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A Study on the Effect of Whitening, Wrinkle
Improvement, and Trans-2-Nonenal Removal of
Wheat Germ Hydrothermal Extract

Xu Jing®, Yuri Kang®, Jiyoung Shin® & Woonjung Kim®

ABSTRACT

Herein, we investigated the active ingredients in
wheat germ as natural materials for functional
cosmetics. Wheat germ hydrothermal extracts
were obtained with 20 %, 50 %, and 80 % ethanol
and used for GC-MS active ingredient analysis
and antioxidant efficacy, whitening, wrinkle
improvement, and trans-2-nonenal reduction
rate analyses. Chromaticity analysis showed a
rapid decrease in yellowness (b*), which was
believed to be attributed to the increased level of
active substances having double bonds with
increased ethanol content. GC-MS analysis
identified high levels of hexadecanoic acid, 9,
12-octadecadienoic acid, and conjugated linoleic
acid with increasing ethanol content. Also, low
levels of linoleic acid ethyl ester and linoelaidic
acid were detected. In contrast, as the ethanol
content decreased, the active ingredients of
cyclotrisiloxane were seen.

Antioxidant efficacy analysis showed an IC,,
value of 2.16 for ascorbic acid, which was the
control, and 3.37, 3.39, and 2.76 for wheat germ
extract with 20 %, 50 %, and 80 % ethanol,
respectively.

All extracts displayed concentration-dependent
antioxidant effects, although the effects were
lower than that of ascorbic acid. Tyrosinase
inhibition activity analysis showed that the
extract with 80 % ethanol had the highest
inhibition rate.

In collagenase inhibition activity analysis, all
extracts had a similar level of inhibitory activity
compared with ascorbic acid. These effects are
thought to be attributed to the active ingredients
of cyclotrisiloxane detected in the extract.

© 2022 London Journals Press

Additionally, trans-2-noneal removal analysis
using GC-MS showed a high removal rate of 96.3
% in a wheat germ extract with 8o % ethanol.

Keywords: wheat germ, hydrothermal extract, skin
whitening, anti-wrinkle, tyrosinase, collagenase,
trans-2-nonenal.

Author o o p: Department of Cosmetic Science,
University of Hannam, Daejeon, 34430, Korea.

CO: Department of Chemistry, University of Hannam,
Daejeon, 34430, Korea.

t Corresponding author e-mail: wjkim@hnu.kr

l INTRODUCTION

Recently, there has been increasing interest in
natural ingredients for food products and
cosmetics, following the growing idea of
naturalism for improved living standards and
health. As demand for functional cosmetics is
increasing, studies are actively investigating
functional ingredients that can minimize the side
effects of chemical ingredients on the skin, and
natural extracts are being tested for their
functional effects2..

During aging, the skin undergoes various changes,
including pigmentation and wrinkle formation. It
produces melanin pigments to protect the internal
and skin cells from ultraviolet (UV) rays.

However, excessive melanin production due to
continuous UV exposure causes pigmentation,
such as freckles and blemishes, accelerating skin
aging. Melanin is first produced as tyrosine in
melanocytes, which is oxidized by tyrosinase to
become 3, 4-dihydroxy phenylalanine (DOPA).

DOPA is then converted to DOPA quinone, which
is converted to melanin after various oxidative
polymerization reactions®. Skin aging can be

Volume 22 | Issue 9 | Compilation 1.0
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divided into intrinsic aging, caused by
physiological aging, and extrinsic aging, caused by
continuous UV exposure. Photoaging caused by
UV exposure is considered the primary cause of
skin aging4. Following skin aging, the production
of structural proteins of the skin, such as collagen
and elastin, is reduced, and collagenase
biosynthesis is increased. This leads to greater
expression of matrix metalloproteinases (MMPs),
inducing matrix protein degradation in the dermis
that deteriorates skin elasticity and results in skin
sagging and wrinkles®. Additionally, impaired
metabolism, along with skin aging, accumulates
waste in the skin layers. As monounsaturated fatty
acids in the skin surface lipids are decomposed,
substances including nonenal aldehyde with a
peculiar smell that are often observed in the
elderly are generated®”). 2-Nonenal is a
long-chain aliphatic aldehyde containing nine
carbons and unsaturated bonds. It is the primary
cause of age-related, unpleasant, greasy, and
sweaty odors and is found from age 40
onwards®®. With aging, elderlies in their 60s
and 70s have a slower, impaired olfactory
function and fail to be aware of their scent. In
particular, elderlies in their 60s and 70s have
reduced absolute and relative sensitivity to smells,
approximately 100 times lower than people in
their 20s and 30s.1°L

According to the South Korea Ministry of Food
and Drug Safety, products for skin whitening and
wrinkle improvement are considered functional
cosmetics. There are nine whitening materials
registered with the Ministry of Food and Drug
Safety, including arbutin, niacinamide, ascorbyl
glucoside, mulberry extract, liquorice extract, and
ethyl ascorbyl ether, and four types of raw
materials, including adenosine, retinol, and
polyethoxylated-retinide, which are known for
wrinkle improvement effects', However, there is
still a lack of functional raw materials. Therefore,
further studies must investigate functional
materials for natural cosmetics that contain active
ingredients for the skin while reducing the side
effects caused by synthetic raw materials ',

Additionally, studies on natural extracts are
expected to induce technological and industrial
growth. As there are sufficient demands for

industrial development and consumer preference,
the natural extracts must have competitive
efficacy, safety, stability, and cost ol

Wheat germ is produced as a by-product during
the milling process of wheat. Pure wheat germ can
be isolated for production due to its low cost and
adequate demand and supply. Previous studies on
germs of various grains, other than wheat, showed
that polyphenols in barley germ have antioxidant
effects 4151, Similarly, rice germs increased the
protein content and enhanced the physiological
activity through microbial fermentation’. Rice
bran, a by-product of rice, lowered blood
cholesterol level "', and arabinoxylan extracted
from rice bran inhibited cancer cell toxicity of
natural killer (NK) cells®. Germs of
Keunnunjami, a new rice variety, also have
antioxidant effects '**°.

Studies on wheat germ reported its anti- bacterial
21 anti-inflammatory 22, antioxidant **), and
immune-enhancing 2 effects. The wheat germ
fat contains a high level of tocopherol, which
makes it a valuable, healthy, functional food 257,

However, most studies on wheat germ focused on
food materials, and there is a lack of studies on
wheat germ as a cosmetic raw material. Therefore,
this study aimed to analyze the antioxidant,
whitening, wrinkle improvement, and trans-2-
nonenal reduction effects of wheat germ
hydrothermal extract through chromaticity
analysis and GC-MS active ingredient analysis to
confirm its functionality as a cosmetic material.

[l. EXPERIMENT
2.1 Material

The wheat germ used in this study was provided
by DAEHAN FLOUR MILLS CO., LTD., in
November 2021.

2.2 Wheat Germ Extraction Condition

Wheat germ powder was used for the
hydrothermal extraction of wheat germ. Water
and ethanol were used as the solvent, and
hydrothermal extraction was conducted with 20
%, 50 %, and 80 % ethanol. The total volume of
the solvent was 300 ml, which was mixed with 30

A study on the effect of whitening, wrinkle improvement, and trans-2-nonenal removal of wheat germ hydrothermal
extract

Volume 22 | Issue 9 | Compilation 1.0

© 2022 London Journals Press



g of wheat germ. A high-pressure hydrothermal
extractor (KSP-240L, KYUNGSEO E&P, Inch eon,
Korea) was used at 80 °C and 0.06 MPa for 3 h
extraction. The extracted solution was
decompression-filtered (DOA-P704-AC, G AST
Manufacturing Inc., U.S.A) using a 90 mm filter
(20 HM Hyundai Micro, Korea) and
decompression-concentrated (EYELA N-1300,

SHANGHAI EYE LA CO., China) for storage at 4
C.

The weight of the extracted sample after filtration
under reduced pressure containing ethanol and
the weight after concentration by completely
evaporating the ethanol was used to calculate the
extract yield (%) as follows.

Weight after concentration

Extract yield (%) =

2.3 Chromaticity Analysis of Wheat Germ Extract

The wheat germ extracts with varying ethanol
contents analyses using a colorimeter (CR-400,
Konica Minolta, Tokyo, Japan) was repeated three
times, and the mean value was calculated. The
value was expressed as L*(brightness),
a*(redness), and b*(yellowness).

24 GC-MS Analys/s Of Wheat Germ Extract

GC-MS (Gas chromatography-mass spectrometry)
was performed to analyze the active ingredients of
wheat germ extract. HP-5ms (30 m x 250 pum x
0.25 um) column (Agilent 19091S-433UI:
1456957H, Agilent technology, U.S.A) HP-5ms
(30 m x 250 um x 0.25 um ) was used for GC
analysis. The carrier gas was helium, and the
pressure and flow rate were set to 7.0699 psi and
1 mL/min, respectively. The temperature range of
the column was —-60-325 °C, and the oven
temperature was 40-300 °C. GC-MS was
conducted for a total of 45 min.

2.5 DPPH Scavenging Activity Analysis of Wheat
Germ Extract

DPPH scavenging activity was measured using 95
% powder DPPH standard sample

Weight after decompression

2,2-Diphenyl-1-picrylhydrazyl (Alfa Aesar,
Massachusetts, USA) (free radical) to assess the
antioxidant effects of wheat germ extract. After
diluting 5 g of all extracts with an ethanol content
of 20 %, 50 %, and 80 % in 100 ml ethanol, the
solution was re-diluted in ethanol at varying
concentrations of 5 %, 10 %, 15%, 20 %, and 30%.

Then, 1.5 mM DPPH solution dissolved in
methanol, wheat germ extract diluted at different
concentrations, and ethanol were mixed in a ratio
of 6 (600 pl): 3 (300 ul): 1 (100 pl) and reacted for
20 min in the absence of light. Absorbance was
measured at 517 nm with a UV/Vis
Spectrophotometer (KLAB, Deajeon, Korea).

Ascorbic acid was used as the control substance,
and 0.1 mg/ml of ascorbic acid was mixed in an
identical ethanol ratio to the wheat germ extract
for identical testing conditions. The inhibition
rate of DPPH Radical scavenging activity,
indicated as IC50, was calculated as follows.

Inhibition rate (%) =

26  Analysis of Tyrosinase Inhibition Rate by
Wheat Germ Extract

The tyrosinase inhibition activity on the whitening
effect of wheat germ extract was evaluated. A
substrate solution (0.2 ml), 0.02 g of 10 mM
L-DOPA (3,4-Dihydroxy-L-phenylalanine, Sigma
Aldrich, St. Louis, USA), 0.4 ml of the buffer, 0.2

Abs (control)—Abs (sample) bs _
Abs(control) sample =

AbStest — AbScolor

ml of wheat germ extract, and 125 U/ml 0.2 ml of
enzyme mushroom tyrosinase (T3824-25KU,
Sigma Aldrich, St. Louis, USA) were added to 10
ml of 67 mM sodium phosphate buffer (pH 6.8).

The mix was stirred and reacted at 25 °C for 30
min. After centrifugation, the supernatant was

A study on the effect of whitening, wrinkle improvement, and trans-2-nonenal removal of wheat germ hydrothermal
extract
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transferred to a quartz cuvette (Quartz Cell, KMS,
Korea). The absorbance of DOPA Chrome
produced in the reaction solution was measured
at 475 nm using a UV/Vis Spectrophotometer.

Kojic acid was used as a positive control. A total of
0.002 g of Kojic acid was added to 10 ml of DW,
and the same experiment was performed. The
control group without wheat germ extract and the
experimental group with wheat germ extract were
compared to calculate the tyrosinase inhibition
rate.

Extract sample 0.D

Inhibtion rate (%) = x 100

Control group 0.D

2.7 Analysis of Collagenase Inhibition Rate by
Wheat Germ Extract

Collagenase inhibition activity dependence on
wheat germ extract was analyzed as follows. A
mixture of 0.1 M tris and 4 mM CaCl2 was mixed
with buffer (pH 7.5) with 1 M HCI, 0.25 ml of 1.2
mg/ml 4-phenylazo benzyloxycarbonyl Pro-Leu-
Gly-Pro-D-Arg (Sigma Aldrich, St. Louis, MO,
USA) substrate solution, 0.1 ml of wheat germ
extract, and 0.15 ml of buffer with 0.4 mg/ml of
collagenase (CD130-100MG, Sigma Aldrich, St.
Louis, U.S.A). The final mixture was reacted at 37
°C for 30 min and mixed with 0.5 ml of 20 % citric
acid diluted with DW and 2.4 ml of ethyl acetate
to terminate the reaction. After stirring and
centrifugation at 120 RPM for 10 min (HA-12,
Hanil Industrial, Incheon, Korea), the
supernatant was transferred to a quartz cuvette,
and the absorbance was measured at 320 nm
using a UV/Vis Spectrophotometer. Ascorbic acid
at a concentration of 0.1 g/ml was used as a
positive control, and an identical experiment was
performed.

The control group without wheat germ extract and
the experimental group with wheat germ extract
were used to calculate the collagenase inhibition
rate with the following formula.

Extract sample 0.D

Inhibtion rate (%) = x 100

Control group 0.D

2.8. Analysis of trans-2-nonenal reaction rate by
wheat germ extract using GC-MS

A reference solution was prepared using 100 ml of
ethanol and 9 pl of Trans-2-Nonenal (TOKYO
CHEMICAL INDUSTRY, Tokyo, Japan). Then,
1000 ul of the reference solution was mixed with
6, 6, and 4 ul of wheat germ extract with 20 %, 50
%, and 80 % ethanol, respectively. The mix was
centrifuged and dispersed at 500 RPM for 30 min.

Subsequently, 150 ul of Fehling solutions A and B
(Daejeong Chemical Co., Ltd., Siheung, Korea)
with aldehyde group reducibility were added and
incubated in an oven at 60 “C for 15 min. The mix
was centrifuged, and the supernatant was used for
GC analysis (Agilent 123-7063). The oven
temperature was maintained at 50 C for 3 min
and increased by 5 °C/min to a final temperature
of 240 °C, which was maintained for 2 min for
analysis.

. RESULTS AND DISCUSSION

The results of this study on wheat germ extract
are displayed below. The notations for wheat
germ extract with 20 %, 50 %, and 80 % ethanol
are A, B, and C, respectively.

31 Wheat Germ Extract Yield

As shown in Table 1, the yield of wheat germ
extracts according to the extraction conditions
tended to decrease rapidly as the ethanol content
increased. As ethanol's boiling point is 78 “C, the
set temperature of 80 ‘C during hydrothermal
extraction may have been attributed to a
decreased yield of wheat germ extract with
increasing ethanol content.

A study on the effect of whitening, wrinkle improvement, and trans-2-nonenal removal of wheat germ hydrothermal
extract
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Table 1. Yield table for wheat germ extracts

After

DW:EtOH Extract

After concentration

Yield (%)

decompression (g) (g)

A 80:20 110 79.4 72.2
B 50 : 50 211 135 64.0
C 20:80 172 38.8 22.6

3.2 Colorimetric Measurement of Wheat Germ
Extract

Table 2 shows that increasing the ethanol content
decreased brightness (L*) while increasing

redness (a*) and yellowness (b*). In particular,
yellowness tended to grow rapidly, which is
thought to be related to the gradual increase in
active substances with double bonds, following
increased ethanol content.

Table 2: Colorimetric Results for Wheat Germ Extract

No. A B C
m | & -
. i -
L’ (brightness) 23.6 20.6 15.1
a" (redness) 0.95 0.70 0.58
b’ (yellowness) -0.38 5.55 10.0

3.3 Analysis Result of Wheat Germ Extract Active
Ingredients

GC-MS analysis identified various active
ingredients as functional cosmetic materials in
wheat germ extract. A comparison of wheat germ
extract with ethanol content showed low levels of
active ingredients in extract A in contrast to high
levels of active ingredients detected in extracts B
and C. The results are shown in Figures 1—3.

A study on the effect of whitening, wrinkle improvement, and trans-2-nonenal removal of wheat germ hydrothermal
extract
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Figure 1: GC-MS Chromatogram of 20% Ethanol Extracts of Wheat Germ
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Figure 2: GC-MS Chromatogram of 50% Ethanol Extracts of Wheat Germ
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Figure 3: GC-MS Chromatogram of 80% Ethanol Extracts of Wheat Germ
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As shown in Tables 3—5, extracts with higher
ethanol content were associated with more active
ingredients. In particular, in extract A,
cyclotrisiloxane, an antibacterial and antioxidant
active ingredient, was detected. In extract B,
hexadecanoic acid, conjugated linoleic acid, and 9,

12-octadecadienoic acid with antioxidant effects
were detected. In extract C, in addition to
hexadecanoic acid, conjugated linoleic acid, and o9,
12-octadecadienoic acid, linoleic acid ethyl ester,
and linoelaidic acid were also identified.

Table 3: GC-MS chromatogram profile of 20% ethanol of wheat germ

Retention time
(RT)

Name of the compound

Quality Area peak (%)

39.054 Cyclotrisiloxane

47 17.0

Table 4: GC-MS Chromatogram Profile of 50% Ethanol of Wheat Germ

Retention time

(RT)

Name of the compound

Quality Area peak (%)

25.267 Hexadecanoic acid 99 7.84
28.058 9,12-Octadecadienoic acid 99 53.3
28.139 Conjugated linoleic acid 95 38.8
39.054 Cyclotrisiloxane 47 18.0

Table 5: GC-MS Chromatogram Profile of 80% Ethanol of Wheat Germ

Retention time

(RT) Name of the compound Quality Area peak (%)
25.251 Hexadecanoic acid 99 8.33
28.206 9,12-Octadecadienoic acid 99 57.7
28.266 Conjugated linoleic acid 99 27.5
28.536 Linoleic acid ethyl ester 99 3.34
28.629 Linoelaidic acid 97 2.71
39.054 Cyclotrisiloxane 47 19.0

34 Analysis Result of Wheat Germ Extract
Antioxidant Efficacy

Antioxidation analysis using DPPH was based on
the property that 1.1-diphenyl-2-picrylhydrazyl
(DPPH) is a relatively stable free radical with an
absorption band at 517 nm. DPPH, in purple, is
reduced and discolored to yellow when it
encounters electrons or hydrogen radicals from
substances with antioxidant effects, and the
absorbance of the reduced value was
measured26]. DPPH radical scavenging activity of
wheat germ extract was assessed. Ascorbic acid in
the control group had an IC50 of 2.16. In extracts
A, B, and C, IC50 was 3.37, 3.39, and 2.76,
respectively.  Thus, all samples showed

antioxidant effects in a concentration-dependent
manner (Figure 4), although the effects were
lower than that of control ascorbic acid. In
particular, extract C showed more excellent
antioxidant effects, which may be attributed to the
high levels of antioxidant active ingredients in
extract C compared with extracts A and B.
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Table 6: Half maximal inhibitory concentration (IC50)

No. IC,,
Ascorbic acid 2.16
A 3.37
B 339
C 2.76
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Figure 4: Antioxidant ability according to extraction conditions

35 Analysis Result of Tyrosinase Inhibitory
Activity by Wheat Germ Extract

Figure 5 shows tyrosinase inhibition activity for
each wheat germ extract. As the ethanol content
increased, the tyrosinase inhibition rate
increased. In particular, extract C with 80 %
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—
s
& o]
e
£
= 40
=
=
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Control group

g5.0

ethanol showed an inhibition rate greater than 8o
%, suggesting more excellent whitening effects
compared with that of the control Kojic acid. The
effects are thought to be mediated by the o,
12-octadecadienoic acid, linoleic acid ethyl ester,
linoelaidic acid, and conjugated linoleic acid.

745

Figure 5: Effect of wheat germ extracts on tyrosinase inhibitory activity
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36  Analysis Result of Collagenase Inhibitory
Activity by Wheat Germ Extract

Collagen does not react to proteolytic enzymes;
however, studies reported that collagen is
degraded by collagenase. Reduced collagenase
activity is essential in lowering skin elasticity,
therefore suppressing wrinkle formation. Wrinkle

100 - 931

80 1

2

Inhibition rate(%)

o]
o
1

Control group

improvement by wheat germ extract is shown in
Figure 6. All extracts showed a similar collagenase
inhibition rate as ascorbic acid. It is thought that
the active ingredient, cyclotrisioloxane, identified
in GC-MS component analysis, mediates these
effects.

9.8 942 93.8

Figure 6: Effect of Wheat Germ Extracts on Collagenase Inhibitory Activity

3.7 Analysis Result of Trans-2-Nonenal Removal
by Wheat Germ Extract Using GC-MS

Table 7 and Figure 7 show the overall removal rate
of trans-2-nonenal analyzed using GC-MS. The
removal rate was 83.5 % in extract A, 94.9 % in
extract B, and 96.3 % in extract C, which indicated

high trans-2-nonenal removal effects by wheat
germ extract. This is thought to be attributed to
the high levels of active ingredients, o,
12-octadecadienoic acid, and conjugated linoleic
acid, identified in the extract.

Table 7: GC-MS Results for the Evaluation of Trans-2-Nonenal Removal Efficacy of Extracts by
Extraction Conditions

Response Final conc. Removal rate(%)
Control 12253
A 2014 <0.01 83.5
B 613 <0.01 94.9
C 452 <0.01 96.3
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hhibition rate(%)

Figure 7: Comparison of GC-MS Results for the Evaluation of Trans-2-Nonenal Removal Efficacy of
Extracts According to Extraction Conditions

V. CONCLUSION

The results of wheat germ hydrothermal extract
by ethanol content were as follows:

1. Chromaticity analysis showed decreased
brightness (L*) and increased redness (a*) and
yellowness (b*). In particular, yellowness
tended to increase rapidly, which is thought to
be related to the increasing level of effective
active ingredients with double bonds as the
ethanol level increased.

2. Qualitative analysis of GC-MS indicator
components of wheat germ extract showed
that as ethanol content increased, the active
ingredient increased and was detected at high
levels. In extract A, only a low level of the
active ingredient of cyclotrisiloxane was
detected. In contrast, in extracts B and C, high
levels of active ingredients, such as
hexadecanoic acid, conjugated linoleic acid,
and 9,12-Octadecadienoic acid, were detected.

3. DPPH radical scavenging activity of wheat
germ extracts were as follows: IC50 of
ascorbic acid, extract A, extract B, and extract
C were 2.16, 3.37, 3.39, and 2.76, respectively.
All extract samples had lower DPPH radical
scavenging activity than ascorbic acid;
however, the extract showed
concentration-dependent antioxidant effects.

4. Tyrosinase inhibition activity of wheat germ
extract increased with ethanol content. In
particular, extract C showed a high tyrosinase
inhibition rate more excellent than 80 %,
suggesting it had greater whitening effects

than control Kojic acid. The effects are
thought to be mediated by the o,
12-octadecadienoic acid, linoleic acid ethyl
ester, linoelaidic acid, and conjugated linoleic
acid.

5. In all extracts, collagenase inhibition activity
was similar compared with that in ascorbic
acid. This may be attributed to the active
ingredient, Cyclotrisiloxane, identified in the
extract.

6. Analysis of trans-2-nonenal removal rate by
wheat germ extract using GC-MS showed a
rate of 83.5 %, 94.9 %, and 96.3 % in extracts
A, B, and C, respectively, suggesting a high
trans-2-noneal removal rate. The effects are
thought to be mediated by the o,
12-octadecadienoic acid, linoleic acid ethyl
ester, linoelaidic acid, and conjugated linoleic
acid.

Herein, our findings demonstrated that wheat
germ hydrothermal extract contains natural active
ingredients for functional skin cosmetics. Wheat
germ extract effectively removed trans-2-nonenal,
the critical cause of unpleasant odor in the elderly,
whilst whitening the skin and improving wrinkles.
Therefore, wheat germ extract can be potentially
used as a natural material for functional
cosmetics.
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Comparisons Between Distributed Power Flow
Controller (DPFC) and Unified Power Flow
Controller (UPFC)

Olatunde A. Adeoye®, Samir I. Abood?, John H. Fuller? & John O. Attia®

ABSTRACT

The power industries daily compensate for the
rising demand for electric power globally by
installing new transmission lines or efficiently
operating the current ones, thus transmitting
more electricity from one specific point to
another. However, building new transmission
lines is highly challenging due to the high cost
and regulations. In addition, the flow of
electricity is predominantly along an undesirable
path, and its stability is always affected by
voltage fluctuation in the transmission lines. An
intelligent approach to mitigating this problem is
to control the flow of electric power effectively
and efficiently in the transmission line system.

This work outlined the basic operational
comparison concepts of Flexible Alternating
Current Transmission System (FACTS) devices of
the Unified Power Flow Controller (UPFC) and
the Distributed Power Flow Controller (DPFC)
based on their respective active power exchange.

The UPFC incorporates a common dc-link
between its shunt and series converters. The
DPFC operates without the common D.C-link,
splitting the three-phase series converters into
many single-phase series distributed converters
via the transmission line. The operational
comparison between UPFC and DPFC is modeled
and simulated in Matlab/Simulink environment
to illustrate their control capability in the flow of
electric power. The simulation results show the
performance enhancement reliability of the
DPFC in improving the voltage stability and
power transfer capability over the UPFC.

Keywords:  intelligent  approach, flexible
alternating current transmission system (FACTS),
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unified power flow controller (UPFC), distributed
power flow controller (DPFC).

Author a 0 p (CO: Department of Electrical and
Computer Engineering, Prairie View A&M University,
Prairie View, United States of America.

I INTRODUCTION

Recently, FACTS devices have attracted
significant attention because they offer unique
properties for regulating alternating current
(A.C.) transmission, increasing or reducing the
power flow in specific lines, and responding
almost instantly to the stability crisis. The
ever-growing demand for electrical power
worldwide has necessitated transporting more
electricity from the generating point to the
end-users via interconnected transmission lines
[1]. However, the natural flow of electricity can
result in the overloading or underloading of the
transmission lines, affecting the stability and the
controllability of power flow with increased
variation in line voltage. The power flow control is
challenging since the power system is highly
complex, having hundreds of buses and
transmission links. In addition, power systems
comprising generators, transmission links, and
power electronics-based FACTS devices are
nonlinear and multivariable systems with active
properties over various operating conditions [2].

In recent times, significant research studies have
been undertaken to improve the control capability
of the transmission interconnection system that
supplies power from the generating point to the
loads and minimizes operational and
maintenance costs. The design of the internal
controllers of FACTS devices is solely dependent
on the traditional linear control methods of classic
or Proportionate Integral (P.I.) controllers and
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other power flow control techniques of FACTS
devices such as Static Synchronous Compensator
(STATCOM), Static VAR Compensator (SVC),
Static Series Synchronous Compensator (SSSC),
and Gate Controlled Series Capacitors are not
effective in providing the solution to the problem
of nonlinear loads in power grids [1-2]. Mitigating
these undesirable conditions requires using
FACTS devices of UPFC and DPFC. These FACTS
devices operate in power system networks as
electric power flow controllers for the system's
parameters, such as line impedance, transmission
angle, bus voltage, and components of active
power and reactive power [2]. The elimination of
the common D.C-link and the splitting of the
three-phase series converters into several
single-phase series distributed converters via the
transmission line make the DPFC provide better
performance in controlling electric power flow
than UPFC. This paper compares detailed analysis
performance of FACTS devices of DPFC and
UPFC in a Matlab/Simulink environment. This
paper's work is structured as follows: Section II

explains the FACTS devices of UPFC and DPFC
basic concepts. In section III, comparisons
between UPFC and DPFC are described. Section
IV is the simulation results and discussions of the
UPFC and DPFC. The final section states the
paper’s conclusions.

Il.  FACTS DEVICES OF UPFC AND DPFC
BASIC CONCEPTS

2.1 UPFC Concept

The UPFC concept is one of the third generations
in the FACTS family devices [3]. The UPF controls
voltage magnitude, phase angle, and active and
reactive power flow via the transmission line. It
also has the potential to control three parameters
of line power flow, such as line impedance,
voltage, and phase angle, simultaneously [4]. This
device also provides rapid reactive power
compensation for high-voltage power
transmission systems.

Series
Transformer

Shunt
side

| ./ Series

—  side
]

Shunt
Transformer

i

Y

——

Converter 1
{Rectifier)

Converter 2
(Inverter)

Fig. 1: Basic UPFC Circuit Arrangement

Fig. 1 shows converter 1 (rectifier) and converter 2
(inverter) with a common D.C. link. The UPFC
controls the power system transmission line's
active and reactive power flows via the series
inverter by injecting a symmetrical three-phase
voltage of controllable magnitude and phase angle
[5]. The inverter operates to transfer the active
power to the D.C. terminals. The shunt inverter
uses the line D.C positive and negative power to
keep the voltage across the storage capacitor

constant, thus, making the total active power
absorbed by the UPFC from the line equal to the
inverters and their respective transformers losses.

Voltage regulation at the point of connection VDC
is provided by using the remaining capacity of the
shunt inverter to exchange reactive power with
the line. The two voltage source inverters can
work autonomously by separating the dc side. The
shunt inverter operates as a STATCOM (Static
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Synchronous Compensator) for generating or
absorbing reactive power that regulates the

voltage magnitude at the connection point.

Fig. 2 shows the shunt control block diagram in
which the shunt controller in UPFC operates to

Vdcref

|

Vdeshune —>

DC

Converter

o

charge the dc-link capacitor voltage that enhances
the series converter for improved power flow
control and maintaining voltage profile [6].

— d
Vin ref Current
regulator
J—
| regamar T P S B
Vin g Control E
’ PLL 1)

Fig. 3 shows the block diagram of the series control where the series converter generates the real and
reactive power at the transmission line using the dc-link capacitor voltage. This control strategy only
takes two reference values of P . and Q, ; and also compares P ’ and Q, ’ with V 0, grid to derive I o, ref

Fig. 2: UPFC shunt control block diagram [6]

and Iq rof [7] as expressed by equations (1-2)

; _ (vyp.,)+ (Vq*QM) B
d, ref (Vd)z + (Vq)z
v )—(V*Q

Iq, ref — ( d ref) ( q ref) (2)
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Fig. 3: UPFC series control block diagram [7]

2.2 DPFC Concepts

The Distributed Power Flow Controller (DPFC) is
a new voltage and power stability enhancement
concept developed from the UPFC [8-9]. The
DPFC operates without a common dc-link
between the UPFC shunt and series converters.

However, it utilizes the distributed FACTS
concept related to the UPFC, which involves
splitting the three-phase series converter into
several single-phase series distributed converters
via the transmission lines [10]. The DPFC
compensates for real and reactive power flow
using a shunt and many series-connected
converters. In contrast, each converter operates
autonomously, and their respective D.C.
capacitors provide the needed D.C. voltage. The
UPFC achieves its voltage stability enhancement
and improvement of power (real and reactive
power) transfer capability by the end-to-end
connections of the shunt-series converters. In
addition, the DPFC eliminates the D.C. link
between the shunt-series converters to maintain
the same control capability as the UPFC and
presents the non-sinusoidal voltage and current
as the expression of the sum of the sinusoidal
components at different frequencies based on the
Fourier analysis. The active power produced is
due to the product of the voltage and current
parameters. Because the integral of one or two
terms with different frequencies is zero, resulting
in the active power expression [9-10] as in
equation 1.

P=3 VI cos cos (Di 3)

i=1

Equation (1) shows the active power at different
frequencies is autonomous of each other, such
that 4 and [ , Tepresent the voltage and current of

the i harmonic frequency and 0, is the angle

between the voltage and current, leaving the
converter with the possibility of absorbing the
active power in one frequency and generating it in
the other frequency. However, incorporating the
DPFC into the transmission network can result in
the shunt converter absorbing the active power at
the fundamental frequency from the grid and
injecting the current back into the grid at the
harmonic frequency, thus, enhancing the flow of
harmonic current via the transmission network.

Consequently, in a three-phase system, the third
harmonic in each phase is equal and is referred to
as the zero-sequence, where the shunt-series
converters, high pass filter, and the ground form
the closed loop for the harmonic current. In
theory, the third, sixth, and ninth-harmonic
frequencies enhance the active power exchange of
the DPFC because they are all zero-sequence.

Grounding the star-delta transformer approach
can be significant for routing the harmonic
current in a meshed network.
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High
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Filter

Fig. 2: Basic DPFC Circuit Arrangement

In Fig. 2, the small-sized single-phase converters
rating makes the operation of the DPFC less
expensive, coupled with higher reliability
provided by the large numbers of series
converters and improved system parameters
controllability capacity compared to UPFC, which
works with three-phase converters [11]. The DPFC
comprises one shunt and numerous
series-connected converters that can freely
enhance the effective regulation capability and
power flow control with lesser harmonics.
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Fig. 3 shows the block diagram of the shunt
control of the back-to-back configuration
connection between the three-phase shunt
converter and the two single-phase shunt
converters. In this control system, the
fundamental grid frequency absorbs the active
power of the converter, and aside from this, it
enhances the adjustment of the dc voltage
between the capacitor and the single-phase
converters and provides the shunt converter with
a third harmonic current via the neutral wire of
the Y transformer.
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Fig. 3: DPFC shunt control block diagram [11]

Fig. 4 shows the block diagram of the series

control where a separate series control achieves

the control of each single-phase converter

throughout the transmission line. In addition,

during the d-q frame, the voltage of the sequence
capacitor, the line current, and the series voltage
reference serve as the controller input [12, 13, 14].
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Fig. 4: DPFC Series Control Block Diagram [12, 13, 14]

.  COMPARISONS BETWEEN UPFC AND
DPFC

The objectives of the FACT devices of UPFC and
DPFC are equal, while their working principles
differ. DPFC principle achieves the active power
exchange between the shunt-series converters at
the third harmonic frequency. Also, it enhances
the respective series converters' active and
reactive power compensation capability of the
transmission line. In DPFC, a power line or
transmission line can also transfer electrical

power at the third harmonic frequency between
DPFC transformers [15]. The UPFC has two
three-phase converters linked back-to-back series
using a common D.C link. UPFC principle
achieves power flow reliability through the line by
efficiently adjusting the transmission line's
voltage magnitude, angle, and impedance. The
performance improvement of the UPFC and DPFC
in changing voltage stability and power flow
regulation through the line reduces overall
harmonic distortion by minimally updating the
transmission network parameters.

Table 1. Operational Comparisons of UPFC and DPFC

Particulars UPFC DEVICE DPFC DEVICE

Control Capability Low High

Operational Reliability Low High

Noise Problem Noisy Less noisy

Electrical Efficiency Less efficient Very efficient

Converter Two Three-phase Qne single s}}unt and multiple
independent series

Dc link Present None

Power Quality and Stability Medium High

Cost Expensive ('1ue to three-phase | Less expensi\{e due to single-phase

converters ratings converters rating
Harmonic Problem Reduced Effectively reduced
Fault Response High Very high

The primary significance of the UPFC is
controlling the active power and reactive power
flow through the injection of the voltage in series
with the transmission line and separately varying

both the magnitude and the phase angle. Thus,
the UPFC is helpful in the transient improvement
and moderate power system signal stability [16].
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V.  SIMULATION RESULTS simulation results of UPFC and DPFC are
investigated, analyzed, and compared in the work.

The simulation of UPFC and DPFC are performed Table 2 shows the parameters of the simulation.

using the MATLAB/SIMULINK software, the

Table 2: Simulation Parameters

Parameter Value
V.LL 380V
V,LL 380V

Line Impedance (L) 5 mH
Load power 20 kW
Frequency 50 Hz

Cse 1.8 mFF
Csh 1.8 mF
Vde 658V

Fig. 5 shows the simulated SIMULINK/MATLAB model of the DPFC with the shunt and series
converters.
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Fig. 5: Simulated Model of DPFC in MATLAB/SIMULINK

Fig. 6 shows the voltage sag and swell on grid voltage without a DPFC device. In addition, the effects of
the phase shift on the load voltage are because of the voltage sag and voltage swell that negatively affect
the various load-connected equipment, thus limiting the reliability and quality of electrical power
transmission.
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Fig. 6: Grid voltage waveform without DPFC device
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Fig. 7 shows that voltage sag and swell effects are mitigated by incorporating the DPFC device that
eliminates phase shift impact to enhance the power transfer capability of the transmission systems
controllability and improve system power flow.
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: s A q T —
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Fig. 7: Grid voltage waveform with DPFC device

The series converters improve the system voltage profile, while the shunt converters control reactive
power flow to maintain a constant D.C. capacitor voltage throughout the operation.
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Fig. 8: Real source power response per unit of DPFC device

Fig. 8 shows the waveform of the real power response per unit of DPFC where the shunt's and series
converters' injected power compensate for the increasing system voltage sag and voltage swell.
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Fig. 9: Real load Power Response per unit of DPFC Device
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Fig. 9 shows the waveform of the real load power response per unit of DPFC, where the constant real
power output waveform is due to the shunt and series converters' voltage compensation.
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Fig. 10: DPFC device load current third harmonic distortion

In Fig. 10, it can be deduced that the third harmonic distortion drastically reduced to a lower value of
up to 1.01%, which is considered acceptable since it's less than 5%, and this shows that the general
power quality-related problems of voltage sag, voltage swell, and THD are mitigated.
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Fig. 11: Simulation result of voltage sag and voltage swell with UPFC device

Fig. 11 shows the SIMULINK/MATLAB simulation of the voltage sag and voltage swell based on the
UPFC device.
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Fig. 12: Grid voltage waveform without UPFC device

In Fig. 12, the waveform of the voltage sag and voltage swell is because of the effects of the phase shift
at the load voltage.
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Fig. 13: Grid voltage waveform with UPFC device

In Fig. 13, the load voltage waveform shows no voltage sag and voltage swell due to the elimination of
phase shift by installing a UPFC device that controls voltage magnitude and phase angle.
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Fig. 14: Real Source Power Response Per unit of UPFC Device

Fig. 14 shows the real source power response in which the UPFC device provides control of real power
flow to improve the power transfer capability of the system.
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Fig. 15: Real Load Power Response per unit of UPFC Device

Fig. 15 illustrates the real load power response
due to the addition of the UPFC device that
provides power flow modulation in the system.

The simulation results show that the DPFC device
performs better than the UPFC in control of the
power flow profile.

V. CONCLUSIONS

The FACTS devices of UPFC and DPFC are the
most versatile power factor compensators due to
their excellent performance in mitigating power
quality problems of voltage sag, voltage swell,
voltage  fluctuations,  voltage  imbalance,
harmonics, and so on. The Matlab/Simulink
simulation results show that the UPFC enhances
the control of the real and reactive power flow
with an injection of voltage in series with the
transmission line due to the autonomous
variation in both the magnitude and the voltage
phase angle. Also, the UPFC can be used in the
power system for transient stability of the small
signal improvement. The Matlab/Simulink
simulation results show that DPFC can perform
better than UPFC because it provides additional
flexibility by eliminating the dc-link between the
shunt and the series converters. In addition, it has
a low rating due to splitting the three-phase series
converters into smaller single-phase converters
distributed between the transmission line, which
eliminates the requirement for high-voltage

isolation, lower cost, and makes it simple to
construct. The simulation results also
demonstrate that the DPFC device can effectively
reduce voltage sag and swell compared with the
UPFC device. Moreover, the DPFC device can
significantly reduce the third harmonic distortion
in the power system.
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Relationship between Asphalt Concrete Linear
Stress Limit and Bitumen Shear Stress Limit

Victor Zolotaryov

ABSTRACT

The rheological behaviour of asphalt concrete is
mostly stipulated by the time-temperature
(frequency) peculiarities of the mechanical
behaviour of bitumen binder. Bitumen is among
the first item of research in rheological science.

One criteria of the objective evaluation of the
rheological properties of bitumen is realised in
the condition of its deformation in the linearity
region.

In relation to asphalt concrete, this criterion
allows the applicability of the method of time-
temperature superposition according Williams-
Landel-Ferry model for complex moduli and
their dependence on the composition of asphalt
concrete and type of bitumen (sol, gel, or sol-gel)
to be proven. Also, it can show the direct relation
between complex moduli of asphalt concrete and
the complex shear modulus of bitumen binder,
providing a method of calculation of the complex
modulus of asphalt concrete with the complex
shear modulus of bitumen. However, it is not
clear on which parameters of bitumen and
bituminous binder properties the asphalt
concrete linear viscoelastic LVE behaviour
depends directly.

This paper aims to illustrate that this parameter
is the maximal shear stress in bitumen binder,
which is obtained with the same asphalt concrete
temperatures and frequencies or equal
deformation rates. Considering this, maximal
shear stress can be obtained with monoplanar or
rotational shear, as with the calculation method.

This research uses a monoplanar cohesion meter,
a rotational viscometer, and test equipment to
determine the complex moduli of asphalt
concrete by means of harmonic oscillation,
corresponding to EN 12697-26:2012.
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. COCTOAHME BOTMNPOCA M LIEJ1b
NCCIEOOBAHNA

OCHOBHBIM ycsI0BHEM OOecrieueHHs1 HaJ/IeKHOCTU
paboTBl  JIOPOXKHBIX  CJIOEB  SABJIAETCA  HX
CIIOCOOHOCTh K 00paTUMOMY BOCCTAaHOBJIEHUIO
nedopmanuii, BBI3BAaHHBIX  TPAHCIIOPTHBIMU
Harpy:KeHusMHU. ITa C0COOHOCTh COXpPaHsSIETCS B
TeX CJIydasix, KOIr/ia CBS3b MEXKY BOSHUKAIOIUMU
B CJI0€ HANPSDKEHUAMH U JedopManusMu IIpU
OIpEeIEHHBIX ~ CKOPOCTAX  WJIM  YacTOTax
nedbOpMUPDOBAHUA  ABJIAETCA JIMHEHHOU, T.e.
KOT/Ia MaTEPHUAJIBI CJIOEB HE BBIXO/AT 32 IPEEIIbI
obymactu JsimHEWHOro  BsA3koympyroro (JIBY)
MIOBEJIeHUS. s 00BEKTUBHOTO
IIPOTHO3UPOBAHUSA PEOJIOTHYECKOTI0 I10BeJIeHUsA
acanpTobeTOHa 11eJIeCO00Pa3HO HMCII0JIb30BaTh
XapaKTEPUCTHUKH €ro JIMHEHHOTO COCTOSTHUS,
KOTOpPblE MOJKHO VCTaHOBUTh II0 TpaHUIAM
JINTHEWHOU 3aBUCUMOCTU MEXKIY HaIPsKEHUEM U
Jnedopmarnuen.

ObnapykeHre 00JaCTU JIMHEHHOTO TIIOBEAEHUS
acdasprobeToHA OTKPBLIO BO3MOKHOCTb
U3yYeHHUsi B3aUMOCBSI3H MKy KOMILIEKCHBIMU
MOAYIAMU achHATBTOOETOHOB M KOMILJIEKCHBIMHU
MOZYJIAIMU CIBUTA OUTYMHBIX BSIKYIIUX.

IKCIIEPUMEHTA/IbHBIE CTEIIEHHBbIE 3aBHCHUMOCTH
MEKYy KOMIUIEKCHBIMA MOJIYJISIMA M YaCTOTOMH
nedbopMHUpOBaHUA OBLIM IIOJIy4YeHbI B paborax [1,
2, 3, 4]. ITozxe OBUIH IIPEAJIOKEHBI MOZIEIN
pacuera TeMIIEpaTyPHO- YaCTOTHBIX
3aBUCUMOCTEH KOMILJIEKCHBIX MOJyIek
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achanpTobeToHa o
IOKa3aTessAM, BKYIIHUX [5].

COOTBETCTBYIOLIIUM

HecmoTpst Ha OrpOMHBIM MOTOK HHGOPMAIIHH 10
paccMaTpUBaeMOMYy HaydYHOMY HaIlpaBJIEHUIO,
OlHA W3 €ro CTOPOH JO0 CHX IIOpP OcTajach
HEU3YYEeHHOH, a  WMEHHO, B3aHMOCBS3b
KPUTHUYECKOTO HaMPsKEeHUS (onpy) 15007
Kputnueckod paedopmanum (gpy) JIMHEWHOCTH
acaspTobeTOHA C  PEOJIOTUYECKUMHU  WJIN
TeXHUYECKUMH [T0Ka3aTeIAMU OUTYMOB.

Cy1ecTByIOT pabOThl, B KOTOPBIX HPUBOAATCS
3aBHCUMOCTHU MOJyJed YIIPYTOCTU OT IeHeTPaIN
[6, 7] HO 9TO He pemiaet mpobJieMy.

[Tocne mnyOnukanuu ucciaeaoBaHuil  [8, 9]
IIpeJIBApUTETLHOE ompeziesieHre obsacTu
JIMHEHHOU BA3KOYIPYTOCTH CTAJIO 00S3aTETbHBIM
pu U3YYEeHUHU TeMIIepaTyPHO-YaCTOTHBIX
3aBUCUMOCTEH JII00bIX achasbToOETOHOB.

Ipanuneit suHedHOCTH B [2] OBLIO MPUHATO
OTKJIOHEHHE KOMILIEKCHOTO MO/ JISt
achaspTobeTOHA OT HAYAIBHOTO €0 3HAYEHUs Ha
5 %. 10 ke TpeboBaHUe MPUHATO U B [3, 4].

PazBuBaemsble B 3TOM HaIpaBJIeHUU
HCCIeIOBAaHUA PACKPBUIN OJIHY U3 0cobOeHHOCTel
U3MeHEeHUs KpUTepUEB JINTHEHHOCTU

acaspToOETOHA € YaCTOTOU U TEMIIEPATYPOH.

OHa cocrouT B TOM, IpejieIbHbIe
HATPsKEHUHN JIMHEHHOCTHA (Oypy) bostee
YyBCTBHUTEIBHBI K YacTOTe 1Ie(OPMHUPOBAHUS, UEM
npenenbuble  gedopmaruu  (€;py). CoryiacHO
JaHHBIM [3, 4] C  PpOCTOM  YaCTOTHI
nedbopmupoBanus oT 0,01 I'm g0 20 I'm npu
temIieparype 20 °C ey Bo3pacraer B 1,2 pasa,
Oy — 8-10 paz. CoryacHo [1] mpu U3MeHEeHUH

qTo

YacToThI Ha 2 mopska (ot 0,1 ' g0 10 I't) u o
JKe TeMIlepaType €pzy BO3pacTaeT B 1,29 pasa, a
KpUTHYEeCKOoe HanpsikeHue (0;py) — B 7,8 pas.

3HaueHWe OTUX XaPaKTEPUCTHK H3MEHSETCA C
TeMmIitepaTypoii. IIpu MpoYux paBHBIX YCJIOBUSX,
10 JAHHBIM [3, 4] MOBBIIIIEHHE TEMIIEPATYPHI OT
10 °C 510 40 °C TIOHMIKAET Opyg IIOYTH B 16 pas, B
TO BPEMSI KaK €;zy MaJIO 3aBUCHUT OT TEMIIEPATYPHI
1 4acToTHI ledopMUpoBaHus [10].

ITO TOATBEPIKIAETCA TaKyKe JAaHHBIMH [11] U3
KOTOPBIX CJIEZyeT, YTO C POCTOM KOMILIEKCHOTO

.
MOJIYJIsT E gy KPUTHYECKOE  HaIpsuKeHHe
acdanpTobeToHa pacreT B 2,6 pasza 6oJiblile, YeM
kputnueckas nedopmanusa. CorsacHo [12] 3TO
COOTHOIIIEHWE PaBHO 2,4, a coryacHo [13] — 1,8

pasa.

C yuyeTOM HAKONUBIIUXCA K HACTOSIIEMY
BpeMeHU CBeZleHHH 00  00yCJI0BJIEHHOCTH
peoJIOTHYeCKOro  IoBesieHust  acdaabrobeToHa

PEOJIOTUIECKHUMHU CBOﬁCTBaMH 6I/ITYMa OeJIbIO
HaCTOHIIIeﬁ pa6OTbI ABJIAETCA YCTAaHOBJIEHHUE
B3aMOCBA3U MeXay npeaejbHbIMU
HaTIpsDKeHUsIMU  achanbrobeToHa  (Opyg) |
IIpenejbHbIMHU HAIIPDAXKEHUAMHN CABUTA 6I/ITYMa

(To)-

. OBbEKTbl ICCNEQOBAHUI

B kawecTBe BXKYIUX JUIA  HCCJIEAOBAHUHN
HCIIOJIb30BAHBI: OUTYMBI Pa3JIMYHOMN
KOHCHUCTEHITUH; OUTYMBI, IIOJTyJYeHHbIe
OKHCJIEHUEM H BaKyyMHOH JUCTWLIAIUEH;
OuUTYyMbI, MOANGMUIUPOBAHHBIE  IOJIIMEPAMU
(Tabs. 1).

Tabnuya 1. CBOMCTBA IPUHATHIX K UCCIIETOBAHUIO BSIPKYIIIHX

CBolicTBa BSXKYIIUX O06o3Ha-ue
ITomumep 5
I, o T, °C 1P Ty, °C E.., % HHAA

1 SBS JuHEWHBIH o 46 56 0.0 5 _ 2

3 30 72 1,92 -15 77 °
2 SBS uHEHHbBIH 0 70 5t o 18 _ -

3 46 66 1,94 -18 8o A

0 116 46 0,01 -20 - o
3 SBS snHenHbIN 3 60 55 0,44 -20 86 o

5 48 80 4,21 -19 95 &

Relationship between Asphalt Concrete Linear Stress Limit and Bitumen Shear Stress Limit
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7 40 91 5,11 -28 95 A
SBS panuanbHbIH 3 70 59 1,74 -19 88 .
EVA 5 76 53 0,62 -20 57 +
0 176 39 -1,04 -23 - m]
4 SBS yTHEHHbIH 3 66 52 -0,02 -21 90 u
3 126 47 0,64 -25 93
0 57 54 -0,20 -16 -
o) 72 50 -0,7 -17 -
5 0 120 45 -0,5 -18 -
o) 170 42 -0,4 -19 -
MuHepanbHbI{ IIOPOLIOK, IOJIYYEHHBIH IOMOJIOM  Achaabmobemonsl: Peosnornueckue — cBoiicTsa
MU3BECTHAKA, CO/IEPKal 3€peH Mejpde 0,071 MM —  acdaibTro6eTOHOB HUCCIIeOBAINA METOZIOM
72 %. I'panyomMeTpryecKuit COCTaB  rapMOHHMYECKHX KoslebaHuH B cooTBercTBUH ¢ EN
MUHEPAJTbHON gacTu HCCIIEIOBAHHOIO  12697-26 [15] mo cxemMe wu3ruba JAByMA
acpanproberona Tuma b xapakrepusoBasics: cocpenoToueHHbIMH criaMu[8, 9]. Ilpu Takoi
MOJHBIMUA OCTaTKaMM Ha CHUTaxX € pPa3sME€pPOM cxeMe  HaNpAKEHHOTO  COCTOAHHUA  HMeeTcA
KPYIJIbIX OTBepcTui (MMm): 10, 5; 2,5, 1,25, 0,63, BO3MOMKHOCTb U3MEepPATH OYeHb MaJible
0,315, 0,14, 0,071 COOTBETCTBEHHO (20, 40, 53, 63, oTHOCHTETBHBIE AeOPMAINH, HAYMHAS OT 1X1075,
72, 80, 86 u 89) %. Conmep:kaHue BSUKYIIETO B  VcHbITAHUA BBITIOJTHSLIA B Jrana3oHe

TakoW cMecu OBUIO B Ipefiesax 4,8-5,0 %, cBepX
100 %  MuHepanbHOW  uacTu. Kpurepuem
Ha3HAYeHUs COJIePrKaHUs BAXKYIIETo OBLIIO TO €ro
KOJIMYECTBO, npu KOTOPOM MIPOYHOCTH
acanprobeToHa Ha cxkartue npu 20 °C Obuta
MaKCUMaJIbHOM.

. METOObl MICCNEOOBAHNM

bumymmble 8saxcyujue:

Cpenn mpenmosiaraeMbIX IIOKa3aTesied CBOMCTB
BSDKYIIIUX, KOTOPBIE MOTYT OBITh B3aMMOCBSI3aHbI
C XapaKTEPUCTUKOU Ojpp achasbTobeToHa, Kak
IOKA3aHO BBIIIE, MPEINOYTUTETBHBIM SBJISIETCS
COIIPOTUBJIEHHE CABUTY U KOTE3US.

ConpoTtuBsieHUe  CABUTY  ONpPEAENAad  IIpU
JnebopMUpOBaHUH BSAPKYILIETO B 3a30pe
POTAalMOHHOTO BHUCKO3UMeTpAa IIpU CKOPOCTHU
paBHOU 1¢” u Temnepatype 25 °C o metony EN
13302:2010.

Kore3uto mnpu c/BUre OMNpeAesisiii MeTO[0M
OJHOIJIOCKOCTHOTO CABUTA IUJIEHKU BSXKYIIETO B
c10e TOJIMUHOHM 200 MKM TpH TexX Ke
TeMIrepaType U CKOPOCTH CBUTA.

ConpoTHBJIEHUSI C/IBUTA, YCTAHOBJIEHHOE TaKUM
oOpasomM, corJiacyeTcsi ¢ COIPOTHUBJIEHHEM CBUTA,
yCTaHOBJIEHHBIM METOJIOM POTaIIMOHHOM
BUCKO3UMeETPHU [14].

TeMIlepaTtyp — ot Mmunyc 25 °C 1o mwioc 30 °C u
4acToT oT 0,01 I'ty 10 20 I'm.

Kaxxpomy  ucObBITAaHUI0O TIO0  OIpeesIeHUI0
KOMIUIEKCHBIX MOJyJIel B IIMPOKOM JHalla30He
YacTOT W TeMmIlepaTyp  IPEAIIECTBOBAJIO
oIlpejieJieHHe 3aBUCUMOCTH MEX/ly YCWINAMH U
nporubamu. IIpenenpHBIM HaIps»KeHueM
JIMHEMHOCTH CYWUTAJIM YYacToK, B IIpejesax
KOTOPOTO OTKJIOHEHHWe OT JIMHeHMHOCTH He
npeBbIIJI0O 10 %. Tunuunele auarpaMmbl
HamnpsokeHne —  gedbopmanusa U cxema

OIpeJiesIeHUusd Ojpy Expy IIPU TeMIepaTtype 20 °C u
qacrore 0,5 'l npuBeieHbl Ha PUC.1.
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Puc. 1: 3aBUCUMOCTb MEXKTY HAPSKEHUAMU (Opy) U Aedopmanusamu (€;zy) achaabTobeToHa Ha
BSDKYIIUX C Pa3HOU IeHeTpamuei: ¢ - 116 x 0,1 MM; A\ - 70 x 0,1 MM 1 BMII ¢ - 60 x 0,1 MM

3.1 DKCrepuMeHmManbHAs  3a8UCUMOCMb
npedenbHbIX HAMps»KeHUl AuHetHocmu (0 gy)
acgpansmobemoHa om rneHempayuu bumyma

Hcropuuecku pu HCCIIeIOBAaHUH
acaspTobeTOHa Ha IPOTSKEHUU 50 JIeT B
IIEPBYIO ouepeab YAEIN BHUMAaHUeE

3aBUCUMOCTH €r0 MEXaHHUYECKUX CBOWCTB OT
neHerpanuu OUTyMOB. 11 IPUHATHIX OOBEKTOB
HCCJIEIOBAHUS 3aBUCUMOCTH Ojpy OT IEHETPANU
[16] mokazampl Ha puc.2. Poct mneHeTpamuu
BSDKYIIEr0  IPUBOAUT K  CYI[ECTBEHHOMY
CHUKEHUIO Ojpy acharbToOETOHA HA €T0 OCHOBE.

C moBbIIlIeHUEM MeHeTpaIuu oT 46 10 70 dmm,
116 dmm u 176 dmm (t.e. B 1,52; 2,56 u 3,82
pasa) KpUTHYECKOE  HaIpsKEeHUe Opy
yMeHbIlIaeTcad B 1,73, 3,22 U 5,9 pasa. [Ipu stom
KpuThdeckas aedopmarnus JIMHEHHOCTU &gy
yMeHbllIaeTcsa B 1,42; 1,76 u 2,62 pasa. llpu
OJIM3KOI ITeHEeTpaIluU BSIKYIIHe (YUCTBIH OUTYM
— 46 dmm; 6urym c II,.,=70 dmm u ¢ 3 %
nonumepa — I1,.=46 dmm; 6utym c neHerpanuei
116 dmm u c 5 % nonmumepa -II,,=48 dmm)
UMEIT  KPUTHYEeCKHe  HamnpsokeHus  (Opyg)
achanbTo0EeTOHOB JIMHEWHOCTH COOTBETCTBOBAIU
0,142 MIlIa, 0,140 MIlIa u 0,144 MIla.
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Puc. 2: B3auMOCBA3b MEXAY KPUTHUECKUM HATIPSKEHUEM JITHEWHOCTH Opyy ac(aibToOeTOHOB U
acdanprononnmepbeToHOB (mIpu TeMieparype 20 °C u yactore 0,5 '11) 1 meHeTpauen BAKyIINX
(ycsioBHBIE 0003HAUEHUSA NTPUBEZIEHBI B Ta0J1.1)

Il 3aBUCHMOCTH, TIPUBEIEHHOWM Ha PHC.2,
repexo/i OT Pe3KO HUCIAJIAIOIIEed BETBU K IJIAaBHO
U3MEHSIONENCS YaCTH 3aBUCUMOCTH 00yCJIOBJIEH
KOHYCHOCTBIO TTeHETPAIIMOHHOU UTJIbI U OTBEUAET
neHerparuu (60-70) dmm.

drta 3aBUCUMOCTD
0e3yCJIOBHOU  CBSI3W  IMEHETpaluu ¢
achanproberoHa. OHa 1OMOOHA MHOXKECTBY
3aBHCUMOCTEH OT TME€HETPAllUM IPOYHOCTH,
MOJTyJIeN JKECTKOCTH, KOJIEECTOUKOCTHU
achasprobeToHa. OJHaKO BCE OHU OCTAIOTCH
YCJIOBHBIMHU HACTOJIBKO, HACKOJIBKO IE€HEeTpAIus
SIBJISIETCSA YCJIOBHOM SMIIUPUUECKOH
XapaKTEPUCTUKOHN. VIMEHHO TI03TOMY ITeHeTpaIusi
nckaoueHa u3 cucremsl SHRP Superpave u B Hee
BBe/leHa  (yHIaMeHTaJbHAs  XapaKTEPUCTHKA
MOJTyJISI CABUTA OUTyMa.

CBHUIETEILCTBYET )

OLvE

YyureiBasg 3TO, IeIecO0Opa3HO  YCTAaHOBUTH
OOBEKTUBHYIO, METPOJIOTHYECKH OOOCHOBAHHYIO
CBA3b  MEXJIy Ongy acdamproberoHa U
XapaKTEPUCTUKOW, OTPAKAIOIIEH COIIPOTHBIIEHIE
caBura OWTymMa IIpU 3a/IaHHBIX TeMIlepaType U
ckopoctu  AedopmupoBaHusA. Ero - MoxkHO
OIIPEZIEIUTh DHKCIIEPUMEHTAIHHO, KaK OIHCAHO
BBIIIE WU PACYETOM II0 METOJVKE, IIPUBEIEHHOU

B [17].

32 CmerneHHble 3a8UuCUMOCMU Opgy  OM
yacmomsi 0epopMUPOBAHUS

JINHEMHOU
MIpUCYIIA

[TpenenbHBIM HaIPsKEHUSIM
BSBKOYNPYTOCTH  acGaybTOOETOHOB
MPUHIUITHAIBHAs ~OCOOEHHOCTh, XapaKTepHas
biv) BCEX BSIBKOYIIPYTHX CHCTEM u
BBIPa’KAIOIIASAC B 3aBHCHUMOCTH 150.9
PEOJIOTHYECKHUX XapaKTEPUCTHK OT CKOPOCTH,
YacTOThl WK BpeMeHU AedopmupoBanus. Kaxk
MIPaBUJIO, 9TH 3aBHCUMOCTH SABJISIIOTCS
crenteHHbIMU (puc.3). Jnsa acanmbTobeTOHOB Ha
O6uTyMax pasHON KOHCHUCTEHIUHU, IOJyUeHHBIX U3
OJTHOU HedTH crrocobom OKHCJICHHUS,
K03 PUITEHTHI YaCTOTHOH 3aBHCHUMOCTH
MMpaKTHYeCKU OJTUHAKOBHEI. [IprBeieHHAs Ha PHC.

3 mpsMas, oOo3HaueHHass A, OTHOCHTCA K
achanpTO0ETOHY HAa HCIOJIB30BAaHHOM B pabore
[3] mucTryLIAIIOHHOM OUTYME C IeHeTpaIuel 49
X0,1 MM ¥ TeMIepaTypou pazmsardenusa — 52 °C.

ITO MOXKET OOBACHATHCA TEM, YTO Yy HETO
HanboJsiee HU3KUH WH/IEKC ieHeTpanuu (-0,76) 1mo
CpaBHEHHI0O C JpYyrdMu, T.6 OH Haubosee
YyBCTBUTEJEH K dYacroTe aedOpMHPOBAHUSI U
temneparype. OH HaxoauTcs B O0JIACTH CaMbIX
OONBIINX 3HAYEHUH Opryp, T.K. HCIIOJIb30BAHHBIN
JUIST TIOJIydeHusi acdasibToOeToHa OUTYM HMe
caMyl0 HH3KYI0, II0 CpPpaBHEHHUIO C JpPyrUMH
OuTyMaMmu, ITIeHETPAIHIO.
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Puc. 3: 3aBUCUMOCTD HATIPSKEHUs JIMHEWHOCTH (Opyg) OT yactoTs (f) medopmupoBanus
acanprobeTOHOB HA OUTyMax ¢ pa3Hou neHerpanueit mpu 20 °C (L{udps! Ha7 TPAMBIMU —
neHeTpamus npu 25 °C)

[Ipsamas, obo3HaUeHHAsA A, IoJIydyeHa
obpaborkoii maHHBIX [3]. OHa OTHOCHTCA K
outymy, MOAU(PUINPOBAHHOMY PagUIBHBIM
SBS. Ona pacnonokeHa CyIIECTBEHHO HUXKe
pAMON, 0003HAUEHHOU A, TOCKOJIBKY B 3TOM
cayyae  meHerpanusa  BMIT  (61x0,1 M)
CYIIECTBEHHO OOJIBIIE IIEHETPAIUH YHCTOTO
ouryma (I1,;=49x0,1 MMm). IIpu 3TOM BBICOKAA
Temneparypa pasmsardyenus BMII (72 °C) He
MIOBJIMSJIA HA 3HAYEHUE Oy, aCHATHTOOETOHA.

OnpezenaomuM (aKTOPOM BIUAHUA HA Oy
ABysAeTcsa mneHerpanua. [Ipamas, obo3HaueHHas
X, ToJiyueHa oOpaboTkoi maHHBIX [13]. OmnHa
JIOCTaTOYHO XOpOIIO coryiacyercs ¢
3aBUCUMOCTSIMUA Ul JIPYTMX BsDKyImiux. Ee
OOJIPIINI HAKJIOH, KaK W MPAMON 0003HAYEHHOU
A, 0O0OyciOBJIEeH TeM, 4YTO BSDKyIIHE HSTHUX
achanpT00ETOHOB, KaK M BCE AUCTHUJUIAIMOHHbBIE
OUTYMBI, XapaKTepU3ylTCs OoJipIeit
TeMIepaTypHOI YyBCTBUTEJIBbHOCTBIO, yeM
OKHUCJIEHHbIE OUTYMBI. DTU 3aBUCUMOCTH XOPOIIIO
corjacyiorcsi ¢  mojgydyeHHbIMH B [18]
3aBUCUMOCTSAMU MOJTYJIA YIPYTOCTH
acdanpToOeTOHA OT BpEMEHHU JIEUCTBUSA HATPY3KHU.

33 B3aumocesasb Oz, acanbmobemoHos u
MpedenbHO20 HAMPSXKEHUS CO8U2A 8XKYUUX.

WM3HagasibHO, KOrzia B3alMOCBS3b OJpy
achanpToOeTOHA U MPEAEIbHOTO HANPSIKEHUs
caBura OWUTYMOB ellle He IIpeJIosarasuach,
IpefieJibHble  HamnpsKeHUs  achaabToOETOHOB
ObLIM OmIpesiesieHbl IpU TeMmIiiepatype 20 °C, u
yacrore 0,5 I. ComnpoTuBieHre CABUTY
BSDKYIIMX IIPU BBIIIOJHEHUU PabOT, UMEIOIINX
[IeJIPI0  YCTAHOBJIEHWE B3aUMOCBS3U  MENKIY
KOore3neld W TIeHeTpallued, OIpeaessiin, KakK
OTMEYEeHO BbIlle, IIpu TeMmieparype 25 °C u
cKopocTu czBura 1 c¢’. JIyis 1esied »ke HacTosIen
pabotsl (obecnieuenus COIIOCTAaBUMOCTHU
pe3y/bTaToB  000MX UCIBITAHWUM), BO3HUKJIA
He0oOX0/IMMOCTh NIpUBeZIeHUs OBy
achaspTOOETOHOB K KPYTOBOH CKOPOCTH 1 ¢ IO
dopmyne w=2nf. IlpuBemeHue Ojpy K
Temnepatype 25 °C ObLJIO OCYIIECTBIEHO 10 PAHEe
YCTaHOBJIEHHOMY KO3 PUITHEHTY TeEMIIEPATyPHOI
yyBcTBUuTenpHOCTH Alg E* /AT mexay 20 u 30 °C
[1]. IIpuMepsl TakOro MPUBEIEHUS JIaHbI B Ta0JI.
2.
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Tabnuya 2: Kputudeckue HaMpsi?KeHUs TIMHEHHOCTH Oy, IPHUBEIEHHBIE K YCIOBUSAM, OTBEYAIOIIAM

YCIIOBUAM OIIpeaeJeHnuA COIIPOTUBJICHUA CABUTY BAXKYIIHNX

BuTymHBIe BAKyIIeE, Oynpy IpHU

o Ojpy IPpU
IToxasaresib CTelIEHHOU ° »
MEHETpaIUA 0,5 I'mu 20 °Cu w=1c?,

3aBHUCHUMOCTH Ojgy
npu 25 °C 20 °C, MIla 8 MIIa

Ojsy IPH
25°Cu
w=1c™’, MIla

Burym 70 0,082 0,20 0,065 0,061

BMII 46 (3 % CBC) 0,140 0,17 0,115 0,110

Burym 116 0,044 0,22 0,035 0,032

BMII 60 (3 % CBC) 0,086 0,18 0,070 0,066

Burym 176 0,024 0,24 0,018 0,016

BMII 66 (3 % CBC) 0,064 0,21 0,051 0,048
BzaumocBsi3b Ongy acasbT00ETOHOB u

MpeIeTbHOTO HATIPSIPKEHUS CABUTA BSDKYIIHUX (T)
npuBezieHa Ha puc. 4. OHA MOKeT ObITh ONKUCaHa
KOPPEJIAIMOHHOU 3aBHUCHUMOCTBIO
Oyg=0,967 T+0,0002. Hanmuue TaKkou
3aBUCUMOCTA € KO3(DQDUIIMEHTOM KOPpPEeIAIUU
R*=0,951 cBUIeTEIBCTBYET O HENOCPEICTBEHHOM
BJIMAHUU IIPeJIeJIbHOTO HAIpsKEeHUA CJIBUTA,
BSXKYIIIETO Ha 3HaUYeHHe KPUTUYECKUX
HaIPsKEHUH JIMHeHHocTH acdanproberoHa. [Ipu
5TOM 3aBUCHUMOCTb PACIPOCTPAHAETCA He TOJIBKO
Ha 9YHCTble OUTYMBI, HO U Ha OUTYMBI,
MOAN(MUIPOBAHHbIE YMEPEHHBIM KOJIWYECTBOM
nosnuMmepa tuna CBC. CienmoBaTesbHO, MOKHO

[IpeAIIoJIaraTh moobue MEXaHHU3MOB
nedbopMupoBaHus IJIEHOK outyma B
KOTe3MOHHOM CJIOE U MEK3€PHOBOM CJIOE€ B
achanpTobeToHE.

Pesysnbrarel, oTHOCAIMECS K achaabToOeTOHAM
Ha OuTyMax, MOANU(PUIIMPOBAHHBIX ITOJIUMEDPAMH,
HECKOJIbKO BBIIIAIAI0T U3 00Iel 3aBUCUMOCTH.

Takoe OTKJIOHEHUWE MOXKET OBITh CBS3aHO C
U3MEHEHHEM CTPYKTYpbl U  PEOJIOTHYECKHUX
XapaKTepPUCTHUK  BMOKYIIUX B Pe3yJbTaTe
Monudukanuu mosuMepom [10]. Ha cioxxHOCTH
WCIIOJIB30BAHUSL  TOAXOJI0OB, HPUHATBIX  JJIsA
O6uTYyMOB, K 6UTyMaM ¢ OOJIBIIIUM CO/iep:KaHUEM
rmoJimMepa obpariaad BHUMaHue B [19].
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Puc. 4: B3amMocBsI3b MeXKAy TpaHUIEH JuHeHHOCTH (Opyg) acdaabTOOETOHOB U IIPEAETbHBIM
COMIPOTHUBJIEHUEM CJIBUTY BSIKYIIHMX MPHU TemIiiepaTtype 25 °C. butymsl ¢ nieHerparmuei (0,1 MM): 57, 72,
120, 157 (x); 6uTy™MbI ¢ ITIeHeTpamnuen (0,1 MM): 46, 70, 116, 176 (0); oHH ke MOAUGUITMPOBAHHBIE 3 %
nosimMepa SBS (+); AUCTUWLIAIMOHHBIN OUTYM C TTeHeTpanuen 49 (0,1 Mm) (¢) u MOAUDUITTPOBAHHBIN

OoutyMm c meHerparuei 61 (0,1 MM) (‘) [2]; OuTy™mBbI, OKHCIIEHHBIE C TIEHeTpaIuei: 50, 75, 105, 172
(0,1 MM), OUTYMBI TUCTHLIAINOHHBIE Nynas ¢ meHeTpanuen 52, 79, 118, 182 (0,1 MM) Aj1 KOTOPBIX
KOTe3Hs OIpeJiesieHa 1o eHeTpaluoHHoU 3aBucuMocTH (0) [17].

Z[OHOJ'IHI/ITGJIBHLIM O6CTOHT€JIBCTBOM B IIOJIb3Yy
HOJIyquHOfI 3aBUCHUMOCTU ABJISAETCA
UJIECHTUYHOCTh COTIPOTUBJIEHUSA CABUTY OUTyMa,
OoIpenesdeMoro 1nmpu poTanuOHHBIX HUCIIBITAHUAX
[20], 1 Mojtys1s1 €r0 TOTEPH MTPU HKBUBAIEHTHOCTH
KPYTOBOM YacCTOThI U CKOPOCTH C/[BUTA, a TaK¥Ke
COOTBETCTBUE COIIPOTHUBJIEHUA CABUTY IIpu
POTAalIMOHHBIX U3MEPEHUAX u Ipu
OHOIIOCKOCTHOM caBure [14]. Tem He MmeHee,
IpeacraBjaAeTCA MIPEeAIIOYTUTE/IbHbIM, YUYUTbIBAA
MIPOCTOTY SKCIIEPUMEHTa, MPOTHO3HPOBATH Oy

acdanpTobeToHA IIyTEM oIpesiesIeHUA
IIpe/ieJIBHOTO  COIPOTUBJIEHUsI ~ CABUTa IO
pe3ysbTaTaM  POTAIlMOHHONH  BUCKO3UMETPHUU

U/WIN 110 KOT€3UH OUTYMOB, YCTAHOBJIEHHOU IIPU
OJTHOIIOCKOCTHOM C/IBHTE.

[IpuBenenHble  371eCb  9KCIIEPUMEHTAJIbHbIE
pe3yJIbTaThl CBUIETEIBCTBYIOT O HEOOXOIUMOCTU
yTIIyOJIEHHBIX HCCIIeIOBAHUM (usmueckoit
cymiHOCTH  JeOopMUpOBaHUSA  OUTYMOB U
achaspTOOETOHOB HA MUKDOYPOBHE B 00J1aCTH
ManbIX fAedopmaruii u  HanpsokeHUH.  ATO

HaXOJIUTCA B COIVIACHU C pe3ybTaTaMu paboT [21,
22, 23, 24].

TpebyeT 060CHOBAHUS MPAKTHYECKOE COBITAJIEHIE
3HAUEHUU MOJyJIEH yInpyrocTu acgaibToOeTOHOB
OIpeJieJIIeMbIX: TPU NPAMOM PaCTSIKEHHU U
ckatuu [25] mpu usrube w cxkatuu [26]. Ito
OTHOCUTCA ¥ K IOJATIMBOCTH IIOJIBIX 00OpasIoB
npu cxatun u HenpsaMmoMm (IDT) pacrsxenun
[27]. ObHAmexMBaIOIIUM SBJISIETCS YTBEPIK/EHUE,
YTO 3HAYEHUs KOMIJIEKCHBIX MOYJIEH YIIPYTOCTU
B obOstacTu MastbiX eopmanuii (10°) He 3aBUCAT
HU OT TeOMeTpPUHU, HHU OT KOHUTrypaIruu
ucneiTanuil [28]. OHO MOMKET BOCIPHUHHUMATbHCS
KaK OJIH0O W3 CBU/IETEJILCTB CIPABEIIUBOCTH
U3JIOJKEHHBIX 3/IECh PE3YJIbTATOB UCCIIE/IOBAHUM.

V.  BbIBOLbl
1. Cmocob6HocTh  acdasbTOBBIX OETOHOB K
MOBEJIEHUIO,  XapaKTEPHOMY  JIMHEHHBIM

BA3KOYNPYTUM TeJjlaM, fABJAeTcd 0a30BbIM
NPUHIUIIOM KOHCTPYHMPOBAHUA U pacyera
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HEXKECTKUX JTOPOYKHBIX OJIEXK I, B
COOTBETCTBUM C OSTHUM CHCTEMA OIEHKHU
MOBEJEeHUS achanpTobeToHa o

PEOJIOTUYECKUM KPUTEPUSIM MOKET OBITh
JIOTIOJTHEHA XapaKTEPUCTUKAMHU UX JIMHEWHOTO
MIOBeJIEHUA: TpeieJIbHBIMU HANPsS)KEHUsAMU U
ZnedbopMaluAMU.

[IpenenbHbIE HAIpsDKEHUs  JIMHEWHOTO
BSI3KOYIIPYTOTO ITOBe/IeHUsT acasibToOETOHOB
CYIIleCTBEHHO 0Oo0Jilee  YyBCTBUTEJIBHBI K
U3MEHEHUIO CBOUCTB OMTYMHOTO BSDKYIIETO U
BHEITHUM TeMIIepaTypPHO-BpEMEHHbBIM
(4yacTOTHBIM) BO3/IEUCTBUSM, yeMm
npenenbHble AedopManuu JUHEHHOCTH. IDTO
MO3BOJIsIET OOJIee HAIJIAJIHO, YeM B CJIydae C
€y OTPAXKATh BJIUSHUE Ha PEOJIOTHYECKOE
TIOBeJIeHIE achanpTobeToOHa ¢axTopon
COCTaBa U TEXHOJIOTUU.

[IpenenvHBIE  HANPSDKEHUS  JIMHEHHOCTH
achanprobeTOHAa, B  H3YYEHHOM  371eCh
Jara3oHe,  HAXOAATCS B CTEIEHHOU
3aBHCUMOCTH OT YacTOThI /1ebOPMHUPOBAHUS,
mof06HO TOMy, KaK B BTOH K€ 3aBHCHMOCTHU
HAXOJATCSA HX MOJYJIM YIPYTOCTH, a TaKXKe
MTOKa3aTe TN ITPOYHOCTH.

YcraHoByieHa Osn3kas K IPAMOJHMHEHHOMN
KOPPEeAIUOHHAS 3aBUCUMOCTh  MEXKIY
MpeieIbHBIM ~ CONPOTUBJIEHUEM OUTYMHOTO
BSTKYIIETO CABUTY u TIp€eJIeTbHBIM
HATIPSPKEHUSIM JIMHEHHOTO J1e(hOPMUPOBAHUS
acanprobeToHa. OHa  moxer  OBITH
HCII0JIb30BaHa JULS MPOTHO3UPOBAHUS
noBezieHus1 achaybTOOETOHA IO/ HArPY3KOU B
MIOKPBITUM IIPU 33JIaHHOW TeMIIepaType Hu
CKOpOCTH 1epOpMUPOBaHUA.
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| INTRODUCTION

When electrical machines are studied today, the
synchronous motor and the synchronous
generator are practically very similar, however at
the beginning of the 20th century several types of
generators were successfully serving, but the
design of Siemens was imposed technologically,
leaving the vast majority as museum objects the
other designs, the constructive feasibility and a
very high efficiency make generators and
synchronous motors today practically the same
machine, protected by the Principle of
Reversibility of Electrical Machines.

The very high efficiency of the current
synchronous generator makes us believe that it is
absurd to look for primary energy savings by
modifying something of proven excellence and it
would be very true scientifically to look for more
efficiency by minimizing losses, which is already
something very successful today technologically,
large commercial synchronous generators exceed
the 98% efficiency and even 99%, minimizing
energy losses.

Among the set of energy losses of a synchronous
generator, the antagonistic electromagnetic torque
to the mechanical torque injected into the shaft is
not counted as such, but it is consuming primary
energy (renewable or not), brakes proportional to
the load connected to its output, this brake is
compensated with more primary power; although
this phenomenon is inevitable, it is possible to
minimize it.

At the beginning of the 20th century, energy
consumption was not seen with the strategic and
environmental importance it has today, it was not
the amount of electrical energy required today
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necessary, and fuel costs were low, for all of which
it lacked technical - economical importance the
electromagnetic torque Vs the production cost and
versatility of the Siemens generator commercially
in use today.

The generators that present less antagonistic
torque with connected load are:

e Homopolar generator
e Ferranti generator
e Hasselwander generator

As is known, none of these electric generators is
used commercially today.

Il THE CURRENT CONTEXT

Today's synchronous generator is a much more
technologically  developed form of the
synchronous generator designed by Siemens in the
19th century.

In a synchronous generator, when delivering
power to a given load, there is a group of energy
losses:

Mechanical losses.

I2R thermal losses.

Losses due to parasitic currents.
Additional losses.

Magnetic losses due to dispersion.

A worthy example of the high efficiency achieved
in minimizing the afore mentioned losses in
synchronous generators is the Siemens SGen
2000P Series from 370MVA to 560MVA, which
achieves efficiency above 99% [6].

Considering that the rotation speed of a
synchronous generator is constant, the primary
power consumption depends on the antagonistic
torque exerted on its shaft, which is the
electromagnetic torque exerted between the rotor
and the stator, it is what determines the necessary
mechanical power consumption at each moment,
all of which is expressed as follows:

Pyec = 0Trotar (1)

Being ® constant, the mechanical
consumption is a function of the torque,

power

Trotal = Jrotor® + Tfriction + Tem (2)
Jrotor = mr? 3)

Where J.., o is the inertial torque [7] of the rotor,
Thiction 1S the frictional torque of the rotor and Tyy
is the antagonistic torque exerted on the shaft due
to its main magnetic circuit and the electric
current it supplies to the load, -called
electromagnetic torque, the latter much greater
quantitatively, that is why most of the mechanical
power supplied to the shaft is consumed in
overcoming this harmful torque, antagonistic to
motor movement

. THE ELECTROMAGNETIC TORQUE IN
THE SYNCHRONOUS GENERATOR

The electromagnetic torque in rotating electrical
machines is the interaction between the forces
exerted rotor - stator, with a positive direction in
electric motors, but negative or antagonistic in the
specific case of the synchronous generator (Fig. 1),
in both machines referred to the interaction
between static and rotating magnetic fields.

Torque- Speed Characteristics
I

MOTOR ,fc:@;:@f

| — e

‘ ﬁn_m u-laenenm;'
/ / u |!' - i.ll. " .
: @

Fig. 1: The Electromagnetic Torque in the
Synchronous Generator

The existing magnetic fields in the stator and rotor
of the synchronous generator interact based on
the mutual inductances

[8].

The mutual inductance M;. s of the induced
winding with respect to the field winding is the
ratio of the magnetic flux through the Ny turns of
the induced winding produced by the magnetic
field of the current Ig through the field winding,
that is:
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While the mutual inductance Mg, of the field
winding with respect to the induced winding is the
ratio of the magnetic flux through the Ng turns of
the field winding produced by the magnetic field
of the I current through the induced winding, that
is:

_ Ng®scr _ Ns(Brx(Ap))
MS<—R - Ir - Ir (6)

T = —pMif (iaSen(pD) + ibSen (p@ — 27) + i Sen (pD + 2))

There are other methods of evaluating the
electromagnetic torque, based on Park's equations
[10] and it is expressed as:

T =igWy— g% = ig(igla) — iq(igLy) (11)

Where ig®d - id¥q is a difference between vector
products and flux linkages W = 1;. The
electromagnetic torque equation in a three-phase
synchronous generator as a function of the
magneto-motive forces (M.M.F) is:

Tgu = k. E.S‘tator- ERotor.Sin(a) (12)

Tem = k. (MMF 5y000,). (MMF gogo,)Sin(8)

(13)

()

for all of which the equivalent mutual inductance
will be:

LRotor M R-S

M= 8
M S-R LStatar ( )
M = LgotorLstator — Mp-s(Ms_R) (9)

The torque equation in a three-phase commercial
synchronous machine [9] stated as a function of
mutual inductance is:

(10)

Once the basic issues on the subject have been
expressed, each of the three types of electric
generators with less electromagnetic torque will be
analyze, to apply to the current electro-energy
context in search of primary energy savings.

VI. THE HOMOPOLAR GENERATOR IN THE
CURRENT CONTEXT

The homopolar generator (Fig. 2) is a direct
current machine initially designed by Michael
Faraday in 1831, consisting of a disc of electrically
conductive material, rotating in a magnetic field
perpendicular to it, where the energy is extracted
between the edges of the disc and its center.

Fig. 2: Basic Homopolar Generator

It is characterized by very low voltage and very
high current, a very pure direct current, the
interaction between rotor and stator is very low

despite the very high current values with which it
is capable of contributing to the load.
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This small relationship between the current and
the antagonistic torque that this generator
produces was exposed in Germany in September
2016, the German Electrical Union and the Swiss
Electrical Union sponsored a great event in the
Congress Center of Wurzburg, [11] Germany,
where the Indian scientist Tewari defended his
modification to the homopolar generator (Fig. 3),
unfortunately despite the successful result, the
physical argument is not scientifically validated
because an absurd disproportion between the
input and output energies is affirmed, although
the low torque antagonistic is logical and
probable.

Fig. 3: Homopolar Generator Exhibited by Indian
Scientist Paramhamsa Tewari at Conference in
Wiirzburg, Germany in 2016

The homopolar generator continues
scientifically investigated today.

to be

V. THE FERRANTI GENERATOR IN THE
CURRENT CONTEXT

The alternator designed by Zianni Ferranti (1864
— 1930) had an inductor with a ferromagnetic core
and an induced core with an air core, axial
magnetic flux and exciter mounted on the shaft,
specifically in Fig.4 it can be seen that each iIMW
synchronous generator is moved by 1500 HP
(1.12MW) machines with approximately 89.4%
efficiency, excellent for those times.

Given his personal friendship with Siemens and
the economic superiority of the radial magnetic
flux synchronous generator model proposed by his
German colleague, which in turn also allowed the
material to be used to build motors, Ferranti

abandoned  continuing to  perfect his
inventiveness, collaborating with Siemens on his
technology, it still existing today.

Ferranti 1000 kW alternators & Hick Hargreaves 1500 hp Corliss engines at Deptford, 1889

Fig. 4: Ferranti Alternator: First Thermoelectric
Plant in the World (Deptford Station, London,
Great Britain, 1889), Whose 1MW Synchronous
Generators Were Designed by Zianni Ferranti

In the Electrical Machines Laboratory of the
Technological University of Havana, successful
tests were carried out (2004) with a design based
on the old Ferranti generator (Fig. 5), but seeking
to save primary energy [12] based on the lower
antagonistic torque it presents.

Fig. 5. Left: Ferranti generator (United Kingdom,
1882). Right: Low reversibility electric generator
(Cuba, 2004)

There are 2 classic ways (there is a third:
deforming the core) to vary the magnetic flux:
varying the electric current (for example, the
transformer) or varying it mechanically (for
example, in electric generators); in both cases the
electrical energy is produced in a unidirectional
action: inductor to induced; once produced, the
delivery of that electrical energy to perform work
on the connected load creates a series of electrical,
magnetic and  mechanical losses, but
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fundamentally reflected in the presence of the
electromagnetic torque resistant to rotation
injected by the prime mover, main concern in this
text due to the high cost of primary energy and the
growing need for electrical energy.

Fig.6: Low Reversibility Electric Generator
(2004), on the Right Its Rotor

Constructively (Fig. 6) the low reversibility electric
generator consists of a stator completely lacking in
lamination, made of carbon steel (C20 and C45), 4
poles wound with AWG 15 wire, while the rotor
consists of 3 windings at 120° offset from each
other, with 4 poles each, rectangular wire (2.00 x
2.80 mm), the output is through 3 sliding rings
(12.5kVA / 10kW / 230V, three-phase).

The calculation of its relative parameters is as
follows:

230V/
Z, =1 =——33=418ohm (14)
f )
X, 2,17
Xdp.u = Z_: = m = 0, 519 (15)
X, 1,32
qu.u = Z_: = 4-,T8 = 0, 316 (16)
Being its Short Circuit Ratio the following:
1
+=1,93 (17)
Xa

Table 1: Experimental Calculation of Efficiency in
Low Reversibility Electric Generator 12.5kVA, 10
kW, Cos ¢ = 0,8 Ind, 4 Poles, 1500rpm Constant

Nominal Power 10 kW
Seem Power 12,5 kVA
Mechanical losses 0,32 kKW
Steel losses View not
Cooper losses 1,21 kW
Other losses 0,055 kW
Total losses 1,585 kW
Efficiency 86,32%

Table 2: Comparative Table Between Current
Commercial Generators [13, 14 Y 15] and the Low
Reversibility Electric Generator at the Same Rated
Power, Number of Poles and Rotation Speed

Potencia 100 % /0.8 ind.| Stamford 2004
Viom 2307115 Volt
Soom 12,5kVA 125kVA 125kVA 12kVA
Cos @ 0.8 inductivo 0.8 inductivo 0.8 inductivo
[ 10kW 10 kW 10kW
Eficiencia 78% 81,30% 86,32%
Relacién Corto Circuito 0,495 0,493 1927
Xd (p.u) 202 203 0,519
Xq (p.u) 1,01 0,98 0,316

Dos tercios 1

Stamford 2019
380/220 Volt

Low reversibility | Leroy Somer 2020|

230/127Volt | 230/ 115 Volt

0,8 inductivo
10,2 kW
844% (Fp=!)
No dato

No dato

No dato

Paso Polar Dos tercios Dos tercios

Flujo Magnético Radial Radial Axial Radial

Tables 1 and 2 show the prospects for developing
this construction technology of the synchronous
generator, because despite the obvious technical
shortcomings with which the project was
developed, there is approximately 5% better
energy efficiency.

VI, THE HASSELWANDER GENERATOR IN
THE CURRENT CONTEXT

The German engineer Friedrich August
Hasselwander is credited as the author of the first
three-phase synchronous generator (Fig. 7), this
produced 2.8 kW, 4 poles, 960 rpm (32 Hz), and
this generator was presented at the Frankfurt
exhibition of 1891.
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In 2020 an experiment was carried out to study rpm (Fig. 9), in the event of a controlled short
the physical behavior of the Hasselwander -circuit.

generator at our university, for which there was a
lack of a toroid with

Fig. 7: Synchronous Generator Hasselwander: First
Three-Phase Generator in the History

core had lamination in the direction convenient to
the rotation of the inductor, for which a square
transformer core was taken (Fig. 8), this results in
the magnetic flux emanating from the rotor having
additional dispersion losses, in addition of an
excessive air gap.

Fig. 8: Experiment to Study Electromagnetic
Torque in a Hasselwander Generator. Above: Side
and Diagonal View. Below: The Rotor - Stator
Assembly in a Demonstration Photo of Physical
Layout

The behavior of the project is compared with a
commercial alternator of 120 Watt power at 1800

Fig. 9: Comparison before a controlled short circuit
of a commercial generator Vs experimental
generator. Above: With experimental generator.
Below: With classic generator

The experiment presented the result shown in
table 3.

Table 3: Comparative table of antagonistic torque
and mechanical power of the LADA AAG (120W)
automobile alternator and a rudimentary
experimental generator in the event of a stable 18
Amp short circuit presented to the Scientific
Council of the Faculty of Electrical Engineering

(CIPEL / CUJAE) in 2020
Notload: LADA I, inal =254 isdd SHORT SARCIIY
*Notload: nominal = 2,
GSBR Iouc = 124 LOAD= OF18A
Mechanical power in the shaft of the
synchronous generator LADA AAG (w) 109'03 2 13'63
Torgue in the shaft of the synchronous
generator LADA AAG (N-m) 0,58 1‘139
Mechanical power in the shaft of the 18 71.88
xperi Isynch tor (w) 2
Torque in the shaft of the proposed
synchronous generator (N-m) 0'095 0'3 82

The table 3 shows the enormous torque difference
in the prime mover at the same controlled
short-circuit current value (18Amp) existing
between both generators.
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VIl.  CONCLUSIONS

In any of the 3 generators mentioned in this text,
it is observed that the electromagnetic torque is
less than its current commercial counterpart; of
course, in all cases, it is necessary to perfect the
disadvantages that they present and find the
design of an only synchronous generator that
optimizes the consumption of primary energy.

Saving in a technologically accessible future, for
example, 10% of primary energy by changing the
magnetic circuit of the current synchronous
generator would bring in generator sets, whose
internal combustion engine generally does not
reach 40% efficiency, savings of perhaps 20% in
fuel consumption, in wind energy limited by the
Betz constant, would allow the diameter of the
blades to be reduced to deliver similar power; it is
not possible to speak of exact savings numbers
because they are non-linear processes.

In addition, which is also very important, it would
allow sustainable savings because modifying the
electric generator does not harm the environment
and would take advantage of all the existing
infrastructure today.
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