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Abstract - The comprehensive experimental studies into the
change in the stress—strain state of rock specimens subjected to
uniaxial loading until failure using automated digital speckle
photography analysis shows that when stress reaches 50% of the
limit  strength of the specimens, low-frequency
micro-deformation processes begin in the specimens under slow
(quasi-static) ~ stiff loading. The amplitude of the
deformation-wave processes depends on the level of the pre-set
macro-loading. Wave packets are plotted for averaged
microstrains obtained in sandstone and marble specimens under
uniaxial compression.

In the elements of the scanned specimen surface in the region
with the incipient crack, the microstrain rate amplitudes are a
few times higher than in the undamaged surface region of the
same specimen.

Keywords — Rock mass, Hierarchical block structure,
Laboratory experiment, Speckle photography method,
Microstrains, Deformation-wave processes.

|. INTRODUCTION

At the current stage, nonlinear geomechanics researchers
place great emphasis on quantitative description of hierarchy
of blocks in structure of rock masses [1]. This is important for
delineation of clusters of structural blocks in the areas of
nucleation of disastrous events and characterization of
kinematics and dynamics of elastic energy accumulation and
relaxation in such zones [2, 3].

Discovery of pendulum waves [4-6] transferred by
structural blocks of different hierarchical levels in high-stress
rock masses inspired a new theoretical research trend called
geomechanical thermodynamics [7]. This research trend is
directly associated with interpretation of transformation
mechanism of potential (elastic) energy at nucleation sites of
disastrous events (earthquakes, rockbursts, coal and gas
outbursts) into kinetic energy of their fractals in clusters [1].
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Based on that, it becomes possible to obtain an energy
estimate of threshold values of deformation in check areas of
rock masses or engineer constructions, when the threshold
elevation will end up with destruction events in the high stress
concentration zones in rocks.

The aim of this study was to analyze distribution and
development of stress-stress state in structured rock
specimens subject to uniaxial loading to failure. Specific
attention was paid to possible oscillating motion of structural
elements of the rock specimens under constraints (pre-set
stresses at the boundaries of the specimens) and the kinetic
energy fractals [8].

1. EXPERIMENTAL PROCEDURE AND MEASUREMENT
EQUIPMENT

The  experimental  research  used  Instron-8802
servohydraulic testing machine for loading at the pre-set force
and displacement and for the continuous recording of the load
and the mobile grip displacement. Microstrains were recorded
using automated digital speckle photography analyzer
ALMEC-tv. The task is to interpret optical images of surface
microrelief of a loaded specimen. The specimen surface is
placed in the coherent radiation beam to obtain a
speckle-picture. The speckles are “tight” to the corresponding
points of the surface and reposition together with these points
when the specimen is deformed. The displacements are
recorded by frame-to-frame photography. All the parameters
were recorded in real time, at frequency of 27 frames per
second and spatial resolution not less than 1 pum. The
processing output is the coordinates and displacements of the
specimen surface points and timing, which allows calculating
strain tensor components [3].

©2014 North Sea
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The uniaxial stiff compression used prismatic specimens of
sandstone, marble and sylvinite, at the mobile grip
displacement rate of 0.02-0.2 mm/min. Figure 1 illustrates
testing of a marble specimen subjected to compression along
long axis x at the grip displacement rate of 0.2 mm/min. the
experiment lasted for 70 s. Ultimate strength of the specimen
was 50.1 MPa, ultimate strain along x, measured by the
machine cross beam unit displacement, was 0.059. Figure 2
shows the curves of the specimen stress and macrostrain and
the specimen stress and time.

y, mm (a)

Y. mm

8.8
6.6

44

22

m 0

Fig. 1. (a) Marble specimen 47x11x10 mm and (b) its
speckle-photography after fracture.
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Fig. 2. (a) The curve of stresses and strain in the marble specimen in
the direction of x and (b) the stress and time curve.

Concurrently with recording of microstrains on the
specimen  surface, measurement of  vectors of
microdisplacements at the surface points was carried out using
ALMEC-tv. Having processed the results, we obtained a
square grid of the surface displacements for the subsequent
plotting of the strain tensor components.

I11. EXPERIMENTAL DATA ANALYSIS
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The experimental data analysis showed nonuniformity of
plastic strain, starting from the onset of the rock specimen
compression. In spite of the compression being uniaxial, at the
constant rate of displacement of grips, the spatial-time field of
the microstrains contain both shortening and elongation areas
as seen in the scans of the specimen surface.
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Fig. 3. Microstrains &, of the specimen surface at the moment of 30
s in the stress—time curve in Fig. 2.
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Fig. 4. Microstrains &, of the specimen surface at the moment of 30
s in the stress—time curve in Fig. 2.

Figure 3 and 4 show 3D diagrams, where the axes x and y
are the specimen surface coordinates longitudinally and
crosswise, and the z axis shows the microstrains at the fit point
of the scanned surface. Figures 3 and 4 not only display the
sign-alternating behavior of internal microstrain of the tested
rock specimens but possible causes of the deformation, largely
different from that is expected in the frames of the continuum
mechanics. It is seen that apparent periods of oscillating strains
fit with mineralogical and structural heterogeneities of the
specimens (from fractions to a few millimeters in size). The
level of the recorded strain (absolute values) is comparable with
the geomechanical invariant ., (5) [9]:

9-1072,

1, (8) =j—§= 0 ei~2, Vi 1)
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where §,—average width of joints of the structural rock-mass
blocks with diameters A; (i—hierarchy level).

IV. STADIALITY OF MICRO- AND
MACRO-DEFORMATION OF ROCK SPECIMENS
UNDER UNIAXIAL LOADING UNTIL FAILURE AND
LOW-FREQUENCY DEFORMATION-WAVE
PROCESSES

“Stadiality” of deformation is a conventional notion,
considering patterns of the rock mass stress and strain curves
(e.g., Fig. 2). “Stages” are as a rule marked by “breakpoints”
or noticeable change of the slope of the o —& curve
branches. Is it possible to find the other, objective methods to
distinguish between deformation stages, for instance, with the
help of dynamic—kinematic characteristics of local
deformation-wave processes?

To answer the question above, we covered the load-exposed
surface with a cross-hatch of rectangles (see Fig. 5) and
calculated average microstrains for them in the directions of x
and y (lengthwise and crosswise the specimen, respectively).
Dimensions of the rectangles were chosen so that
displacements at each point and averaged displacements
differed not more than by 20-25%.

Figure 6 shows a fragment of variation in the averaged
micros-strain. The time dependence of the longitudinal
microstrain included compression and tension—compression.
In Fig. 6, microstrains fluctuate around zero. It is seen that
when macro-loading of the specimen reaches 25-30% of the
uniaxial compression strength, inside the specimen a complex
microdeformation-wave process begins.

10 mm

30 mm

Fig. 5. Cross-hatch layout of the load-exposed surface of the test
specimen: surface element (fragment) 3.5x1 mm is hatched.

Fig. 6. Averaged microstrain ¢, of the surface element in
longitudinal direction x.
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Fig. 7. “Stadiality” (stages 1-4) of the stress and loading time curve.
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Fig. 8. Amplitude—frequency characteristic for the longitudinal
microstrain &, by deformation stages: (a) stage 1; (b) stage 2; (c)
stage 3; (d) stage 4.

The process of loading is conditionally split into four stages
(Fig. 7): stage 1 and stage 2 are the load increase branch (stage
1 duration is to 0.5 of the peak load, stage 2 last up to the peak
load); stage 3 is the post-peak branch; stage 4 is the residual
strength branch. For each stage and for each surface element,
we obtained deformation-wave packets by the averaged
microstrains ¢_and ¢, and plotted the related amplitude—-

frequency characteristics from the Fourier transforms.

Figure 8 shows the amplitude—frequency characteristics for
£,

x

« at elastic deformation stage 1, under load under 0.5¢" (
o" —peak load), microstrain does not fluctuate;

« at stage 2, under the load increase from 0.5¢" to the
uniaxial compression strength of the specimen, microstrain
oscillation starts, amplitudes of the oscillations grow and reach
maximum values at post-peak loading stage 3;

» at residual strength stage 4, microstrain oscillation
amplitudes decrease sharply (3-5 times) as against the
previous two stages of deformation.

We performed checking calculation of frequencies based on
the maximum values of deformation-wave amplitudes at the
pre-failure and post-peak loading stages. Figure 9 shows the

amplitude—frequency characteristics for the microstrain &, at

deformation stage 2 for two different surface elements of a
marble specimen. At the pre-failure stage, these frequencies

©2014 North Sea
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have values 0.9-1.1, 1.5, 2.3, 2.85, 3.75 Hz. The amplitude—
frequency characteristics of ¢, at stage 3 are shown in Fig.

10; the frequencies to correspond to the maximum amplitudes
are 0.45; 1; 1.6-1.7; 2.5-2.6; 2.9; 3.2; 3.5 Hz. Comparing the
frequency ranges for stage 2 (0.9-3.75 Hz) and stage 3 (0.48-
3.5 Hz), itis seen that the amplitude—frequency characteristics
of the deformation-wave packets displace toward the
lower-frequency range at stage 3. This complies with structure
of wave packets of the EME recorded at the stage of rock
failure [8].

0 05 10 I's 20 25 3.0 35

0 0.5 10 5 20 25 30 35 40 fHz
Fig. 9. Amplitude—frequency characteristics of the microstrain ¢ at

deformation stage 2 for different surface elements (a) and (b) of
marble specimen.

40 [ Hz

4.0 f. Hz

0 0.5 1.0 1.5 20 25 3.0 35

Fig. 10. Amplitude—frequency characteristics of the microstrain ¢ at

deformation stage 3 for different surface elements (a) and (b) of
marble specimen.

V. MICROSTRAIN RATE AT THE PRE-PEAK LOADING
STAGE

We performed comparative calculations for two different
regions on the scanned surface of the test specimen: region 1 is
the region where crack originated and region 2 is the undamaged
material (refer to Fig. 11). Each of regions 1 and 2 was divided
into 120 elements 0.5x0.5 mm in dimension. For the elements,
time dependences of the transverse strain &, were plotted. The

microstrain rate estimation used approximation and smoothing
of the experimental dependences - (t) for the mentioned
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elements within time interval 0 to 40 s. The trends of the g, —t

curves were calculated as the 6th order polynomials at the
approximation accuracy 0.86-0.97. The functions of

microstrain rates and time, &/ (t) , were calculated as the
derivatives of the &, —t trends.

y (a)

mm

15 mm
Fig. 11. (a) Scanned surface of specimen with calculation regions 1

and 2 and (b) parameters of the calculation regions.
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Fig. 12. Curves of the transverse microstrain &, and time for the

elements 0.5x 0.5 mm in size in region 1 (where crack will originate
later): 1, 2, 3, 4—arbitrary elements in the region.

0.027-

0.014

—0.01-
0.02
0.01+

04

0.01-

Fig. 13. Curves of the transverse microstrain ¢, and time for the
elements 0.5x 0.5 mm in size in region 2 (undamaged).

Figures 12 and 13 show the representative curves of the
transverse strains ¢, and time for arbitrary elements 0.5x0.5

mm in regions 1 and 2, respectively. In Fig. 12, 13 in the
interval 0-40 s (which corresponds to the load ~42 MPa or
0.83 of the peak load), there are no high-frequency oscillations
of the microstrains.
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Figures 14 shows the curves of the transverse microstrain
rate and time for elements 1, 2, 3, 4, 0.5x 0.5 mm in size in
region 1, where crack originated and region 2 is the undamaged
material. As follows from Fig. 14, the amplitudes of the
microstrain rates are a few times higher in the elements of the
region with incipient crack than in the undamaged region
(regions 1 and 2, respectively). Sometimes, the rate grows
under the higher loading.

~0.0005 =
L B LU L LR

(b)

0 T et ,
- UUUO]*’ ””” v: ”””” B

—0.0004 == === == T 0,006 L === === mm o me oo

Fig. 14. The curves of the transverse microstrain rate and time for
elements 1, 2, 3, 4 0.5x0.5 mm in size in (a) region 1 and (b) region 2.

V1. CONCLUSION

The detailed studies into the micro-level stress—strain state
distribution and propagation over acting faces of rock
specimens subject to uniaxial loading until failure, using
automated digital speckle photography analyzer ALMEC-tv,
have shown that:

e under uniaxial stiff loading of prismatic sandstone, marble
and sylvinite specimens on the Instron-8802 servohydraulic
testing machine at the mobile grip displacement rate 0.02-0.2
mm/min, at a certain level of stressing, low-frequency
micro-deformation processes originate in the specimens due to
slow (quasi-static) force;

o the amplitude of that deformation-wave processes greatly
depends on the micro-loading stage:

—at the elastic deformation stage, under the specimen stress
lower than half ultimate strength of the specimen, there are no
oscillations of microstrains;

—at the nonlinearly elastic deformation stage, under stress
varied from 0.5 to 1 ultimate strength of the specimens, the
amplitudes of microstrains grow, including the descending
stage 3; the oscillation frequency f =0.5—4 Hz;
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—at the residual strength stage, the amplitudes of the
microstrains drop abruptly (3-5 times) as against stages 2 and
3

e in the elements of the scanned specimen surface in the
region with the incipient crack, the microstrain rate amplitudes
¢, are afew times higher than in the undamged surface region

of the same specimen. Sometimes, deformation rate greatly
grows with increase in the load.

In conclusion, it has been experimentally proved that under
certain loading of rock specimens, the oscillations of fractals
or other structural inhomogeneities begin much earlier than
the ultimate unaixail compression strength is reached. The
authors think, the deformation-wave processes inside rocks
and rock masses are tightly connected with the seismic and
electromagnetic emissions, that are associated as well. Rock
masses may be where displacement of fracture edges is
“electromagnetically” connected with the pendulum
deformation-wave processes [1, 8]. assessed as “capacitors”
with intrinsic structural hierarchy, where displacement of
fracture edges is “electromagnetically” connected with the
pendulum deformation-wave processes [1, 8].
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Abstract - This article provides a classification of high
efficiency switching power-gyrator structures and their use as
cells for energy processing in photovoltaic solar facilities. Having
into account the properties of these topologies presented in the
article, their inclusion in solar facilities allows increasing the
performance of the whole installation. Thus, the design,
simulation, and implementation of a G-type power gyrator are
carried out throughout the text. In addition, in order to obtain
the maximum power from the photovoltaic solar panel, a
maximum power point tracking (MPPT) is mandatory in the
energy processing path. Therefore, the practical implementation
carried out includes a control loop of the power gyrator in order
to track the aforementioned maximum power point of the
photovoltaic solar panel.

Keywords — DC-DC power converters, Power gyrators,
Photovoltaic solar panels, Maximum power point tracking
(MPPT).

. INTRODUCTION

In general, photovoltaic subsystem —panel o module set—
(generation subsystem) does not provide the same nominal
voltage that the required by the output load or battery
(consume subsystem). Thus, in order to “adapt” both generator
and load voltages, providing at the same time high efficiency
in this link, the use of a DC/DC power switching converter is
mandatory.

As a consequence, switching converters are widely used in
photovoltaic generating systems as an interface or link
between, on the one hand, the photovoltaic subsystem (panel o
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module set), and, on the other hand, the load and/or battery. In
addition, it can allow the follow-up of the maximum power
point (MPP) of the photovoltaic system in order to obtain the
maximum energy that this system can provide.

Therefore, the main task of DC-DC converter in this kind of
operation is to condition the energy generated by the array of
panel following a specific control strategy [1]. Notice that the
DC/DC conversion process implies, in turn, an associated
effect of impedance transformation. In fact, the input
impedance shows a dependence on a number of parameters
such as load resistance, duty cycle of the switching converter,
etc.

In this sense, converters are quite similar to “classic”
transformers when they are used as impedance adaptors,
except that in converters the adaptation parameter is not the
turns ratio between the secondary and primary ones, but the
duty cycle that controls the energy transfer. This duty cycle, as
it is well known, can be governed electronically.

In addition to the use of the aforementioned switching
power DC/DC converters, a maximum power point tracking
(MPPT) is also highly recommended in the energy processing
path in order to obtain the maximum power from the
photovoltaic solar panel. Therefore, normally, practical
implementations include a control loop of the converter in
order to track the aforementioned maximum power point of
the photovoltaic solar panel. This maximum power point can
be achieved thanks to the control of the switching converter
duty cycle. This effect, which is the basis of MPPT systems,

©2014 North Sea



Martinez-Garcia (2014) The Use of Power DC-DC Converters and Gyrator Structures for Energy Processing in ...

also shows an odd property: Certain input impedance values
can be either reached or not, depending on the type of
converter used, which significantly affects the performance of
the photovoltaic system [1].

In DC/DC switching converters we have relation between
average values of the input and output voltages via the duty
cycle (or between average values of the input and output
currents), providing, at the same time, high efficiency.
Therefore, we can say that they behave as high efficiency
voltage-controlled voltage  source (VCVS), or
current-controlled current source (CCCS).

Unlike “classic” DC/DC power converters, in power
gyrators we have a relation between average values of the
input voltage and output current (or input current and output
voltage), also providing, at the same time, high efficiency.
Therefore, the key of this kind of converter is to obtain
high-efficiency voltage-controlled current source (VCCS) or
current-controlled voltage source (CCVS).

The arrival of the switching semiconductor devices in the
decade of the 1950s carried out the appearance of switching
converters and switching power supply systems. The major
development of DC-DC converters took place at the beginning
of the decade of 1960s, when switching semiconductors were
feasible and affordable devices, being applied in the aerospace
industry as one of their first uses.

On the other hand, the initial concept of gyrator is referred
to networks with certain interesting properties. They are
attractive for the synthesis of inductive elements with
properties nearer to the ideality than their counterparts of
wound core. The concept of gyrator was introduced firstly by
Tellegen in his paper ‘The gyrator, a new electric network
element’ published in 1948 [2], in which mention is made for a
network with unique properties, and was considered as a new
electrical network element added to those already known.

The treatment of the subject by Tellegen is rather theoretical
and does not venture into the practical design of these
elements, although formally founded their behavior and some
of its properties. The term ‘gyrator’ is, since then, used to call
this kind of network, of which one of the first was introduced
by the same Tellegen for a toroidal ferromagnetic core wound
at one end, and separated by a dielectric segment at the other.
The introduction of the gyrator circuit concept in power
processing (high-efficiency switching-mode power gyrators)
is due to Singer, who presented a particular gyrator in the
circuits named POPI (power output=power input), describing
the ideal behavior of a particular switching power converter
structure [3]. In 2005 it was shown that the gyrator circuits
were unstable, and calculated the stable conditions necessary
for its possible implementation [4], [5].

The article is organized as follows: In Section 2 an
introduction to gyrator circuits and their classification are
carried out; Section 3 explains the use of power gyrators for
energy processing in solar energy facilities, together with the
use of a MPPT subsystem; Section 4 deals with the design and
implementation of a particular power gyrator implementation
for the energy processing from a photovoltaic solar panel and
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its main simulation and experimental results. The article
concludes with the main conclusions in Section 5.

Il. POWER GYRATOR CONCEPT

The concept of power gyrator introduced in [3] relates to a
general sort of circuits named POPI, describing the ideal
behavior of a switched-mode power converter. In general two
big groups of power gyrators can be found: G-type and R-type
gyrators.

A. G-Type Gyrator

A power gyrator type G (Figure 1) is defined as a switching
converter which satisfies equations (1) and with the
characteristic that the input current and output current are not
pulsed.

i1 =gV, iz =0V, 1)

where the parameter g is the conductance of the gyrator. The
G-type power gyrator with controlled output current behaves
like a current source in its output port.

. . . i2(t)
i (t) ia(t) i(t) 24
yo—— 04 40 + +
Vi, G-Gyrator Vo, Vi V,
o o—  -o Z _
——o
(a) (b)

Fig. 1. G-type power gyrator: (a) Basic block, and (b) equivalent
circuit.

The general idea of a G-type power gyrator is to achieve a
controlled dependent current source that depends on the input
voltage and a gain factor g. If the parameter g is adjustable, a
VCCS (voltage-controlled output current source) can be
obtained.

The two-port G-type power gyrators that can be found are of
fourth order, that is, the buck with input filter (BIF), the boost
converter with output filter (BOF), the Cuk converter and the
Cuk isolated converter, as illustrated, respectively, in figure 2.

In the present work, a BIF G-type gyrator is used in order to
validate the use of power gyrators for energy processing in
photovoltaic solar facilities.

B. BIF Gyrator

The BIF G-type gyrator is a DC/DC switching converter, in
particular a buck regulator with input filter. The BIF structure
depicted in Figure 2 is an unstable system; therefore, its
implementation may not be viable. In [5] it is demonstrated the
need of including a damping network to get the system to
reach stability and how to calculate it. The proposed circuit,
including the proposed stability network, is shown in Figure 3.

The analysis of the BIF G-type gyrator controlled by means
of a sliding control loop shows that the system must meet a
series of inequalities or conditions to obtain the necessary
stability of the circuit; in particular [5], [6]:
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Fig. 2. Classification of G-type power gyrators: (a) Buck with input
filter (BIF), (b) boost with output filter (BOF), (c) Cuk converter, and
(d) Cuk isolated.
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Fig. 3. Buck with input filter (BIF) gyrator with damping network.

C. R-Type Gyrator

A power R-type gyrator is defined as a switching converter
with a switch topology characterized by (5):

v, =ri, ; V, =ri, (5)

where r is the resistance implemented by the gyrator.
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The simpler R-type power gyrators are shown in Figure 4.
These converters are the boost with output filter (BOF)
converter, the Cuk converter, and Cuk converter with galvanic
isolation.
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Fig. 4. Classification of R-type gyrators: (a) Boost with output filter
(BOF), (b) Cuk converter, and (¢) Cuk isolated.

From these different structures, the more used is the first
one (the BOF converter).

I11. POWER GYRATOR FOR THE ENERGY
ACQUISITION OF A PHOTOVOLTAIC PANEL

In this section, in order to demonstrate the feasibility of
developing power gyrator structures for solar energy
applications, the design and implementation of a BIF G-type
power gyrator are carried out. The objective is to process the
energy provided by a photovoltaic panel. The panel used for
the implementation of the application is supplied by the
company BP. This is a panel that consists of 36
high-efficiency photovoltaic polycrystalline cells, providing a
maximum power of 10 W, an open circuit voltage (Voc) of 21
V, and a short-circuit current (Isc) of 0.65 A. Regarding the
battery, that acts as the output load, it must be noted that the
typical value of series resistance is 0.11 Q. This, together with
the panel, will establish the design specifications of the
implemented power gyrator. The initial design specifications
are presented in Table I.

©2014 North Sea



Martinez-Garcia (2014) The Use of Power DC-DC Converters and Gyrator Structures for Energy Processing in ...

VCC

IN VIN FIM SOURCE_a ouUT+ OUT_+
TBLOCK-2 COMNN-SIL1 1 n PIN CONN-SILT PIN
5 2 z
|0T| [¢ £ E arrsio (O) | ((f)
IRF510
_ . D4 ? ? L1 L2 1 L2 2 ouT
RSHUNT IN YV AYYY YN _||£|

EJD[] ROV ony 5V_PANEL L
GND == !

B10uH 210uH
o ()
33F

TELOCK-2

GATE Q1| 2 by

saF FIN
——( :) o MeRz0100 ] gg
PN
R SHUNT

PIN -
| Rﬂll] RDIV_2 Sv_PANEL
10k 102k |
FIN GND PN

o
{f! U_7805
MASSA = =
con ot 7815 u 7815 7305
1

S?V

C_IN_781 i 2 J_
3MnF:

| o 100nF FnE o

- C_OUT_7815 -

K
N
. R_POL I C_BOOSTRAFP F'DQU MBR:]‘U o
—L Vi o vo |2 e 51155:]__. IR2110 |2 _||'w
ZENER
clb zan® c3 ,L ;

100nF 100k T e =
&7 v e s

R r‘ATE R_SOURCE | R SHUNT2|
ouT_5v1e 1o

ouT-
CONN-SIL

LO COM LN

= g

VB Ve HIN —E——<] ouT_comP

| 3 R2112
VDD=15V
D_IR2110
4148

@

Fig. 5. Schematics of the implemented BIF G-type gyrator.

TABLE I. INITIAL DESIGN SPECIFICATIONS

Vin=20 V Vour=12 V

1in=0,6 A lou=1 A

Alout=5% AVout:0,5%
R=0,11 Q

The design of the power gyrator is divided into two parts:
On the one hand, the calculation of the components of the buck
regulator, and, on the other, the other elements of the whole
power gyrator structure, such as the filter input and the
network stability.

A. Component Design of the Buck Converter

Assuming that, as design specifications, the converter
operates in continuous conduction mode (CCM), that it has a
nominal input voltage of 20 V, and is desired an output voltage
equal to 12 V and a maximum load current of 1 A, the nominal
duty cycle converter should be 60%. Once obtained the duty
cycle, the values of the required inductance and capacitor can
be obtained, setting an output current ripple equal to 5%, an
output voltage ripple of 0.5%, and a switching frequency equal
to 50 kHz. With these design specifications, an inductance of
1.64 mH is used, obtaining an output current ripple of 5.85%.

Finally, the standard value for the capacitor is C=3.3 pF,
achieving a ripple voltage equal to 0.37%, which is perfectly
suited to the level required for the voltage ripple at the
converter output terminals.

B. Component Design of the BIF Power Gyrator

As already mentioned, a G-type power gyrator has a
variable g, an LC input filter, and a stable network whose
parameters should be calculated to obtain the appropriate
values for the provided initial conditions. To obtain g, the

65 Journal of Energy Challenges and Mechanics

above assumed initial conditions for currents and voltages at
the converter input and output terminals are used, set g=0.050.

Calculating the input filter, it carries out to a standardized
value of 22 pH for the inductance, and a value of 1 pF for the
capacitor. As discussed above, G-type power gyrator
structures require a stability network for ensuring their proper
performance. This stability is achieved by a capacitor
connected in series with a resistor, resulting in a 3.3 nF
capacitor (Cq4) and a resistance Rq=2 kQ. These values are
necessary in order to determine the stability network. In order
to ensure the stability of the system, whose equations are
determined by expressions (2), (3) and (4), these three
expressions should be fulfilled with the obtained component
values for this particular BIF G-type gyrator.

On the other hand, the necessary control law (in this case a
sliding control) for the proper operation of the G-type gyrator
should be established. Basically, this analog controller
consists of a current sensing system comprising a shunt
resistance of 50 mQ, a difference amplifier, a multiplier (an
ADG633 from Analog Devices) for the product of the input
voltage established by the parameter g, and a comparator with
some hysteresis to fix the switching frequency.

Finally, the use of a PIC microcontroller (in this case, a
Microchip’s PIC18F1220) achieves the tracking of the
PV-panel MPP. In the case carried out in this article, the
MPPT algorithm implemented has been the well-known
perturb and observation (P&O) [1]. Notice that, for this
tracking, it is necessary a second current and voltage sensing,
in order to measure and introduce them to the PIC
microcontroller. The output of the PIC responsible for
providing the value for the parameter g should be an analog
value; however, the PIC can only offer at its output binary
states (5 V or 0 V). To overcome this problem, an RC filter is
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Fig. 6. Experimental

added, in order to filter the switching frequency of the output
voltage and provide an average voltage that controls the power
gyrator.

IV. IMPLEMENTATION, SIMULATION AND
EXPERIMENTAL RESULTS OF THE FINAL
IMPLEMENTED G-TYPE GYRATOR PROTOTYPE

Figure 5 shows the complete schematic of the converter BIF
carried out in this work. In order to corroborate the proper
operation of the designed and implemented BIF G-type
gyrator, it has been powered by a solar panel. Therefore, the
value of its parameter g is not fixed or manually adjustable, but
the PIC microcontroller will be in charge of making the
perturbation algorithm and monitoring to adjust the parameter
g in order to always assure (independently of the irradiance
conditions) the maximum power of the solar panel (MPPT).
The final characteristics obtained from the implemented
system are: Minimum input voltage equal to 18 V and nominal
20 V; and, output current adjustable between 1 A and 2.5 A,
regardless of the value of the load connected, as long as the
product of the output current and the load resistance is lower
than the input voltage. Finally, figure 6 shows a photograph of
the complete implementation performed.

For an input of 18 V, a reference voltage Vy whose value
forces an input current of 1.9 A, and an output 4.7-Q load, an
output voltage and current equal to 11.8 V and 2.4 A,
respectively, are obtained. For the prototype of the G-type
power gyrator held for processing power of the photovoltaic
panel, different lighting conditions for the solar panel were
used by means of different points of light. After verifying their
behavior as G-type power gyrator, an experimental analysis of
the efficiency was carried out for different values of input
current (setting the value g), and maintaining the value of the
load equal to 4.7 Q (Table I1). The experimental efficiency of
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épower gyrator for different values of the input current.

the G-type power gyrator, for different input currents, is
shown in Figure 7.

(%6) Efficiency (%)
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Fig. 7. Experimental efficiency of the G-type power gyrator for
different values of the input current.

This graph shows how, as the G-type power gyrator works
closer to the optimum point (lix=2 A), the performance and
efficiency are enhanced. Note that the efficiency of the gyrator
is determined by the value of the load, and that, for a given
output current value, different output voltages can be obtained.
Finally, in figure 8, we can appreciate output current response
when the reference voltage that adjusts the parameter g has an
increasing step from 25 mV to 50 mV at t=25 ms, and when the
input voltage suffers a new increasing step from 20 V to 22 V
at t=50 ms. In both cases, notice that the output current is
modified according to equation (1).
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Fig. 8. Simulation results of the implemented G-type power gyrator.

TABLE Il. EXPERIMENTAL RESULTS TO OBTAIN THE EFFICIENCY OF THE
G-TYPE POWER GYRATOR IMPLEMENTED

Iin (A) | Vout(V) | lout (A) | Pin(W) | Pout(W) | n(%)
0.40 5.03 1.03 7.20 5.18 71.96
0.50 5.70 1.17 9.00 6.67 74.10
0.60 6.33 1.30 10.80 8.23 76.19
0.70 6.92 1.42 12.60 9.83 77.99
0.80 7.44 1.52 14.40 11.31 78.53
0.90 7.97 1.63 16.20 1299 | 80.19
1.00 8.43 1.72 18.00 14.50 80.55
1.10 8.85 1.81 19.80 16.02 80.90
1.20 9.27 1.89 21.60 17.52 81.11
1.30 9.67 1.97 2340 19.06 | 81.41
1.40 10.06 2.06 25.20 20.72 82.24
1.50 10.43 213 27.00 22.22 82.28
1.60 10.82 2.21 28.80 23.91 83.03
1.70 11.12 2.27 30.60 25.24 82.49
1.80 11.45 2.34 32.40 26.79 | 82.69
1.90 11.78 240 34.20 28.27 | 8267
2.00 12.09 247 36.00 29.86 | 82.95

V. CONCLUSIONS

This paper has provided, on the one hand, a classification of
high efficiency switching power-gyrator structures and, on the
other, the validity of their use as cells for energy processing in
photovoltaic solar installations. In particular, having into
account the properties of these topologies presented in the
article, their inclusion in solar facilities allows increasing the
performance of the whole installation. The design, simulation
and implementation of a G-type power gyrator are carried out
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throughout the article, including a sliding control implemented
by means an analog controller.

In addition to the use of the aforementioned switching
power gyrator, a maximum power point tracking (MPPT) is
mandatory in the energy processing path in order to obtain the
maximum power from the photovoltaic solar panel. Therefore,
the practical implementation carried out includes a control
loop of the power gyrator in order to track the aforementioned
maximum power point of the photovoltaic solar panel. In the
presented design, this MPPT circuit has been implemented by
means of a PIC microcontroller, a Microchip’s PIC18F1220,
that achieves the tracking of the PV-panel MPP. In the case
carried out in this article, the MPPT algorithm implemented
has been the aforementioned perturb and observation (P&O).
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Abstract — The Intelligent Wind Power Unit is composed of a
large-sized front wind rotor, a small-sized rear wind rotor and a
peculiar generator with double rotational armatures without the
traditional stator. The superior operation of the tandem wind
rotors has been verified and the desirable profile of the rotors
has been presented in previous papers. In this paper, the blade
setting angle is adjusted, not only to get a maximum efficiency at
lower wind velocity but also to keep the output constant at the
rated operation in the laboratory experiments. The model unit
with the double rotational armature type doubly-fed induction
generator is also provided for the natural wind circumstance,
and the output performance is adjusted well with the exciting
voltage and the frequency of the secondary circuit in the
generator.

Keywords — Wind turbine, Tandem wind rotors, Generator.

. INTRODUCTION

Wind power is one of significantly promising resources for
sustainable/renewable energies that may play a very important
role in electric power generation at the 21st century. Wind
turbines have been developed/improved to increase the output,
and have been positively/effectively provided for the grid
system. The authors have also invented a superior wind power
unit, "Intelligent Wind Power Unit", as shown in Fig.1 [1][2].
The unit is composed of a large-sized front wind rotor, a
small-sized rear wind rotor and a peculiar generator with
double rotational armatures without the traditional stator. The
front and the rear wind rotors drive the inner and the outer
rotational armatures, respectively. Rotational speeds and
directions of both wind rotors/armatures are automatically
adjusted pretty well in response to wind circumstances.

The idea of tandem wind rotors has been proposed before
[3]-[9], but not only the profiles but also the operations of the
experiments on tandem wind rotors quite differ from those
surveyed above. That is, the rotational directions and speeds of
both wind rotors/armatures are automatically adjusted in
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response to the wind velocity. Both wind rotors start to rotate
at low wind velocity, namely the cut-in wind velocity, but the
rear wind rotor counter-rotates against the front wind rotor.
The rear wind rotor reaches the maximum rotational speed at
the rated wind velocity. With more increase of the wind
velocity, the rotational speed of the rear wind rotor decreases
gradually, stops and then begins to rotate at the same direction
of the front wind rotor, so as to coincide with the larger
rotational torque of the front wind rotor.

< Front wind rotor

Rear wind rotor

Wind

Outer armature

Inner armature

1l
=

Fig. 1 Profile of Intelligent Wind Power Unit

Such superior operations of the tandem wind rotors have
been verified experimentally and the desirable profiles of the
wind rotors have been proposed [10]-[12]. Continuously, in
this paper, the blade setting angle is adjusted, not only to get a
maximum efficiency at lower wind velocity but also to keep
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the output constant at the rated operation in the laboratory
experiments. The model unit equipped with the double
rotational armature type doubly-fed induction generator is also
provided for the natural wind circumstance.

1. ADJUSTMENT OF BLADE SETTING ANGLE
EXPERIMENTS IN A WIND TUNNEL

The model tandem wind rotors were set, perpendicularly to
the wind direction, at the outlet of the wind tunnel with nozzle
diameter of 800 mm. The front and the rear wind rotors
connected directly and respectively to the isolated motors
controlled by the inverter with the regenerative braking system,
in place of the peculiar generator. The diameter of the front
wind rotor is de = 500 mm with three blades, and the rear wind
rotor is dr = 420 mm with five blades. The axial distance
between the twist center of the front and the rear blade is I= 40
mm. The diameter ration and the number of blades have been
optimized at the laboratory researches [11] [13].

In the experiments, the rotational torques of the front and
the rear wind rotors were counter-balanced by the rotational
speed control in place of the double rotational armatures. The
output is evaluated without the mechanical losses of bearings
and pulley systems. The Reynolds number estimated with the
relative velocity component and the chord length at the blade
tip is Re = 5.8 x 10* - 1.8 x 10°, which may be less than Re for
prototypes but is in close to the turbulent flow because the
higher fluctuation V> with RMS(V*)/V = 3.6 % (V’max/V = 11 %,
V: the wind velocity) at the nozzle outlet promotes the
transition from the laminar to the turbulent flows on the blade
surfaces.

OPTIMIZATION OF FRONT BLADE PROFILE

Previous research has suggested that the front wind rotor, at
the smaller radius, had better not to absorb the wind energy but
better to give away enough wind energy to the rear wind rotor
[12]. That is, the front wind rotor never generates the swirling
velocity component at the smaller radius while the coming
flow is in axial direction.

Rotational direction

m2

Fig. 2 Flow conditionround the front wind rotor at the smaller radius

Figure 2 shows the velocity triangles around the front blade
at the smaller radius, where v, u, w and vy, are the absolute, the
rotational, the relative, and the axial velocity components
(subscripts 1 and 2 mean the inlet and the outlet). The resultant
force F must be in the axial direction and has no tangential
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component. Equation (1) gives the lift-drag ratio & and
Equation (2) gives the relative flow angle ¢, while Equation
(3) gives the angle y between the drag force Fp and F.

e=F /Fo=u/vm=ro/vm (1)
¢ =tan" (vm / ro) = tan"}(Fp / FL) 2
y= tan'l(FL/ FD) =tanle (3)

The blade must twist in the radial direction so as to satisfy ¢
+ y =90 degrees while F is in the axial direction, and to make
Fp , which decelerates the axial velocity, as small as possible.

Front Blade H shown in Fig. 3(a) was designed on the basis
of the above advanced technology at the tip speed ratio Ar =
(blade tip speed)/V = 4.5 and formed with NACA0015
symmetric airfoil [15] at the smaller radius (0.2 < R < 0.46, R:
the dimensionless radius divided by de/2). The blade at the
larger radius (0.54 < R) has MELOQ02 airfoil [14] with the
desirable angle of attack to get fruitful wind energy. Rear
Blade G shown in Fig. 3(b) was formed tentatively with
MELOOQ2 airfoil [14] and was twisted to have the desirable
angle of attack, taking account of the flow discharged from the
front wind rotor. The tandem wind rotors designed just above
(TWR HG) takes the maximum output coefficient of Cp =
P/(pAV3/2) = 0.35 at the relative tip speed ratio At = 6.3, where
P is the output and A is the swept area of the front wind rotor.

30|

40

180
30

[25 25 30

(a)Front Blade H (b)Rear Blade G

Fig. 3 Blade profiles for the tandem wind rotors

PERFORMANCE AGAINST WIND VELOCITY

It may be possible to adjust the blade setting angle of the
rear wind rotor, /&, because the rotor is connected to the outer
shaft as shown in Fig. 1, which can be easily equipped with a
pitch control mechanism of the blade. Figure 4 shows the
performance against the wind velocity, while fr is adjusted to
get a maximum efficiency under V = 10 m/s and get a constant
output Pt at the rated operation in keeping the blade setting
angle of the front wind rotor S = 5 degrees, where the angles
are measured between the blade chord and the rotational
directions at the blade tip. It is necessary to adjust the blade
setting angle fr for aerodynamically keeping the output
constant at the rated operation. The relative rotational speed Nt
= Ng - Nr decreases at the wind velocity V faster than 10 m/s,
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as the increase of V accompanies the increase of the rotational
torque.
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Fig. 4 Performance of the model unit in the wind tunnel

I11. OPERATION IN NATURAL WIND PREPARATION
OF THE MODEL UNIT

The upwind type unit shown in Fig. 5 was prepared for the
field tests. The front wind rotor has the diameter of d= = 2000
mm and is composed of three blades. The rear wind rotor has
the diameter of dr = 1640 mm and is composed of five blades.
The axial distance between both wind rotors is | = 160 mm.
These dimensions have also been optimized in previous papers
[11][13]. The blade profiles of the front and the rear wind
rotors are shown in Fig. 6, where these are designed on the
basis of the advanced technology described above. The
aerofoil sections of the blades are almost similar to those in
Fig. 3, but the front blade at the smaller radius is formed with
cambered aerofoil without load.
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Fig. 6 Blade profiles

The above tandem wind rotors counter-drive the inner and
the outer armatures in the doubly-fed induction generator
(3-phase, 8-poles, [16]). The generator is composed of the
primary circuit in the outer armature which induces the active
power Py, corresponding P+ in Fig. 3, and the secondary circuit
in the inner armature which consume the reactive power for
rotating the excited magnetic field. The rated output of the
generator is 1.2 kW with the induced frequency f; = 60 Hz and
the induced voltage E; = 200 V from the primary circuit while
the relative rotational speed between the double rotational
armatures is Nt = 900 min?. The induced frequency f; is
determined with the rotational speed Nt and the exciting
frequency f; at the secondary circuit. The exciting voltage E; at
the secondary circuit, however, must be adjusted carefully in
response to N, namely the wind velocity V, to keep E; and f;
constant in the turbulent flow.

The model unit prepared above was installed on the tower of
2.4 m height which is set at the top roof of the building of 8 m
height in the campus as shown in Fig. 5. The wind velocity
was measured by the supersonic anemometer which is in front
of the front wind rotor at the shaft centre and can detect the
three dimensional flow directions.

WIND CIRCUMSTANCES AT THE TEST SITE

The test site has tall trees at the northern side and buildings
at the southern side. These obstacles affect doubtlessly the
wind circumstances from the north and the south. The wind
rotor when facing the wind from the west side has
comparatively better circumstance but may be poor for the
power generation. Most of the time, the wind velocity is
slower than 11 m/s while 3 m/s gives the highest apparent
ratio with about 70 % appearance in 2~5 m/s, which may
represent the wind circumstances at an urban area in Japan.

PERFORMANCE CONTROL AT NATURAL WIND

Figure 7 shows a small example for the rotational speed of
the front and the rear wind rotors, Ng, Ng, the active output P,
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the induced voltage E;, and the induced electrical current I1
from the primary circuit against the wind velocity V, while the
bulb load Py = 600 W, namely the electrical resistance as the
power consumption, and the exciting voltage E; = 60 V, the
exciting frequency f, = 50 Hz at the secondary circuit. The
experimental date accumulated during the test was averaged
each one minute and the white circles in the figure represent
the performances averaged each 0.5 m/s band [17]. The output
P, and the rotational speeds N, Ng are widely distributed even
at the same wind velocity, because the small-sized wind rotors
are sensitive to the turbulent/velocity fluctuation and/or wind
direction in the natural wind. The front and the rear wind rotor
start counter- rotating at slow wind speed and these speeds
increase with the increase of the wind velocity. The induced
voltage E; is in proportion to the relative rotational speed Nt
= Ne - Ng, and P; = square-root(3)E1l;, where 11 is the induced
electrical current.
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Fig. 7 Example of the performance at the natural wind

Figure 8 shows just a small sample for how to adjust the
exciting voltage E», the exciting frequency f, and the blade
setting angle of the rear wind rotor f&, to keep the active
output P; constant at the rated operation, while the induced
voltage E; = 50 V and the induced frequency f; = 60 Hz. The
output and the power quality can be guaranteed well with the
reasonable adjustments of E, and f, at the secondary circuit
and Sr. The wind power station can provide the net output Py
for the grid system, where Py = P; - square-root (3)Ezl, where
I, is the electric current in the secondary circuit.

The rotational direction of the rear wind rotor does not
change from the counter-rotation, at the comparatively slower
wind velocity in Figs. 7 and 8.
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Fig. 8 Guarantee of the output and the power quality

IV. CoNnCcLUDIG REMARKS

The blade setting angle of the rear wind rotor was adjusted,
not only to get a maximum efficiency at lower wind velocity
but also to keep the output constant at the rated operation in the
laboratory experiments. The model unit with the double
rotational armature type doubly-fed induction generator was
also exposed in the natural wind circumstance. The output and
the power quality from the primary circuit can be guaranteed
well with the adjustment of the exciting voltage and frequency
at the secondary circuit and the blade setting angle of the rear
wind rotor.
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Abstract - The steam generator (SG) serves as the primary
means of removing the heat generated within the reactor core
and is part of the reactor coolant system (RCS) pressure
boundary in nuclear power plant (NPP). SGs are heat
exchangers used to convert water into steam by the heat
produced in the nuclear reactor core and deliver the steam to
drive turbines to generate electricity. The main components of
SGs are Equipment Safety Class 1 or Class 2, Seismic Design
Category | and ASME B&PVC 111 NB components, whose
structure integrity affects the safety of NPP directly. The stress
analysis of SGs is performed under various loads by finite
element models, such as seismic analysis, fatigue analysis,
fracture analysis, flow-induced vibration (FIV) analysis, wear
analysis, and so on. The results demonstrate that the stress
combination and evaluation under each service level meet the
requirement of the ASME B&PVC IlII.

In addition, the main factors affecting structure integrity
and safe operation of SGs are summarized and proposed with
the weak parts of SGs. For example, the environmental
temperature of various conditions affects the fracture analysis
results significantly. The seismic analysis results are sensitive to
the stiffness of SGs’ supports and the structure setting of anti-
vibration bars (AVBs). Moreover, more than ten thousands of
tubes, which are the key and weak components and are located
between the primary and secondary coolant loops of NPP, are
susceptible to flow induced vibration, wear, corrosion and
seismic damage. These comments are expected to be significant
for future analysis and design.

Keywords — nuclear power plant, steam generator, stress
analysis, safety
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|. INTRODUCTION

Nuclear power plant (NPP) is the thermal power station in
which the heat source is a nuclear reactor. As is typical in all
conventional thermal power stations, the heat is used to
generate steam which drives a steam turbine connected to a
generator which produces electricity. Nuclear power is an
important source of energy. As of 16 February 2014, the
IAEA report there are 438 nuclear power reactors in
operation operating in 31 countries [1]. Specially, about 75%
country's electricity production is from nuclear power in
France which is the highest nuclear power percentage
country in the world. And about 50% new NPPs are being
built in China now.

On the other hand, operating nuclear reactors contain
large amounts of radioactive fission products which, if
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dispersed, may pose a direct radiation hazard, contaminate
soil and vegetation, and be ingested by humans and animals.
Human exposure at high enough levels can cause both short-
term illness and death and longer-term death by cancer and
other diseases. Some famous accidents at nuclear power
plants were the 2011 Fukushima nuclear disaster in Japan,
1986 Chernobyl disaster in Ukraine, and the 1979 Three
Mile Island accident in the United States. Safety is one of
the most important issues for Nuclear Power Plant,
especially in post-Fukushima ages. The radioelement should
be always kept in the Reactor Coolant System (RCS) safely.

Steam generators are heat exchangers used to convert
water into steam by the heat produced in the nuclear reactor
core. They are used in pressurized water reactors (PWR)
between the primary and secondary coolant loops. The water
flowing through the primary side of steam generator boils
water in the shell side to produce steam in the secondary
loop that is delivered to the turbines to make electricity. And
steam generator is one of longest period production and
heaviest equipments in NPP. The main components of SGs
are Equipment Safety Class 1 or Class 2, Seismic Design
Category | and ASME B&PVC Il [2] NB components.
Structure integrity of steam generator must be ensured to
ensure the safety of NPP.

In this paper, stress analysis for steam generator of an
abuilding nuclear power plant is performed to ensure the 60
years lifetime of the component with the FEM model. For
example, seismic analysis, fatigue analysis, fracture analysis,
flow-induced vibration (FIV) analysis and wear analysis are
performed. And the analysis results of SG demonstrate that
the stress combination and evaluation under each service
level meet the requirement of the ASME B&PVC Il . In
addition, the main factors affecting structure integrity and
safe operation of SGs are summarized and proposed with the
weak parts of SGs. For example, the environmental
temperature of various conditions affects the fracture
analysis results significantly. The seismic analysis results are
sensitive to the stiffness of SGs’ supports and the structure
setting of anti-vibration bars (AVBs). Moreover, more than
ten thousands of tubes, which are the key and weak
components and are located between the primary and
secondary coolant loops of NPP, are susceptible to flow
induced vibration, wear, corrosion and seismic damage.
These comments are expected to be significant for future
analysis and design.

1. GEOMETRY AND MATERIAL OF STEAM
GENERATOR

The Steam Generator, shown in Fig.1, is a vertical shell
and U-tube evaporator with integral moisture separa