUSION
Based on the test results of this research, the following
conclusions can be drawn:
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• The flexural strengths and moduli of all
immediately tested specimens decreased as the
temperature level increased. For all 10mm
diameter bars, the residual flexural strengths
ranged between 40 and 61%, while the residual
flexure moduli ranged between 33 and 69%, after
exposure to 300℃.
• Bars with larger diameters showed lower residual
flexural strengths and moduli compared to smaller
diameter bars. The bars with 10, 16, and 20 mm
diameters tested immediately after exposure to
300℃ showed residual flexural strengths of 48, 31,
and 11%, respectively.
• At 200 and 300℃, the immediately tested G1
specimens showed significant flexural strength and
moduli losses (29 to 89%) compared to the losses
in the G1 bars tested after cooling to room
temperature (0 to 16%).
• All tested GFRP bars showed comparable behavior
at different temperatures. However, type G3
showed the highest flexural strength losses (37 and
60%) and type G2 bars showed the lowest losses
(29 and 39%) after exposure to 200 and 300℃,
respectively.
• The carbon FRP bars showed residual flexural
strength ratios comparable to those of the GFRP
bars; however, they showed lower residual flexural
modulus ratios at 200 and 300℃.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

FUNDING
This study was funded by the Department of Civil and
Architectural Engineering, College of Engineering,
Sultan Qaboos University, Oman.

ACKNOWLEDGMENT
The authors would like to acknowledge Sultan Qaboos
University, the Civil and Architectural Engineering
Department, and all the technicians at the structural
laboratory for their help and support.

REFERENCES
Alsayed, S., Al-Salloum, Y., Almusallam, T., ElGamal, S., Aqel, M. (2012). Performance of Glass
Fiber Reinforced Polymer Bars under Elevated
Temperatures. Composites Part B, Vol. 43, pp.
2265-2271.
Ashrafi, H., Bazli, M., Najafabadi, M., Oskouei, A.
(2017). The Effect of Mechanical and Thermal
Properties of FRP Bars on Their Tensile
Performance under Elevated Temperatures.
Construction and Building Materials, Vol. 157, pp.
1001–1010.

18

ASTM D790-03 (2003). Standard Test Methods for
Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials. ASTM
International, West Conshohocken, PA, USA.
Bazli M, Abolfazli M (2020), Mechanical Properties of
Fibre Reinforced Polymers under Elevated
Temperatures: An Overview. Polymers 12, 2600;
doi:10.3390/polym12112600.
Benmokrane, B., Eisa, M., El-Gamel, S., Denis, T., ElSalakawy, E. (2008). Pavement system suiting local
conditions. ACI Concrete International Magazine.
November 2008: pp.34-39.
Benmokrane, B., El-Salakawy, E., El-Ragaby, A., and
El-Gamal, S.E. (2007). Performance evaluation of
innovative concrete bridge deck slabs reinforced
with fibre-reinforced-polymer bars. Canadian
Journal of Civil Engineering, 34(3), 298-310.
Bouguerra, K., Ahmed E.A., El-Gamal, S.E., and
Benmokrane, B. (2011). Testing of full-scale
concrete bridge deck slabs reinforced with Fiber
Reinforced Polymer (FRP) bars. Construction and
Building Materials Journal, Vol. 25, 3956–3965.
Dulude, C., Ahmed, E., El-Gamal, S., Benmokrane, B.
(2011). Testing of large-scale two-way concrete
slabs reinforced with GFRP bars. Advances in FRP
Composites in Civil Engineering, 287-291.
El-Gamal, S.E., Abdul Rahman, B., Benmokrane, B
(2010). Deflection Behavior of Concrete Beams
Reinforced with Different Types of GFRP Bars.
The 5th International Conference on FRP
Composites in Civil Engineering, Beijing, China,
Sept. 27-29
El-Gamal, S.E., Al-Nuaimi, A., Al-Saidy, A., AlLawati, A. (2014). Flexural strengthening of RC
beams using near-surface mounted fibre reinforced
polymers. The Brunei International Conference on
Engineering and Technology, Institut Teknologi
Brunei, Brunei Darussalam, November 1-3, 10p.
El-Gamal, S.E., AlShareedah, O. (2020a). The
behavior of axially loaded low strength concrete
columns reinforced with GFRP bars and spirals.
Engineering Structures, 216, 110732
El-Gamal,
S.E., AlShareedah,
O.
(2020b).
Experimental study on the performance of circular
concrete columns reinforced with GFRP under
axial load. International Conference on Civil
Infrastructure and Construction (CIC 2020),
February 2-5, 2020, Doha, Qatar.
El-Gamal, S.E., Benmokrane, B., and El-Salakawy,
E.F. (2009). Cracking and deflection behavior of
one-way parking garage slabs reinforced with
CFRP bars. ACI Special Publication, SP-264-3, 3352.
Hamad, R., Johari, M., Haddad, R. (2017). Mechanical
properties and bond characteristics of different
fiber reinforced polymer rebars at elevated
temperatures.
Construction
and
Building
Materials, Vol. 142, pp. 521-535.
Hibbeler, R.C. (2018). Structural Analysis, 10th Edition
in SI Units, Pearson, Prentice Hall, pp. 700.

Flexural Behavior of FRP Bars after Exposure to Elevated Temperatures

Jafarzadeh H, Nematzadeh M (2020), Evaluation of
post-heating flexural behavior of steel fiberreinforced high-strength concrete beams reinforced
with FRP bars: Experimental and analytical results.
Engineering Structures 225: 111292.
Maranan, G., Manalo, A., Karunasena, B.,
Benmokrane, B., Lutze, D. (2014). Flexural
behavior of glass fibre reinforced polymer (GFRP)
bars subjected to elevated temperature. The 23rd
Australasian Conference on the Mechanics of
Structures and Materials (ACMSM23), Vol. I,

Byron Bay.
Robert, M., Benmokrane, B. (2010). Behavior of GFRP
reinforcing bars subjected to extreme temperatures.
Journal of Composites for Construction, Vol. 14,
No. 1, pp. 353-360.
Thébeau, D., Benmokrane, B., and El-Gamal S.E.
(2010). Three-year performance of continuously
reinforced concrete pavement with GFRP bars. The
11th International Symposium on Concrete Roads,
Seville, Spain, October 13-15, 11p.

Appendix A: Eqn. (1): Flexure Strength (fb)
The flexural strength was derived using the following
equations (Hibbler R.C. 2018):

Appendix B: Eqn. (2): Flexure Modulus, (Eb)
The calculations of the flexural modulus were derived
using the double integration method given in (Hibbler
R.C. 2018).
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By substituting the values of C1 and C2 into Eqn. (B3),
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At x = L/2, Δ = Δmax

results in:
𝑓𝑓𝑏𝑏 =

𝑑𝑑𝑑𝑑 =

From 2, 0 = 0 + 0 + 𝐶𝐶2 → 𝐶𝐶2 = 0

where, d is the diameter of the GFRP bar (mm)
Substituting Eqns. (A2), (A3) and (A4) into Eqn. (A1)
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PREDICTING THE FLOW VELOCITY AT THE TOE OF A
LABYRINTH STEPPED SPILLWAY
Jaafar S. Maatooq
Civil Engineering Department, University of Technology, Baghdad, Iraq
ABSTRACT: The velocity at the toe of a spillway is a major variable when designing a stilling basin. Reducing
this velocity leads to reduce the size of the basin as well as the required appurtenances needed for dissipating the
surplus kinetic energy of the flow. If the spillway chute is able to dissipate more kinetic energy, then the
resulting flow velocity at the toe of the spillway will be reduced. Typically, a stepped spillway is able to
dissipate more kinetic energy than that of a smooth surface. In the present study, the typical uniform shape of the
steps has been modified to a labyrinth shape. It is logical to expect that the labyrinth shape will lead to dissipate
more kinetic energy. This impression comes through creating more regions of circulation and turbulence along
the lateral sides of each step in addition to those that occur towards the streamwise. This action can also reduce
the jet velocities near the surfaces, thus minimizing cavitation. At the same time, the increase in circulation
regions will maximize the opportunity for air entrainment, which also helps to dissipate more kinetic energy. The
undertaken physical models consisted of three labyrinths of stepped spillways with magnification ratios (width
of the labyrinth to width of conventional step) WL/W are 1.1, 1.2, and 1.3 as well as testing a conventional
stepped spillway (WL/W=1). Two empirical forms of the coefficient are proposed, one for labyrinth shape
stepped spillway denoted KL and another for conventional stepped spillway denoted KS. Once the value of the
coefficient is known, the actual flow velocity at the toe of a stepped spillway can easily be computed without
having to resort to measurements on-site. It is concluded that the spillway chute coefficient is directly
proportional to the labyrinth ratio and its value decreases as this ratio increases.
Keywords: Stepped spillway; Labyrinth spillway; Energy dissipation; Labyrinth shape; Magnification ratio;
Chute coefficient.

ﺣﺴﺎب ﺳﺮﻋﺔ اﻟﺠﺮﯾﺎن ﻋﻨﺪ ﻗﺪﻣﺔ اﻟﻤﻄﻔﺢ اﻟﻤﺪرج ﻋﻠﻰ ﺷﻜﻞ ﻣﺘﺎھﺔ
ﺟﻌﻔﺮ ﺻﺎدق ﻣﻌﺘﻮق
 وﺑﺎﻟﺘﺎﻟﻲ اﻟﺘﻘﻠﯿﻞ ﻣﻦ ﺗﻠﻚ. ﺗﻌﺘﺒﺮ اﻟﺴﺮﻋﺔ ﻋﻨﺪ ﻗﺪﻣﺔ اﻟﻤﻄﻔﺢ ﻣﻦ اﻟﻤﺘﻐﯿﺮات اﻟﺮﺋﯿﺴﯿﺔ ﻋﻨﺪ ﺗﺼﻤﯿﻢ أﺣﻮاض اﻟﺘﺴﻜﯿﻦ:اﻟﻤﻠﺨﺺ
.اﻟﺴﺮﻋﺔ ﯾﻌﻨﻲ اﻟﺘﻘﻠﯿﻞ ﻣﻦ اﻟﺤﺠﻢ اﻟﻤﻄﻠﻮب ﻟﺤﻮض اﻟﺘﺴﻜﯿﻦ وﻛﺬﻟﻚ ﻣﻦ اﻟﻤﻠﺤﻘﺎت اﻟﺨﺎﺻﺔ ﺑﺘﺒﺪﯾﺪ طﺎﻗﺔ اﻟﺠﺮﯾﺎن اﻟﺤﺮﻛﯿﺔ
ﻓﻌﻨﺪﻣﺎ ﯾﻜﻮن ﺳﻄﺢ اﻟﻤﻄﻔﺢ ﻗﺎدر ﻋﻠﻰ ﺗﺒﺪﯾﺪ ﻣﻘﺪار أﻛﺒﺮ ﻣﻦ طﺎﻗﺔ اﻟﺠﺮﯾﺎن اﻟﺤﺮﻛﯿﺔ ﺣﯿﻨﮭﺎ ﺳﺘﻜﻮن ﺳﺮﻋﺔ اﻟﺠﺮﯾﺎن اﻟﻮاﺻﻠﺔ
 ﻓﻲ. ﻋﻤﻮﻣﺎ اﻟﻤﻄﺎﻓﺢ اﻟﻤﺪرﺟﺔ ﻟﮭﺎ اﻟﻘﺎﺑﻠﯿﺔ ﻋﻠﻰ ﺗﺒﺪﯾﺪ ﻟﻠﻄﺎﻗﺔ اﻟﺤﺮﻛﯿﺔ أﻛﺜﺮ ﻣﻦ ﺗﻠﻚ ذات اﻷﺳﻄﺢ اﻟﻤﻠﺴﺎء.ﻋﻨﺪ اﻟﻘﺪﻣﺔ واطﺌﺔ
 ﻣﻦ اﻟﻤﻨﻄﻘﻲ اﻟﺘﻮﻗﻊ أن ﯾﻜﻮن ﺷﻜﻞ اﻟﻤﺘﺎھﺔ ﻟﮫ.ھﺬه اﻟﺪراﺳﺔ ﺗﻢ ﺗﻄﻮﯾﺮ اﻟﺴﻄﺢ اﻟﻤﺪرج اﻟﻨﻤﻮذﺟﻲ اﻟﻰ ﻣﺪرج ﺑﺸﻜﻞ ﻣﺘﺎھﺔ
اﻟﻘﺎﺑﻠﯿﺔ ﻋﻠﻰ ﺗﺒﺪﯾﺪ اﻟﻤﺰﯾﺪ ﻣﻦ اﻟﻄﺎﻗﺔ اﻟﺤﺮﻛﯿﺔ ﻟﻠﺠﺮﯾﺎن ﻣﻦ ﺧﻼل زﯾﺎدة اﻟﺘﺪاﺧﻞ ﺑﯿﻦ ﺗﻔﺮﻋﺎت اﻟﺠﺮﯾﺎن اﻟﺘﻲ ﺳﻮف ﺗﺆدي اﻟﻰ
 ﻓﻲ ھﺬا اﻟﻮﻗﺖ. ھﺬا اﻟﺘﺄﺛﯿﺮ ﺳﻮف ﯾﻘﻠﻞ ﻣﻦ ﺑﺜﻖ اﻟﺠﺮﯾﺎن ﺑﺎﻟﻘﺮب ﻣﻦ اﻟﺴﻄﺢ وﺑﺎﻟﺘﺎﻟﻲ اﻟﺘﻘﻠﯿﻞ ﻣﻦ اﻟﻨﺨﺮ.اﻟﻤﺰﯾﺪ ﻣﻦ اﻟﺪواﻣﺎت
زﯾﺎدة ﻣﻨﺎطﻖ اﻟﺪواﻣﺎت ﺳﻮف ﺗﺰﯾﺪ ﻣﻦ ﻓﺮﺻﺔ ﺗﺪاﺧﻞ اﻟﮭﻮاء ﻣﻊ اﻟﺠﺮﯾﺎن اﻟﺬي ﺑﺪوره ﯾﺴﺎﻋﺪ ﻋﻠﻰ ﺗﺒﺪﯾﺪ اﻟﻤﺰﯾﺪ ﻣﻦ اﻟﻄﺎﻗﺔ
 اﻟﻨﻤﻮذج اﻟﻔﯿﺰﯾﺎﺋﻲ اﻟﻤﻌﺘﻤﺪ ﻓﻲ ھﺬذه اﻟﺪراﺳﺔ ﻗﺪ ﺗﻀﻤﻦ ﺛﻼﺛﺔ ﻧﻤﺎذج ﻟﺸﻜﻞ اﻟﻤﺘﺎھﺔ ﻣﻊ ﻧﺴﺐ ﺗﻜﺒﯿﺮ ﻟﻌﺮض اﻟﻤﻄﻔﺢ.اﻟﺤﺮﻛﯿﺔ
 ﺗﻢ أﻗﺘﺮاح ﻣﻌﺎﻣﻠﯿﻦ.(WL/W)  ﺑﺎﻷﺿﺎﻓﺔ اﻟﻰ ﻧﻤﻮذج اﻟﻤﻄﻔﺢ اﻟﻤﺪرج اﻟﺘﻘﻠﯿﺪي ذو اﻟﻨﺴﺒﺔ1.3  و1.2  و1.1 (WL/W)
 ﻓﻲ ﺣﺎل ﻣﻌﺮﻓﺔ ﻗﯿﻤﺔ اﻟﻤﻌﺎﻣﻞ.ﺗﺠﺮﯾﺒﯿﯿﻦ ﻟﻠﻤﻄﻔﺢ اﻟﻤﺪرج أﺣﺪھﻤﺎ ﺧﺎص ﺑﻨﻤﻮذج ﺷﻜﻞ اﻟﻤﺘﺎھﺔ واﻵﺧﺮ ﺑﺎﻟﻨﻤﻮذج اﻟﺘﻘﻠﯿﺪي
اﻟﺘﺠﺮﯾﺒﻲ ﯾﻤﻜﻦ ﻋﻨﺪھﺎ ﺣﺴﺎب ﺳﺮﻋﺔ اﻟﺠﺮﯾﺎن ﻋﻨﺪ ﻗﺪﻣﺔ اﻟﻤﻄﻔﺢ ﺑﺴﮭﻮﻟﺔ دون اﻟﺤﺎﺟﺔ ﻷﺟﺮاء ﻗﯿﺎﺳﺎت ﻣﻮﻗﻌﯿﺔ ﻣﻦ ﺧﻼل
.اﻟﻨﺘﺎﺋﺞ ﯾﻤﻜﻦ اﻟﻘﻮل ﺑﺄن ﻣﻌﺎﻣﻞ اﻟﻤﻄﻔﺢ ﻗﺪ ﺗﺄﺛﺮ ﺑﺸﻜﻞ ﻣﺒﺎﺷﺮ ﻣﻊ ﻧﺴﺒﺔ اﻟﺘﻜﺒﯿﺮ وﺑﺎﻟﺘﺎﻟﻲ ﻗﯿﻤﺘﮫ ﺗﻘﻞ ﻣﻊ اﻟﺰﯾﺎدة ﻓﻲ ﺗﻠﻚ اﻟﻨﺴﺒﺔ
. اﻟﻤﻄﻔﺢ اﻟﻤﺪرج؛ ﺗﺒﺪﯾﺪ اﻟﻄﺎﻗﺔ؛ ﺷﻜﻞ اﻟﻤﺘﺎھﺔ؛ ﻣﻌﺎﻣﻞ اﻟﻤﻨﺰﻟﻖ؛ ﻧﺴﺒﺔ اﻟﺘﻜﺒﯿﺮ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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circulation regions will indeed increase the
opportunity of air entrainment, which has the
incentive to dissipate more kinetic energy. The second
aim was to reduce the volume of construction
materials need for each step compared to the
traditional step configuration thereby reducing
construction cost and time frame.
Accordingly, the aim of this research was to
investigate a stepped spillway configuration that can
reduce the incoming Froude number by reducing the
flow velocity at the spillway toe. The incoming
Froude number is an indicator used to classify the
type of hydraulic jump often created at the toe of a
spillway, and the type of the stilling basin was
identified accordingly.
Physical model testing was undertaken of three
labyrinths stepped spillways with the labyrinth
magnification ratios of WL/W= 1.1, 1.2, and 1.3 as
well as testing the conventional stepped spillway
(WL/W = 1). This study has focused on investigating
the impact of the WL/W ratio on the actual flow
velocity at the toe of the spillway.

1. INTRODUCTION
The behaviour of flow down conventional uniform
stepped spillways has been investigated both
experimentally and numerically by numerous
researchers. Some studies have been conducted into
modifications of the conventional configuration of a
stepped spillway to improve its hydraulic performance
by increasing the kinetic energy dissipation and/ or
enhancing the resistance to cavitation. Such
modifications included; inclined upward steps,
installing end sills, adding baffle blocks at the
downstream end of each step, turbulence manipulators
and macro-roughness systems consisting of concrete
blocks (Manso and Schleiss, 2002; Chanson and
Gonzalez, 2004; EL-Jumaily and Al-Lami, 2009).
With respect to the values of the flow velocity at the
toe of the spillway, Bradley, and Paterka (1957) and
more recently Zahra et al. (2015) have applied a
correction coefficient, Cf to the theoretical velocity to
give the actual velocity. In these studies, the hydraulic
effects and the roughness along the chute of the
spillway are implicitly reflected in this coefficient.
Abdul-Mehdi et al. (2016) from the laboratory study
which has been conducted on steps roughed by three
different sizes of gravel. The authors concluded that
the energy dissipation increases with the increasing
the size of the gravel and the maximum per cent of
this increase was 16.73% as compared with the
traditional steps without roughness by gravel for the
same
geometric
and
hydraulic
conditions.
Moghaddam et al. (2017) adopted the reverse gradient
with sill installed at the edge of each step of the
stepped spillway as an attempt for development. The
experimental program has been conducted to test the
advantage of this development. The change of;
reverse gradient, sill height and sill thickness are the
aims to increase the ability of the stepped surface of
the spillway to dissipate more kinetic energy. The
results show appreciable advantages of such attempts
especially with higher reverse gradient and less
thickness of sill.
From all the aforementioned researches, the key
advantage of stepped spillways is increasing the
performance in energy dissipation. This action will
definitely reduce the flow velocity at the spillway toe,
which is positively reflected in the choice of the size
and type of the stilling basin. This has led to an
investigation of the best configurations and features to
provide standardized hydraulic design criteria.
Recently the features of labyrinth weir have been
adopted by Maatooq and Ojaimi (2014) and Maatooq
(2016) to modify the step shape in a stepped spillway.
The first aim of this modification was to utilize the
labyrinth shape to increase the effective width of each
step (WL) in comparison with the standard step width
(W), where WL= 3ω (4a+2lc), as evident in Fig. 1(a).
The labyrinth shape has the potential to reduce the jet
velocities near the flow surface and to reduce the
potential of cavitation. At the same time, increasing

2. MODELS AND PROCEDURE
Physical modelling was undertaken in a flume located
at the hydraulic laboratory of the University of
Technology-Baghdad. This flume has a working
section 0.3m wide, 0.45m in depth and its length is
12.5m. Three physical models of the stepped spillway
at chute angles, θ=35o, 45o, and 55o were adopted with
a crest fixed at height 0.32m (i.e., the height of dam),
these inclination angles gave ratios of step height (h)
to step tread length (s), h/s= 0.7, 1, and 1.428,
respectively. With each inclination, four-step
configurations were tested. The first was a traditional
stepped spillway configuration. The other three models
were labyrinth step shapes at n= three cycles each of
width equal, ω to give WL/W=1.1, 1.2, and 1.3, where
the lateral length of labyrinth step WL= n (4a+2lc), and
W is representing a lateral length of traditional step,
see Fig. 1. The twelve models were divided into three
groups based on the spillway angle. In all models the
step rise, h was kept at 0.04m, while the tread lengths
were, s= 0.057m, 0.04m, and 0.028m. The dimensions
as illustrated in Fig.1 were selected according to the
available hydraulic conditions and flume dimensions.
The flow rate was measured using an
electromagnetic flowmeter, which can record flows
between 0 to 30 l/s for accuracy within ±0.01 l/s.
Based on the limitation ten different discharges ranged
between 2 l/s and 16 l/s were selected to achieve flow
conditions between nappe and skimming flow regimes.
For each run after the stabilizing of the flow, the
depths of flow over the crest and at the toe of the
spillway were recorded using a digital point gauge
with accuracy ±0.1mm.
The Pitot tube mounted with a water manometer
installed on the centre line of the flume was used to
measure the velocity at the toe of the spillway for each
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run. This reading is the actual velocity denoted as Va.
After calibrating the Pitot tube and applying the
calibration coefficient, velocity was calculated by;
Va = C�2gΔh

WL/W. In Fig. 3 the variation of KL as the dependent
variable under the influence of, H/L is illustrated,
where L is the length of the chute (measured along the
chute surface) as illustrated in Fig. 1(b). As expected
KL increases i.e., the velocity at the toe of the spillway
becomes closer to the theoretical velocity, as the H/L
ratio increases, wherewith increasing the head (H)
over the crest at the same length of the chute (L) the
actual velocity (Va) at the toe definitely increased.

(1)

where Δh, is the water level difference of the
manometer and C=0.9 in this study as determined from
calibration.
This actual velocity is compared with the theoretical
velocity which calculated from the relationship has
been published by Bradley and Paterka (1957), in the
form of a chart, its ordinate based on the fall from the
reservoir level to the stilling basin floor and its
abscissa is the ratio of the actual velocity to the
theoretical velocity at the entrance of the stilling basin
(toe of spillway). Accordingly, Bradley and Paterka
(1957) proposed the following formula for calculating
the theoretical velocity;
H

Vt = �2g �Z − �

(2)

KL= Va/Vt

(3)

2

(a)

where, Z is the vertical distance between the elevation
of the head, H, over the crest of the spillway and the
floor level at the toe of the spillway (see Fig. 2).
The aim of the present study is to assess the
functional relationship for the labyrinth coefficient
(KL) which represents the ratio of the actual velocity,
Va to the theoretical velocity, Vt;

This coefficient depends on the geometrical
properties of the spillway surface and the working
head over the crest. The lower the value of this
coefficient the greater the dissipation of kinetic energy
along the surface of the spillway.

3. RESULTS AND DISCUSSION
Figure 1. Physical model of labyrinth stepped spillway; (a)
Plane view and (b) 3-D view (Maatooq and
Ojaimi 2014).

Under conditions of skimming flows down a stepped
spillway the flow rotation in the triangular area at a
front of the step and on the back of the tread can have
a significant impact on energy dissipation. In a
conventional stepped spillway, this zone of flow
rotation has the same influencing action transversely
(i.e., across the width of the spillway). A labyrinth
step configuration disrupts this transverse uniformity
of flow. The labyrinth step shape can increase the
interlocking between a streamwise recirculation as
well as a secondary circulation created locally in the
labyrinth cycle which definitely increases the ability to
dissipate more kinetic energy.
The flow conditions and the hydraulic performance
of a stepped spillway are governed by the step height,
step length, and discharge (Chanson, 2002; Bose and
Hager, 2003; Ohtsu et al., 2004; Khatsuria, 2005). The
new concept introduced here is the labyrinth ratio,

Figure 2. Parameters provided for Eqn. (1) (Bradley and
Paterka, 1957).
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This physical point is hydraulically known for
such structure through increasing the value of
incoming Froude number for the hydraulic jump
when it occurs just at the toe of a spillway as evident
through a sketch in Fig. 1. Figure 3 illustrates the
hydraulic impact of the labyrinth steps where the
value of KL decreased with increasing the labyrinth
ratio WL/W for any given H/L. This effect seems
greater at higher H/L. This finding is also
demonstrated in Fig. 4, where the labyrinth
coefficient dramatically decreases as the labyrinth
ratio increase for all spillway slope angles. In terms
of the effect of inclination or slope angle of the
spillway on the labyrinth factor, the h/s=1.428
(θ=55o) has a greater influence. The values of KL
however, nearly coincide for labyrinth ratio
WL/W=1.3 when the spillway inclination is between
θ=35o and 45o as shown in Fig. 5. In general, Fig. 5
indicates that for any given value of the labyrinth
ratio, WL/W the h/s does not have an effective
influence on the KL, but at the same time the
noticeable influence was inversely proportional
instead of the case with the traditional steps.

0.9
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0.7
0.6

KL

0.5
0.4
0.3
0.2
0.1

WL/W=1

WL/W=1.1
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0
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0.2
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Figure 3. Effect of head over crest related to chute length
on labyrinth coefficient (KL).
0.7
for h/s=0.7
for h/s=1
0.6

KL

for h/s= 1.428

0.5

The statistical software (STATISTICA-10) was
used to derive the following functional relationship
based on experimental data by multiple nonlinear
regression analysis with R2=0.921.
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WL −0.875 h −0.228
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� �
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Figure 4. Effect of labyrinth ratio on KL.

(4)

0.7
for WL/W=1

Equation 4 can be applied with high reliability
when the rise of step to the tread (h/s) is ranged
between 0.7 and 1.4, the labyrinth does not exceed
3-cycle, the labyrinth magnification ratio (WL/W) up
to 1.3, and the lower head over the crest (H) and its
maximum value are 5% to 25% of the chute length
(L) respectively.

for WL/W=1.1
0.6
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0.4
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K s = 1.491 � �
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Figure 5. Effect of inclination of the chute on KL.
0.7
0.6

Predicted KL

For conventional stepped spillway, WL is equal to
W. Thus the ratio WL/W does not have an effect on
KL. Since the spillway chute here is consisting of
traditional steps, the coefficient should take another
characterization and denote as Ks. In this situation
the effect of two parameters H/L and h/s has been
used in regression analysis to get the following
relationship with R2=0.938;
h −0.174

for WL/W=1.3

0.5

Figure (6) demonstrates the relationship between
the predicted values of the labyrinth coefficient
based on Eqn. (4) and the observed values of this
coefficient that resulted through the application of
the experimental data at Eqns.1 and 2. It should note
here that Eqn. (4) is solely applicable for the
labyrinth shape (i.e., WL/W> 1).

H 0.449

for WL/W=1.2

0.5
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Figure 6. The Predicted versus Observed
Labyrinth Coefficient.

(5)
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Statistical indices including the Root Mean Square
Error, RMSE, and the Mean Bias Error, MBE, were
also calculated to test the reliability of Eqns.4 and 5.
These indicators present error in the units (or square
units) of the constituent of interest which aid in the
analysis of results. It was first presented by Moriasi,
et al. (2007), then cited and adopted by Tariq and
Latif (2011), and Maatooq (2016). Zero values of
these indicators refer to a perfect fit. Another
statistical indicator that determines the relative
magnitude of the residual variance compared to the
variance of the measured data is the Nash-Sutcliffe
Efficiency Coefficient (NSEC) which recommended
by the ASCE, 1993. When NSEC has a value
between 0 and 1 is viewed as an acceptable
performance level, whereas when it being less than
zero is an indication of unacceptable performance
(less reliability). The statistical measures values of
indices for Eqns. 4 and 5 respectively are;
RMSE=0.0196 and 0.0252, MBE=0.000074 and
0.000031. The small values of these indices refer to
acceptable correlations. Whereas the NSEC=0.921
and 0.938 respectively refer to acceptable reliance.
Based on these values of indices it is concluded that
Eqns.4 and 5 could be used as predictive equations
to calculate the labyrinth coefficient and stepped
spillway chute coefficient (for conventional stepped
spillways). Once the value of this coefficient is
known the actual flow velocity at the toe of a
stepped spillway can easily computing by using Eqn.
(2). It should worth noting that the difference
between Eqn. (4) and Eqn. (5) is the former used just
when WL/W> 1, i.e. for labyrinth stepped spillway
whereas the latter has been derived based on the
traditional stepped spillway data.

spillway. Consequently, two empirical forms of the
coefficient are proposed, one for labyrinth shape
stepped spillway denoted KL and another for
conventional stepped spillway denoted KS. Once the
value of the coefficient is known the actual flow
velocity at the toe of a stepped spillway can easily
computing by using Eqn. (2). It should be noted that
the labyrinth coefficient calculated by Eqn. (4) has
practical limitations such as the labyrinth cycle and
the magnification ratio do not exceed 3 and 1.3
respectively along the head over the crest do not
exceed the 0.25L. These boundary conditions are
established to further researches to expand the scope
of applicability.
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ABSTRACT: This paper proposes an improvement for the dynamic performance of pre-saturated stacked
permanent magnet biased three-phase fault current limiter (PMFCL) through COMSOL finite element
simulation. The nonlinear demagnetization behaviour of the permanent magnet, especially in the upper part of
the B-H curve with negative magnetic field intensity, has been modelled through the Jiles-Atherton method. This
enables a realistic representation of the PMFCL dynamic behaviour throughout its entire operations of pre-fault,
fault and fault removal, respectively. The experimental measurements were considered to validate the trends of
the simulation outcomes during the entire operation of PMFCL. Extensive finite element simulation shows that
the stacked design of PMFCL can increase the capability of fault current limiting with proper selection of the
number and arrangement of the AC coils around the iron core (soft magnet). Results reveal that the division of
AC coils into series differential connected sub coils, with an even number, can increase the limiting capability by
increasing the AC coil number of turns, without exceeding the permissible tolerances of voltage drop and power
losses. Moreover, this stacked design is subjected to parametric investigation for different fault types, either
symmetrical or unsymmetrical, or even when changing the fault current peak value.
Keywords:

COMSOL Multiphysics; iron core, neodymium; permanent magnet; pre-saturated core; fault current
limiter.

ﺗﺼﻤﯿﻢ دﻟﺘﺎ ﻣﻜﺪس ﺛﻼﺛﻰ اﻷوﺟﮫ ﻟﻤﺤﺪدات ﺗﯿﺎر اﻟﺨﻄﺄ ﺗﻌﺘﻤﺪ ﻋﻠﻰ اﻟﻤﻐﻨﺎطﯿﺴﯿﺎت اﻟﺪاﺋﻤﺔ
ﻣﺤﻤﺪ اﻟﻌﺪوي* و إﺑﺮاھﯿﻢ ﻣﺘﻮﻟﻲ
 ﯾﻘﺘﺮح ھﺬا اﻟﺒﺤﺚ ﺗﺤﺴﯿﻨًﺎ ﻟﻸداء اﻟﺪﯾﻨﺎﻣﯿﻜﻲ ﻟﻤﺤﺪد اﻟﺘﯿﺎر اﻟﺨﻄﺄ ﺛﻼﺛﻲ اﻷوﺟﮫ ﺳﺎﺑﻖ اﻟﺘﺸﺒﻊ ﺑﻮاﺳﻄﺔ اﻟﻤﻐﻨﺎطﯿﺴﯿﺎت:اﻟﻤﻠﺨﺺ
 ﺗﻢ ﻧﻤﺬﺟﺔ ﺳﻠﻮك إزاﻟﺔ اﻟﻤﻐﻨﺎطﯿﺴﯿﺔ اﻟﻼﺧﻄﯿﺔCOMSOL. ( ﻣﻦ ﺧﻼل ﻣﺤﺎﻛﺎة اﻟﻌﻨﺎﺻﺮ اﻟﻤﺤﺪودةPMFCL) اﻟﺪاﺋﻤﺔ
 ﻣﻦ ﺧﻼل طﺮﯾﻘﺔ، ﻓﻰ اﻟﺤﺎﻟﺔ اﻟﺴﺎﻟﺒﺔ ﻟﺸﺪة اﻟﻤﺠﺎل اﻟﻤﻐﻨﺎطﯿﺴﻲBH  ﺧﺎﺻﺔ ﻓﻲ اﻟﺠﺰء اﻟﻌﻠﻮي ﻣﻦ ﻣﻨﺤﻨﻰ، ﻟﻠﻤﻐﻨﺎطﯿﺲ اﻟﺪاﺋﻢ
ً
 ﺗﻢ ﻣﻘﺎرﻧﺔ اﻟﻘﯿﺎﺳﺎت اﻟﻌﻤﻠﯿﺔ ﻣﻊ ﻧﺘﺎﺋﺞ. ﺧﻼل ﻋﻤﻠﮫPMFCL ﺗﻤﺜﯿﻼ واﻗﻌﯿًﺎ ﻟﻠﺴﻠﻮك اﻟﺪﯾﻨﺎﻣﯿﻜﻲ
 واﻟﺘﻰ ﺗﺘﯿﺢJiles-Atherton
 ﺗُﻈﮭﺮ ﻣﺤﺎﻛﺎة اﻟﻌﻨﺎﺻﺮ اﻟﻤﺤﺪودة اﻟﻮاﺳﻌﺔ أن اﻟﺘﺼﻤﯿﻢ. وذﻟﻚ ﻟﻠﺘﺤﻘﻖ ﻣﻦ ﺻﺤﺔ اﻟﻨﺘﺎﺋﺞPMFCL اﻟﻤﺤﺎﻛﺎة ﺧﻼل ﻋﻤﻞ
 ﯾﻤﻜﻦ أن ﯾﺰﯾﺪ ﻣﻦ ﻋﻤﻠﯿﺔ ﺗﺤﺪﯾﺪ ﺗﯿﺎر اﻟﺨﻄﺄ وذﻟﻚ ﺑﺎﻻﺧﺘﯿﺎر اﻟﻤﻨﺎﺳﺐ ﻟﻌﺪد وﺗﺮﺗﯿﺐ ﻣﻠﻔﺎت اﻟﺘﯿﺎر اﻟﻤﺘﺮددPMFCL اﻟﻤﻜﺪس ﻟـ
 ﺗﻜﺸﻒ اﻟﻨﺘﺎﺋﺞ أن ﺗﻘﺴﯿﻢ ﻣﻠﻔﺎت اﻟﺘﯿﺎر اﻟﻤﺘﺮدد إﻟﻰ ﻣﻠﻔﺎت ﻓﺮﻋﯿﺔ ﻣﺘﺼﻠﺔ ﺑﻄﺮﯾﻘﺔ.(ﺣﻮل اﻟﻘﻠﺐ اﻟﺤﺪﯾﺪي )اﻟﻤﻐﻨﺎطﯿﺲ اﻟﻨﺎﻋﻢ
 دون ﺗﺠﺎوز اﻟﺤﺪ،  ﯾﻤﻜﻦ أن ﯾﺰﯾﺪ ﻗﺪرة ﺗﺤﺪﯾﺪ اﻟﺘﯿﺎر ﻣﻊ زﯾﺎدة ﻋﺪد ﻟﻔﺎت ﻣﻠﻒ اﻟﺘﯿﺎر اﻟﻤﺘﺮدد،  ﺑﺮﻗﻢ زوﺟﻲ، ﺗﻔﺎﺿﻠﯿﺔ ﻣﺘﺴﻠﺴﻠﺔ
 ﯾﺨﻀﻊ ھﺬا اﻟﺘﺼﻤﯿﻢ ﻟﻠﺘﺤﻘﻖ ﻣﻦ ﺗﺤﺪﯾﺪ ﺗﯿﺎر اﻟﺨﻄﺄ ﻟﻜﻞ،  ﻋﻼوة ﻋﻠﻰ ذﻟﻚ.اﻟﻤﺴﻤﻮح ﺑﮫ ﻟﻠﮭﺒﻮط ﻓﻰ اﻟﺠﮭﺪ واﻟﻘﺪرة اﻟﻤﻔﻘﻮدة
. أو ﺣﺘﻰ ﻋﻨﺪ ﺗﻐﯿﯿﺮ اﻟﻘﯿﻤﺔ اﻟﻌﻈﻤﻰ ﻟﺘﯿﺎر اﻟﺨﻄﺄ،  ﺳﻮاء ﻛﺎﻧﺖ ﻣﺘﻤﺎﺛﻠﺔ أو ﻏﯿﺮ ﻣﺘﻤﺎﺛﻠﺔ، أﻧﻮاع اﻷﺧﻄﺎء اﻟﻤﺨﺘﻠﻔﺔ
. ﺣﺰﻣﺔ ﺑﺮاﻣﺞ ﻛﻮﻣﺴﻮل؛ اﻟﻘﻠﺐ اﻟﺤﺪﯾﺪي؛ ﻧﯿﻮدﻧﯿﻮم؛ ﻣﻐﻨﺎطﯿﺲ داﺋﻢ؛ ﻗﻠﺐ ﺳﺎﺑﻖ اﻟﺘﺸﺒﻊ؛ ﻣﺤﺪد ﺗﯿﺎر اﻟﺨﻄﺄ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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current can in turn desaturate the soft magnet towards
higher
relative
permeability values,
which
corresponds to a sharp increase of the soft magnet
impedance and hence limiting the fault current.
However, the DC coil can be either a simple nonsuperconducting one (i.e. copper coil) or a
superconductor that permanently conserves its
superconductivity state during the entire operation of
the device. Consequently, this DC coil generates a
highly magnetomotive force (mmf), which can be
considered as the main drawback of such DC-biased
PCFCLs due to the high power losses and high
induced back electromotive force (emf) across the DC
coil terminals during normal and fault conditions,
respectively (Moscrop 2013).
Permanent magnet biased FCLs (PMFCLs) can
replace and overcome the above-mentioned
drawbacks of the traditional DC-biased PCFCL. In the
three-phase PMFCL, the DC coils are replaced with
PM for effective saturation of the associated soft
magnet. Moreover, the simple construction of PM and
its adequate behaviour for transition between healthy
and faulty conditions encourage the spreading out of
such PMFCLs, especially for increasing their
operational capabilities with stacked designs.
However, the truthful representation of PM with its
nonlinear demagnetizing behaviour, especially in the
upper part of its constructive material B-H loop with
negative magnetic field intensity, is a challenge for
the design process of such PMFCLs (Eladawy et al.
2019). Consequently, finite element (FE) simulation
provides an attractive tool, especially when validated
with empirical results, for profoundly realizing the
dynamic behaviour and tendencies of such PMFCLs.
This paper proposes a time-domain, threedimensional (3D) FE simulation of COMSOL
Multiphysics package (COMSOL 2013) of a stacked
design of three-phase PMFCL with performance
investigation through, electric-circuit magnetic-field
coupled
model.
However,
the
nonlinear
demagnetizing representation of PM material,
especially in the upper part of its B-H hysteresis loop,
is based on the well-known Jiles-Atherton (JA)
modelling method. The aftermaths of JA model have
been coupled with COMSOL to comprise the
constitutive B-H characteristics of PM exhibits
nonlinear demagnetizing behaviour. Predominantly,
the FE modelling technique has been verified and
validated through comparison with experimental
results of a given PMFCL. Furthermore, the proposed
stacked design of PMFCL is devoted to the parametric
investigation, especially the governing ones, to
increase the operational capability in limiting fault
current for distribution networks at different voltage
levels.

1. INTRODUCTION
The fault current levels may be increased due to the
progressive penetration of distributed generation into
electrical power networks. Consequently, the power
system reliability may be threatened due to these
increased levels of fault current forthcoming the
switchgear approaching limits. Therefore, upgrading
infrastructure, circuit breakers, and/or survival
switchgear represent a great challenge for utilities to
conserve the reliability and full protection of power
system against high levels of such fault current. This
process of upgrading and/or bus splitting procedure
can be considered a costly solution and bulky time
consuming (Duggan 2006). Therefore, limiting fault
current within the switchgear operating limits
represents a leading candidate solution to avoid this
upgrading process, which raises the importance of
fault current limiter (FCL) technology (Eladawy et al.
2018; Moscrop 2013).
FCLs can be generally classified, according to their
constructive technology, into solid-state FCLs
(SSFCLs) (Radmanesh et al. 2016), quench-type
superconducting FCLs (SFCLs) (Jia et al. 2016), and
pre-saturated iron core FCLs (PCFCLs) (Eladawy et
al. 2018; Moscrop 2013; Eladawy et al. 2019;
Eladawy et al. 2020; Pannu et al. 2013; Yuan et al.
2017; Xiao et al. 2013, Zhao et al. 2007). SSFCLs
utilize the power semiconductor switches for
controlling the current flow through the circuit. An
external controlling circuit, in general, is required for
the detection of both fault and post-fault recovery
events. However, the associated high power losses
and unavoidable delays in fault detection and clearing
process limit the reliability of this type of FCLs. In
the quench-type SFCL, fault current limiting takes
place due to the changeover from the initial state of
very
low
impedance
associated
with
superconductivity to very high impedance during fault
occurrence. However, the SFCLs have operational
difficulties, which limit their application, due to the
required accompanying cryogenics, for preventing
burnout of superconductor, and unavoidable delays in
both fault reaction and post-fault recovery events
(Radmanesh et al. 2016).
PCFCLs offer a self-governing performance of
triggering for both fault occurrence and post-fault
recovery events. The soft magnet (iron core), in such
PCFCLs, is deeply saturated, which represents
negligible impedance as the relative permeability µr ≈
1 during the healthy operating condition. This deeper
saturation state can be offered by either a DC coil or
permanent magnet (PM) (Eladawy et al. 2019,
Eladawy et al. 2020). During fault condition, the
highly counter-magnetic flux created by the fault
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2. DESIGN TOPOLOGY AND
OPERATING PRINCIPLES
2.1 Design Topology
Since the first conception of PCFCL, numerous system
geometries have been inspected. Regardless of the
different design topologies, the principle of operation
remains the same. Fig. 1 shows the PMFCL included
in the simplified test circuit (per phase), where the
fault is represented by a switch (Eladawy et al. 2018).
This switch is used to simulate a solid short circuit
across the load terminal. Some of the common
electrical parameters for the proposed delta-shaped
PMFCLs are shown in Table 1. The design
arrangement of four AC coils and five NdFeB-N42
PM segments (4AC-5PM) three-phase delta-shaped
PMFCL (Eladawy et al. 2020) is shown in Fig. 2(a).
In this design, the AC coil of each phase has been
divided into an even number of sub coils, conserving
the total number of turns for each phase, as shown in
Table 1. These sub coils are equally distributed and
wound on the periphery of soft magnet, which is
represented by 1000 mm of side length equilateral
triangle, forming the delta-shaped core, as shown in
Fig. 2(a).
The subdivided coils of each phase are connected in
series, with differential connection (Eladawy et al.
2020), to carry the line current of the protected power
line. The uniformly distributed PM segments are
sandwiched and arranged between the two soft
magnet triangles throughout the delta-shaped design.
The magnetization of each two adjacent PMs are in
opposite directions, see parallel arrows in Fig. 2(a), in
such a way to ensure forcing the soft magnet into a
deeper magnetic saturation state. This leads to the soft
magnet with very low impedance throughout the
system normal operating condition. Additionally, this
distribution of PMs in the magnetic circuit permits
their force sources to bridge the distance between the
soft magnets, hence resulting in a flux path with low
reluctance. This supports effective saturation and PM
protection during the healthy condition. Furthermore,
this ensures effective fault current limiting in fault
condition due to the high level of flux linkage
crossing the magnetic circuit “demagnetization”.
Accordingly, the coils flux path is perpendicular to
the PM magnetization direction, and along the soft
magnet circumference track. Moreover, each two
adjacent PM pieces have opposite magnetization
directions, as shown in Fig. 2(a). This allows flux to
return through the upper and lower triangles of the
soft magnet. To prevent PM demagnetization, it is
recommended to locate both the static mmf source and
the AC mmf source in orthogonal positions, and
include the PM into FCL magnetic circuit (Yuan et al.
2018).
The dimensions of PM and soft magnet are selected

Figure 1. Simplified test circut (per phase) comprising the
PMFCL with fau it representation switch.
Table 1. Common electrical parameters for delta shaped
PMFCLs.
Symbol

Quantity

Value

us

The rms value of the source line
voltage

220√3 V

RLine

Line resistance

0.1 Ω

RLoad

Load resistance

3Ω

Nac

Total number of AC coil turns of
each phase

48

acoil

Copper wire cross-sectional area

60 mm2

σ

Coil wire conductivity

f

Power frequency

6×107
50 /Hz

such that the soft magnet is deeply saturated, which
results in AC coils per phase with negligible
inductance value during the healthy operating
conditions. In addition, a substantial increase in the
inductance per phase for the AC coil is obtained as a
result of the significant rise of the soft magnet relative
permeability, and hence its inductance, at fault occurs
due to the demagnetization effect. However, the AC
field induces eddy currents in the rare-earth
neodymium PM (NdFeB-N42). Such an eddy current
can be minimized by laminating the two equilateral
triangles of the soft magnet core and shielding the
electrically conductive PM. This will in turn minimize
or prevent the PM demagnetization due to heat
buildup.
The operational capability of PMFCL can be
increased using stacked arrangements (one top of the
other) of the soft magnet triangles. This stacked
arrangement results in doubling the core thickness, as
shown in Figs. 2(b) and 2(c). This will in turn increase
the voltage drop value, due to the increase of AC coil
inductance, during the healthy condition of operation.
However, this may exceed the maximum permissible
value of the voltage drop (≈ 1%) stipulated by the
utilities (Eladawy et al. 2020). Another multi-storey
design can be obtained by aligning the magnetization
direction in all storeys in the same direction, as shown
in Fig. 2(d). In this design, the number of PM
segments has been doubled and each head-to-head
PM couples have the same direction of magnetization
and opposite to the adjacent ones in opposite
direction, as shown in Fig. 2(d). Each AC coil around
the soft magnet is subdivided to eliminate the leakage
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(a)

(b)

(c)

(d)

Figure 2. Three-dimensional view of three-phase PMFCLs with arrow directions of PMs magnetizations (a) 4AC-5PM
reference delta-shaped design (Eladawy et al. 2020), (b) 4AC-5PM stacked delta, (c) 8AC-5PM stacked delta, and
(d) 12AC-10PM multi-storey delta design. All dimensions are in mm.

flux through the non-magnetic separation between the
two soft magnets, forming the 12AC-10PM multistorey delta design. Therefore, the number of PMs,
the height of the AC coil and its sub coils number
strictly control the dynamic behaviour of the PMFCL.

decreases the voltage drop during the non-limiting
condition of the PMFCL (Eladawy et al. 2018;
Moscrop 2013; Eladawy et al. 2019, Eladawy et al.
2020).
The flux produced by the normal line current,
during the normal operation, is sufficiently small to
develop satisfactory demagnetizing mmf, which is
able to eliminate the strong magnetization of the soft
magnet. Thus, the PMFCL approximately displays
non-limiting behaviour. During fault occurrence, the
highly generated mmf, by the fault current, can
demagnetize the soft magnet towards higher values of
µr in the B-H curve linear region. A one-half cycle of
fault current initiates half of the AC sub coils to come
out of their initial strong saturation. Therefore, they
are sharply rushed into a higher value of impedance.
The subsequent fault current second half cycle drives
the other part of the AC sub coils into a deeper
saturation state, and vice versa, as shown in Fig. 3. At
the fault removal instant, the PMFCL promptly
recovers the initial state of strong saturation with
negligible impedance and no limiting effect in less
than 2 ms (Eladawy et al. 2020, Yuan et al. 2017).

2.2 Operating Principles
The operating principle of PMFCL remains the same
as that of the DC-biased PCFCL. The rare-earth PM
drives the soft magnet into deeper saturation with
negligible inductance. Therefore, the PMFCL exhibits
a non-limiting effect during the healthy condition of
the system. Figure 2 illustrates that the PM is divided
into smaller parts and distributed over the periphery of
the soft magnet. This distribution provides effective
saturation and reduces the heat build-up inside the
PM, hence avoiding the decrease of its magnetism at
higher temperature (Coey 1996). In general, for each
phase, two identical AC coils are required for
effective limiting the two half cycles of the fault
current. However, the even number of subdivided
coils are connected in series, for each phase, with the
differential connection. This differential connection
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Figure 4. Comparison between the PMFCL experimental
results of (Li et al. 2012) and the COMSOL FE
simulation comprises the nonlinear behavior of
PM.

(a)

part of its B-H hysteresis loop with negative H
(Eladawy et al. 2019, Eladawy et al. 2020).
Definitely, the constitutive B-H relation represents the
PM material using JA hysteresis model has been
integrated into COMSOL (COMSOL 2013).
Consequently, the foremost equations that have been
modified to characterize a PM material exhibit a
prescribed direction of remnant magnetic flux density.
This enables updating the location of the intersecting
point between both the characteristics of PM and soft
magnet at each time step, and hence shows a realistic
representation of the PMFCL behaviour during its
entire operation.
Such coupled FE-JA model, which encompasses the
nonlinear representation of PM through JA method, is
predominantly validated with the experimental results
of (Zou et al. 2008, Li et al. 2012), as shown in Fig. 4.
However, the experimental setup in (Li et al. 2012)
has been modelled through the coupled FE-JA model,
and the simulation results of this coupled model are
compared with the experimental measurements as
shown in Fig. 4. Figure 4 shows that the experimental
results are in good agreement with simulation results
with an error difference of ±3% due to the missing
AC coil dimensions (Li et al. 2012). Therefore, the
actual representation of PM demagnetizing behaviour
through JA model in the upper part of the B-H curve
with negative magnetic field intensity offers truthful
tendencies for the PMFCL dynamic behaviour in
limiting fault current during normal and fault
conditions.

(b)

Figure 3. Surface plots at fault condition for (a) magnetic
flux density B in (T) with cone directions of B,
and (b) magnetic field intensity H in (A/m), both
at t = 0.09 s, for the 8AC-5PM PMFCL stacked
delta design. Nac = 48.

Nevertheless, the delta-shaped topology of the soft
magnet provides magnetic symmetry configuration,
and easier in manufacturing and assembly. This will,
in turn, result in an approximately similar clipping
ratio of fault current for any type of fault, and a
similar voltage drop for the three phases in the healthy
condition as the device is used in series without
disturbing the balance condition of the power system.
The nonlinear B-H hysteresis loop is represented
through JA method (Prigmore et al. 2013, Pop et al.
2011), and is considered as a base for further
modelling of rare-earth neodymium PM (NdFeBN42) behaviour. More details about the characterizing
B-H hysteresis loop of NdFeB-N42 and the
methodology of JA model can be found in (Eladawy
et al. 2019; Eladawy et al. 2020), (Prigmore et al.
2013, Pop et al. 2011). JA method can effectively be
used for modelling the anisotropic magnets exhibit
remnant magnetic flux density. Accordingly, JA
model is integrated with the FE simulation of
COMSOL, in the time domain, for representing the
nonlinear behaviour of PM, especially in the upper

3. PERFORMANCE INVESTIGATION OF
STACKED PMFCLS
According to the above-mentioned operating
principles of PMFCL, a 3D time-varying, COMSOL
Multiphysics (COMSOL 2013) electric-circuit
magnetic-field coupled FE model is reproduced.
However, the three-phase stacked PMFCLs designs,
Figs. 2(b), (c), and (d), are compared with the
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reference design of 4AC-5PM (Eladawy et al. 2020)
shown in Fig. 2(a). However, the summarized
parameters in Table 1 are common for all PMFCLs in
Fig. 2. For the same total number of AC turns of each
phase, the changes are through the thickness of the
soft magnet, number of PM segments, and/or the
number of AC sub coils. The line current reaches a
peak value of 100 A and 3.1 kA, as shown in Fig. 2,
(without any FCL), during the normal non-limiting
and the fault conditions, respectively. The total
simulation time is considered to be 0.14 s, at which
the fault has been started and removed at t = 0.04 s
and at t = 0.1 s, respectively.
In general, the clipping ratio (k) of fault current,
during the fault condition, is calculated as follows
(Eladawy et al. 2019):

(

)

k = Iˆ f − IˆL / Iˆ f

PMFCL due to the strong saturation state offered by
the distributed PM segments. However, the 8AC-5PM
stacked delta PMFCL results in the minimum value of
fault clipping ratio k ≈ 84.4 %, k ≈ 87.1 % and k ≈
81.8 %, for symmetrical three-phase, and
unsymmetrical line-to-line and single line-to-ground
∆VFCL ≈ 0.89% and PLoss ≈
faults, respectively.
0.66% during the normal operating condition, without
any observed significance on non-faulted phases (R)
and (Y and B) in case of line-to-line and single lineto-ground fault, as shown from Fig. 6 (b) and (c),
respectively. Irrespective of the duplication of the soft
magnet volume, this design offers the enriched
capability to limit fault current without exceeding
both the power losses and voltage drop permissible
tolerances.
Significant reduction in the voltage drop can be
achieved by changing the arrangement of AC coils
around the soft magnet with doubled soft magnet
volume for the 8AC-5PM stacked design, as shown in
Fig. 7, due to the effective saturation of the soft
magnet and consequently reduces the current clipping
ratio. The outcomes of FE simulations for the 4AC5PM PMFCL reference delta-shaped design (Eladawy
et al. 2020), shown in Fig. 2(a) in accordance with
Table 1, have been reproduced and the soft magnet
volume has been taken as a reference for all other
designs. This design will result in k ≈ 68 %, ∆VFCL ≈
0.8% and PLoss ≈ 0.39%, as shown in Fig. 8. However,
any further increase in soft magnet volume, as shown
in Fig. 2(b), or Nac will in turn increase the steadystate voltage drop and power losses. This can be
referred to the increase in the AC coil impedance due
to the increase in the coil area or its number or turns.
Therefore, the 4AC-5PM stacked delta design exhibits
some limiting effect throughout the normal operating
condition. Conserving the same number of AC turns,
the multi-storey delta design of 12AC-10PM gives the
lowest fault current clipping ratio, voltage drop, and
power losses, as shown in Fig. 8. This referred to the
deeper saturation state of the soft magnet due to the
increase of PM segments. These lower values of
∆VFCL encourages increasing the AC coil turns for
increasing the clipping ratio of fault current without
exceeding the permissible limits of voltage drop and
power losses. Figure 8 shows that the 8AC-5PM
stacked delta design offers adequate characteristics in
limiting fault current while conserving the same
number of AC coil turns for each phase, the number
of PM segments and increasing the volume of the soft
magnet.
Figure 7 shows the dynamic performance of 8AC5PM PMFCL with changing the AC coil number of
turns per phase. However, increasing Nac leads to an
increase in the AC coil inductance. Consequently, the
PMFCL offers a higher clipping ratio of fault current
with increasing Nac due to the increase of fault

(1)

where Îf and ÎL are the prospective and limited peak
values of fault current, respectively. This clipping
ratio is termed to be calculated at the last peak of fault
current, which represents the minimum value of the
clipping ratio. Furthermore, the PMFCL dynamic
performance is a strictly multi-parameter function in
the physical and constructive parameters. It severely
depends on the relative cross-sectional areas of the
geometrical design topology of the soft magnet, the
type of PM biasing, and the AC coil number of turns.
Comprehensive FE simulations have been executed to
identify the influence of such parameters on the
dynamic performance of PMFCL (Eladawy et al.
2018; Moscrop 2013; Eladawy et al. 2019, Eladawy et
al. 2020). Subsequently, the dynamic performance
can be characterized by the clipping ratio (k) of fault
current, and the total power loss (PLoss) and the
voltage drop across PMFCL terminals (∆VFCL)
throughout the normal operation of the system.

4. PERFORMANCE ANALYSIS 8AC-5PM
STACKED DESIGN
4.1 Number of AC Coil Turns
For increasing the current clipping ratio of the 8AC5PM design, the number of turns of AC coils per
phase is increased (Nac = 96), with conserving the
other parameters in Table 1. Figures 5 (a), (b), and (c)
show the three-phase currents of the 8AC-5PM
stacked design, Fig. 2(c), during the entire simulation
interval due to symmetrical three-phase, and
unsymmetrical line-to-line and single line-to-ground
faults, respectively. Figure 2(d) shows the voltage
drop, across each phase of the AC coils, during the
steady-state condition after fault removal, for the
8AC-5PM stacked delta PMFCL. It can be observed
from Figs. 5 (a), (b), and (c) that the PMFCL
promptly recuperates its initial saturation state after
fault removal with a negligible impedance of the
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impedance, as shown in Fig. 8. Accordingly, this
increase of Nac leads to an increase in both the
voltage drop and power losses throughout the normal
operation of the system, due to the increase of steadystate impedance (Eladawy et al. 2018, Moscrop
2013). Therefore, the AC coil number of turns can be
considered as a crucial parameter, which controls the
PMFCL entire operating conditions.

Figure 5. Three-phase currents of the test circuit without
any PMFCL.

(b)

(a)

(d)
(c)
Figure 6. Clipping effect of fault current and voltage drop waveforms for the 8AC-5PM stacked delta PMFCL due to
symmetrical three-phase fault, line-to-line fault and single-line-to-ground fault. Nac = 96. (a) Three-phase fault
currents, (b) Line-to-line fault, (c) Single-line-to ground fault currents, and (d) Voltage drop.

Figure 8.

Figure 7. Variation of the dynamic performance of 8AC5PM PMFCL stacked design with changing the
AC coil number of turns.
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Comparison between the different proposed
stacked designs of PMFCLs. Volume is
referred to the reference design of 4AC-5PM
delta design (Eladawy et al. 2020). Nac = 48.
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Figure 9. Fault current clipping ratio of three-phase 8AC-5PM PMFCL for different fault types. Nac = 96.

Referring to Table 1 parameters and for Nac = 96, the
fault current has been changed up to 500% of its
reference value (Îf = 3.1 kA), as shown in Fig. 10. It
can be observed from Fig. 10 that the increase of fault
current will in turn lead to higher demagnetization of
the soft magnet, which leads the operating point
towards the higher relative permeability in the B-H
curve linear zone. Thus, this leads to higher fault
impedance and higher fault current clipping ratio as
shown in Fig. 10. Furthermore, decreasing the line
resistance leads to an increase in the steady-state line
current, which will in turn slightly increase the
voltage drop and the power losses. However, neither
the voltage drop nor the power losses exceed their
permissible tolerances due to the effective saturation
of the soft magnet throughout the healthy condition of
the system. Subsequently, the 8AC-5PM stacked
design of PMFCL offers improved capability in
limiting any fault type even when the fault current
peak value is increased.
Accordingly, the connection between the AC sub
coils is a crucial design parameter that significantly
affects the dynamic performance of the PMFCL.
However, the cumulative connections of sub coils
increase the overall AC coil inductance during the
non-limiting operation. This leads to an increase in
the voltage drop across the PMFCL terminals.
Moreover, the AC coil wire’s cross-sectional area
significantly affects the power losses, especially
during the non-limiting condition. Therefore, it should
be regulated to obtain power losses percentage with
the specified tolerance by the utility. However, similar
tendencies with different values are obtained with the
12AC-10PM PMFCL. This ensures that the
rearrangement of the AC coils around the soft magnet
can be very useful in extending the range of operation
of the stacked or multi-storey PMFCL designs.

Figure 10. Variation of the dynamic performance of 8AC5PM PMFCL stacked design with changing the
fault current peak value. Nac = 96.

4.2 Fault Type and Fault Current Peak Value
For ensuring the reliability of the three-phase 8AC5PM PMFCL, different unsymmetrical faults have
been tested through extensive FE simulations. These
unsymmetrical faults that comprise line-to-ground
(LG), double line-to-ground (LLG), and line-to-line
(LL) are compared with those for the symmetrical
three line-to-ground (LLLG) and three-line (LLL)
faults. Figure 9 shows the satisfactory capability of
the 8AC-5PM PMFCL in limiting the fault current (k
≥ 81.8%) for different fault types, when Nac = 96,
without exceeding the permissible tolerances of both
the voltage drop and power losses. The small
difference in the current clipping ratio for different
phases (for the same fault type) can be referred to as
the point on wave switching. Moreover, extensive FE
simulations show that the healthy phases are
tremendously unaffected by the faulted phase in the
case of unsymmetrical faults.
Consequently, decreasing the line resistance (RLine)
will in turn increase the fault current peak value.
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5. CONCLUSION
The capability of fault current limiting of the threephase delta-shaped PMFCL design is enhanced by
introducing the stacked and multi-storey delta-shaped
designs. Extensive 3D, time domain, electric-circuit
magnetic-field coupled model, FE simulations of
COMSOL Multiphysics have been carried out taking
into consideration the realistic representation of the
PM demagnetization behaviour in the upper part of
the B-H hysteresis loop with negative magnetic field
intensity. NdFeB-N42 PM is only considered to bias
the soft magnet. The PM demagnetizing behaviour is
represented through the B-H loop of JA model. The
PM segments are sandwiched with a uniform
distribution between two equilateral triangles. For
effective saturation, the magnetization directions are
kept opposite for each two adjacent PMs. The AC sub
coils of each phase are placed at the air gaps between
each two adjacent PMs, and wound around the soft
magnet with a differential series connection.
Increasing the soft magnet cross-sectional area leads
to an increase in both the clipping ratio of fault
current and the voltage drop across the terminals of
AC coils. This limits the capability of the PMFCL in
limiting the fault current to be within the specified
tolerance of the voltage drop. The division of the AC
coils, into an even number, of sub coils and locating
them at the air gaps between the soft magnets leads to
the reduction of the inductance of such coils during
the non-limiting performance of the PMFCL. This has
the effect of reducing the voltage drop. Therefore, this
gives the opportunity to increase the AC coils number
of turns. This will in turn increase the capability of
fault current limiting using the stacked or multi-storey
configurations. The three-phase 8AC-5PM stacked
delta design shows adequate dynamic performance in
limiting the fault current without duplicating the PM
segments number. Results reveal that this design has
enriched the capability to limit all fault types, either
symmetrical or unsymmetrical, with increased peaks
of fault currents.
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DETERMINATION OF ROCK SLOPE STABILITY USING
STEREOGRAPHIC PROJECTION BETWEEN SULAV AND
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ABSTRACT: Geological discontinuities play a significant role in the assessment of rock slope stability. Rock
slope stability has been studied on the main road between Sulav and Amadiyah resorts in Duhok governorate on
the southern limb of Mateen anticline, to determine the expected rockslides on this road. Five stations were chosen
to study these rockslides that may occur on these steep slopes. All these stations were within the Pila Spi Formation
that consists of hard dolomitic limestone and covering the areas from Sulav resort towards Amadiyah district with
a length of up to 2.5 km. The stereographic analysis was used to study and classify the stability of these slopes.
The analysis showed in all stations the possibility of plane sliding to happen on the bedding plane, and the wedge
sliding between the bedding plane and planes of all joint sets, as well as the occurrence of rockfall on some stations.
Keywords: Rock slope stability; Stereographic analysis; Amadiyah; Sulav.

ﺗﺤﺪﯾﺪ اﺳﺘﻘﺮارﯾﺔ اﻟﻤﻨﺤﺪرات اﻟﺼﺨﺮﯾﺔ ﺑﺎﺳﺘﺨﺪام اﻹﺳﻘﺎط اﻟﺴﺘﯿﺮﯾﻮﻏﺮاﻓﻲ ﺑﯿﻦ ﻣﺼﯿﻔﻲ ﺳﻮﻻف واﻟﻌﻤﺎدﯾﺔ
 دراﺳﺔ ﻣﻦ ﺷﻤﺎل اﻟﻌﺮاقھﺪﯾﺮ ﻏﺎزي ﻣﺤﻤﺪ ادﯾﺐ* و اﺑﺮاھﯿﻢ ﺳﻌﺪ اﺑﺮاھﯿﻢ اﻟﺠﻤﯿﻠﻲ
 ﺗﻢ دراﺳﺔ اﺳﺘﻘﺮارﯾﺔ اﻟﻤﻨﺤﺪرات اﻟﺼﺨﺮﯾﺔ.دورا ﻣﮭ ًﻤﺎ ﻓﻲ ﺗﻘﯿﯿﻢ اﺳﺘﻘﺮار اﻟﻤﻨﺤﺪرات اﻟﺼﺨﺮﯾﺔ
ً  ﺗﻠﻌﺐ اﻻﻧﻘﻄﺎﻋﺎت اﻟﺠﯿﻮﻟﻮﺟﯿﺔ:اﻟﻤﻠﺨﺺ
 وذﻟﻚ ﻟﺘﺤﺪﯾﺪ اﻻﻧﺰﻻﻗﺎت اﻟﺼﺨﺮﯾﺔ،ﻋﻠﻰ اﻟﻄﺮﯾﻖ اﻟﻌﺎم ﺑﯿﻦ ﻣﺼﯿﻔﻲ ﺳﻮﻻف واﻟﻌﻤﺎدﯾﺔ ﻓﻲ ﻣﺤﺎﻓﻈﺔ دھﻮك وﻋﻠﻰ اﻟﺠﻨﺎح اﻟﺠﻨﻮﺑﻲ ﻟﻄﯿﺔ ﻣﺘﯿﻦ اﻟﻤﺤﺪﺑﺔ
 اﺧﺘﯿﺮت ﺧﻤﺴﺔ ﻣﺤﻄﺎت ﻟﺪراﺳﺔ اﻻﻧﺰﻻﻗﺎت اﻟﺼﺨﺮﯾﺔ اﻟﺘﻲ ﻗﺪ ﺗﺤﺪث ﻋﻠﻰ ﺗﻠﻚ اﻟﻤﻨﺤﺪرات؛ واﻟﻤﺘﻜﻮﻧﺔ ﻣﻦ ﺗﻜﻮﯾﻦ ﺑﯿﻼﺳﺒﻲ.اﻟﻤﺘﻮﻗﻌﺔ ﻋﻠﻰ ھﺬا اﻟﻄﺮﯾﻖ
 اﺳﺘﺨﺪم اﻟﺘﺤﻠﯿﻞ. ﻛﻢ2.5  واﺑﺘﺪاءا ً ﻣﻦ ﻣﺼﯿﻒ ﺳﻮﻻف ﺑﺎﺗﺠﺎه ﻣﺼﯿﻒ اﻟﻌﻤﺎدﯾﺔ وﺑﻄﻮل ﯾﺼﻞ اﻟﻰ ﺣﺪود،اﻟﺠﯿﺮي اﻟﺪوﻟﻮﻣﺎﯾﺘﻲ اﻟﺼﻠﺪة واﻟﺸﺪﯾﺪة اﻻﻧﺤﺪار
 ﻋﻠﻰ اﺳﻄﺢ، ﺗﺒﯿﻦ ﻣﻦ اﻟﺘﺤﻠﯿﻞ اﺣﺘﻤﺎﻟﯿﺔ ﺣﺼﻮل اﻻﻧﺰﻻﻗﯿﻦ اﻟﻤﺴﺘﻮي.اﻟﺴﺘﯿﺮﯾﻮﻏﺮاﻓﻲ ﻓﻲ دراﺳﺔ وﺗﺼﻨﯿﻒ اﺳﺘﻘﺮارﯾﺔ ﺗﻠﻚ اﻟﻤﻨﺤﺪرات اﻟﺼﺨﺮﯾﺔ
 ﻓﻀﻼً ﻋﻦ ﺣﺪوث اﻟﺴﺎﻗﻂ اﻟﺼﺨﺮي ﻓﻲ ﺑﻌﺾ،اﻟﺘﻄﺒﻖ واﻻﺳﻔﯿﻨﻲ ﺑﯿﻦ ﻣﺴﺘﻮﯾﺎت اﻟﺘﻄﺒﻖ وﻣﺴﺘﻮﯾﺎت ﻣﺠﺎﻣﯿﻊ اﻟﻔﻮاﺻﻞ ﻓﻲ ﻛﻞ ﻣﺤﻄﺎت اﻟﺪراﺳﺔ
.اﻟﻤﺤﻄﺎت
. اﺳﺘﻘﺮارﯾﺔ اﻟﻤﻨﺤﺪرات اﻟﺼﺨﺮﯾﺔ؛ اﻟﺘﺤﻠﯿﻞ اﻟﺴﺘﯿﺮﯾﻮﻏﺮاﻓﻲ؛ اﻟﻌﻤﺎدﯾﺔ؛ ﺳﻮﻻف: اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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to the risk of landslides where the occurrence of rock
cuts prevails (daylighting). This is due to human
activities represented by the road cutting operations in
these areas that lead to landslides. One of the reasons
that help to slide is the street design line, which in some
parts is at a high angle with the direction of the bedding
strike. In this case, the layers form a weak zone, which
allows the catalytic forces for sliding to overcome the
anti-sliding forces and triggered the landslides. This is
due to weak cohesion and friction forces with
increasing the weight coefficient of the materials. The
higher the layers dip, the greater their instability and
the failure start to move downward or remain in an
unstable situation. For this reason, this area was
considered one of the areas where a high risk of
landslides is expected, as well as the rockfall, in which
the rock masses generally fall free from the highest
slopes, particularly in the areas where rocks are
daylighted.

1. INTRODUCTION
Most road network, in the study area, is located in
mountainous terrain. It is a very steep topography and
slope failures are often caused when road construction
is undertaken. Large-scale instability phenomena in cut
slopes frequently occur in structurally and geologically
complicated regions. Rockslides or so-called slope
failure or landslides are considered natural phenomena
with geological hazards that may occur suddenly or
over time. A simple landslide definition according to
Working Party on World Landslide Inventory
(WP/WLI) (1990) and Cruden (1991) is "The
movement of a mass of rock, earth or debris down a
slope". Landslides refer to outstanding materials and
environmental challenges to the societies living in
areas exposed to various risks of landslides (UNISDR,
2015).
Geological discontinuities play an important role in
assessing rock slope stability. Particularly, the
orientation of geological discontinuities i.e. dip
direction and dip angle with respect to the slope
orientation represents a significant input parameter in
the assessment of rock slope stability.
The risk of the rockslides occurs when parts of the
rocks move, slide, and then collapse due to the
overpowering of the catalytic forces against resistant
forces for sliding. The catalytic forces are attributed
either to natural or to human activity factors. The
natural factors include tectonic and gravity activities,
exposition of the region to differential weathering,
intense rainfalls, rapid snow melting, and ground
vibration by earthquakes. The human activities involve
vegetation removal, excavation operations, manmade
activities represented by the removal of rock masses
under the roads during road cut operations,
construction of buildings, and residential houses in the
mountainous area. All of these factors lead to
unbalancing the rock masses and soils and
consequently become weak, and their strength
represented by the coherence and friction forces are
reduced against the movement. The daylighting slope
refers to a slope where the discontinuities dip at an
angle less than the exposure slope angle and in the
same direction of slope inclination. The areas below
the southern limb of Mateen anticline on the main road
linking between Sulav and Amadiyah resorts are
considered one of the most vulnerable areas where the
daylighting rock layers are highlighted (Markland,
1972). This is due to the cutting road construction in
the region, which is considered an important tourist
place. The main failure mechanisms shown in this
study can be summarized as planar failure which is
governed by the main discontinuity dipping in the
direction of the slope. The wedge failure mechanism is
governed by two intersection discontinuities with their
intersection lines dipping towards the slope. Finally,
the rockfall consists of loose blocks or slabs due to
slipping, rolling, or toppling on the slope.
The study area is considered one of the areas exposed

2. LOCATION OF THE STUDY AREA
The study area is located on the main road between
Sulav and Amadiyah resorts in Duhok governorate –
The Kurdistan Region of Iraq. The road is estimated for
about 2-3 km Long, and the area is about 65 km NE of
Duhok City, between the longitudes (43° 28‵ 25‶) and
(43° 29‵ 55‶) E, and latitudes (37° 06‵ 13‶) and (37° 06‵
18.72‶) N. (Fig. 1).

3. GEOLOGY OF THE STUDY AREA
The study area is situated geologically on the southern
limb of the Mateen anticline within the High Folded
Zone of Iraq, (Fig. 2). The exposed rocks are of the Pila
Spi Formation of the Middle-Upper Eocene. It consists
of well-bedded, medium to thick layers, the pale white
of hard dolomitic limestone. The formation is exposed,
with a steep slope ranged from 40° to 70°, as a
continuous belt surrounding the anticline in the form of
continuous anticlinal ridges. These outcrops have a
high density of joint sets are exposed on the northern
edge of the main road between Sulav and Amadiyah
resorts.

4. SEISMIC HAZARDS IN THE REGION
OF THE STUDY AREA
Strong earth trembling triggers landslides in many
different topographic and geologic settings. Rockfall,
soil slides, and rockslides from steep slopes, with
relatively thin disaggregated soil or rock, or both have
been the most abundant type of landslide triggered by
historical earthquakes (Wieczorek, 1996). The seismic
hazards map of the investigated area indicates its
occurrence in a zone classified as a minor damage
zone, with seismic intensity between 4-5, (Al-Sinawi
and Al-Qasrani, 2003), (Fig. 3). This means that the
region is under the influence of seismic activity.

37

Hadeer Gh. M. Adeeb, and Ibrahim S. I. Al-Jumaily

Figure 1. Google Earth image shows the location of the studied area.

Study Area

Figure 2. Geological map of the studied area (Sissakian and Fouad, 2012), imposed over the DTM (Sissakian et al.,
2020).

Figure 3. Seismic isointensity map of Iraq 1900-1988 (Al-Sinawi and Al-Qasrani, 2003).
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which is the ratio of the actual shear strength to the shear
resistance required for equilibrium. It is accounted for by
the angle of internal friction, (Department of the Army,
US Army Corps of Engineer, 2003). The internal friction
angle of the dolomitic limestone layers of the Pila Spi
Formation was represented by a circle of 25º (AlJawadi, 2013).
The following symbols and colours are used below in
the stereographic figures:
Ø: Circle of cohesion angle for discontinuities surfaces.
S0=Gs: General slope face and bedding attitude as great
circles.
S1: First discontinuity attitude as a great circle.
S2: Second discontinuity attitude as a great circle.
S3: Third discontinuity attitude as a great circle.
S4: Fourth discontinuity attitude as a great circle.
S5: Fifth discontinuity attitude as a great circle.

5. OBJECTIVE
The main objective of this study is to assess the stability
of these rock slopes by conducting geological analyses, to
help the authorities establish appropriate engineering
solutions to mitigate these landslides and to reduce their
risks and severity on road users and buildings. Some of
these analyses are to determine the type of landslide that
occurs and is likely to occur on the side of the road, as well
as the factors that affect the landslide.

6. METHODOLOGY
The method of the study includes both field and
laboratory work. In the fieldwork, a detailed field survey
of these landslides was carried out across five (5)
stations on the main road linking Sulav and Amadiyah
resorts, as evidence exists in these stations that indicate
that landslides have occurred. It is therefore considered
study stations. At each station, Layer and joint attitudes
were measured in terms of the dip angle and dip
direction, as well as taking photographs of each station.
The laboratory work included analysing the obtained
measurements using the Schmidt Net for Stereographic
Projection, by representing the attitude of the layers and
joints by great circles using software concerning
stereographic projection. Both discontinuities and slope
faces were represented as planes using the abovementioned net (Wyllie and Mah, 2004). The stability or
instability of the rock mass depends on its weight and on
the external forces that affect it, such as the dynamic
loads, the shear forces, and the pore water pressure on
the sliding surface. This leads to define the safety factor,

Plane sliding
Wedge sliding
Rockfall

7. ANALYSIS OF THE ROCK SLOPE
STABILITY
The rock slopes were analysed to examine their stability
through selected stations in the Pila Spi Formation that is
exposed in the study area as given in Table 1. The
following is an analytical description of the landslide and
rockfall of such rock slopes at these stations according to
the Hunt classification (Hunt, 2006):

Table 1. Geological and engineering data of the study stations in the investigated area.
Stations Formation

1

Pila Spi
Formation

Bedding Attitude
(S0) = General
Slope Face (Gs)

Geological and Engineering Data
First
Second
Third
Discontinuity Discontinuity Discontinuity
Attitude (S1)
Attitude (S2)
Attitude (S3)

Fourth
Fifth
Cohesion
Discontinuity Discontinuity
(Φ)
Attitude (S4) Attitude (S5) Angle

80/180

88/250

56/293

60/066

77/089

---

2
3

62/178
66/179

80/074
51/279

51/300
54/308

58/044
50/067

84/096
80/082

-----

4
5

61/179
63/178

80/260
---

44/291
58/297

30/058
64/036

83/075
81/080

79/289
48/352

W

Figure 4. The stereographic diagram of the station (1)
shows the relationship between the slope face
(bedding plane) and the joints, and plane and
wedge sliding on the limestone beds of the Pila
Spi Formation.

25 °

P

Figure 5. Showing the plane sliding (P), and the wedge
sliding (W) at station 1.
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Station No. 1
The slopes of the dolomitic limestone of Pila Spi
Formation were exposed on the left side of the main
road overlooking the entrance of Sulav resort. This
station is characterized by the possibility of the plane
sliding on the bedding planes, which also represents the
slope face, and the wedge sliding between the bedding
planes and the discontinuities represented by the joint
sets (S1, S2, S3, and S4) because the friction angle of
the sliding surfaces is less than their dip angle (Fig. 4
and Table 1). Such joints also act as lateral release
surfaces for sliding (Fig. 5).
(a)

Station No. 2
The first part of this station is the extension of the first
station. The landslides are of two types: the plane
sliding on the bedding plane, and the wedge sliding
between the bedding plane and the same joint sets
referred to in station 1, (Figs., 6(a), and 7). Whereas
rockfall, plane, and wedge sliding occur in the second
part of the station, because of changes in the direction
of the main road and its intersection with the bedding
strike (Figs., 6(b), and (8)). The presence of the joints
helps to cause rockfall in this part of the station.
Rockfall occurs on steep slopes; therefore the unstable
rocks are difficult to stay in their position due to the
effect of the joints so that they fall to the bottom of the
slope. Some of the rockfalls are gathered in very
narrow longitudinal ditches that have been prepared for
this purpose. It is noted that most of these blocks settle
down on the main road due to the narrow area of the
shoulder of the road. Such blocks are nearly a few
meters away from the buildings in Sulav resort, which
threatens to destroy them and cause endanger to their
inhabitants, as well as to cause significant
environmental hazards (Fig. 8).

(b)
Figure 6. The stereographic diagrams of the station 2 ((a)
and (b)) show the relationship between the slope
face (bedding plane) and the joints, and the
different types of sliding on the dolomitic
limestone of the Pila Spi Formation.

W

Station No. 3
This station is characterized by the occurrence of the
rockfall as well as both plane and wedge sliding due to
the high slope of the outcrops overlooking the side of
the main road. The plane sliding occurs on the bedding
plane, while the wedge sliding occurs between the
bedding plane and the joint sets mentioned in the
previous two stations, (Figs. 9, 10, and 11).

P

person

Station No. 4
This station consists of two parts, in each of which there
is the plane sliding on the bedding planes, and wedge
sliding between the bedding planes and the same joint
sets described in the previous stations, as well as the
rockfall in the other parts of this station, (Figs., 12 (a
and b), 13, and 14).

Figure 7. Showing the plane sliding (P), and the wedge
sliding (W) at station 2a.
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W

P

P
W

F
F

Figure 8. Showing the rockfall (F), and the plane sliding (P),
and the wedge sliding (W) at station 2b.

Figure 11. Showing the rockfall (F), and the plane sliding
(P), and the wedge sliding (W) at station 3.

(a)
Figure 9. Stereographic projection of the station (3) shows
the relationship between the slope face (bedding
plane) and the joints, and the different types of
sliding on the dolomitic limestone of the Pila Spi
Formation.

W

P
(b)

0

0.5 m

Figure 12. The stereographic diagrams of station (4a, b)
show the relationship between the slope face
(bedding plane) and the joints, and the different
types of sliding on the dolomitic limestone of
the Pila Spi Formation.

Figure 10. Showing the plane sliding (P), and the wedge
sliding (W) at station 3.
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P
W

W

W
P

Figure 16. Showing the plane sliding (P), and the wedge
sliding (W) at station 5.

Figure 13. Showing the two types of the plane sliding (P),
and the wedge sliding (W) at station 4a.

Station No. 5
The rock slopes of this station are also exposed on the
left side of the main road leading to Amadiyah district
centre. The two types of sliding are repeated; plane
sliding on the bedding planes, and wedge sliding
between the bedding planes and the same joint sets for
the above-mentioned stations, (Figs, 15 and 16).

P
W

8. CONCLUSION

F

Investigation of rock slopes along the road joining
Sulav and Amadiyah resorts has achieved the following
conclusions:
1. The rock slopes consist of limestone beds of Pila
Spi Formation (Middle-Upper Eocene) at the
southern limb of Mateen anticline trending eastwest. These beds are dipping southward, with their
dip slope ranges (40°-70°).
2. There are five sets of discontinuities (joints)
disrupting the limestone beds at high angles and
with various angular relations with the bedding
strike.
3. Stereographic representation of bedding and
discontinuity planes, as well as the angle of internal
friction for limestone beds, have characterized the
following modes of rock failure in the investigated
area:
a. In all study stations where the road trend
coincides with the bedding trend (or at low
angles), the rock sliding has been categorized
into plane and wedge sliding. The plane sliding
occurs down-dip of bedding planes where the
joint sets accommodate as back and lateral
release for sliding of rock blocks. Wedge sliding
occurs down-dip of intersection line between
conjugated joint sets that are with low to
moderate angles with bedding planes.
Meanwhile, wedge sliding occurs between
vertical joints transversal to bedding strike and
bedding planes as well.
b. The rockfall occurs at some stations where the
road trend is at a high angle with the bedding

Figure 14. Showing the rockfall (F), and the plane sliding
(P), and the wedge sliding (W) at station 4b.

S5
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Ø
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Figure 15. The stereographic diagram of station (5) shows
the relationship between the slope face (bedding
plane) and the joints, and plane and wedge
sliding occurred on dolomitic limestone of Pila
Spi Formation.
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strike.
4. In all study stations, it has been found that the
longitudinal ditches, designed to accommodate
falling and sliding rock masses, appear to be very
close to the slopes where potential landslides and
rockfall are likely to happen. This contributes to the
falling of the rock masses on the main road
immediately away from these ditches.
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9. RECOMMENDATION
Based on the findings obtained from the analysis of
the information relating to the types of rock sliding in
the study area, some recommendations were
proposed as follows:
1- Establish good drainage networks for rainwater
and springs whose routes intersect with roads and
maintain good monitoring of them, particularly
during the rainy season, and ensure that they are not
blocked and diverted.
2- One of the significant recommendations, and as an
aimed solution to preserve the tourist area from sliding
and falling rock blocks, the researchers suggest that a
wire mesh barrier can be placed between the
longitudinal ditches and the main road. This barrier is
placed at an appropriate height with the inclination of
the slopes, to prevent the rolling rock blocks from
reaching the main road.
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ABSTRACT: The present article reports a simple and cost-effective process to prepare the crystalline MgAl2O4
spinel using a non-stoichiometric amount of magnesium nitrate, aluminum nitrate by solution combustion route.
Thiourea was used as a fuel and reducing agent while soaking was carried at 1000ºC with different soaking
periods. After slow drying of mixed solutions at 80ºC for 4-5 h, a gel was formed and got characterized by
DTA/TGA (Differential Thermal Analysis and Thermal Gravimetric Analysis) to observe the effect of
temperature variation and identify the range of temperature where crystalline nature of the powder was noted. A
powder sample was prepared from the gel after annealing at 1000ºC followed by soaking for 4 h, 5 h, and 6 h to
compare the variation of particle size with respect to time. The calcined powders were characterized by XRD (Xray powder diffraction) to determine the phases and crystal planes present in the sample. FT-IR (Fouriertransform infrared spectroscopy) was used to study the types of metal oxide or metal-metal bond present in the
sample along with M-O coordination studies. FESEM (Field emission scanning electron microscopy) was used
to observe the morphological structure of the sample. EDAX (Energy Dispersive X-Ray Analysis) was used to
observe the percentage of each element present in the sample. Bulk densities were estimated from 2.4156 g/cm3
to 2.8571 g/cm3 and the rapid increase in apparent porosity of samples 7.4289%, 10.3630% and 32.51% for 4
hours 5 hours and 6 hours respectively were also noted. The average crystal size of spinel particles was noted to
be about 48nm, 36 nm and 47 nm respectively. It had been observed that the average crystal size of spinel
particles was about 48 nm, 36 nm and 47 nm respectively. Finally, the hardness of spinel was evaluated by
Vicker Hardness test and evaluated to be10.52 GPa (1073 HV), 4.087 GPa (416.7HV) and 5.079 GPa
(517.9HV).
Keywords: Magnesium Aluminate; Phase analysis; Morphology; M-O co-ordinations; Vicker hardness.

ﺗﻘﯿﯿﻢ ﺧﺼﺎﺋﺺ أﻟﯿﺎف اﻷﻟﻤﻨﯿﻮم اﻟﻤﻐﻨﯿﺴﻲ ﻏﯿﺮ اﻟﻤﺘﻜﺎﻓﺊ ﺑﺎﺳﺘﺨﺪام ﻣﺎدة اﻟﺜﯿﻮرﯾﺎ ﻛﻮﻗﻮد ﻋﻦ طﺮﯾﻖ ﺗﻐﯿﯿﺮ وﻗﺖ
اﻟﻨﻘﻊ
 و ﺳﺮﯾﻨﺎث راﻧﺠﺎن ﺟﻮش,* ﺳﻮﻣﯿﺎ ﻣﺨﺮﺟﻲ,ﺳﺎﺛﻲ ﺑﻨﺠﺮي

 اﻟﺒﻠﻮري ﺑﺎﺳﺘﺨﺪام ﻛﻤﯿﺔ ﻏﯿﺮMgAl2O4  ﺗﻨﺎﻗﺶ ھﺬه اﻟﻮرﻗﺔ اﻟﻌﻠﻤﯿﺔ ﻋﻤﻠﯿﺔ ﺑﺴﯿﻄﺔ وﻓﻌﺎﻟﺔ ﻣﻦ ﺣﯿﺚ اﻟﺘﻜﻠﻔﺔ ﻹﻋﺪاد اﻻﺳﺒﻨﯿﻞ:اﻟﻤﻠﺨﺺ
 واﺳﺘﺨﺪﻣﺖ اﻟﺜﯿﻮرﯾﺎ ﻛﻮﻗﻮد وﻋﺎﻣﻞ ﺧﻔﺾ ﻓﻲ ﺣﯿﻦ ﻧﻘﻌﺖ ﻓﻲ.ﻣﺘﻜﺎﻓﺌﺔ ﻣﻦ ﻧﺘﺮات اﻟﻤﻐﻨﯿﺴﯿﻮم وﻧﺘﺮات اﻷﻟﻮﻣﻨﯿﻮم ﺑﻄﺮﯾﻘﺔ اﺣﺘﺮاق اﻟﻤﺤﻠﻮل
-4  ﺳﯿﻠﯿﺰﯾﺔ ﻟﻤﺪة80  ﺑﻌﺪ اﻟﺘﺠﻔﯿﻒ اﻟﺒﻄﻲء ﻟﻠﻤﺤﺎﻟﯿﻞ اﻟﻤﺨﺘﻠﻄﺔ ﻓﻲ درﺟﺔ ﺣﺮارة.ﺳﯿﻠﯿﺰﯾﺔ ﻣﻊ ﻓﺘﺮات ﻣﺨﺘﻠﻔﺔ ﻣﻦ اﻟﻨﻘﻊ1000 درﺟﺔ ﺣﺮارة
 )اﻟﺘﺤﻠﯿﻞ اﻟﺤﺮاري اﻟﺘﻔﺎﺿﻠﻲ واﻟﺘﺤﻠﯿﻞ اﻟﺤﺮاري ﻟﻘﯿﺎس اﻟﺤﺮارة( ﻟﻤﺮاﻗﺒﺔ ﺗﺄﺛﯿﺮ اﻟﺘﺒﺎﯾﻦ ﻓﻲDTA/TGA  ﺗﺸﻜﻞ ھﻼم ﺑﻮاﺳﻄﺔ،  ﺳﺎﻋﺔ5
 وأﻋﺪت ﻋﯿﻨﺔ ﻣﻦ اﻟﻤﺴﺤﻮق ﻣﻦ اﻟﮭﻼم ﺑﻌﺪ ﺗﻠﺪﯾﻨﮭﺎ.درﺟﺎت اﻟﺤﺮارة وﺗﺤﺪﯾﺪ ﻣﺪى درﺟﺔ اﻟﺤﺮارة ﺣﯿﺚ ﻟﻮﺣﻆ اﻟﻄﺒﯿﻌﺔ اﻟﺒﻠﻮرﯾﺔ ﻟﻠﻤﺴﺤﻮق
 وﻗﺪ ﺗﻤﯿﺰت. ﺳﺎﻋﺎت ﻟﻤﻘﺎرﻧﺔ اﺧﺘﻼف ﺣﺠﻢ اﻟﺠﺴﯿﻤﺎت ﺑﻤﺮور اﻟﺰﻣﻦ6  و5  و4  ﺳﯿﻠﯿﺰﯾﺔ ﺛﻢ ﻧﻘﻌﮭﺎ ﻟﻤﺪة1000 ﻓﻲ درﺟﺔ ﺣﺮارة
FT- ،  ﻟﺘﺤﺪﯾﺪ اﻟﻤﺮاﺣﻞ واﻟﻄﺎﺋﺮات اﻟﺒﻠﻮرﯾﺔ اﻟﻤﻮﺟﻮدة ﻓﻲ اﻟﻌﯿﻨﺔ.( )ﺣﯿﻮد ﻣﺴﺤﻮق اﻷﺷﻌﺔ اﻟﺴﯿﻨﯿﺔXRD اﻟﻤﺴﺎﺣﯿﻖ اﻟﻤﺤﺴﻮﺑﺔ ﺑﺈﺷﻌﺎع
 )ﺟﮭﺎز "ﻓﻮرﯾﯿﮫ" ﻟﺘﺤﻮﯾﻞ طﯿﻒ اﻷﺷﻌﺔ ﺗﺤﺖ اﻟﺤﻤﺮاء( ﻟﺪراﺳﺔ أﻧﻮاع أﻛﺴﯿﺪ اﻟﻤﻌﺎدن أو راﺑﻄﺔ اﻟﻤﻌﺎدن اﻟﻤﻮﺟﻮدة ﻓﻲ اﻟﻌﯿﻨﺔIR
 )اﻟﻔﺤﺺ اﻟﻤﺠﮭﺮي ﻟﻺﻟﻜﺘﺮون ﺑﻤﺴﺢ اﻻﻧﺒﻌﺎﺛﺎت اﻟﻤﯿﺪاﻧﯿﺔ( ﻟﻤﺮاﻗﺒﺔ اﻟﺒﻨﯿﺔ اﻟﻤﻮرﻓﻮﻟﻮﺟﯿﺔFESEM  وM-Oﺑﺎﻹﺿﺎﻓﺔ اﻟﻰ دراﺳﺔ راﺑﻄﺔ
 وﻗُﺪِّرت اﻟﻜﺜﺎﻓﺎت اﻟﺴﺎﺋﺒﺔ. )ﺗﺤﻠﯿﻞ اﻷﺷﻌﺔ اﻟﺴﯿﻨﯿﺔ اﻟﻤﺸﺘﺘﺔ ﻟﻠﻄﺎﻗﺔ( ﻟﻤﺮاﻗﺒﺔ اﻟﻨﺴﺒﺔ اﻟﻤﺌﻮﯾﺔ ﻟﻜﻞ ﻋﻨﺼﺮ ﻣﻮﺟﻮد ﻓﻲ اﻟﻌﯿﻨﺔEDAX ﻟﻠﻌﯿﻨﺔ و
 وﻟﻮﺣﻆ أﯾﻀﺎ ً اﻟﺰﯾﺎدة اﻟﺴﺮﯾﻌﺔ ﻓﻲ اﻟﻤﺴﺎﻣﯿﺔ، ﻏﺮام ﻟﻜﻞ ﺳﻨﺘﻲ ﻣﯿﺘﺮ ﻣﻜﻌﺐ2.8571  ﻏﺮام ﻟﻜﻞ ﺳﻨﺘﻲ ﻣﯿﺘﺮ ﻣﻜﻌﺐ إﻟﻰ2.4156 ﻣﻦ
 وﻗﺪ ﻟﻮﺣﻆ أن ﻣﺘﻮﺳﻂ اﻟﺤﺠﻢ. ﺳﺎﻋﺎت ﻋﻠﻰ اﻟﺘﻮاﻟﻲ6 و5  و4  ﻓﻲ اﻟﻤﺎﺋﺔ ﻟﻤﺪة32.51 ﻓﻲ اﻟﻤﺎﺋﺔ و10.3630 و7.4289 اﻟﻈﺎھﺮة ﻟﻠﻌﯿﻨﺎت
 ﻛﻤﺎ ﻟﻮﺣﻆ أن ﻣﺘﻮﺳﻂ اﻟﺤﺠﻢ اﻟﺒﻠﻮري ﻟﺠﺴﯿﻤﺎت اﻻﺳﺒﻨﯿﻞ. ﻧﺎﻧﻮﻣﺘﺮ ﻋﻠﻰ اﻟﺘﻮاﻟﻲ47  و36  و48 اﻟﺒﻠﻮري ﻟﺠﺴﯿﻤﺎت اﻻﺳﺒﻨﯿﻞ ﺣﻮاﻟﻲ
 وﺗﻢ ﺗﻘﯿﯿﻤﮫ إﻟﻰ،  ﺗﻢ ﺗﻘﯿﯿﻢ ﻣﺪى ﺻﻼﺑﺔ اﻻﺳﺒﻨﯿﻞ ﻣﻦ ﺧﻼل اﺧﺘﺒﺎر ﻓﯿﻜﺮ ھﺎردﻧﺞ،  وأﺧﯿﺮا. ﻧﺎﻧﻮﻣﺘﺮ ﻋﻠﻰ اﻟﺘﻮاﻟﻲ47  و36  و48 ﺣﻮاﻟﻲ
.GPA (517.9 HV) 5.079  و، GPa (416.7 HV)4.087 ،10.52 GPa (1073 HV)
. ﯾﻮرﯾﺎ؛ اﺳﺒﻨﯿﻞ؛ ﻣﻐﻨﯿﺴﯿﻮم؛ رواﺑﻂ ﻛﯿﻤﯿﺎﺋﯿﺔ؛ ﺗﺤﻠﯿﻞ اﻟﻄﻮر:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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Du Xuelian et al. 2014), mechanochemical route
(Domanski D. et al. 2004), self-propagating hightemperature synthesis (Gorshov V. A. et al. 2017) and
others. Sol-gel technique is extensively used among
all chemical routes because it has the advantage of
producing pure, ultrafine powders at low temperatures
with high surface area and pore size distribution
(Ewais E.M.M et al. 2015). Among the wet chemical
routes, the solution combustion technique has been
regarded as one of the effective and economic
methods due to its convenient processing, simple
experimental setup and significant time-saving and
high purity products (Patil K.C. et al., 2002 Lazau I et
al., 2008). Some recent articles also focus on spinel
for photocatalytic activity under solar irradiation for
the treatment of methylene blue discharged by textile
and chemical industries (Salem Shiva et al., 2020),
the degradation mechanism of periclase-spinel
refractory bricks used in the upper transition zones of
a cement rotary kiln (Zhou Wenying et al., 2021).
The present investigation is undertaken to develop
non-stoichiometric Magnesium Aluminate spinel
powders from sol-gel magnesium and aluminium
nitrate using thiourea as fuel. The majority of the
study is carried for stoichiometric spinel while limited
research is available for the non-stoichiometric case.
The study has been carried to observe the effect of
different soaking time temperatures on the
densification and properties of MgAl2O4 spinel.
Microhardness of spinel also has been studied after
phase analysis, bonding and morphological
characterization of a synthesized sample.

1. INTRODUCTION
Spinel Magnesium aluminate synthesis from
industrial waste is a simple cost-effective, and energyefficient environment-friendly process. Magnesium
aluminate spinel offers a unique combination of hightemperature properties including high melting point,
excellent resistance against chemical attack,
potentially high strength even at high temperatures
and very good thermal characteristics. The material
possesses high strength at both normal and high
temperature with a stable phase of Magnesium
aluminate (MgAl2O4) without any phase transition
till it reaches melting point (2135ºC) (S.R Ghosh et
al. 2018, Soumya Mukherjee 2020).
High-temperature materials from MgO-Al2O3
system are mainly focused on applications in the steel,
cement and glass industries. PV Marakar Kutty et al.
2013 studied soft chemical route synthesis of
magnesium aluminate spinel using oxalic acid as an
organic template and nitric acid as an oxidizing agent.
Variable synthesis conditions cause a difference in
particle sizes, chemical homogeneity, reactivity and
microstructural features due to change in process
parameters. (Saberi Ali et al. 2008) The
stoichiometric spinel is applicable for transparent
ceramics and possesses excellent optical properties.
The combination of such an enriched approach of
transparency plus excellent optical properties gives
stoichiometric spinel a promising candidature for the
development of transparent armour, visible-infrared
window material. Other important applications are
catalyst support, membrane material, dye absorbent
for chemical sensing, ceramic paints meant for hightemperature protection, which could be possible by
engineering purity of compound, particle size, surface
area and porosity size and its distribution within a
material matrix.
The use of MgAl2O4 has shown superiority as
armour materials with respect to sapphire, AlON,
soda-lime silicate glass, and MgF2 in terms of its
excellent performance and affordability (Narges
Habibi et al. 2017). The material in stoichiometric
form is a promising material for humidification
sensors, photocatalyst as well to decompose organic
pollutant like red methylene discharged from textile
industries/industrial operations. (Mostafa Y Nassar et
al. 2014) Stoichiometric spinel magnesium aluminate
is processed by various methods like: sol-gel
(Debsikdar J.C 1985; Naskar M.K. et al. 2005)
precipitation (Li J-G et al. 2000), aerosol method
(Yang N et al. 1992), co-precipitation (Guo J et al.
2004),
combustion
synthesis,
freeze-drying,
decomposition of an organometallic complex in
supercritical fluids, hydrothermal route, plasma spray
decomposition of powders, (Bickmore R Clint et al.
1996; Bratton R.J. 1969; Barj M. et al. 1992;
Pommier C. et al. 1990; Yang Ning et al. 1992;
Varnier Olivier et al. 1994) microwave-assisted
combustion route (Torkian Leila et al. 2011),
polymerized complex method (Lee P.Y et al. 2006;

2. MATERIALS AND METHODS
Mixed solutions of non-stoichiometric magnesium
and aluminium nitrate with a ratio of approximately
1:1 were prepared by dissolving the corresponding
amount of magnesium and aluminium nitrate in 80ºC
distilled water. Thiourea, as a fuel and reducing agent,
is added to the mixture. After mixing the
corresponding nitrates, these solutions were kept for
3-4 h to evaporate excess moisture.
The gelatinous precipitate was cooled to room
temperature. The gel was calcined at 1000ºC at a rate
of 5ºC/min for a different soaking time of 4, 5, 6 h
respectively and kept inside the heating chamber at
the furnace for cooling. The transition to
crystallization was noted in the DSC-TGA analyzer
(MODEL NO.: Pyris Diamond TG/DTA MAKE:
PerkinElmer (SINGAPORE) in Nitrogen Atmosphere
(150mL/min). Phase analysis was carried by XRD
(Riaku, Ultima III, Cu Kα, 1.54Åλ) having scan range
10-80° with a scan rate of 5°C/min. Bonding analysis
was confirmed from FTIR spectra (Shimadzu, IR
Prestige-21) using KBr for pellet formation.
Morphological features were studied by SEM
followed by EDX (Jeol, JAX 840A) analysis to
observe the elements and composition of the sample.
Microhardness was evaluated using Vickers hardness
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testing machine (Model VM, capacity 50 Kgf, Make
FIE).

after 4 h, 5h and 6h of soaking period respectively.
Deconvolution on prominent peaks was not noted
which may indicate phase separation or other phase
formation. None of the annealed samples exhibits the
presence of intermediate oxides or precursors. Peak
broadening was not noted for none, which indicates
the presence of crystalline peaks instead of
amorphous ones.
XRD study confirms successful annealing at
requisite conditions for all cases forming crystalline
spinel magnesium aluminate. So, we can say that
almost all peaks correspond to the Magnesium
Aluminate spinel which was a good sign of getting the
new economical route of synthesis of spinel.
Figure 3 shows the FTIR spectra of the samples
after calcination at a different soaking time are. After
calcination at 1000ºC thiourea disappeared and
removed completely. Scanning of spectral peaks was
carried within 4500-450 cm-1 while the major spectral
peak for compound formation was within in and
around 1000 cm-1. For spinel magnesium

3. RESULTS AND DISCUSSION
Differential Thermal Analysis / Thermal Gravimetric
Analysis (DTA/TGA) of the gel was performed using
a DTA-TGA analyzer (MODEL NO.: Pyris Diamond
TG/DTA MAKE: PerkinElmer (SINGAPORE) in
Nitrogen Atmosphere (150ml/min). Nitrogen purging
was carried to maintain a neutral atmosphere for
reaction and crystallization and to note transitions
from amorphous to crystalline one close to theoretical
results. A platinum crucible was used with alpha
alumina powder as a reference concerning the sample.
Due to the low reactivity of platinum, there was a
negligible chance of reaction of the crucible with the
powder.
In the DTA/TGA curve, there were two
endothermic peaks that suggest physically absorbed
water loss and it was responsible for the first weight
loss from about 80°C to 120°C regions. Then with
2nd weight loss at 240°C, the exothermic peak
suggests oxidation of organic compounds which
consists of carbonaceous and sulphur elements. The
formation of γ-alumina was suggested by an
endothermic peak at 320°C. Fernandes Macedo et al.
noted such formation of γ-alumina at about 350
during the kinetic study of γ-α alumina transitions. A
similar observation was noted by (Maria Macêdo et
al. 2007). A minor endothermic peak at about onset of
400°C was possibly due to decomposition of nitrate
precursor salts accompanied with minor weight
change. The small exothermic peak at 500°C suggests
the decomposition of nitrates. From there on the
crystallization process starts and that’s why there was
a minor endothermic peak till 590°C and satisfies the
third weight loss in the TG curve. The above findings
were noted by the same author while preparing
stoichiometric spinel sample using thiourea, urea and
citric acid as fuels (Soumya Mukherjee, 2020 S.R.
Ghosh et al. 2018).
Figure 2 shows the XRD graph of the calcined
sample prepared at 1000°C. From the XRD plot, we
can observe that synthesized powder has almost the
same “d” (inter planner spacing) value as compared to
standard data from JCPDS (card number #01-0751800). Major growths of peaks were noted along with
those crystallographic directions which leads to the
thermodynamic stability of the compound formed.
From the experiment major planes indexed were
noted mostly along (111), (220), (311), (400), (511)
and (440) and those planes have corresponding 2θ
values of 20.20, 30.85, 36.90, 42.95, 59.40 and 65.20
degrees respectively. This observation indicates that
the above mentioned sol-gel process was an excellent
efficient and economic process for spinel synthesis.
Using Sherrer’s equation we have calculated the
crystallite size in the range of 36 nm to 48 nm.
Crystallite size was about 48 nm, 36 nm, and 47 nm

Figure 1. TGA/DTA analysis of the prepared gel samples
prepared in a Nitrogen atmosphere with a
heating rate of 5°C/min till 900°C.

Figure 2. XRD analysis of the spinel powder prepared
and calcined at 1000 °C for 6 hours, 5 hours and
4 hours respectively with 1:1 Mg nitrate, Al
nitrate precursors.
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aluminate synthesized using urea as fuel and reducing
agent, octahedral M-O (Al-O) stretching was noted at
about 539 cm-1 while Mg-O-Al vibration is observed
at about 677 cm-1 . The majority of M-O coordination
was found within 1000 cm-1 as noted from the
present experiment. Similar to the present
experimental observations majority of M-O
coordination were found within 1000 cm-1. The above
bonding analysis noted from FTIR spectra were noted
to be in correspondence with research findings by the
same author in other research articles (S.R. Ghosh et
al. 2018; Mukherjee 2020). The band at 524 cm-1,
671 cm-1, and 1111 cm-1
shows the stretching
vibration of Al-O-Mg. It was also seen from the graph
that 1485 cm-1, 1651 cm-1 , 3344 cm-1 reflects H2O
stretching vibration. If we increase the soaking time, it
was found that the peak at 1485 cm-1 got eliminated
from the graph which indicates that at a higher
temperature the concentration of H2O was less. The
presence of adsorbed moisture was noted since FTIR
analysis was carried in the air atmosphere. If the
analysis has been carried in a controlled atmosphere
with neutral gas purging (Nitrogen/Argon) presence
of adsorbed moisture on the powder surface have been
eliminated.
Figures 4, 5, and 6 show the EDX analysis of the
MgAl2O4 spinel nanoparticle synthesized by the solgel method at 1000°C and soaked for 4,5,6 h
respectively. It was deduced from morphology that
the grain size of the MA particle increases with
increasing temperature with no change in phase
indicating stabilization of crystal structure. The EDX
spectra of the spinel powder calcined at 1000°C
temperatures for different soaking times were taken at
different positions. It is indicated that the cubic grain
structures of spinel with a ratio of 1:1 Magnesium, Al
precursors added were studied to observe the required
elements present in the matrix as shown in
morphology. EDX of different soaking time has been
shown in Figs. 3, 4 and 5 respectively. All EDX
spectra indicate the presence of Mg, Al, O elemental
peaks in the sample. The intense stacking of the
powder grains on each other was dominant in the
figure where EDX spot analysis has been carried.
XRD, FTIR and EDX analyses correlate with each
other indicating successful phase formation of spinel
using non-stoichiometric precursors.
Figure 7 shows the SEM of the MA spinel calcined
at different soaking periods at a fixed temperature.
The surface morphology of the powders magnesium
aluminate spinel was investigated by Scanning
Electron Microscopy (SEM). The morphological
structure of the MgAl2O4 powder calcined at 1000ºC
temperatures for different soaking time 4 h, 5 h, 6 h
were exhibited by SEM. It can be seen from the figure
that the spinel had become much more agglomerated
in 5 h and 4 h soaking period in comparison to 6 h
soaking. Minute observation reveals that some minor
intergranular cracks were noted among agglomerated

chunk for sample undergoing 5 h soaking while nil

Figure 3. FT-IR spectra of MgAl2O4 product calcined at
1000°C prepared after annealing for 4 hours, 5
hours and 6 hours respectively with 1:1 nonstoichiometric ratio of Mg-Al nitrate precursors
using thiourea as fuel.

(a)

(b)

(c)
Figure 4. EDX analysis of the MgAl2O4 spinel
nanoparticle synthesized by the sol-gel method
at 1000°C for 4 hours.
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Figure 5. EDX analysis of the MgAl2O4 spinel
nanoparticle synthesized by the sol-gel method
at 1000°C for 5 hours.

C
Figure 7. SEM morphology of Magnesium Aluminate
(MA) Spinel calcined at the different soaking
period of 4hours (A), 5 hours (B) and 6 hours
(C) for the fixed temperature at 1000°C using
1:1 non-stoichiometric ratio of Mg:Al nitrates
using thiourea as fuel

A

B

C
Figure 6. EDX analysis of the MgAl2O4 spinel
nanoparticle synthesized by the sol-gel method
at 1000°C for 6 hours.

Figure 8. Variation of bulk density (BD), Material
Weight and soak time of spinel grains by
sintering at 1000°C function of the compact
weight.
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Figure 9 shows the apparent porosity (%) values of
sintered samples soaked at different temperatures. The
apparent porosities of samples were decreased with
increasing sintering temperature. These results have
shown that the samples were sintered better with
increasing temperature. Sinhamahapatra et al. [6] have
produced the magnesia-rich magnesium aluminate
spinel with the natural magnesite and the synthetic
caustic magnesia. However, spinel and periclase and
forsterite were found in the samples due to the
presence of silica as impurities. In our study,
Magnesium aluminate spinel was formed at 1000°C.
The decrease in apparent porosity of samples from 4 h
to 6 h indicates that the densification occurred through
liquid phase sintering (Fig. 6). Apparent porosity and
bulk density were two vital parameters to assess the
extent of densification of ceramic compacts. The
variation of apparent porosity and bulk density of
spinel samples with sintering temperatures were
shown in Figs. 7 and 8. It reveals that for SS
composition highest bulk density of 2.8571 was
achieved at1000°C with a soaking time of 4 h and a
slight decrease in bulk density value of 2.7609 and
2.4156 at 5 h and 6 h soaking respectively was
observed. The rapid increase in apparent porosity of
samples 7.4289%, 10.3630% and 32.51% for 4h, 5 h
and 6 h respectively also indicates that high soaking
time affects apparent porosity. It was also noted that
variation of apparent porosity with soaking time was
in correspondence with morphological findings from
SEM analysis. Finally, the hardness of pellet samples
of spinel was carried by Vicker’s hardness testing. At
first, the powder material is properly mixed with 1.5%
PVA (Polyvinyl alcohol). The mixture is then dried
and ultrasonicated to loosen its agglomerated particles.
Then the mixture is pressed with 4-ton pressure to
make a pellet. After that, the pellet is sintered at
1200°C for 30 minutes to remove the PVA present
inside the pellet. At high temperature, various particles
present in the material rearranged their bonding which
made the material denser. Corresponding hardness
values were evaluated as 10.52 GPa (1073 HV), 4.087
GPa (416.7 HV) and 5.079 GPa (517.9 HV). Sample
synthesized after soaking at 4 h show more hardness
than the powder soaked at 5 h and 6 h. This will
suggest that crystal size will increase as well as
hardness will decrease if we increase the soaking time.

Figure 9. Variation of Apparent porosity (AP), and soak
time of spinel grains on sintering at 1000°C at
the function of the material weight.
Table 1.

Dry and Wet Bulk Density, Apparent Porosity,
Material weight of spinel soaked for different
periods at fixed temperatureTable 1: Dry and
Wet BuTable 1: Dry and Wet Bulk Density,
Apparent Porosity, Material weight of spinel
soaked for different periods at fixed
temperature.

4

Dry Bulk
Density
(g/cm3)
2.8571

Wet Bulk
Density
(g/cm3)
2.9325

5
6

2.7609
2.4156

2.8646
2.7407

hrs

0.0742

Material
Weight
(g)
0.97

0.10363
0.3251

0.73
0.78

Apparent
Porosity

cracks or interconnected porosity was noted for
sample undergoing annealing for 4 h. Nevertheless the
sample prepared after soaking for 6 h exhibits less
agglomeration. From this observation, we can
conclude that soaking time at around 5 h gives us the
desired spinel structure. The above morphological
features were found to be tallying with density and
apparent porosity variation noted for spinel samples
heated at 1000°C for 4 h, 5h and 6 h soaking period.
Such possible result may be due to the difference of
thermal expansion behaviour of Al-based precursors
and magnesium-based precursors and for maintaining
non-stoichiometric
ratio
in
comparison
to
stoichiometric ratio used for spinel formation.
Variation of bulk density (BD), Material Weight and
soak time of spinel grains by sintering at 1000°C as a
function of the compact weight was depicted in Fig. 8.
Densities were calculated using the Archimedes
principle. Here, the densities were changed from
2.4156 g/cm3 to 2.8571 g/cm3 with sintering
temperature 1000°C. According to the literature [5],
the values of the bulk densities were obtained around
3 g/cm3 for the MgAl2O4 spinel. The density of the
sample is maximum for 4 hours sample while least for
6 hours soaking period. The density variation
commensurate with the morphological findings from
SEM analysis.

4. CONCLUSION
Non stoichiometric1:1 ratio of Magnesium nitrate, Al
nitrate along with thiourea as fuel and the reducing
agent was utilized to synthesis spinel magnesium
aluminate. Crystallization for spinel onset was in the
range 500-700°C with a minor endothermic peak at
590°C. Proper phase for spinel was developed even
with non-stoichiometric precursors at 1000°C after
soaking for 4 h, 5 h and 6 has confirmed from XRD.
The Crystallite size of corresponding spinel particles
was about 48 nm, 36 nm and 47 nm respectively.
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FTIR analysis confirmed the M-O coordinations and
it was noted that Al-O coordination was about 539
cm-1 while Mg-O-Al vibration was observed at about
677 cm-1. Morphology analysis by SEM reveals that
spinel becomes more agglomerated in 5 h and 4 h
soaking period in comparison to 6 h soaking. Minute
analysis reveals minor intergranular cracks for
samples undergoing 5 h soaking. EDX confirms the
elemental composition analysis. Bulk densities were
estimated from 2.4156 g/cm3 to 2.8571 g/cm3. The
rapid increase in apparent porosity of samples were
7.4289%, 10.3630% and 32.51% for 4 h 5 h and 6 h,
respectively. Bulk density and apparent porosity
results were found to be in tallying with
microstructural features obtained after synthesis using
non-stoichiometric ratio and thiourea as fuel.
Hardness values were evaluated as 10.52 GPa (1073
HV), 4.087 GPa (416.7 HV) and 5.079 GPa (517.9
HV) in the form of a pellet sample by Vicker hardness
tester.
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ABSTRACT: In this work, a three-phase Shunt Active Power Filter (ShAPF) is proposed to address the
current related issues in a three-phase Electrical Distribution System (EDS). A sliding mode controller (SMC)
and an Enhanced Exponential Reaching Law-based SMC (EERL-SMC) are proposed for a ShAPF to
compensate for the load current. The controller’s performance is tested by injecting the current harmonics into
the system. A non-linear load along with different loads on the distribution side is connected in parallel in a
distribution network at the point of common coupling (PCC). Modelling of the system is done using state-space
analysis. The stability of the system is analyzed using the state feedback approach. The reference source currents
are generated using the instantaneous PQ theory. For variations in the load, the THD in the source current is
realized. It is found that EERL-SMC is more effective for a ShAPF in reducing the high-frequency oscillations
and settling time for convergence. The source voltage and current waveforms are observed to be sinusoidal. Both
the controllers are effective in reducing the THD levels in the source current as per the IEEE standards. A
comparison between the controllers is presented in terms of settling time, THD in source current. PSCAD v4.6 is
used for simulation works.

Keywords: Electrical Distribution System (EDS); Shunt Active Power Filter (ShAPF); Point of Common
Coupling (PCC); Total Harmonic Distortion (THD); Sliding Mode Controller (SMC); Enhancement
Exponential Reaching law (EER-Law).

وﺣدة اﻟﺗﺣﻛم ﺑﺎﻹﻧزﻻق اﻟﻣﺑﻧﯾﺔ ﻋﻠﻰ ﻗﺎﻧون اﻟوﺻول اﻷﺳﻲ اﻟﻣﺣﺳن ﻟﻣرﺷﺢ اﻟﻘدرة اﻟﻔﻌﺎﻟﺔ اﻟﻣﺗوازي ﻓﻲ
ﺷﺑﻛﺔ اﻟﺗوزﯾﻊ اﻟﻛﮭرﺑﺎﺋﻲ
 و ﺳﺎﺗﯾش ﻛوﻣﺎر ﺟودي1ﻓﯾﻧﺎي ﻛوﻣﺎر ﻧﺎﻏوﺑوﯾﻧﺎ

*,2

 ﯾﻘﺪم ھﺬه اﻟﺒﺤﺚ ﻣﻘﺘﺮﺣﺎ ﻻﺳﺘﺨﺪام ﻣﺮﺷﺢ ﻟﻠﻘﺪرة اﻟﻔﻌﺎﻟﺔ ذو ﺛﻼﺛﺔ أوﺟﮫ ﺗﺼﻔﯿﺔ ﻟﺤﻞ ﻣﺸﺎﻛﻞ ﺷﺒﻜﺎت ﺗﻮزﯾﻊ اﻟﻜﮭﺮﺑﺎء ذات اﻟﺜﻼﺛﺔ:اﻟﻣﻠﺧص
 ﻛﻤﺎ ﯾﻘﺘﺮح اﺳﺘﻌﻤﺎل وﺣﺪة اﻟﺘﺤﻜﻢ ﺑﻮﺿﻊ اﻻﻧﺰﻻق ﺑﻨﺴﺨﺘﯿﮭﺎ اﻟﻌﺎدﯾﺔ واﻟﻤﺒﻨﯿﺔ ﻋﻠﻰ ﻗﺎﻧﻮن اﻟﻮﺻﻮل اﻷﺳﻲ اﻟﻤﺤﺴﻦ ﻟﺘﻌﻮﯾﺾ ﺗﯿﺎر،أوﺟﮫ
 ﺗﻢ ﺗﻮﺻﯿﻞ. ﺣﯿﺚ ﯾﺘﻢ اﺧﺘﺒﺎر اداء وﺣﺪة اﻟﺘﺤﻜﻢ ﺑﺤﻘﻦ اﻟﻨﻈﺎم ﺑﺘﻮاﻓﻘﯿﺎت اﻟﺘﯿﺎر،اﻟﺤﻤﻞ ﻓﻲ ﻣﺮﺷﺢ ﻟﻠﻘﺪرة اﻟﻔﻌﺎﻟﺔ اﻟﻤﺘﻮازي ذو ﺛﻼﺛﺔ أوﺟﮫ
 ووﺿﻊ ﻧﻤﻮذج اﻟﻨﻈﺎم ﻋﻦ طﺮﯾﻖ،ﺣﻤﻞ ﺧﻄﻲ وأﺣﻤﺎل اﺧﺮى ﻣﺨﺘﻠﻔﺔ ﺑﺎﻟﺘﻮازي ﻓﻲ ﺷﺒﻜﺔ ﺗﻮزﯾﻊ اﻟﻜﮭﺮﺑﺎء ﻋﻨﺪ ﻧﻘﺎط اﻟﺮﺑﻂ اﻟﻤﺸﺘﺮﻛﺔ
 وﯾﺘﻢ اﻧﺸﺎء ﺗﯿﺎرات، ﻛﻤﺎ ﺗﻢ ﺗﺤﻠﯿﻞ اﺳﺘﻘﺮار اﻟﻨﻈﺎم ﻋﻦ طﺮﯾﻖ ﻧﮭﺞ اﻟﺘﻐﺬﯾﺔ اﻟﺮاﺟﻌﺔ ﻟﻠﺤﺎﻟﺔ،اﻟﺘﻤﺜﯿﻞ اﻟﻤﺼﻔﻮﻓﻲ ﻟﻠﻤﻌﺎدﻻت اﻟﺘﻔﺎﺿﻠﯿﺔ
 ﻛﻤﺎ ﺗﺤﻘﻖ ﺗﺸﻮه ﺗﻮاﻓﻘﻲ ﻛﻠﻲ ﻓﻲ اﻟﺘﯿﺎر،اﻟﻤﺼﺪر اﻟﻤﺮﺟﻌﻲ ﺑﺎﺳﺘﺨﺪام اﻟﻨﻈﺮﯾﺔ اﻟﻤﻌﻤﻤﺔ ﻟﻠﻘﻮة اﻟﺘﻔﺎﻋﻠﯿﺔ اﻟﻠﺤﻈﯿﺔ ﻓﻲ اﻟﺪواﺋﺮ ﺛﻼﺛﯿﺔ اﻟﻄﻮر
 اﺷﺎرت ﻧﺘﯿﺠﺔ اﻟﺪراﺳﺔ اﻟﻰ ان وﺣﺪة اﻟﺘﺤﻜﻢ ﺑﺎﻻﻧﺰﻻق اﻟﻤﺒﻨﯿﺔ ﻋﻠﻰ ﻗﺎﻧﻮن اﻟﻮﺻﻮل اﻷﺳﻲ اﻟﻤﺤﺴﻦ.اﻟﻤﺼﺪري ﻧﺘﯿﺠﺔ ﻻﺧﺘﻼف اﻟﺤﻤﻞ
 ﻛﻤﺎ ﻟﻮﺣﻆ أن ﺟﮭﺪ اﻟﻤﺼﺪر،ﺗﻌﻄﻲ ﺗﺄﺛﯿﺮا اﻛﺒﺮ ﻓﻲ ﺗﻘﻠﯿﻞ ذﺑﺬﺑﺎت اﻟﺘﺮدد اﻟﻌﺎﻟﻲ وزﻣﻦ اﻟﺴﻜﻮن ﻓﻲ ﻣﺮﺷﺢ اﻟﻘﺪرة اﻟﻔﻌﺎﻟﺔ ذو ﺛﻼﺛﺔ أوﺟﮫ
 ﻧﺠﺢ ﻛﻼ ﻣﻦ وﺣﺪﺗﻲ اﻟﺘﺤﻜﻢ ﺑﺎﻻﻧﺰﻻق ﻓﻲ ﺗﻘﻠﯿﻞ اﻟﺘﺸﻮه اﻟﺘﻮاﻓﻘﻲ اﻟﻜﻠﻲ ﻓﻲ ﻣﺼﺪر اﻟﺘﯿﺎر ﻛﻤﺎ.وأﺷﻜﺎل ﻣﻮﺟﺔ اﻟﺘﯿﺎر ھﻲ ﺟﯿﺒﯿﺔ ﺑﻄﺒﯿﻌﺘﮭﺎ
 ﻛﻣﺎ ﺗم ﻓﻲ ھذه اﻟورﻗﺔ ﻋرض ﻣﻘﺎرﻧﺔ ﺑﯾن ﻧوﻋﻲ وﺣدات اﻟﺗﺣﻛم ﺑﺎﻻﻧزﻻق.ورد ﻓﻲ ﻣﻌﺎﯾﯾر ﻣﻌﮭد ﻣﮭﻧدﺳﻲ اﻟﻛﮭرﺑﺎء واﻹﻟﻛﺗروﻧﯾﺎت
.ُوﺿﺢ ﻣن ﺧﻼﻟﮭﺎ زﻣن اﻟﺳﻛون واﻟﺗﺷوه اﻟﺗواﻓﻘﻲ اﻟﻛﻠﻲ ﻓﻲ ﻣﺻدر اﻟﺗﯾﺎر
. ﺷﺒﻜﺔ ﺗﻮزﯾﻊ اﻟﻜﮭﺮﺑﺎء؛ ﻣﺮﺷﺢ اﻟﺘﻮازي ﻟﻠﻘﺪرة اﻟﻔﻌﺎﻟﺔ ذو ﺛﻼﺛﺔ أوﺟﮫ ؛ ﻧﻘﺎط اﻟﺮﺑﻂ اﻟﻤﺸﺘﺮﻛﺔ؛ وﺣﺪة اﻟﺘﺤﻜﻢ ﺑﺎﻹﻧﺰﻻق؛ ﺗﺸﻮه ﺗﻮاﻓﻘﻲ:اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ
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1.

mitigation.

INTRODUCTION

The Electrical Distribution System (EDS) consists of
different types of loads like linear loads, non-linear
loads and sensitive loads. At the point of common
coupling, all these loads are connected in parallel.
Among these loads, non-linear loads inject current
harmonics into the electrical distribution system
(EDS). This increases the Total Harmonic Distortion
(THD) percentage in current at the PCC. This will
cause a huge amount of impact on the performance of
both sensitive loads and linear loads and may also
damage these loads. The usage of non-linear loads
like computers, Televisions, Printers etc. has been
increasing day by day and hence, increases nonlinearity in source current. These non-linear currents
will adversely affect the system voltage. If such
voltages are supplied to the loads then the system
performance will be drastically affected (Thentral, T.
M. T. et al., 2021).
The problem of non-linearity is mainly because of
the non-linear loads connected at PCC. These loads
have to be isolated from the linear and sensitive loads
to prevent the voltage and current distortions, which is
not practically possible. Hence, proper preventive
measures have to be taken to protect these linear and
sensitive loads from the source voltage and current
distortions. This has led the researchers to design
compensating devices that will protect these loads.
Passive filters are conventional filters that can be
designed to protect the loads from the harmonics.
The development of power semiconductor devices
and signal processing devices and availability at
reduced cost have attracted researchers to work with
active filters (AF). AF can perform numerous
functions like harmonic filtering, damping, voltage
regulation, load balancing and other power quality
issues arising in a distribution system. AF’s are
further categorized as pure active power filters (PAF)
and Hybrid active power filters (HAF). PAF’s mainly
consists of only one single voltage source converter
fed with a DC capacitor. HAF includes multiple or
single voltage source PWM converters with passive
filters like inductor and capacitor and/or resistors.
Generally, for high power applications, HAF is more
commonly used for harmonic mitigation in terms of
performance and cost.
In this work, a shunt active power filter for
harmonic mitigation is presented in a distribution
system with the mathematical model and stability
analysis. The main contributions of this work are as
follows (i) A ShAPF has been designed and simulated
to protect the sensitive loads from current distortions.
(ii) Enhancement Exponential Reaching law (EERLaw) is added to the conventional SMC controller to
improve the performance of the system. (iii) A
comparative analysis is performed in THD’s of the
source current with different loads. Section II
discusses the Passive filters used for harmonic

2.

PASSIVE AND ACTIVE POWER
FILTERS

There are different kinds of passive filters like low
pass filters, high pass filters, single tuned filters,
double-tuned filters etc. These filters consist of
passive elements like resistors, inductors and
capacitors (S. M. Mozayan et al. 2016). As shown in
Fig. 1, R, L, C values should be calculated based upon
the formulas given in (1).
𝐶𝐶 = 𝑄𝑄𝑐𝑐 /(6.28 𝑉𝑉𝑉𝑉 2 )
𝑋𝑋 = 1/(6.28 𝑓𝑓ℎ𝐶𝐶)

𝐿𝐿 = 𝑋𝑋/ 2 ℎ𝑓𝑓

(1)

𝑄𝑄 = 6.28𝑓𝑓𝑓𝑓/𝑅𝑅

𝑅𝑅 = 1/6.28𝑓𝑓𝑓𝑓

where Qc= reactive power of filter (MVAR), V=
supply voltage (V), Q = quality factor, h = tuning
harmonic order of the filter, f is the power frequency.
The tuned low pass filter and high pass filters will
eliminate the harmonics based upon their cut-off
frequency. The designed single tuned filter will
eliminate the particular harmonic for which it is
tuned. The dominant frequency harmonic component
has to be identified in supply voltage or current. This
can be done by using Fast Fourier Transforms (FFT)
Analysis. The filter has to be designed in such a way
as to eliminate that harmonic component in voltage or
current. The designed filter has to be connected in
parallel to the load so that it acts as a conductance
path for that harmonic component. Similarly, it should
also act as a high impedance path for the remaining
harmonic components. Thus, the harmonic
components are deviated through passive filters
without reaching the loads. Thus, the percentage of
THD in load voltage and current will be decreased.
Thus, by using the single tuned filters the THD can be
reduced.
Similarly, if the two frequency components are
found to be dominant then double-tuned filters are
preferred. These filters are designed to eliminate the
two harmonic frequency components. The main
drawback of passive filters is the presence of
resonance between the line and the filters. If the
impedance of the designed filter and system
impedance is equal then the system is said to be in
resonance condition. This will inject the abnormal
disturbances line noise into the system. The basic
drawback of these passive filters is that they can
eliminate only the single or double frequency
components. For any variations in the non-linear loads
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that are in one condition, the harmonics occurring in
the system will change dynamically. This made the
researchers shift their focus towards the devices,
which can provide dynamic and effective solutions
(AlirezaJavadi et al. 2017).
Among the available different Active Power Filter
(APF), Shunt Active Power Filter (ShAPF) and Series
Active power filters (SeAPF) will function
dynamically. These filters can provide effective
solutions. The shunt Active power filter can mitigate
the current harmonics and the series active power
filter acts as a voltage regulator.
Unlike the traditional passive filters, APF will have
the flexibility to provide multiple functions like
eliminating multiple harmonic frequency components,
injection of reactive power, correction of power
factor, regulation of voltage and voltage flicker
reduction etc.
Also due to the decrement in the manufacturing cost
of power semiconductor devices and signal processing
devices manufacturers have shown more interest in
APF’s (Alireza Javadi et.al 2016). However, the
manufacturing cost of APF’s is quite high when
compared with the conventional passive filters. APF’s
are mainly classified into two types based upon their
application. They are single-phase APF and 3-Φ APF.
However, the usage of single-phase APF is only
restricted to low-power applications. This made the
researchers search for the device, which can be used
in high power applications i.e. three-phase APF. In
this paper, the performance of the three-phase shunt
APF is analyzed through simulation works.

3.

current-controlled VSC. This converter should insert
the compensating current if needed. The
compensating current will be with a phase shift of
exactly 180 degrees to the distortion that occurred in
the source current. Now to inject this compensating
current the current-controlled voltage source
converter should function dynamically and should be
turned on instantly (Javadi, A. et.al 2017), (Javadi, A
et.al 2016). For this purpose, a controller should be
designed in such a way that it should generate the
firing pulses during the need for compensation.

(b)
(a)
Figure 1. (a) Single tuned passive filter, and (b) Double
tuned passive filter.

SHUNT ACTIVE POWER FILTER

These type of filters consists of Active Power Filter
(APF) connected in shunt across the load. In this
Active Power Filter, the voltage source currentcontrolled converter is used to inject the
compensating current to suppress the distortions
present in load voltage and load current (Sharma, S. et
al. 2020). The distortions in load voltage and current
are calculated separately and then the resultant total
error is calculated by summing the voltage error and
current error. The compensation is done by injecting
the compensating current, which will suppress the
distortions in voltage and current.
Figure 2 shows the schematic representation of the
ShAPF. It consists of an AC power supply feeding a
non-linear load. A shunt APF consisting of a voltage
source inverter (VSI) connected in shunt at PCC to
inject a shunt current to provide compensation against
current harmonics. Ls and LL are the source side and
load side inductances, which play a key role in the
compensation. Along with the sensitive loads, nonlinear loads are always present in the distribution
network Lse is the series winding inductance to the
VSI and Vdc is the input DC voltage supply.
In the circuit shown in Figure 3, a three-phase Shunt
Active Power Filter (ShAPF) is presented with a
sliding mode controller (SMC), which consists of a

Figure 2. Schematic representation of ShAPF.

Figure 3. Block diagram of three-phase Shunt Active
Power Filter.
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4.

respective phase current errors by using the Inverse
Instantaneous PQ theory, (Ma, H. et al., 2017). Thus,
these obtained error signals are given to the pulse
width modulator to generate the firing pulses at the
desired instant. The switching frequency chosen is 10
kHz. Fig. 4 (b) shows the controller block diagram.

SMC WITH PQ THEORY

Figure 4(a) shows the SMC controller with a linear
sliding surface. SMC is one of the robust non-linear
controllers. It was used in many practical applications
because of its simple construction and its accuracy.
This SMC can vary the reference signals and can
easily track the control signals dynamically when
compared with other controllers. This SMC design
mainly consists of two parts. One is choosing the
sliding surface and the other is fine-tuning the sliding
coefficients. In this proposed work, an SMC with a
linear sliding surface is chosen and the sliding
coefficient K1value is chosen as 100. The equation for
a linear sliding surface is presented in (4). This SMC
is used to generate the firing pulses to the converter,
which will inject the required compensating current.
This compensating current is exactly a 180˚ phase
shift to harmonics in the source current.
The instantaneous PQ theory is used to calculate
the error in the source current. The actual and the
reference values of the three-phase voltages and
currents are converted into stationary reference
frames. Then these voltages and currents are
multiplied together to generate the actual and
reference values of Active and Reactive power. Now
the resultant error in powers is calculated by
analyzing the real values with the reference values.
The obtained Perror and Qerror are converted into their

𝑃𝑃 = 𝑉𝑉𝛼𝛼 𝐼𝐼𝛼𝛼 + 𝑉𝑉𝛽𝛽 𝐼𝐼𝛽𝛽

(2)

𝜎𝜎𝑠𝑠 = 𝑘𝑘1 (𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 )

(4)

𝑄𝑄 = 𝑉𝑉𝛽𝛽 𝐼𝐼𝛼𝛼 − 𝑉𝑉𝛼𝛼 𝐼𝐼𝛽𝛽

(3)

(a)

(b)
Figure 4. (a) Linear Sliding Surface σs., and (b) Schematic diagram of the controller for ShAPF.
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5.

MODELING OF SHUNT ACTIVE
POWER FILTER USING STATESPACE ANALYSIS

𝐺𝐺(𝑠𝑠) =

𝑦𝑦 = 𝐶𝐶𝐶𝐶

6.

(5)
(6)

Table 1.
Symbol

1

𝐿𝐿𝑠𝑠

0

𝐿𝐿𝑠𝑠

0

𝐿𝐿𝐿𝐿

𝐺𝐺(𝑠𝑠) = 𝐶𝐶(𝑠𝑠𝑠𝑠 − 𝐴𝐴)−1 𝑏𝑏1

SIMULATION RESULTS

The work considers different types of loads (like
linear, non-linear and sensitive loads) in the electrical
distribution network for simulation analysis. The
current drawn from the source is shown in Fig. 7. The
non-linear load representation is shown in Fig. 8(a).
All three phases of the source current are said to be
non-linear. The nonlinear load considered is a threephase thyristor bridge rectifier with different
combinations of loads on the DC side (Ouchen, S et
al. 2021), (Satish Kumar Gudey et al. 2014). The
magnitude of the load current is 10 A (peak/phase).

The state feedback approach is used to obtain the
frequency response characteristics. The state model is
represented in (7). The transfer function obtained for
the system considered in the open-loop condition is
represented in (8).
0 ⎤
⎡0
0
𝐶𝐶
𝑣𝑣𝐿𝐿̇
𝑣𝑣𝐿𝐿
⎢0 − 1 − 1 − 𝑅𝑅𝑠𝑠 ⎥ 𝑖𝑖
0
̇
� 𝚤𝚤̇𝑐𝑐 � = ⎢
𝐿𝐿𝑠𝑠 ⎥ � 𝐶𝐶 � + �𝑉𝑉𝑑𝑑𝑑𝑑 � 𝑢𝑢 +
𝐿𝐿𝑠𝑠
𝐿𝐿𝐿𝐿
𝑖𝑖
𝚤𝚤𝑠𝑠𝑠𝑠̇
⎢
𝑅𝑅 ⎥ 𝑠𝑠𝑠𝑠
𝐿𝐿𝑠𝑠𝑠𝑠
0
− 𝑠𝑠𝑠𝑠⎦
⎣1
𝐿𝐿𝑠𝑠𝑠𝑠
0
0
1
𝑅𝑅𝑠𝑠
𝑅𝑅𝐿𝐿
� � 𝑉𝑉𝑠𝑠 + �− + � 𝑖𝑖𝐿𝐿

(9)

It is found that a GM of infinity and a PM of 90
degrees is obtained for the designed system, which
can be considered as a stable system with high
stability margins. The controller works effectively
with the chosen state variable.
Table 1 represents the configuration parameters.
The rating of the ShAPF is 1.431 kVA for a threephase distribution system.

To determine the stability of ShAPF, the state-space
model is derived using state-space analysis. Figure 5
shows the equivalent circuit of ShAPF. The voltage
across the load (VL), current injected by the ShAPF
(ise) and current through the power factor correction
capacitor (ic) have been considered as state variables.
The controller can be designed by considering any
one of the state variables as a controlling parameter.
In this proposed controller the current through the
power factor correction capacitor is considered as the
controlling parameter (M. H. Rashid, 2011). The
frequency response characteristics of the designed
system are obtained and its stability margins are
analyzed.
𝑥𝑥̇ = 𝐴𝐴𝐴𝐴 + 𝑏𝑏1 𝑢𝑢 + 𝑏𝑏2 𝑉𝑉𝑠𝑠 + 𝑏𝑏3 𝑖𝑖𝐿𝐿

−1𝑒𝑒08𝑠𝑠

𝑠𝑠 3 +5.002𝑒𝑒05𝑠𝑠 2 +3.535𝑒𝑒−09𝑠𝑠+2.193𝑒𝑒06

(7)

(8)

System Parameters.
Definition

Vs

Supply voltage (L-N)

141.4 (max)

f

Supply frequency

50 Hz

Ls

Line Inductance

10 µH

Rs

Line resistance

0.5 Ω

Rnon,Lnon

Non-linear Load

10 Ω, 16 mH

RL, LL

load Resistance, Inductance

20 Ω, 0.05 mH

LSe

Switching ripple filter inductance

5 mH

Filter Power factor capacitor Capacitance

where A is the state matrix of order 3x3, b1 is the
input matrix of order 3x1, b2 is the source voltage
matrix of order 3x1, b3 is the load current matrix of
order 3x1, C is the output matrix i.e. C= [0 1 0].
From the gain margin and phase margins acquired
from the bode plots, it can be concluded that the
system is stable. The transfer function obtained is
given in (9).

pf

Figure 5. Equivalent circuit for shunt APF.

Value

Load power factor

228 µF
0.8 lag

Figure 6. Frequency response of single-phase ShAPF.
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A high nonlinearity is observed in source current
in three phases (A, B and C). THD percentage of
16.7753 is observed in the source current waveform in
phase A. According to the IEEE standards, it is not
safe to operate the linear loads and sensitive loads
supplying this non-linear current (Satish Kumar
Gudey et.al 2014), (Satish Kumar Gudey et.al 2015).
Hence, an appropriate filter should be tuned to inject
the compensating current with exactly 180 degrees
phase shift to nullify this harmonic current. Fig. 8 (b)
shows the harmonic spectrum of the non-linear source
current.

(b)
Figure 8. (a) Three-phase Thyristor bridge rectifier as
Non-Linear Load, and (b) THD spectrum in the
source current.

6.1 Rectifier with R-Load
Assume that linear and non-linear load (assume that
there will be a three-phase bridge rectifier connected
to a Resistive load) is connected at the PCC. The load
voltages and load currents at the linear load are as
shown in Fig. 9. The magnitudes of the load voltage
and current are 100 V (rms), 15 A (rms). Figure 10
shows the current through the non-linear load, the
compensated current, current drawn from the source.
It is observed that the source current THD is
0.75%, which is compensated by the ShAPF. Thus,
the polluted THD content is reduced by using the
ShAPF and is kept under the regulations imposed by
the IEEE standards.

Figure 9. Three-phase waveforms of (a) voltage at load,
and (b) linear load current.

6.2 Rectifier with RL-Load
Now with the rectifier RL load, the THD of the source
current is observed to be 22.44%. Now the ShAPF is
connected to the circuit and simulated. The Threephase voltage at load and phase currents through the
linear load is shown in Fig. 12.
Figure 12 shows the waveforms for load voltage
and current when the systems are fed with a rectifier
with RL-load. The magnitudes of the load voltage are
100V (rms) and the magnitude of load current at the
PCC is 10.25A (rms).

Figure 10. The waveform of current drawn by the nonlinear load InL, shunt APF current IAF, source
current Is.

Figure 11. THD in load voltages and load currents.

Figure 7. The waveform of the source current is in phases
A, B and C.

Figure 12. Three-phase Waveforms of voltage at load and
phase currents drawn by the linear load.

(a)
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period of 3 ms with high-frequency oscillations i.e.
chattering is present in SMC (Vinay Kumar
Naguboina et.al 2018). The chattering and hence, the
settling time can be reduced by using an enhanced
exponential sliding Mode controller (EERL-SMC) as
discussed in section VII.

7.

EER-LAW-BASED SLIDING MODE
CONTROL FOR ShAPF

The chattering effect is the main drawback of the
conventional SMC’s. This had led the researchers to
concentrate on higher-order SMC, which can avoid
this chattering effect. In this paper the Enhanced
Exponential Reaching Law is added to the existing
conventional SMC to decrease the settling time,
steady-state error, reducing response time (Quoc-Nam
Trinh, et al. 2014): Hence, EERL based SMC can be
used as an alternative instead of going for the higherorder SMC, which is presented in this proposed work.
Here in this case the sliding surface s chosen is as
shown in (10). Exponential reaching will have a high
adaptive function when it is compared with the
traditional controllers. The error signal obtained at the
sliding surface will be given to the EERL as shown in
Fig. 15. The equation of EERL-SMC is as shown in
Equation (10).

Figure 13. Waveform of current drawn by the non-linear
load InL, shunt APF current IAF, source current Is.

(a)

•

𝑠𝑠 = −𝜆𝜆𝜆𝜆 − �

S. No.
1
2

|𝑠𝑠|𝛾𝛾 . 𝑠𝑠𝑠𝑠𝑠𝑠( 𝑠𝑠)�

(10)

Here 𝐷𝐷(𝑠𝑠) = 𝛼𝛼 + (1 − 𝛼𝛼)𝑒𝑒 −𝛽𝛽𝑥𝑥|𝑠𝑠| > 0
The stability of the system will not depend on the
value of D(s). The values of λ , ξ and β x are
always positive integers. Their values are in the range
of 0 and 1. The time for reaching the system depends

(b)
Figure 14. (a) THD in three-phase voltages and three-phase
currents through the linear load, and (b) Phase
plane projection of sliding surface σsand its
derivative through simulation.
Table 2.

𝜉𝜉

𝐷𝐷(𝑆𝑆)

on s . As the value s decreases, the chattering

effect can be minimized. The Sαβ obtained is passed
through (10) and converted to Sabc, which is then
compared with a repetitive waveform operating at 10
Source Current THD with a non-linear load
kHz to create the triggering pulses to the VSI circuit.
connected firing angle of 36˚.
The simulation results were obtained by adding the
Resistance (Ω) Inductance
% of THD in
Exponential Reaching Law (Vinay Kumar Naguboina
(mH)
source current
16
16
1.21 et.al 2018), (Mozayan et.al 2016), (Nayak V et.al
2020) to the presented SMC is given in sections 7.1
16
20
0.88 and 7.2.

3

20

16

1.06

4

20

24

0.75

5

24

24

0.75

From Fig. 14(a) it is clear that the designed shunt
APF is injecting the compensating current to maintain
the THD in the load current within the permissible
limits.SMC along with the ShAPF is said to work
well in compensating the current harmonics. Figure
14 (b) shows the locus of the sliding surface σwith its
derivative. The system reaches origin within a finite

58

7.1 Non-Linear load (R-Load)
In this simulation, only the non-linear load of 15A
(max. value) is connected at the PCC. Then the
resultant current drawn from the source is observed.

Vinay Kumar Naguboina and Satish Kumar Gudey

From simulation results shown in Figs. 15,16, and
17, it is clear that the source current is free of
harmonics. The harmonic content in the source is
reduced to 2.27%, which is kept under regulation as
per IEEE standard. Also, the THD in voltage at the
PCC is within the allowable limits as per the
standards.
7.2 Non-Linear load (RL-Load)
The performance of the designed controller with
EERL-SMC is analyzed by connecting the NonLinear load with RL-load (Zobaa et.al 2014). In this
simulation, a controlled rectifier is operated at a firing
angle of 90 degrees. The resultant waveforms
obtained is represented in Figure 18.
The designed filter is tested by changing the load
parameters. The non-linear load (controlled rectifier
fed RL load) is connected at the PCC. The controlled
rectifier is operated at a firing angle of α=36˚. The
variation in the percentage of THD in the source
current is observed and is listed in Table 4.

Figure 15. Waveforms of load, current injected by the shunt
APF and Source current.

Figure 16. Three-phase voltages at the load.

(a)
Figure 17. THD in Load Voltage and source current.

(b)
Figure 20. (a) Switching pulses generated by the controller,
and (b) THD in load voltage and source current.
Table 3. Percentage of THD in Load phase voltages
Va,Vb,Vc, Source Current.
Figure 18. The waveform of the current is drawn by the
non-linear load for a firing angle of 90 degrees,
current injected by the shunt APF, source
current.

Type of Load

Va

Vb

Vc

Is

R-Load
RL-Load

0.0215
0.0425

0.0293
0.0428

0.02214
0.0423

2.274
4.573

Table 4. Source Current THD with Non-linear load
Connected to RL-Load Operated at α =36˚.
S.No.
Resistance
Inductance
% of THD in
(Ω)
(mH)
source current
1
16
16
3.12
2
16
20
3.62
3
20
16
2.42
4
20
24
2.89
5
24
24
2.22
Figure 19. Waveforms of Load voltage.
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Thus, by analyzing the simulation results it can be
concluded that the designed ShAPF is having the
capability to inject the compensating current
whenever it is needed. Thus, it can be concluded that
the designed ShAPF can act dynamically and mitigate
the current distortions, which occur in the system. The
convergence plot of the controller is drawn by
considering the sliding surface on the X-axis and its
derivative on the Y-axis. Then the resultant plot
obtained is as shown in Fig. 21.

The resultant is converging towards the origin,
which indicates that the system is stable. The
convergence time taken by the controller with EERLSMC is quite less i.e. 0.1 ms when the phase plots of
the controller with and without EERL are compared.
Thus, it can be concluded that the controller with
EERLshows less response time of 0.1 ms when
compared with SMC, which converges in 3 ms. The
chattering effect is also reduced as indicated in the
waveforms obtained through simulation.
Figure 22 shows the load phase voltage of 100 V
(rms) and load phase current of 3.97 A (rms) when a
non-linear load is placed at PCC. The controller
effectively improves the source current waveform to
be sinusoidal as shown in Fig. 23. Table 5 shows the
performance comparison of SMC and EERL-SMC.
Both of them work effectively to maintain the THD
within permissible limits. The EERL-SMC is better
with less settling time during convergence.

8. CONCLUSION
In this article, a Shunt Active Power Filter in an EDS
performance is simulated by connecting the non-linear
load at the PCC. Both the conventional SMC and
EERL-SMC are used to compensate for the effects of
connected non-linear load at the PCC. It was
identified that the proposed filter is functioning
effectively to mitigate the polluted content in the
source current. The current references are generated
using the instantaneous P-Q theory. The proposed
controller for ShAPF is tested in three-phase systems
by connecting R and RL elements on the DC side to
the Non-linear load. For the proposed system, the
polluted content in voltage and current is reduced and
is regulated by the controller. The THD obtained
using both the controllers are kept under the
limitations imposed by the IEEE standards. It
highlights the need for a reliable power supply for
critical loads and with an increase in the number of
non-linear loads. The stability of the system is
analyzed using frequency response characteristics. It
is found that the system is stable. The finite-time
convergence is indicated through a phase plot, which
realizes a faster settling time of 0.1 ms using EERLSMC compared to 3 ms in a conventional SMC. The
EERL-SMC is an alternative to the higher-order SMC
for chattering reduction and finite-time convergence.
The main applications of ShAPF are in PV systems,
smart grid networks, distributed generation and
machine control.

Figure 21. Phase plane projection of sliding surfaces and
their derivative through simulation.

Figure 22. Load voltage and load current with only nonlinear load at PCC.

Figure. 23 Source voltage and current.
Table 5.
S.No.
1
2
3

Comparison of SMC and EERL-SMC for a
ShAPF.
Parameters
SMC
EERL-SMC
% of THD in
0.053
0.056
load current
% of THD in
0.21
0.22
load voltage
settling time
3 ms
0.1 ms
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