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In March 2016, the Latvian government approved a new support pro-
gram for increasing energy efficiency in residential apartment buildings. For
the support of renovation of apartment buildings in the period from 2016 to
2023, 166 470 588 EUR will be available.

Different persons, such as energy auditors, designers, architects, project
managers and builders, will be involved in the process of planning, develop-
ment and implementation of building renovation. At the development stage of
the building renovation project, special attention should be devoted to the first
stage — energy audit and technical project development. The problem arises
due to the fact that each of these individuals, during the development of tech-
nical building documentation, does not work as a completely unified system.

The implementation of construction project planning and organisatio-
nal management system is one of the most important factors to guarantee that
the quality of building renovation project is ensured in accordance with the
laws and regulatory standards.

The paper studies mutual cooperation, professionalism and the role of
information feedback of personnel involved in the planning stage of build-
ing renovation, which is an essential prerequisite for the renovation process
in order to achieve high quality of work and reduce the energy performance
indicator.

The present research includes the analysis of different technical solu-
tions and their impact on energy efficiency. Mutual harmonisation of technical
specifications is also investigated.

Keywords: building, energy efficiency, renovation, residential buil-
dings, technical project



1. INTRODUCTION

Each building has its own life cycle and it is important to extend it as long as
possible. To extend the life cycle of buildings and ensure comfort of each tenant, it is
necessary to provide the administered and managed property with high-quality ma-
nagement and maintenance services, properly organise the technical maintenance of
the building, i.e., to perform daily maintenance of building elements and engineering
structures as well as carry out timely renovation or rebuilding. Taking into account all
the technical processes of management, the appropriate maintenance of buildings is
ensured throughout their life cycle, i.e., comfort, improved safety and an opportunity
to use the property according to one’s own preferences and possibilities.

The administration of a residential apartment building is defined as a set of
activities required for the maintenance of the residential building in order to ensure
the proper operation of the building, as well as the maintenance of the land that is
functionally necessary for ensuring the use of this property in accordance with the
determined goal [2].

Management and maintenance of buildings are an organised and effective sys-
tem of maintenance operations, which is set up to deal with problems related to the
upkeep of a building [12]. By ensuring environmentally friendly maintenance and
renovation of buildings, sustainable property development is implemented [14].

The renovation of residential buildings usually involves a variety of measures
aiming at reducing energy and building maintenance bills, increasing safety and mar-
ket value, and improving comfort and aesthetics [8].

Technical maintenance of buildings is a set of organisational and technical in-
terrelated measures that protect the building, its elements and engineering systems
from premature wear and tear, as well as ensure their use for their intended purpose
throughout the entire service life.

To ensure high-quality preparation of documentation that would be a prerequi-
site for high-quality construction, it is required to establish close cooperation among
all the parties involved. The problem arises due to the fact that each party involved
does not work as a whole system when formulating recommendations and proposals
to building inspection documentation.

The present article aims at exploring opportunities for cooperation among the
parties involved in the renovation process in order to ensure high-quality implementa-
tion of residential building reconstruction. To achieve the aim, the following tasks are
set: 1) to review the scientific literature on building design and renovation; 2) to identi-
fy the main requirements for implementation of building renovation projects using the
EU Structural Funds; 3) to explore the role of mutual co-operation, professionalism
of the parties involved as well as information feedback at the design stage of building
renovation process; 4) to develop recommendations for the desired cooperation.

2. CONDITIONS FOR SUPPORT OF RESIDENTIAL BUILDING
RENOVATION IN LATVIA

Since 2016, the active programme for renovation of residential buildings co-
financed from EU Structural Funds has been launched in Latvia. Priority is given to
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energy efficiency measures. The total available funding for these projects is 166.4
min EUR. Based on the funding available, it is forecast that more than 1000 residen-
tial buildings could be renovated.

During the preparation and submission process of the energy efficiency pro-
ject, it is necessary to take important decisions by the apartment owners’ commu-
nity and coordinate the technical documentation of the project and supplier selection
with ALTUM, attract funding and agree with ALTUM on the type of aid and its
amount. According to ALTUM data, as of 1 February 2017 only about 40 residential
buildings received ALTUM positive opinion (approved projects) on the developed
technical documentation. In turn, only 110 projects were submitted during the period
from 1 August 2016 to 31 December 2016.

The main finding in this area is recognition that modernisation (renovation) of
dwellings — houses — deals with juridical, social, ecological, technical — technologi-
cal and economical aspects [9].

The main goal of energy efficiency measures — reduced energy consumption;
energy efficiency is part of renovation processes, and one of the essential parts in this
process is planning and design phases [11].

In the decision-making process, the main driving force is apartment owners.
However, the administrator, who is considered to be a specialist in his field, is ex-
pected to submit professional proposals that are based on the opinions of the industry
professionals and technical documentation.

Aside from technological advancements and efficiency improvements, the
consumer is considered the single most important concept for understanding, ma-
naging and achieving necessary reductions and shifts in energy demand [13].

The renovation process of residential buildings is based on the three pillars:
professionalism, educated owners of apartments and mutual trust. Only then it is
possible to achieve good results and significantly increase the comfort of life and
extend the life cycle of buildings, as well as successfully implement renovation re-
lated projects.

There is a large potential for energy savings that can be realised through en-
ergy efficiency improvement. As refurbishment offers an opportunity to take cost-
effective measures and transforms them to resource efficient and environmentally
sound ones, it costs much less than demolition and reconstruction [10].

Throughout this entire process, one of the most important stages is the prepa-
ration of technical documentation, i.e.:

1. Building energy certificate developed by the independent expert (energy
auditor) in the field of energy performance of buildings.
2. The technical inspection report drawn up by the building specialists.
3. Development of building control estimate. Preparation of preliminary
construction cost estimates based on construction volume.
4. Building design prepared by building specialists or proof of building fa-
cade, work organisation project, including protection against lightning.
Thus, it can be concluded that the development of technical documentation is
one of the essential stages that further will be the basis for a successful renovation
project of residential buildings.



3. DISCUSSION AND RESULTS

In Latvia, the construction of buildings is regulated by the Construction Law,
the Law on the Energy Performance of Buildings as well as other regulatory docu-
ments (regulations of the Cabinet of Ministers, standards, etc.). When developing
the technical documentation of building renovation, the procedures and conditions
stipulated in laws and regulations are taken into account. The problem arises when
each of the parties involved acts independently of each other, without mutual coope-
ration. On the one hand, each party complies with the regulatory requirements; on
the other hand, these requirements are not always clearly defined by the legislation
or processes lack mutual cooperation; as a result, technical projects do not meet the
common requirements, which are necessary for the project to be accepted by the
responsible body and co-financing allocated from the EU funds.

For example, developing the building design, one of the components of the
technical documentation is building energy performance assessment if it is stipulated
by the Law on the Energy Performance of Buildings. In turn, in compliance with
these rules, if the works are implemented according to the simplified renovation
procedure, the energy performance assessment is not obligatory [7]. By contrast,
Article 7 of the Law on the Energy Performance of Buildings states that the energy
certification of buildings shall be carried out for the designed, reconstructed or reno-
vated building in order to be accepted into service or to be sold [Law on the Energy
Performance of Buildings]. On the basis of the given laws and regulations, it can be
concluded that there is no mutual compatibility between these two legal instruments.
On the one hand, an assessment may not be prepared; on the other hand, the energy
performance assessment shall be submitted in order to complete the construction
works.

At present, the Latvian legislation does not have a unified definition of a buil-
ding design. According to Article 1 of the Construction Law, a building design is
an aggregate of graphic and text documents necessary for the implementation of a
construction conception [4]. The definition of the term does not include “simplified
renovation”. However, the General Construction Regulations provide a set of pro-
cesses that are related to simplified renovation. According to the General Construc-
tion Regulations, simplified renovation is the renovation of the structure or a part
thereof without affecting the loadbearing building structures, the facade of the buil-
ding and common engineering and communication systems, performing functional
or technical improvements [6].

The four main parties are involved in the building renovation process: the
energy auditor, construction specialist, who carries out technical inspection of the
building, designer and builder.

The energy auditor, preparing the calculation of energy performance of the
building, gives his vision of the expected heat savings. The designer does not neces-
sarily take into account the desired or projected heat savings if the energy auditor’s
report is unavailable. Therefore, a building design may not take into account the
relevant thermal indicators and one of the indicators is the heat transfer coefficient
U, which is the key parameter used to determine thermal insulation of the building.



It often does not also take into account the specific thermal conductivity or lambda
value (1), which indicates the amount of heat that is conducted in unchanging condi-
tions through the material per unit area in thickness of a unit per unit of time when
there is the difference in temperature between the opposite surfaces. The specific
thermal conductivity of the material is determined using EN standards. Both of these
indicators, one of which (lambda) is applied to the materials, and the other U value —
to the whole structure, are one of the most important energy efficiency indicators.

According to the building standards, another important survey is technical
inspection of a building. Performing technical inspection of a building, experts iden-
tify and assess the technical condition of a building, its parts, as well as built-in
construction products and engineering systems. Based on the technical inspection,
the measures for the improvement of building condition are designed in accordance
with the real situation, rather than general assumptions.

Prior to the commencement of construction, at the final stage, the building
design or building facade certification card is prepared.

The most important measures to consider are as follows:

1. to describe how air permeability will be ensured in the building in accor-

dance with the requirements of the building standards;

2. to describe the insulating material insertion technology, as well as quality
and control criteria;

3. to calculate water vapour permeability of building elements for the outer
structure (in accordance with requirements of the building standards);

4. to develop the detailed assembly of the following locations according to
the requirements of the building standards (U-value, thermal bridges, air
permeability): window connection to: window sills, side edge, upper edge;
base assembly; parapet assembly; exterior wall; roof; 1st-storey floor.

In specifying the construction elements to be utilised in the building, the
building design shall evaluate the thermal lag thereof, as well as select the most ap-
propriate combination of the massive and thermal insulating layers [5].

There are a number of approaches used in the building designs by construction
specialists. For example, incorporating insulation materials in the design, the follow-
ing approaches are followed:

*  ETAG 004 — Guideline for European Technical Approval of External
Thermal Insulation Composite Systems with Rendering. ETAG 004 regu-
lations serve as a basis.

»  The personal experience, taking into account the forecasted U-value.

*  The parameters envisaged in the building design by the energy auditor.

* The Construction Standard “Thermotechnics of Building Envelopes”,
which regulates the normative values and determines the heat transfer co-
efficient.

* The regulations of the Construction Standard and the calculation of
energy performance, as well as it is practically evaluated what could be
technically accomplished in the building in real life.

ETAG 004 system is commonly used in Latvia. This set of technical require-
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ments ensures the compatibility of insulation system products and high quality of the
final result (long service life, high acoustic and thermal characteristics, etc.). ETAG
004 envisages that the service life of the insulation system should be no less than 25
years.

At present, there is increasing interest in ventilated facades, which will be
regulated by ETAG 034-1 “Ventilated Cladding Kits Comprising Cladding Compo-
nents and Associated Fixings”. However, since in Latvia these rules are not obliga-
tory, they are being introduced on a voluntary basis. Consequently, there is little
experience in the application of the system in Latvia. In order to introduce ETAG
requirements, it is necessary to involve many specialists; and it is also necessary to
envisage the compatibility of many materials, including screws, fasteners, etc. As a
result, at present none of the companies have entered into the certification process
of these provisions, the implementation of which will place the responsibility for its
compliance with ETAG requirements.

Each of these approaches has its advantages and drawbacks. At present, due to
different laws and regulations, often the parties adhere to the regulations relating to
their operation. As can be seen in Fig. 1, the designer follows the Construction Law,
while the energy auditor — the Law on the Energy Performance of Buildings. In order
to achieve the desired result, during the development process of technical docu-
mentation the designer should cooperate with the energy auditor. This would ensure
that the parties involved take into account the provisions of the Construction Stan-
dard, the energy auditor’s calculations of thermal insulation material requirements,
the designer’s calculations, which are based on both the Construction Standard and
practical experience, as well as aligned with the customer’s wishes and possibilities.

[

Construction | Law on the
Law Energy

Performance

of Buildings

=

Designer nergy auditor

Fig. 1. Mutual cooperation and feedback between a designer and energy auditor [made by the au-
thors].

If the designer and energy auditor do not develop mutual cooperation, prob-
lems may arise in the construction process. The constructor performs his work ac-
cording to the building design, rather than the energy performance certificate. Thus,
if the building design does not include, for example, lambda, the constructor ensures
the necessary amount, insulation thickness according to the design, but the require-
ments of Latvian Construction Standard LBN 002-15 “Thermotechnics of Building
Envelopes” are not met.

Within the technical documentation and renovation projects, high qualifica-
tion of employees is one of the most important factors in order to make investment
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in the improvement of energy efficiency and the use of renewable energy resources
economically justified and achieve a decrease in energy and resource consumption
and costs [1].

Assessing the residential building renovation projects, ALTUM has identified
the following shortcomings:

1. Opinion on building technical inspection:

a.

the building technical inspection does not provide all the necessary infor-
mation according to construction standards;

there are no recommendations: for crack prevention or elimination, for in-
stallation of vertical and horizontal waterproofing, for building rainwater
system restoration or installation;

there are no solutions proposed for prevention of the pre-emergency
separate parts of the building are not examined at all, for example, the in-
ternal engineering systems and equipment, for which the building design
documentation, lightning protection system are prepared;

by condition of the main framework; exploring photos and reading the
accompanying description, the mismatch or incomplete description of the
situation is identified;

the natural air supply system is not examined; therefore, there are no pro-
posals for its renovation or modernisation;

information differs from that in the energy audit concerning part of the
building and its structure thickness;

the structure is assumed to be deteriorated without any justification, situ-
ation description and explanation;

the specialist who carries out the examination process does not have either
a valid certificate or the right to carry out this type of work.

2. Assessment of building energy performance:

a.

b.

building energy certificate is not registered in the Construction Informa-
tion System;

there is no calculation submitted, in which the rate of heat loss of building
envelope is compared with the standard rate of heat loss, no calculation of
projected savings submitted, which shows the air exchange in the building
(which cannot be less than the air exchange before carrying out energy
efficiency measures), as well as substantiates the way according to which
savings are obtained, taking into account the expected air exchange after
carrying out energy efficiency measures, the incoming and outgoing air t°
and other parameters;

errors in heat balance calculations for heating after carrying out energy ef-
ficiency measures, inaccurate calculations of energy efficiency measures.

3. Building design or simplified renovation card:

a.

the proposals specified in the technical inspection or energy performance
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assessment are not taken into account, for example, wall joint crack seal-
ing, reinforcement of masonry pilasters, installation solution of loggia
glazing;

b. the proposals of building design do not comply with the findings of tech-
nical inspection, for example, the building design gives the description
and drawing of the construction part for restoration, but the technical in-
spection does not even mention that it is necessary to develop an appropri-
ate solution;

c. the building inspection is not carried out at the same time with the deve-
lopment of building design; the difference can take even 2 years;

d. to solve the existing problems, it is not enough just to involve in the pro-
ject professional building specialists, energy auditors and designers. An
important role is played by mutual cooperation, feedback creation. It can
be stated that it is necessary to create the information reception and trans-
mission model, within which all parties participate in the building renova-
tion process at all its stages of development, and the wishes of the custo-
mers and their facilities are taken into account as well as the design work
in accordance with the findings of the inspection.

The possible cooperation model is illustrated in Fig. 2.

Authorised person

Apartment

i Buildin, esigner
S auU U g

Fig. 2. Cooperation model for information sharing [made by the authors].

The model demonstrated in Fig. 2 would ensure full exchange of information.
As a result, the designer would be aware of the reasons — why some of the measures
are included in the energy performance report or technical inspection, as well as
the solutions would be proposed. If there is no cooperation, often the building de-
sign does not include specific things that the apartment owners would be willing to
include, but as they are not professionals in the field of project development, they
would not notice their absence. The customers (owners or their authorised persons)
are not professionals; therefore, they cannot always assess the standards, insulation
thickness, U values, volumes incorporated in the projects.

As a result, the project sponsor does not approve the building design because
it should be improved and, thus, time is wasted and the launch of the reconstruction
works can be postponed. Each of the parties involved in the design development
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system has its advantages and disadvantages.

The Positive and Negative Features of the Parties Involved in the Project De-
velopment Stage are follows:

Apartment owner. Positive Features: the decision has been made to restore
the building; there is desire to restore the property; there is desire to listen to pro-
fessionals and authorise the specialist to act on his behalf. Negative Features. the
decision has been made to restore the building; there is desire to restore the property;
there is desire to listen to professionals and authorise the specialist to act on his be-
half.

Authorised person of apartment owners. Positive Features: there is under-
standing of project management; takes part in seminars organised by financial insti-
tutions on fundraising requirements: technical documentation, project application,
legal questions; a vote of confidence received from the apartment owners the man-
date to organise the project development and management. Negative Features: no
technical knowledge and no professional experience.

Energy auditor. Positive Features: there is professional knowledge of energy
efficiency issues and the certificate to work in his own industry. Negative Features:
works only within his own competence; participates also in other projects; without
extra remuneration is not motivated to participate in discussions with the customer
and without specially organised initiatives does not cooperate with a building spe-
cialist and designer.

Building specialist. Positive Features: there is professional knowledge of
technical inspection of structures and the certificate to work in his own industry.
Negative Features. there is the certificate to work in his own industry; participates
also in other projects; without extra remuneration is not motivated to participate in
discussions with the customer and without specially organised initiatives does not
cooperate with an energy auditor and designer.

Designer. Positive Features: there is professional knowledge of construction
design and the certificate to work in his own industry. Negative Features: there is the
certificate to work in his own industry: participates also in other projects; without
extra remuneration is not motivated to participate in discussions with the customer
and without specially organised initiatives does not cooperate with an energy auditor
and building specialist.

Having examined the positive and negative features indicated in Table 2, it
can be stated that the most important factor is a lack of information and cooperation.
In real practice, developing the projects:

1. There are no meetings held on the drawing up of documents.

2. The specialist works as an individual rather than a single system.

3. When the project is submitted to the financial institution and the opinion
on the need of adjustment is received — there are problems with commu-
nication because specialists have already been involved in other projects.

4. At the beginning of procurement, an authorised person or an apartment
owner remains alone as other specialists no longer participate at this stage.

Taking into account the above-mentioned problems, it can be stated that there
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is a need for a person who performs duties related to the organisation of coopera-
tion. Such a person can be either a company that fully ensures the development and
implementation stages of the project, or the project manager chosen by owners or
their authorised persons.

To ensure the high-quality development of the project technical documen-
tation, a project manager informs the parties involved about project progress, the
cooperation structure, participates in training activities organised by financial insti-
tutions, uses specialised computer programs and electronic communication means to
provide information, ensure feedback and documentation process, performs verifica-
tion of submitted documents, completes the project application form, as well as other
documents and draws up different types of administrative documents.

4. CONCLUSIONS

1. The authority, which receives the project proposals and gives the final
opinion on the funding allocated, should provide technical advice to re-
duce the risks at the preparation and implementation stages of the energy
efficiency improvement project.

2. During the building technical inspection, the customer and the designer
receive information on the bearing capacity of the structure, the main ther-
mal bridges and parts of the structure through which the greatest heat
losses occur, as well as receive the recommendations on other essential
works, which would extend the lifetime of the building and improve en-
ergy efficiency.

3. Due to poor cooperation, the technical documentation provides informa-
tion on the building and its structure thickness that differs from that in the
technical inspection and energy audit report. Consequently, the building
design includes the measures which do not comply with the findings in-
dicated in the inspection; or, on the contrary, the building design does not
include measures prescribed by the building specialist or energy auditor.

4. High quality building inspection improves the development of technical
solutions in the building design and reduces the chances that during the
project there will be unexpected expenses (non-eligible costs).

5. To ensure the development of technical documentation according to cus-
tomer preferences and in compliance with regulatory framework, it is nec-
essary to choose an authorised person, who ensures project management
and monitors the implementation of all project development stages. The
key to successful project management is a specialist — project manager
who has the technical knowledge, the ability to make economically justi-
fied calculations, as well as experience in building renovation manage-
ment.
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Kopsavilkums

Eku atjauno$anas procesa planosana, attistiba un Tsteno$ana ir iesaistitas dazada
tipa personas, energoauditori, projektetaji, arhitekti, projektu vaditaji un biivnieki.
Piedaloties eku atjaunosanas projekta attistibas posma, liela veériba javelti tas pirma-
jai stadijai, — energoauditam un tehniska projekta izstradei. Probléma rodas apstakli,
ka katra no STm personam, izstradajot €ku tehniskas risinasanas dokumentaciju, ne-
darbojas ka vienota vesela sist€éma.

Biivniecibas projektu planosanas, Tstenosanas un parvaldibas organizatoriskas
sistémas ievieSana ir viens no bitiskiem faktoriem, lai €ku atjaunoSanas projektu
kvalitate tiktu nodroSinata atbilstosi tiesibu aktu un standartu regul&jumam.
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kas ir butisks priek$noteikums, lai atjaunosanas procesa gaita tiktu sasniegta augsta
darbu kvalitate un planotais samazinatais energoefektivitates raditajs. Izmantojot
kvalitativas metodes, tiek veikta problémas analize, kas raksturiga dzivojamo &ku
atjaunoSanas projektu izstrades laika, ka arT tieck mekl&ts risinajums $o tehnisko pro-
jektu kvalitattvai attistibai.
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In the paper, optimization of scalar control system of two-motor elec-
trical ac drive with individual regulators of speed is investigated. Structural
scheme of the drive is constructed via electromagnetic process agreement
taking into account elasticitic shaft. The expressions for the optimal para-
meters of digital regulators for stator currents of the motors and speed of the
drive are given. Modelling results obtained on the computer are given. The
considered system of ac drive provides optimal dynamic character as well as
automatic distribution of loading between the motors.

Key words: digital control, optimisation of dynamics, proportional dis-
tribution of loading two-motor ac electrical drive.

I.INTRODUCTION

Recently, due to the well-known advantages of an ac motor in comparison
with a dc motor in the practice of drives, it is topical to use a frequency-controlled
asynchronous electric drive. However, on large precision-controlled technological
machines, including paper-making machines, thyristor dc electric drives are still
mainly used devices, as they are simpler and more reliable [1], [2]. Frequency, i.e.
vector controlled ac drives on these machines (as on other powerful machines) are
seldom used since they are a too complex and more unreliable control system [3],
[4]. Presses of mechanisms of the paper-making machines have large inertial masses
and action with a constant static moment (M g, = const); therefore, it is possible
for them to use a frequency controllable electric drive with a simplified two-circuit
(from the speed and the current) scalar control system. This is acceptable due to
U/ f =const, i.e. when, the induction motor works with a constant magnetic flux
(® = const) and a constant torque (M = const).

Moreover, it is known that modern presses of paper machines on each work-
ing shaft have individual electric motors. Therefore, for these mechanisms we will
investigate in the paper the following simplified control system given in Fig. 1.
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Fig. 1. Functional scheme of a two-motor frequency control drive.

In Fig. 1 the following notations are used: U, is input signal; SR1, SR2, CR1
and CR2 are digital regulators of speed and stator currents of the motors; FC1 and
FC2 are converters of frequency; AM1 and AM2 are three-phase asynchronous elec-
tric motors; ZOH is zero order holds; ADC denote analog-to-digital converter of sig-
nals; SS1 and SS2 are sensors of speeds of electric motors; CT1 and CT2 are sensors
of stator currents of the motors; 7}, denotes sampling time of signals.

2. EQUATIONS OF DYNAMICS OF THE DRIVE

To study the dynamic properties of the introduced system of electric drive and
to build its structural scheme, we consider equations of movement of the motors in
the well-established form of relative increments of variables:

. Av, d(Av,)
K, AN ——Au,, =T —=,i=1;2 1
AM i f 53'1' :uEz i dt ( )
* AM Aw,
where: Af* = —f,A,u = EL Av, = — are relative increments of variables
B ST.iB Wp

of frequency of the input voltages of the motors, of elastic moments of the shafts
and of angle speed of the motors; K ,,,, =(1+6,,)/0,, are coefficients of the
transducers of the motors; 6, = Aw, , / @ are relative speed drops of the motors;

_ ' 2, _ . _ .
Aa)Bj _MSFBJ' 1, / Coanti> Camti _UNOM/ o Cami _UNOM/ vowr T, =J Op /M ST.Bi
are mechanical time constants of the motors.

. AU
U/ f = const, we have Af " = Av, where AU = —— are relative increments
B
of stator voltages. Then equation (1) for the first motor can be written as follows:
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Av, d(Av))
K - Av — _A:uEl =T =,
Oy, dt

2

Similarly to equation (2), it is possible to write its movement for the second
motor:

Av d(Av, )
K i 'AU_5_2 Ay, =T)——— J 3)
B2

The equation of movement of the press mechanism of the paper-making ma-
chine will have the following form:

dAv,,

2
ZKLiA:uEi —Apgr =Ty - , “4)
i=1 dt
M
where K, = LK 12 = ST2 are coefficients of the loadings of the motors;
ST ST

T, =J, 0, /Mg is mechanical time constant of the mechanism.

If we take into consideration electromagnetic transient processes in the power
electrical parts of the system (FC1-AM1 and FC2-AM2) with equivalent electro-
magnetic time constants 7, = (@, - s k ) ',i=1;2, also with time constants of the
control systems FC1 and FC2 Ty, -1 = 1;2), then the system of differential equa-
tions of the whole power electromechanical part of the drive in relative increments
of variables will have the following form:

d(Avy) 1 d(Av,) Av,
Au; — Ap L=—. A=K,y Av,——L
i — B i T i =B gy Sy
2
1 d(Av,,)
K A = Aldgr =——- ;
2 o
1 T,
Mgy =7 [, ~8V, M+ BV, =BV, ) )

1

Ay,
Ty ddul tAL =Ky AU
; :

Av.
Trc. dd;)' +AU; = Ky - AUgg 1 =132

where Au,',Av,, ,Av, are relative increments of the moment torque, angular
speed of mechanism and output voltage of current regulator (CR); 7, and T, are
time constants characterlsmg elasticity and viscosity of mechanical transmlssmn
3], K., = K Q. , i =1;2 are transmission coefficients of frequency converters
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by representation in the form of relative increments; K ;TC.i =AE, ., /AU, are
coefficients of transmission of frequency converters; 0-=U, 5/ Bz is matching coef-
ficient by the representation of equations in the form of relative increments.

Using operational form for the systems of differential equations (5) we can
build a detailed structural scheme of the drive (see Fig. 2).

§s1
1
Ty s+1 I- AL . —i
SR1 CR1 EClL ! L |
3 - " K, - Ap AV,
8. =4l Jzhl ) Ko 4] Tl L 1 |
e et 1P oy [ T Tps+ilagt | &2 TS i
LT =
SCl W gy
K Tyt &
T+l Tos X

Au,
—

AV,
SC2
Kz B

];Js-l-l

SR2 CR2 EC2 _______|
z-a, = z-h K._. A15
4;;’_’312 -1 52i ;-2+ IF::;-E] |
552 |
1 R
Ty 5+1

Fig.2. Structural scheme of the two-motor asynchronous electric drive.

InFig. 2 the following notations are used: dynamic gains B,,, B,,, B, Brand
constants (a, ,a, and b, ,b,) of the controllers, which depend on 7,, T, 7,,7,, and
Ty; T, and Ty, are time constants of filters after sensors of the speed and currents;
K, =K, -a,are coefficients of transition of current sensors; K;, =Ugc , 5/ Lyps 45>
aq = IAM.,q.B /UO.B’ =12

In this scheme transfer functions of digital controllers (PI-type) are written via
z-operators, where z =1+ 1} - s and s = d / dt denote Laplace operator.

3. OPTIMISATION AND MODELLING OF THE SYSTEM

To study characteristics of the system under consideration, the computer mod-
el was examined in the Matlab source (see Fig. 3). The following numerical values of
the scheme are used: T = 0.1, sec.; T, = 0.002, sec.; K ;) =10; Ty, =0.01, sec;
Ty, =0.07, sec. ; T, = 0.02, sec.; K o, =10; Ty, =0.01, sec. ; Ty, =10, sec.
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Fig.3. Computer scheme of two-motor frequency electric drive.

In the process of computer simulations of the drive system (Fig. 3) it has been
established that in the current circuits (Az; = Ay, ,i = 1;2) influence of internal feed-
backs of the motors through coefficients 1/0.087 and 1/0.085 from the speed (Av,
and Av,) is negligible.

Consequently, tuning of regulators (CR1 and CR2) can be done due to condi-
tions of “module optima” [2], [3]. In this case, parameters of CR1 were obtained
according to the formulas:

T

;T =1, 6)
z'kil'kFCl'kAMl'Ez 2

B=

where Ty, =T, +T,, =0.012, sec.; B, =0.24; 7, =0.1, sec. In the digital
performance of regulator CR1 we should present its transfer function in the z-trans-
formed form (z=1+7T - s, [5], [6]), i.e., as follows:

z—b, z— 09

Weri (2) = =024 72
er1(2) = By -1 -1 @)

19



Similarly to CR1, we can find parameters of CR2:

B,, =024;b6, =0.9. (8)

Tuning of speed regulators (SR1 and SR2) can be done according to “Sym-
metric Optima”, we have:

kil (Tl +T2)
B = 5
35T,

where Ty, =T, + Ty, =0.02+0.012 = 0.032 sec. As a result of calculations, we

obtain: B;;, =10; 7, =0.3sec. In the digital performance of regulator SRI, its
transfer function will have the following form:

7, =10 T, (€))

aq

z— z—0.967
Weri(2) = By - =10- .
z—1 z—1

(10)
Similarly, we obtain parameters of SR2: B, =9.5; a, =0.965.
Investigations of dynamics on the computer showed that without the introduc-

tion of flexible feedbacks on the speed of the motors to the inputs SR1 and SR2, the

transient processes were unacceptably strongly oscillating (corresponding curves are
not given).

a) b) <)
Fig.4. Curves of transient processes with correction under control action (a), at the load (b), with a
step change voltage in the circuit (c).

After introducing SR1 and SR2 to the inputs of flexible feedback with the
transfer function
0.035-s 7-(z-1)

W (s) = — =2 = W (2) =

(11)
0.005-s+1 z+1
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dynamic characteristics were significantly improved as for input step type signal
A v, (Fig. 4a), as well as for loading step type signal A t ¢, (Fig. 4b), also for step-
wise voltage changing A U ¢ (Fig. 4¢). Moreover, this system provides exact distribu-
tion of loading between the motors, since in the non-zero loading mode the condition
Ap, = Apu, is satisfied (Fig. 4b).

10.

4. CONCLUSIONS

1. For modern presses of paper-making machines, a simplified control sys-
tem has been developed for a two-motor frequency-controlled ac electric
drive with individual speed regulators and stator motor currents.

2. A mathematical model of the dynamics of the electric drive system has
been obtained. As a result of the frequency analysis of the drive system
object, expressions to determine the optimum parameters of digital regu-
lators have been given. By modelling such kind of ac drive system on a
computer transient characteristics are obtained, which are similar to dc
thyristor drive ones with elastic links.

3. The proposed control scheme for a two-motor frequency drive provides an
automatic load distribution between the motors by means of cross-links.
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DIVDZINEJU MAINSTRAVAS ELEKTROPIEDZINAS

DIGITALA VADIBAS SISTEMA, KAS UZBUVETA PEC
HARLANDA PRINCIPIEM

J.N. Dochviri, G.R. Turmanidze

Kopsavilkums

Darba tiek pétita divdzing€ju mainstravas elektropiedzinas ar frekvences
reguléSanu vienkarsotas skalaras vadibas sist€émas dinamika. Piedzinas matematiskais
modelis tiek veidots, izmantojot elektromagnétisko procesu, nemot véra parnesumu
elastibu. Raksta sniegti vienadojumi, lai noteiktu digitalu regulatoru optimalos
parametrus dzin€ju statora stravai un piedzinas atrumam. Darba ar1 atspoguloti
simulacijas rezultati, kas iegtiti Matlab. Konstatéts, ka piedzinas sistéma nodroSina
optimalu dinamisko raksturu, ka arT precizu slodzes sadali starp dzin&jiem.
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The article is devoted to the technical solution of alternative budget
measuring equipment of the water surface gravity wave oscillation and the
theoretical justification of the calculated oscillation power. This solution com-
bines technologies such as lasers, WEB-camera image digital processing, in-
terpolation of defined function at irregular intervals, volatility of discrete Fou-
rier transformation for calculating the spectrum.

Keywords: discrete Fourier transformation, effectiveness, function in-
terpolation, image processing, laser beam, spectrum, wave energy converter,
wave height, wave power.

1. INTRODUCTION

In the project “Operation Research of a Twisting and Rotating Wave Energy
Conversion Plant”, the objective was to assess the efficiency of dynamic systems
of the energy receiver and converters in an environment such as waves. Resulting
analysis showed that this could be achieved through specific measurement of time
and space that fully characterised the environment without destroying it; it was both
complex and at the same time within the project budget. This project phase resulted
in technical measuring equipment for which there were other applications, such as
level sensors of converters for adequate management development to ensure active
wave energy capture systems. The draft of the proposed technical solution is based
on the conservation of energy and the dynamic potential and kinetic energy balance
of the surface wave in the gravitational field. Fixing the water surface elevation
changes, characterised by the fluid potential energy during the time of change; it is
possible to quantify the corresponding kinetic energy changes as well as the total
energy of the system. It is a dynamic system so that the process of various measuring
steps necessitates automation.
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2. LASER MEASURE STRUCTURE

As a solution we used a laser height gauge, the web camera (the camera) im-
age projected on the screen — float (at a certain angle) by the incident laser beam
(beam) created light contrast “point” (Fig. 1). If the float is placed in the liquid,
which is subject to wave type fluctuations, the vertical distance from the ray source
will change and the image on camera will show the point horizontal offset. Fixing
certain parameters in such a system, it is possible to solve the problem in an alterna-
tive way: measuring the point shift, it is possible to calculate the absolute distance of
the surface or the relative deviation from the steady state.

////////////////.I////

L

Laser
source

W Meter base
'WEB camera

Optical axis

Target distance

Focal leneth

Float screen

= -
Water surface-

Shift point

Fig. 1. Laser meter scheme.

This solution is functional and simple. In laboratory conditions, it promises to
be sufficiently accurate.

3. OPTICAL SHEMATIC

Optical scheme (Fig. 2) space has two measurement dimensions consisting
of vertically downward right-angled triangle whose hypotenuse LO is formed by a
laser beam. Shorter cathetus WL with a narrow angle near the apex is formed by ray
source L and camera W, whose lens centre is placed at the apex of the right-angled
triangle. The central optical axis (the “axis”) is WO. The straight edge of the camera
centre to beam WL is base distance from camera to the laser source.
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Fig. 2. Laser measure optical schematic.

The third dimension is used in beam LO shift OO, from the measurement
plane control and the vertical distance correction, if necessary. Thus, the float verti-
cal distance between the triangle WLO apex O is expressed by two similar triangles
W,L,0 and WLO side ratios (Formula 1). In gauge terms, its looks like (Formula 2):

wo _ Wx0 (1)
WL  WxLx'

F
F—H, :E-X, )

where H — the distance between the camera and the water level;
F — laser gauge focal distance;
B — laser gauge base distance;
X — laser beam shift from optical axis on float screen in millimetre.
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The elevation Y measurement from zero water level Wo:

X
Y=Hy—F (=) 3)

where, H — the distance between the camera and the zero (no waves) water level Wo.

4. PIXEL LINEAR SIZE PROBLEM

The picture and images in the camera consist of pixels (dots). In an ordinary
camera, there are 640x480 pixels. This is known as the standard VGA image reso-
lution. Evaluation of the distance between two points in the camera image is not
possible to detect in a different way than in these units. At the same time, it should
be taken into account that the pixel is an angular unit. Every distance from camera
corresponds to a different pixel linear dimension. In household applications, this is
not critical, but in this case, it is necessary to know the camera pixel linear dimen-
sions and to follow the changes in different distances from the camera lens (lens
centre W). This means that given that the camera axis coordinates of the images in
the camera are x = 320; y = 240, connection (3) expressing straight shift edge X in its
linear dimensions has observable shift point coordinates. Thus, we obtain:

I+ (x—
X=(x—320)-pX0-(M), 4)
H,
where x — laser beam shift camera image from optical axis on float screen in
pixels on the water level;

X, — the same on zero water level Wo;
p,,— the pixel linear horizontal size at level H,,.

5. CALIBRATION

Constructive differences of various cameras and even one manufacturer’s
camera model or the influence of shifts can vary the pixel corresponding linear di-
mensions. After production the base measurement of B (cut-off) sizes may vary as
the beam angle relative to the camera’s optical axis can also vary. In this case, we
chose a solution where in the manufacture of the equipment mechanical parts preci-
sion was not important. Numerical constants, which are necessary for processing
the results of measurements, are obtained by calibrating equipment under laboratory
conditions. The numerical values of linear distance are fixed in laboratory condi-
tions. Distance Y and the shift X are calculated in (3) and (4). Unknown values are
B and p,, To obtain the determined solution, we need two independent equation
systems, which means that it is necessary to fix system parameters in 2 different
distance measurements.

A technical solution is that the beams and the optical axis angle depend on
measuring conditions as soon as focal length F'is variable and this measurement ad-
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justment is made at the beginning of each measurement session, recording the shift
from X at a distance of H, (zero water level W).

The camera image has a fixed coordinate’s window whose shift point should
“hit”. This is done to reduce image processing time and reduce the glare of different
types of noise in the system.

i i CameraB01.11.2016. 16:17
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Fig.3. Graphical representation of B camera source data example.
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Fig. 4. Processed source data P, = 0.31mm B = 166.17mm.

6. MEASUREMENT PROCESSING

In measurement processing, we started with image processing: average shift
point coordinate calculation, or the centre of the gravity coordinates and their fixa-
tion (in pixels) of the result file were synchronised with the time of the relative and
absolute measurement of experimental sessions (in microseconds). As a result, we
obtained source data. Example of source data sequence is shown in Fig. 3.
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These data sequences are sufficient to be able to draw conclusions about wave-
form levels or offsets, but not “convenient” for the use of different analysis tools,
further analysis of volatility, including components of the energy evaluation. The
problem is the fact that in the processing of the data, we chose a universal computer,
which runs the OS MS Windows 7. It has a number of advantages: user interface,
device driver (connection interfaces and management programs), wide transmission
spectrum of possibilities, data processing, storage and storage options. However, at
the same time the prior complex process breaks in this case do not guarantee equal
intervals between measurements, which leads to the next processing step based on
intermittent time interval data replacement with as close as possible and smooth data
substitution function f'= z (¢), which provides realistic function values at any point
in time.

7. INTERPOLATION SEGMENT AND
INTERPOLATION WINDOW

Variable interpolation problem solutions were widely used in the past. There
are a whole range of mathematical tools to solve this problem. The problem is the
great number of variable defined points (several thousand). We introduced the “in
terpolation window” (Fig 5) and “interpolation segment” concepts. The interpolation
segment has a final number of sequential time series data (¢, Y,) which are the subject
of further analysis. The interpolation window has fixed number N of interpolation
segment data, which allows using polynomial interpolation to get smooth curve ap-
proximation for incoming data. The interpolation process is carried out in two stages.
In the first phase, using regression analysis with Excel LINEST array function poly-
nomial modification, interpolation window “slides” (Fig. 5) over the interpolation
segment. The N-th order polynomial coefficient value vector K ;- K, ., is calculated
for substitution function expression for each window (5).

K, Ky = LINEST(Y;:Y,, n.t; :t; n, pol _order=N), (5)

where Y:Y  current interpolation window data set;
t:t,., current interpolation window time set.

The interpolation window is shifted by one step (i+/) and the polynomial
coefficient calculations are repeated until the entire interpolation segment is thus
treated (i=1, ..., i, .. ). The next step is to define a regular iteration step value
at, choice of its number j and the selection of corresponding coefficient vector
from an array of choice of features for substitution function z (¢ /) value calculation.
To determine the irregular time interval, which corresponds to the current time L
iteration value, z(t ) — function (8) built-in Excel tool MATCH based selective ﬁlter
isused (6). For the K, :K, ., vector addressing in the polynomial coefficient array an

indirect addressing functlon INDIRECT (7) is used.
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Fig. 5. Example of segment interpolated function with a sliding interpolation window.
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Fig. 6. Example of a smooth segment interpolated function with a regular iteration step At =7ms.

m = MATCH (¢, 1;:1,,,) (6)

K :K; yo = INDIRECT (array of coeficients[1: N,i: (i - N +1)], (m+ D,,)), (7)

where m — specific time interval fit number;

D, — interpolation window interval shift for prevention curve distortions on
interval borders.

As a result, we can obtain data substitution values (8) in any point of interpo-
lation segment time
Z(l‘j)ZK/,l-tN+K/,2-tN_1+...+I<j,N-t +Kin+1, (8)

forj=1, ..., j

max
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8. DISCRETE FOURIER TRANSFORMATION
The next step in our wave analysis is irregular and unlinear oscillation split
into various frequency sine wave components (9), [1].

The transformation result is a complex variable function (9) providing infor-
mation about the relative contribution to the wave by each discrete frequency & - Af,
forj /2 number of frequencies (regarding Nyquist criterion).

]max—l . S .

F(k-AN="3 z(j-Ar)-e "R G-DAL ©)
j-1=0

fork=0,1,2,../ .

where k& — discrete sine wave frequency number;
Af— frequency resolution;
T — total sampling time or interpolation segment,
J .. — total number of discrete data points taken for analysis;

m

At — sampling time step value.

To obtain adequate results, we have to reduce unphysical error in the FFT
called leakage. It is subject to follow certain conditions [1].

1. In principle, if an infinite number of discrete data points are taken, leak-
age would not be a problem. However, any real data acquisition system
performing FFTs uses a finite number of discrete data points (in our case
around 1000 points);

2. Time domain segment 7 for FFT application must be at least three oscil-
lation periods (in practice at least 4 oscillation periods are used).

Camera B01.11.2016. 16:17 (76.4s)
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Fig. 7. Example of water wave time domain segment in measurement session, Camera B 16:17
01.11.2016.

To obtain the spectrum of normalized amplitude 4(m) of discrete sine wave m
frequency f{m), we used expression (10). To perform FFT, the number of analysing
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function initial values has to be power of 2 (two) (16, 64, 128, 256, ...) to the argu-
ment, whose step must be constant (in practice, the number of initial values 1024 is
used).

(k) B IMABS (supplied complex variable(k) )
- 512

where f(k) =k

) (10)

1
- (11)

The phase shift angle radians of oscillation frequency component 6 (k) are
available from the expression:

G(k) = IMARGUMENT(supplied complex variable(k)) (12)

Thus, we have a visible picture of the constituent components of the oscilla-
tion (the amplitude and frequency known) (Fig. 8).

Camera B 01.11.2016. 16:17 (76.4s)
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Fig. 8. Harmonic amplitude spectra after discrete Fourier transformation.

Using linear wave theory basic equation [4, p.408] we can calculate the av-
erage energy and power of each frequency f(k) component (harmonic) in this time
segment:

2
E(k)zEk(k)JrEp(k):w (13)
2 42
- Ok =P8 A (k) 14
and N(k)= E(k)-C(k) anf (k) (14)

where k — discrete sine wave frequency number;
A(k) — wave k-harmonic amplitude;
f (k) — wave k-harmonic frequency;
p — water density;
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g — gravitational constant;

Ek(k) — overage wave k- frequency harmonic kinetic energy,
Ep(k) — overage wave k- frequency harmonic potential energy,
E(k) — overage wave k- frequency harmonic energy;

N(k) — overage wave k- frequency harmonic power.

The last expression is applicable when for determination of the wavelength A
and the wave phase velocity C we can use the deep-water wave regularities (15,16),

[2]:

2
A=ly =% T ) (15)
2
c-c,=20-&T (16)
T 2w

where Ao— wavelength in deep water;
C,— wave phase speed in deep water;
h — the water depth.

That is true if the conditions are met /> %, (17)
o A0
If the condition is not met and / < i (18)

then assuming that there is not force of a deep-sea formula because although the
wave height changes can be measured, the wave phase velocity C changes and
should be calculated using equation (19) and for wave power calculation a correction
tanh (kh) should be applied for waveform at transition depth [2, p. 4]

C=Co -tanh (Ih), (19)

where

2
[ —wave number: [ = 7” . (20)

An intermediate water wave length is

2
ﬂ,:C-T:i-tanh (@) 2D
2 A

It means, we have a transcendental equation (21), which is the reason why in
practice for the adjustment we used graphics techniques [3, Fig. 2.2], which reflect

the relative wave parameters o and o as a function of depth and conditional deep-
0 0

water wavelength relationship o
0
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9. ENERGY SPECTRUM

Expression (14) allows getting an idea of the aggregate wave power (22) dis-
crete frequency distribution (Fig. 9).

CameraB01.11.2016. 16:17 (76.4s)

Waves power (W)
6

5

4

Fig. 9. Wave kinetic energy and average power frequency spectrum.

The total wave mean power N of the plane wave, which is fitted with a laser
measure gauge, is calculated as a sum of wave harmonic powers:

ksum

N, = N(k), (22)
k=1

where k— wave harmonic number;
k_—upper frequency number value of wave harmonic sum range.

sum

Figure 9 shows that to get wave power evaluation it is not necessary to sum
all j /2 frequency harmonic powers. For present wave flume application above 2.8
Hz frequency power sum increase is practically zero (less than 0.2 %). Therefore,
we can define wave harmonic frequency number limit or sum number range k =20
(f(20)=2.8Hz).

10. THE SENSOR LOCATION

Locating wave environment “laser meter”, which can carry out the measure-
ments and measure the oscillation amplitude and power management, should be
based on a few considerations:

1. All of the aforementioned considerations are partly based on the assump-
tion that the wave propagation direction is known because without addi-
tional conditions the practical wave propagation direction of point sensors
cannot be determined. Conclusion — Lasers should be deployed in pairs.
This theoretically makes it possible to experimentally determine the di-
rection of wave propagation and wave phase speed, which is necessary
for the calculation of wave power.
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2. If foreign objects are inserted into the wave path dynamic system as a
component, for example, with the object of wave energy absorption and
conversion to another form of energy, in order to evaluate these devices it
is necessary to obtain data on what part of the wave energy is consumed/
stifled. Conclusion — one detector should be placed in front of the equip-
ment and the other — behind it.

3. Any foreign body will reflect part of the wave energy. This process affects
the transformed energy balance / ratio. If this process is going to control
the open water area, the receiver should be installed at a distance of two
meters. A single detector and a fixed control measurement session without
a receiver would suffice in a wave bath.

11. TESTING
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Fig. 10. Waves in a “no object” wave tank 1.95 m away from the wave generator.
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Fig. 11. Waves in a “no object” wave tank 3 m away from the A sensor and 1.98 m from the wave
absorber.

On the basis of these considerations, in a wave bath 3 m away from each other,
on both sides of the potential wave converter, 1.95 m away from the wave generator
and 1.97 m from the wave absorber, we installed two calibrated measuring detectors
(A, B). To test the wave tank unit, as regards to converter measurement, a test session
without a converter was initiated (in a wave tank containing no alien object). The
corresponding measurements are shown in Figs. 10 and 11.
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12. CONCLUSIONS

The developed method allows for automated and efficient recording of wave
surface elevation time function characterising data and saves them for further pro-
cessing.

It allows keeping records of wave energy, power and determination of the
changes between certain measure wave planes.

The chosen two laser measure configuration allows the receiver — wave tank
system — to detect wave phenomena, such as resonance, standing waves, wave ab-
sorption, reflection, dispersion, and refraction.

Addressing the fluid wave energy receiver absorption determination, the
project “Operation Research of a Twisting and Rotating Wave Energy Conversion
Plant” within the framework of the solution chosen has been practically implemen-
ted (equipment and software have been developed for necessary measurements) and
tested in real experimental conditions.
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Kopsavilkums

Raksts ir veltits fidens gravitacijas vilnpu virsmas svarstibu alternativas
meériSanas budzeta iekartas tehniska risindjuma un So svarstibu jaudas aprékina
teorétiskajam pamatojumam. Sis risinajums ietver tadas tehnologijas ka lazera
stars, WEB-kameras attéla ciparu apstrade, neregularos intervalos definéta funkcijas
interpolacija, diskréta Furjé transformacija svarstibu harmoniku amplitidu un jaudu
frekvencu spektra aprékinasanai.
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Adsorption by graphene sponge (GS) manufactured by annealing
nickel-carbon powder mixture in inert atmosphere has been studied. By deter-
mining the specific surface area (SSA) for the GS sample, it has been found
that Brunauer, Emmett, Teller method (BET) of approximation of experimen-
tal isotherms gives wrong results in the pressure range of 0.025-0.12 because
adsorption in this pressure region is affected by walls of ampoule. Real SSA
value has been found by subtracting pore effect method (SPE) or by BET ap-
proximation in a low range of relative pressure of 0.0004—0.002.

Keywords: graphene sponge, nitrogen adsorption, specific surface
area, BET approximation.

1. INTRODUCTION

The study is dedicated to the adsorption properties of new graphenic mate-
rial graphene sponge (GS) developed by the authors [1] by annealing nickel-carbon
powder mixture in inert atmosphere.

Many studies have been devoted to the adsorption properties of carbon materi-
als [2], [3]. It can be explained by a variety of morphological properties of carbon
materials known as activated carbons, carbon blacks and carbon nanotubes, cones,
fibres, bulbs, graphenes, graphene aerogels, foams and sponges [4], [5].

Graphene, 2D carbon allotrope, has drawn significant interest among scien-
tists due to intriguing properties since 2004 [6]. In recent years, the assembly of gra-
phene into macroscopic (3D) structures has attracted intensive interest because the
use of 3D graphene is one of the most effective ways of applying the unique proper-
ties of 2D graphene nanosheets in practice [4], [7]. Graphene 3D structures consist
of flexible graphene nanosheets, which are interconnected into porous networks.
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Several different names have been used for such structures, namely, graphene foam,
sponge, aerogel and monolith. Among the attractive applications, graphene sponges
have been used as adsorbents for various pollutants [5]. For instance, less than 3.5
kg graphenic carbon foam can absorb 1 ton petroleum, promising great potential in
the applications of oil spill and pollution treatments [7].

It is well known that the pore size and its distribution are important factors de-
termining the adsorption properties of different adsorbents. It is of interest to relate
the adsorption properties of the GS to its morphological structure and to elucidate the
possibilities of changing this structure during the preparation of the GS.

2. EXPERIMENTAL

To reveal the nature of GS adsorption capacity, its specific surface and pore
size distribution (PSD), the authors of the research studied the adsorption of nitrogen
at 77K using Autosorb-1 device (Quantachrome Instruments Co., Florida, USA).
The methods of measurements were standard (see the previous article about adsorp-
tion properties of thermochemically exfoliated graphite (TEG) [8]). The level of
liquid nitrogen was supported automatically. During measurement, the substance
was placed into a quartz ampoule 9 mm in diameter. To reduce the empty volume, a
glass rod was used.

The samples for adsorption measurements were small pieces of GS manufac-
tured by the authors of the research [1].

The substance weight was 1-5 mg in each case. Before measuring adsorption,
the GS was heated in vacuum at 300 °C for not less than 24 h, before the leak rate
became lower than 10—15 micron/min. To process and present the results, ASWin
v1.55 and home-made software were used.

All investigated GS samples were analysed by means of SEM (Hitachi
M3000), high resolution SEM LYRA3 XMU (Tescan, Czech Republic), transmis-
sion electron microscope (TEM) Tecnai G20 (FEI) and XRD (Japan Rigaku UL-
TIMA 1V, Cu—Ka radiation A = 0.154184 nm).

Fig. 1. High resolution SEM images (a), (b), (c) — typical GS samples, (d), (e), (f) — high resolution
TEM image of the same samples after dispersion in the isopropanol by ultrasound.
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3. RESULTS AND DISCUSSION

Figure 1 demonstrates typical GS images with different magnifications. It can
be clearly seen that the GS consists of graphene sheets that are well-developed in the
base plane (002), entangled and partly interconnected, with folds and wrinkles. The
thickness of these sheets was determined from the XRD spectra by the width of the
(002) peak [1]. The values obtained for the GS sheet thickness were in the range of
6—16 nm. The individual graphene sheets of GS were examined using TEM [9]. The
GS material was placed in isopropanol and dispersed by ultrasound and then a drop
of isoprapanol with suspended graphene sheets was applied to the grid for electronic
microscopy. For TEM, a copper grid with a holey carbon film (Agar Scientific, UK)
was used.

In all the GS samples studied, sheets with a different number of layers from 2
to 40 were found in approximate correspondence with the thickness obtained from
the XRD data. A similar range of values of the graphene layers was shown on the
multilayer graphene obtained on transition-metal foams by the chemical vapour de-
position (CVD) method [10]. The dissolution of carbon in the metal takes place
using CVD process [10] and Ni — carbon powder annealing methods [1]. When a
carbon atom precipitates on the metal, at the cooling stage, the formation of multi-
layer graphene sheets occurs. The authors of the research attempted to control the
number of layers in multilayer sheets of graphene by controlling carbon weight in
the Ni — carbon mix [1].
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Fig. 2. N2 adsorption by grafitized carbon: graphene sponges (1054, 1049, 1120, 1002), graphitized
carbon black Carbopack F (141), milled graphite (0126). a — specific volume of adsorption for
different samples, b — adsorbed volume for these adsorption processes, on the inset the areas and
weights of the samples are indicated.

On the multilayer graphene sheets (Fig. le, f), a non-uniform surface of gra-
phene sheets can be observed; these inhomogeneities could possibly serve as the
basis for the formation of micropores (<2 nm). Investigation of adsorption for the GS
samples showed that it was well-graphitized carbon material.
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Objects of this type are well studied on powder samples of graphitized carbon
blacks [11], [12]. They are characterised by II or IV type isotherms (IUPAC [13])
depending on the absence or presence of micro and mesopores.

The authors of the research examined the isotherms of GS samples in com-
parison with the isotherms of other graphitized carbon samples performed by the
authors earlier [8], and also during the present research (Fig. 2a). According to the
characteristic form of adsorption isotherms at low pressures (smaller as ~ 0.01 P/P,),
it was clear that they referred to adsorption on a graphite surface. Further increase in
adsorption observed for the GS samples at P/P ~0.01-0.15 should not occur because
the adsorption of the second monolayer N2 onto the graphene surface began only
at P/P>0.15 [14]. This increase in adsorption could formally be associated with an
increase in the capillary condensation in the presence of pores ~2 nm [15]. However,
the authors of the research prefer another explanation.

The upward deviation of adsorption can be explained as follows: at pressures
greater than 0.01 P/P, the adsorbed volume on the GS becomes smaller than the
volume adsorbed on the ampoule walls, which is explained by the fact that the total
amount of adsorbed volume ceases to depend on the mass of the GS and adsorption
lines for different GS samples become approximately equal to the empty ampoule
adsorption (Fig. 2b).

0.1 1
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==-1120 GS
F--+ 1002 GS
—— 141F

—— 0121 TEG
— 0126 graphite milled

0.08

0.06

0.04

0.02

Distribution of adsorption potencial (au)

Adsorption potencial (kJ/mol)l

Fig. 3. Adsorption potential distribution for N2 adsorption by grafitized carbon: milled graphite,
graphene sponges (GS), thermoexpholiated graphite plates (TEG) [11], graphitized carbon black
Carbopack F.

It should be taken into account that in the instructions of the device manu-
facturer (Autosorb-1) it is explicitly stated that the area of the measured adsorbent
should be 10—15 m?. The area and weight of the measured samples are shown in Fig.
2b. The reason for working with such small samples of GS is related to the equip-
ment on which the samples were obtained [1].
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In further research, we believed that the growth of adsorption at pressure
above ~0.01 P/P was associated with adsorption on the ampoule walls. Fortunately,
adsorption at low pressures was associated only with GS, which allowed obtaining
positive results.

The distribution of the adsorption potential (APD) for all the samples studied
in the research was calculated from isotherms (see Fig. 3). The adsorption potential
is the energy that is released upon adsorption of N2 molecules on the adsorbing sur-
face. On a homogeneous surface, all places have the same energy, so the filling of
the surface with the first layer of molecules occurs in a narrow pressure range. The
APD can be regarded as the negative derivative of the adsorption isotherm [3]. Note
that the frequency curve of the distribution of APD is normalized to the volume of
the monolayer of adsorbate.

The APD of various carbon black adsorbents was considered in [11], [12]
in accordance with the degree of their crystallinity. The APD of highly graphitized
samples of Carbopack F with high crystallinity showed three peaks at approximately
5.5, 3.0, and 0.7 kJ/mol. These signals were attributed to the formation of the nitro-
gen monolayer, to a two-dimensional fluid-solid transition and to the second layer
formation, respectively. For the Carbopac X sample with the lowest degree of crys-
tallinity, only the high-energy peak of the formation of the first monolayer at 5 kJ/
mol was manifested. The authors [12] noted that the Carbopack samples with high
SSA exhibited lower crystallinity, and they suggested that it might be difficult to
obtain highly graphitized carbons with large SSA.

In our case, it may be noted that the closer the width and position of the APD
peak for the GS samples to the peak for Carbopac F, the more perfect the structure
of the adsorbing surface. For our GS samples in Fig. 3, only the first peak corre-
sponding to the filling of the first monolayer is clearly manifested, the second peak
corresponding to the phase transition is manifested as “noise” due to a small amount
of matter in the sample (dashed curves in Fig. 3). For large samples of the TEG, the
peaks at 5.5 and 3.0 kJ/mol are clearly visible. Note, in Fig. 3, the “ampoule effect”
manifests itself in a faster rise in the frequency curve for GS samples that are smaller
in weight and area.

One of the main parameters for adsorbents is the specific surface area (SSA).
The definition of SSA BET [16] method is recommended and universally accepted
[2], [17]. However, the choice of the isotherm points for the BET approximation in
our case for a graphitized surface (P/P <0.12 [9]) is not sufficiently defined [8].

The possible range of the obtained SSA values is quite large, even within a
high correlation coefficient. In the paper, the authors analysed the use of BET as
an approximation for different isotherm sections with a correlation coefficient of at
least 0.997 (Fig. 4).

From the physical point of view, for the application of the BET method, it is
necessary to select an isotherm section for which adsorption proceeds only through
a multilayer mechanism and processes of volume absorption in micropores or capil-
lary condensation do not increase adsorption.

Another method for determining the SSA described by K.S.V. Sing is a com-
parative method of “alpha-s” [17].
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The method consists in comparing the investigated isotherm with the reduced
reference isotherm (alfa-s) for a nonporous sample. Reduction of the reference iso-
therm occurs by dividing the values of the isotherm by the value at pressure P/P =0.4.
The investigated isotherm is compared with a reference isotherm for a related adsor-
bent for which a complete absence of pores is asserted and, hence, adsorption pro-
ceeds along a multilayer mechanism. At the same time, K.S.V. Sing indicated that in
the case of similarity isotherms, SSA can be determined using a simple relation (1):

Ax/Aref = Sx/sref (1)

Moreover, the adsorption values A and A_ were proposed to be used for the
value of the relative pressure 0.4:

Sx = Ax,0.4'Sref/Aref,0.4 (2)

In other words, if there are no other reasons, the difference in adsorption is due
to the difference in specific areas.

The selection of another part of the isotherm for the determination of SSA was
proposed and substantiated by K. Kaneko [15], [18] — the subtraction pore effect
method (SPE).

The method is based on the fact that at low pressure, at which “alpha-s”<0.5,
the pore filling swing occurs, and at higher pressure, when the “alpha-s”>0.5 for
graphitized materials an increase in adsorption occurs due to beginning of coopera-
tive processes such as capillary condensation.

Therefore, the application of relation (1) occurs at the point “alpha-s”=0.5
or in a small rectilinear section near 0.5 (Fig. 5). For clarity, it is proposed to con-
nect the origin with the isotherm point for “alfa-s”=0.5 and determine the SSA by
the slope angle of the segment. The value “alpha-s”=0.5 corresponds to the relative
pressure around P/P =0.01. To plot the curves in Fig. 5, the volume values on the
required isotherm were recalculated to the pressure values on the reference isotherm
by the method of linear interpolation.

Determination of the desired area with respect to the angle of the slope is the
application of the same relation (2), only to the other point on the scale of pressure:

Sx(Alfazo,S) :Ax(Alfazo,S)' Sref/ Aref(Alfa:o,S) (3)

To verify the performance of a multilayer process, one can construct the ratio
A S /S A _;as afunction of pressure (Fig. 6). The multilayer process — P/P0O

ranges f;(orrr: 0.1 to 0.4 —is clearly visible for the non-porous sample “KON” [18], in
which the ratio is approximately equal to 1.

For GS samples, the ratio approaches unity within the range of 0.9—1.1 in the
pressure region near P/P =0.01.

It is seen from Fig. 6 that the curves for GS, unlike the curves for a nonporous
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sample and highly graphitized Carbopack F, raise sharply after a minimum at P/
P~0.1.

This behaviour could be explained by the presence of a significant number of
pores with a size of 2 nm and higher, but in our particular case, the rise is caused by
adsorption on the walls of the ampoule.

Fig. 4. BET surface calculated (a) for adsorption isotherms of the sample GS 1049. The horizontal
axes represent: number start point (0 to 80) and the number of points (5 to 15) at which the SSA was
calculated and located on the vertical axis. Surface (b) corresponds to a portion of the correlation
coefficient that exceeds 0.997. Vertical segments (c, d, e, f,) are the bar plots which correspond to the
places of SSA determination and height of the bars equal to the determined SSA. Segment (c) — points
with pressure near 0.01 for SPE method; (d) — points for relative pressure 0.05-0.12; (e) — points with
pressure near to 0.01 and correlation coefficient near 0.997; (f) — points for maximal correlation coef-
ficient which corresponds to relative pressure of 0.0004-0.002.
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Fig. 5. Alfa—s plot. Volume adsorbed by GS sample (1049 NilO0mix069 1000rapidH2400) vs reduced
volume adsorbed on reference non-porous carbon [19].
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Fig. 6. Relationship A ‘S /S A between adsorption for some GS samples vs relative pressure.
GS samples 1054, 1049, 1120; Sample 1141 F measured on highly graphitized Carbopack F (Al-
drich); non-porous samples KON [18] and reference non-porous carbon [19].

Table 1 and Fig. 7 show the results of determination of SSA for a number of
GS samples by BET methods in accordance with Fig. 4 and SPE in accordance with
Fig. 5.

Table 1

The Results of Determination of SSA for GS Samples
SSA GSNe | 1069 | 1040 | 1049 | 1110 | 1107 | 1054 | 1119 | 1002 | 1120
S BET, m?/g 0'8%%‘;* 845 | 669 | 61 | 439 | 120.1 | 60.8 | 43.6 | 34 | 49.1
S BET, mYg P/PO=0.01 | 111.6 | 87.8 | 792 | 623 | 1566 | 752 | 54 | 463 | 574
S SPE, m%/g P/PO=0.01 | 1168 | 93.8 | 84 | 703 | 1575 | 747 | 562 | 474 | 63.1
S BET, mYg 0.025-0.12 | 2304 | 522.6 | 150.4 | 333.6 | 260.8 | 104 | 153.9 | 3749 | 158.7
Thickness, A RTG“t” | 85 104 83 107 | 38 88 16 | 91 | 111
GS weight from 0.0019 | 0.0012 | 0.0037 | 0.0015 | 0.0027 | 0.0052 | 0.0028 | 0.002 | 0.0034
balance,g

1 *
Bulk density * of 133 | 136 | 148 | no no | 179 | 98 | 126 | 10
GS, mg/cm’
Area ** GS, m? 0'8%%‘;‘ 0.16 | 0.08 | 022 | 006 | 032 | 031 | 012 | 0.07 | 0.17

* The density of GS samples was determined from the ratio of the weight in a dry state with respect to
the wet weight (after boiling in water).

** The area of GS samples was determined from the multiplication of the weight of GS onto the SSA
determined by the BET method in the range of P/P ~0.0004-0.002
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Fig. 7. SSA of GS samples determined with different ways by BET and SPE methodes and P/PO
regions. Lines - trendlines for SSA points. SSA determined at points of P/P0 0.0004 — 0.002 had a
maximal correlation coefficient 0.9999. These points laid around of maximum at Fig. 8 or around

knee at Fig. 2.
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Fig. 8. Weight of GS samples restored from the data of N2 adsorption and XRD measurement. All
symbols — weight restored from experimental data for different ways of SSA determination; BET and
SPE; P/PO regions and density p values. Lines — trendlines for calculated weight points.

It follows from Fig. 7 that the SSA values for different P/P ranges have differ-
ent dependencies on the weight of the GS samples. For low P/P pressure less than
or equal to 0.01, the SSA values are independent of weight, and for pressure greater
than 0.01, the SSA values increase with a decrease in sample weight. The analy-
sis shows that this is due to the fact that the adsorption value for such pressure is
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determined not by the GS sample but also by the ampoule walls as indicated above
(Fig. 2b).

The GS samples investigated in the first approximation can be represented as
a set of multilayer graphene plates (Fig. 1c) with approximately the same thickness
and density. The sample weight can be determined from adsorption data and XRD.
Using SSA for each sample and its thickness (according to XRD), it is possible to
calculate its weight by a simple ratio:

W =SSA-wtp, (5)

where w is the true (by weight) weight of the sample, t is the thickness, p is the den-
sity. At the same time, it becomes possible to compare different methods for deter-
mining SSA and to estimate the density of the objects — multilayer graphene plates
based on the fact that the true weight is known. The results of the calculations are
presented in Fig. 8. Figure 8 shows the weight points of the GS samples calculated
from relation (5) for the SSA values obtained by the BET method from the pressure
range of 0.025-0.12. A large scatter and complete lack of proportionality to the true
weight indicate that these SSA values are erroneous and the isotherm path at this
pressure range is associated with adsorption on the ampoule walls.

It follows from Fig. 8 that the weight values calculated for smaller P/P values
can be equated to the weight of the GS samples under the assumption that the density
of multilayer graphene plates is either p=1.5 g/cm’ for SSA in the P/P ~0.01 region,
or p=1.9 g/cm® for SSA values determined in the area of the maximum correlation of
BET approximation for P/P ~0.0004-0.002.

The value of the density of volumetric graphite is 2.3 g/cm® and the values
from 1.5 to 1.9 g/cm® for a multilayer graphene plate are possible. Note that in this
case it should be assumed that graphene plates have pores inaccessible to adsorption
of nitrogen molecules.

On the other hand, based on the assumption that GS is a collection of multi-
layer graphene plates with approximately the same thickness, the formula for SSA
is as follows:

SSAcue =1/(tp), 6)

where t is the thickness, p is the density of the graphene plate. This formula is equiv-
alent to formula (5) and is needed to check the correlation with another independent
parameter — the thickness t obtained from the XRD data.

For each GS sample with specified thickness of the graphene layer, in Fig.
9 the SSA values were obtained by different methods (Fig. 4 and Fig. 5) and SSA
calculated from the hyperbola formula (6) for two density values p=1.5 g/cc and p
=1.9 g/cm?® of a multilayer graphene plate. Figure 9 shows that the hyperbolas at such
values of the density approximately correspond to the scatter of the experimental
values of SSA.
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Fig. 9. SSA of GS samples vs thickness of multilayered graphene plates from XRD measurement.
Circles, triangles, squares — experimental data for SSA determined in different ways; circles — by SPE
metode; triangles — by BET method for P/PO ~ 0.01; squares — by BET method for points at which
BET approximations had a maximal correlation coefficient larger than 0.9999. These points had a
range of P/P0 0.0002—0.004. Hyperbolic lines were calculated by formula (6) with density values p =
1.5 (upper) and p =1.9 g/cm® (lower).

Comparison of the initial section of adsorption isotherms for GS and well-
graphitized objects — Carbopac F, graphite milled, TEG — has led to the conclusion
that the surface of multilayer graphene plates in the GS is of good quality. The rep-
resentation of our GS as a set of multilayer graphene plates (Fig. 1¢) with approxi-
mately the same thickness and density made it possible to calculate the weight of
the GS samples with a reasonable assumption of the graphene plate density p=1.9 g/
cm’. Note that the calculation did not take into account the adsorption at the edges of
multilayer graphene plates, which was possible for large graphene sheets.

The longitudinal dimension of the La crystallite can be estimated from the
width of the XRD peak (100), the obtained value La~10—12 nm [1]. The longitu-
dinal size of the crystallites can also be estimated from the Raman scattering [20];
the values obtained are from one to several tens of nanometres. Note that the outer
dimensions of multilayer graphene plates range from 0.1 to 1 pum. Under the assump-
tions outlined above, it is possible to evaluate the methods for determining SSA.

4. CONCLUSIONS

The research has demonstrated the difficulties of measuring the adsorption
of nitrogen on ultralight GS samples with a mass of 1 to 5 mg and a bulk density
of 10-15 mg/cm?. The reason can be explained by the small area of the adsorbing
surface of the samples of GS 0.1-0.3 m?, which made it possible to obtain an ad-
sorption isotherm for GS only for low relative pressure P/ P <0.01-0.015 due to the
fact that within this pressure range adsorption on the walls of the ampoule does not
practically occur (Fig. 2b). Note that the representation of adsorption data from small
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objects shown in Fig. 2b is of methodological significance since it has allowed cor-
rectly estimating the size of the sample area relative to the effect of adsorption on the
surface of the ampoule.

To obtain the SSA value corresponding to its geometric meaning, BET ap-
proximation in the range of 0.0004-0.002 P/P should be used for our samples. This
range corresponds to the best correlation coefficient of BET approximation and
gives the lowest SSA values. From another point of view, this range corresponds to
the primary filling of a well-crystallized graphite (or graphene) surface.

Further refinement of the true value of SSA requires additional experiments
with GS samples with an adsorbing surface of 5-10 m? and independent estimates of
the density of the graphene layer.
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SLAPEKLA ADSORBCIJA UZ GRAFENA SUKLIEM,_I:OS SINTEZEJOT
NIKELA UN OGLEKLA MAISTJUMA [ZKARSESANAS UN
ATLAIDINASANAS REZULTATA.

V. Grehovs, J. Kalnacs, A. Misnevs, K.Kundzin$

Kopsavilkums

Petita graféna stklu sorbcijas spg€ja, to raksturojot ar Tpatngjo absorbcijas
virsmas laukumu. Nosakot Tpatngja virsmas laukuma lielumu izmantota Brunauera,
Emmeta, Tellera (BET) metode izotermu aproksimacijai spiedienu diapazona 0.025-
0.12. Paradits, ka BET metode $aja diapazona uzrada lielas kludas, jo gadijumos,
kad Tpatngjais laukums relativi mazs 0,1 1idz 0,3 m? netiek nemta véra adsorbcija uz
ampulas sienam, kura ir salidzinama vai lielaka neka absorbcija uz p&tama objekta.

Reali dati par graféna stklu Tpatngjo absorbcijas virsmu iegiistami ar poru
efekta atskaitiSanas metodi (anglu — subtracting por effect - SPE method), vai tad, ja
BET aproksimaciju izmanto mazu relativo spiedienu P/P diapazona 0,0004 — 0,002.

21.05.2017.
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First-principle calculations have been performed to investigate the
structural and electronic properties of platinum group metal diborides in the
stoichiometry XB, (X = Pt, Ir, Pd, Rh, Os). All investigated compounds have
shown to belong to the orthorhombic Pmmn space group rather than the C2/m
previously predicted in some of the compositions. Compressibility will reduce
with boron addition in Pt, Pd and Rh, but will increase with boron addition
into Ir and Os. The electronic density of states show that all the compounds
are metals, with PtB,, PdB, and OsB, being potentially incompressible and
superhard materials.

Keywords: bulk modulus, hardness, machinability, metallic diborides,
thermodynamic stability.

1. INTRODUCTION

Hard materials with high bulk modulus are materials of choice in a wide vari-
ety of industrial applications. They are used as abrasives, cutting tools and coatings
where wear prevention or scratch resistance is important. Apart from hardness, they
have demonstrated exceptional thermal conductivity, refractive index and chemical
stability [1], [2]. The development of a new class of hard materials is of prime impor-
tance. High valence electron density and bond covalence are required in the creation
of ultra-incompressible, hard materials. The valence electron density for diamond,
the hardest known substance, is 0.705 electrons/A’. It has an exceptionally high bulk
modulus B, 0f442 GPa. Covalent bonding dominates in hard materials. Unlike cova-
lent materials, the electrostatic interactions in ionic materials are omni-directional,
leading to low bond-bending forces and automatically, to low shear modulus [3], [4].
Hard materials are often plagued by intrinsic brittleness, poor thermal shock resis-
tance and the difficulty of machining into sharp edge/complex shapes.

For platinum group metal related materials, pure Osmium (Os) has excep-
tionally high (395-462 GPa) bulk modulus, while its hardness is 400 kg/mm? [5].
The high bulk modulus of Os can mainly be attributed to its high valence electron
density, while its low hardness is related to the metallic bonds and its hexagonal
close-packed (HCP) crystal structure. OsB, has been synthesized [6], [7]. It is a
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highly incompressible (365-395 GPa) and hard (>2000 kg/mm?) material [8]. Two
different structures, the Pmmn orthorhombic [9] and the C2/m monoclinic [10] have
been reported in IrB, through ab initio density-functional theory calculations. The
structure of RhB, has also been proposed to be monoclinic at ambient pressure [11].

Platinum, iridium, rhodium and palladium are all neighbours to Os, with high
valence electron density. Specifically, the stoichiometry-property data on platinum
and palladium borides are scanty. Some of the impressive properties of Pt, Pd, Ir and
Rh are: high corrosion resistance, high melting points and good ductility [12]. These
impressive properties could predispose them to good compositional design of new
metallic borides. It should be noted that, Pt (3.5MPa), Pd (4.75MPa), Rh (6.0MPa)
and Ir (6.5MPa) are softer compared to Os (7.0MPa). Evidence has shown that pure
but soft transition metals will become hard materials when combined with small
covalent bond-forming atoms such as boron, carbon, oxygen, or nitrogen [13], [14],
[15]. It should therefore be a worthy adventure to investigate the effect of boron on
Pt, Ir, Rh and Pd. The structure of Pt, Rh, Ir and Pd is cubic. Application benefits are
expected from these materials and the results could perhaps help predict new phases
in Pt, Ir, Os, Rh and Pd diborides. The goal of the present research is to carry out
density functional calculations on the electronic properties and the bulk modulus
of XB, (X =1Ir, Os, Pt, Rh, Pd). Where necessary, clarity will be provided between
competing structures and new materials will be predicted.

1.1 CRYSTAL STRUCTURE OF METAL DIBORIDES

The widely reported structures for metallic diborides are the AIB, (P6/mmm)
structure, the monoclinic (C2/m) structure and the orthorhombic (Pmmn) structure
(Fig. 1). The metals locate at (0,0,0) and boron at ( and (Wyckoff positions in the
AlB, structure, while in the monoclinic structure, metal atoms are at (0.409; 0.00;
0.836) with boron atoms at (0.669; 0.00; 0.488) and (0.708; 0.50; 0.264), respec-
tively. In the orthorhombic structure, the metal atoms locate at (0.25; 0.25; 0.1545)
and boron at (0.0557; 0.25; 0.6325) and (0.444; 0.25 0.6325) Wyckoff positions. Our
investigation covers all these three structures. However, similarity in atomic pack-
ing exists between hexagonal and cubic structures - they both have closed packed
planes. Only one plane exists in hexagonal structures, while there are four in cubic
structures. Close packed planes predisposes a material to slip, a phenomenon that
can be of immense benefits for the mechanical properties of such material. There-
fore, a hypothetical cubic phase of the diborides is considered. The adopted cubic
structure has slight modification from the hexagonal type, wherein same Wyckoff
atomic positions are assumed.

Fig.1. Different structure types in metallic diboride — left: Pmmn; middle: AIB, and right: C2/m.
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2. CALCULATION METHODS

All numerical calculations were performed using the QUANTUM ESPRES-
SO (QE) code [16]. QE is a DFT code that uses plane waves as a basis for the wave-
functions and a pseudopotential to treat core electron interactions. The Generalized
Gradient Approximation of Perdew-Burke-Ernzerhof[17] was used for the exchange
and correlation functional. The following: Ir (3d74s?), Pt (4s*4p'), Rh (4d'°5s%5p"),
Pd (3s? 3p?), Os(5s? 5p%) and B (5s? 5p°) respectively were treated as valence by
the pseudopotentials. The smearing was fixed at 0.06 with the Marzari-Vanderbilt
smearing scheme. The k-point sampling in the Brillouin zone (BZ) was performed
using the Monkhorst—Pack scheme [18]. The energy-cutoff for the plane-wave basis
sets was 75 Ry with 8x5x6, 6x8x7 and I'-centered Monkhorst—Pack grids conducted
for the electronic BZ integrations for the orthorhombic, C2/m and the hexagonal
structures, respectively.

Each crystal structure relaxation was carried out with the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) minimisation technique. The criteria for convergence in
optimising the atomic internal degrees of freedoms were as follows: difference on
total energy within 1 x 10 Ry/atom, ionic Hellmann-Feynman forces within 0.001
Ry/a.u. Each structure and its internal coordinates were first optimised to get a re-
laxed structure. The total energy per unit cell as a function of volume was calculated
and the results were fitted using the Birch-Murnaghan equation of state (eq. 1) to
get the bulk modulus [19]. The step size for volume contraction/expansion was 0.2.
About 10 data points, evenly distributed around the equilibrium lattice constant were
used.

{1+%(3(’, —4) [(%)é— 1]} (1)

7 5
=2 () - ()

with

By = -V (Z—s) )

where 1is the isothermal volume, is the isothermal bulk modulus, is the derivative
of the bulk modulus with respect to pressure and is the energy of the material which

is found by integrating (1) and given as:

3 2

E(WV) = E, + %“(@)% - 1] By + [(%)é - 1] [6 —4 (%)é]} o)

The formation energy (4E®), is traditionally used to gauge if a substance can
be made by conventional means. 4E® is the energy of XB, relative to pure X and
isolated B atoms in their equilibrium crystal structures [20] and it was evaluated ac-
cording to (4).
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where AEQ xB, 18 the total energy of XB, with © structure, E is the total energy per
atom of X with @ structure and Eg) is the total energy per atom of B with ¥ structure.
Negative formation energy indicates a thermodynamically stable material, while a
positive one indicates an unstable or metastable material.

3. RESULTS AND DISCUSSION

Calculations were carried out on four different crystal structures — the tra-
ditional AIB, structure, the monoclinic C2/m, the orthorhombic Pmmn and a cu-
bic structure with the same composition and atomic positions as the AIB, structure.
Since the cubic structure is hypothetical, three possible atomic position arrange-
ments were investigated. The results are shown in Fig. 2. The celd1 curve is for the
arrangement that has X atoms at the (0; 0; 0) positions, celd2 is for the arrangement
where X atoms are at (— 1.1 ; =) and celd3 is for the arrangement in which X atoms lo-
cate at ( ; = —) It is evident from the curves that the most stable arrangement is the
ones in which X (metal) atoms locate at the (0; 0; 0) position. Therefore, for both the
hexagonal and the cubic noble metal XB, (X = Pt, Ir, Rh, Pd) diborides, the X atoms

will grefer the (0, 0, 0) position while the two boron atoms will prefer the (— =y ;)
and (3; 3 ; 2) positions.
222t \ X —Celd1
2228 \ N - —Celd2
-222.9
\ 5_\ ..... Cem;j’/
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Fig.2. Energy curve for different atomic configuration in the cubic structures of
XB, (Pt, Ir, Rh, Os, Pd)

The relative energy () among the phases is given in Table 1. XB, (X =
Ir, Os, Pt, Rh, Pd) has the lowest energy in the orthorhombic Pmmn phase. The
ground state structure of OsB,, IrB,, PtB,, RhB, and PdB, is therefore, predicted to
be orthorhombic and not cubic, monoclinic or hexagonal. This result agrees with the
previous result on OsB, [8]. Our result on IrB, agrees with the work of Chen et al.
[9] but not with that of Binchua et al. [10]. Our result is predicting the orthorhom-
bic Pmmn structure in PtB, and PdB, because the £ for this phase is much more
thermodynamically stable than other phases. Considering the bulk modulus (B), it
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is important to note the closeness between our calculated results and experimental
values for the elemental platinum group metals. The proximity between our calcu-
lated values (389.7 GPa) and the experimental values (365--395 GPa) for OsB, in the
Pmmn phase gives one the confidence that the bulk moduli are reliable for predic-
tion. Hardness is one of the unique properties of metallic diborides. It is an intrinsic
property, difficult to describe with a formal theoretical definition. It can be studied
indirectly because it correlates with many physical properties such as ionicity, melt-
ing point, elasticity, cohesive energy, etc. The bulk modulus (i. e. material resistance
to uniform compression) scales roughly with hardness [20] and it has been used with
success to determine hard materials. Based on the bulk modulus results in Table 1,
the hardness of the materials are predicted in the order of RhB,> OsB,> PdB, >
IrB, > PtB,. All values in this range are exceptionally high, exceeding or matching
other hard materials, including boron carbide (200 GPa), silicon carbide (248 GPa),
sapphire (252 GPa), and c-BN (367 GPa), and almost approaching that of diamond
(442 GPa). It is evident from the B results that incompressibility would increase by
about 116% when boron (B) is added to Pd, by about 27% when B is added to Pt and
about 5.36% when B is added to Rh. Adding boron into Ir and Os would reduce their
compressibility by 4.53% and 18.3% respectively.

With regard to the formation energy, 4E®, all the compounds in the Pmmn
structure have negative but lower 4E® compared to the other phases and are pre-
dicted to be more thermodynamically stable. Solid solution should be readily formed
between boron and Pt, followed by Pd, Ir, Os, and Rh. The electronic density of
states (DOS) and the atom resolved partial density of states (PDOS) are crucial to
the understanding of physical properties of materials. The DOS and PDOS for the
Pmmn phases of XB, (X =1Ir, Pt, Os, Rh, Pd) at 0 GPa are shown in Fig. 3. The finite
electronic DOS at the Fermi level (zero point on the x-axis) indicates that all the
compounds are metallic. The DOS and the atom resolved PDOS for OsB,, PtB, and
PdB, are similar. Much overlap is seen between the d-electron of Pt, Pd, Os and the
p-electron states of boron. Strong covalent bond is predicted in these compounds.
No clear overlap is seen between the d- and f-electron states of IrB, and RhB,. For
engineering applications, the ability of a material to be machined into sharp edge
or complex shapes is important. Borides with low hardness (i.e., hexagonal Boron
Nitride and MAX phases) are readily machinable. The machineability of the XB,
diborides is therefore predicted in the reverse order to their hardness, i.e., IrB, and
RhB, should be more machineable than PtB,, PdB,, and OsB,,.
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Fig. 3. The total and partial DOS for OsB, PtB,, PdB,, RhB, and IrB, in the Pmmn structure. The
Fermi level (on the x-axis) has been shifted to zero point.
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Table 1

Calculated Formation Energy (4E°), Equilibrium Ground State Energy (E,) and the Bulk
Modulus (B) for the Elemental Platinum Group Metals, the Cubicy, Hexagonal*, Monoclinic®

and the Orthorhombic® Structures of XB, (X = Pt, Ir, Os, Pd, Rh)

Mater. AE°(Ry) E,(Ry) B (GPa)
ot ] ] 276.7
[230]
. ] ] 379
[320]
- ] ] 374
[380]
172
Pd i i [180]
461
Os ; - [462]
-129.317 -183.907 160.47
RUB -133.23¢ -187.76¢ 371.4¢
2 -129.15? -183.68? 341.4?
-313.30° -367.708 393.6°
-140.19 -194.431 180.47
B -144.64} -198.78% 370.2¢
2 -140.072 -194.26° 338.2¢
-334.84 -388.84° 362.55
-152.857 211397 161.17
pdB -157.53¢ -215.95¢ 353.74
2 -152.77 211.16° 307.12
-364.328 -422.698 372.18
-172.45 223.38¢ 183.97
- -176.43 -237.20¢ 374.6*
2 -162.40? 223.15° 322.8°
-385.10° -446.725 352.5%
-103.29 211.18" 24137
396.7¢
OB -107.44 -215.39¢ 474
2 -102.99? -211.022 .
-314.528 422338 389.7
[365-395]

Experimental data in parentheses are from references [8], [21], [22].

4. CONCLUSIONS

Using first-principle calculations based on density functional theory, an ortho-
rhombic Pmmn structure has been shown to be the ground-state structure for IrB,,
OsB,, PtB,, RhB,, and PdB,. PtB, is the most energetically favoured when compared
to the other compounds. It is worth noting that boron will affect the compressibility
of Pt, Rh and Pd differently to that of Os and Ir. The compressibility of elemental
Os is much higher than for Rh. Surprisingly, boron addition in Rh should lead to
much improvement in its compressibility than its addition into Os. According to the
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calculated DOS and PDOS, it is concluded that PtB,, PdB,, and OsB, are potentially
incompressible and superhard materials than IrB, and RhB,.
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XB, (X=PT, IR, PD, RH, OS) DIBORIDU STABILITATE
UN ELEKTRONISKA STRUKTURA

A.L Popoola, A.Y. Odusote, O.E. Ayo-Ojo

Kopsavilkums

Raksta veikti pirmo principu aprékini, lai izpétitu platina grupas metala
diboridu strukturalas un elektroniskas 1pasibas stehiometriska XB, (X = Pt, Ir, Pd,
Rh, Os). Visi pétitie savienojumi pieradija, ka tie pieder pie ortorombiskas Pmmn
telpiskas grupas, nevis pie C2/m, kas tika ieprieks noteikts dazas kompozicijas.
Saspiezamiba samazinas ar bora pievienosanu Pt, Pd un Rh, bet palielinas ar bora
pievienosanu Ir un Os. Stavoklu elektroniskais blivums parada, ka visi savienojumi
ir metali, un PtB,, PdB, un OsB, ir potenciali nesaspiezami un supersmagie materiali.

28.12.2016.
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Organometal halide perovskites are promising materials for low-
cost, high-efficiency solar cells. The method of perovskite layer deposition
and the interfacial layers play an important role in determining the efficiency
of perovskite solar cells (PSCs). In the paper, we demonstrate inverted pla-
nar perovskite solar cells where perovskite layers are deposited by two-step
modified interdiffusion and one-step methods. We also demonstrate how PSC
parameters change by doping of charge transport layers (CTL). We used di-
methylsupoxide (DMSO) as dopant for the hole transport layer (PEDOT:PSS)
but for the electron transport layer [6,6]-phenyl C,, butyric acid methyl ester
(PCBM)) we used N,N-dimethyl-N-octadecyl(3-aminopropyl)trimethoxysilyl
chloride (DMOAP).

The highest main PSC parameters (PCE, EQE, V,.) were obtained
for cells prepared by the one-step method with fast crystallization and doped
CTLs but higher fill factor (#F) and shunt resistance (R ;) values were obtained
for cells prepared by the two-step method with undoped CTLs.

Keywords: inverted structure, mixed halide cells, perovskite solar cells,
planar heterojunction

1. INTRODUCTION

Solar energy continues to be a potential source of clean, abundant and sustain-
able energy. The photovoltaic process is considered an ideal energy process — photo-
voltaics convert solar energy directly to electrical energy. In recent years, great atten-
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tion has been paid to organic-inorganic hybrid halide perovskite solar cells (ABX,,
A=CH,NH,, B=Pb, Sn, X=I, Cl, Br) [1]-[7]. Miyasaka and colleagues in 2009 in-
corporated perovskite semiconductor in solar cell and represented solar cell with
power conversion efficiency (PCE) 3.8 % [8]. Then perovskite solar cell (PSC) ef-
ficiency increased rapidly to 22.1 % [9]. Apart from their high efficiency, perovskites
have many other advantages, including low cost, light weight, mechanical flexibility,
semi-transparency. Perovskites emerged as highly attractive sunlight convertors for
their high charge carrier mobility, high absorption coefficient and long electron- and
hole-diffusion lengths [6], [10]-[12].

Performance of PSCs is closely related to the morphology and chemical com-
position of the perovskite absorbers [13]. The most widely studied perovskites are
methylammonium triiodide lead perovskite (CH,NH,Pbl,) [2]-[4] and its mixed an-
alogue methylammonium chloride-iodide lead perovskite (CH,NH,PbI, Cl ) [13],
[14]. The CI" in precursor solution can enhance crystallinity of the resulting perovs-
kite films. The improved carrier transport has also been observed in MAPbI, CI
films with carrier diffusion length exceeding 1 um, which is one order of magni-
tude larger than that of MAPDI, [15]. In addition, it has been mentioned for the first
time by Snaith et al. that introducing trace quantity of chlorine can dramatically
improve electrical properties of perovskite materials [16]. It should also be noted that
in mixed halide perovskites the carrier lifetime can be prolonged substantially to ~1
microsecond [17].

There can be two types of perovskite solar cells — mesoporous cells [11], [18]—
[20], where perovskites are grown on a mesoporous oxide layer, and planar cells
[4], [21], [22]. However, mesoporous devices need high temperature sintering that
increases the processing time and cost of solar cell. Planar devices through a simple,
scalable and low-temperature technique can make perovskite solar cells commer-
cially viable.

The planar devices can be divided into regular (n-i-p) and inverted (p-i-n)
structures depending on the selective contact used on the bottom. The general sol-
vents used for PSCs, such as N,N-dimethylformamide (DMF) and dimethylsulfox-
ide (DMSO), have very good solubility and can wash off the most of the underlayer
of perovskites. Therefore, many conventional hole transporting materials (HTL) are
difficult to apply in the p-i-n type PSCs. The most used HTL in inverted type cells is
poly(3,4-ethylenedioxythiophene) polysterene sulphonate (PEDOT:PSS) [23], [24].
Many inorganic oxides are also widely used, such as NiO [25], NiO, [26], VO_[27],
CuO_ [28]. Different fullerene derivatives, such as [6,6]-phenyl C,, butyric acid me-
thyl ester (PCBM), are widely used as electron transporting material in inverted
perovskite solar cells [1], [23], [29]. PCBM is the commonly used ETL material due
to its solution processibility, appropriate energy levels for efficient exciton dissocia-
tion, and good electron transport and hole blocking properties [30].

In the present paper, we demonstrate inverted planar heterojunction perovs-
kite solar cells where perovskite layers are formed by the two-step modified interdif-
fusion and one-step methods. We also investigate how PSC parameters change by
doping ETL or both ETL and HTL.
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2. EXPERIMENTAL PART

Devices were fabricated with the following structures:

ITO/PEDOT:PSS/CH,NH,PbI, Cl /PCBM/C,/Ag (sample N1 and N2),
ITO/PEDOT:PSS/CH,NH,Pbl, Cl /PCBM:DMOAP/Ag (sample N3)

ITO/PEDOT:PSS:DMSO/CH,NH,Pbl, Cl /PCBM:DMOAP/Ag
(sample N4).

Device structural illustration and energy diagram of the used layers are de-
monstrated in Fig. 1.

370-1200 nm
{} light mod. period 6 s

lass substrate
C 1TO

PEDOT:PSS or
PEDOT:PSS with
dopant

Energy, eV

with or without Cgy

vacuum 10 mbar
thermal evaporation and for
photoelectrical measurements
in situ

1

Fig. 1. Structural illustration of the studied cells and the energy level diagram of layers.

The ITO-coated glass substrates (PGO) (15 ohm/sq) were cleaned in chloro-
form (Sigma Aldrich), acetone (Sigma Aldrich), deionized water and isopropanol
(Sigma Aldrich) in ultrasonic bath for 15 min in sequence and exposed to ultraviolet
ozone (UVO) irradiation for 20 min. PEDOT:PSS (Clevios Baytron AI 4083) water
solution with or without DMSO (Sigma Aldrich) was spin coated on ITO at a rate
5000 rpm for 60 sec at 60 °C and annealed at 145 °C for 30 min.

Then CH,NH,PbI, CI layer was deposited by using the two methods — the

two-step modified interdiffusion [31] (sample N1) and one-step [32] (samples N2,
N3, N4) methods.

Two-step modified interdiffusion method: the mixture of Pbl, (TCI) and
PbCl, (Sigma Aldrich) (with molar ratio 3.4) dissolved in DMF (Sigma Al-
drich) and DMSO solvent mixture with molar ratio 3 was spin coated at a
rate 6500 rpm at 65 °C for 75 s using 65 °C hot solution and was dried for
10 minutes at room temperature and for 10 minutes at 70 °C with the aim
to remove remaining solvents. Methyl ammonium iodide (MAI) CH,NH,I
(TCI) solution in 2-propanol (40 mg/mL) was spin coated at a rate 6000
rpm at 65 °C on top of PbL /PbCl, layer. The obtained bilayer system was
annealed in the closed system at 100 °C for 1 h and additionally for 1 h in
argon atmosphere to finish the formation of CH,NH,PbI, Cl_perovskite
film.

One-step method: perovskite precursors solution in DMF was spin coated

on PEDOT:PSS at a rate 6500 rpm for 60 sec at 40 °C. After a few seconds
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when the spin coating process of perovskite solution was started, 200 uLL
anhydrous chlorobenzene (Sigma Aldrich) was dropped onto the centre
of the substrate to induce fast crystallization [32]. The obtained film was
annealed at 80 °C for 30 min and then at 100 °C for 60 min to complete
the formation of CH,NH,PbI, CIl_perovskite layer. After cooling down to
room temperature (RT), the sample was moved into methylamine (MA)
33 wt% solution in ethanol vapours for some seconds (4Acros Organics) to
obtain smoother surface [33].

After the perovskite layer was deposited, PCBM (Solenne) solution in chlo-
roform (20 mg/mL) with or without 2.5 mol% N,N-dimethyl-N-octadecyl(3-amino-
propyl)trimethoxysilyl chloride (DMOAP) (Sigma Aldrich) was spin coated at a rate
2000 rpm for 60 sec at 40 °C and annealed at 80 °C for 30 min and then at 100 °C for
60 min. After cooling down to RT, the sample was transferred into the high vacuum
chamber where C_ fullerene and Ag (Kurt J. Lesker company) electrode layers were
thermally evaporated. Double fullerene layer (samples N1 and N2) was used with
the aim to passivate the trap states [34]. Active cell area was 7 mm?.

All photoelectric measurements were made in the same homemade vacuum
cryostat system where C, and electrode layers were thermally evaporated without
breaking the vacuum and moving the cell. During the evaporation process the thick-
ness of C, and Ag electrode was controlled by a calibrated 10 MHz quartz oscillator
and frequency meter. The spectral dependencies of short circuit photocurrent exter-
nal quantum efficiency (EQE) were investigated in the spectral range 370-900 nm,
using a synhro-detection technique and PC controlled data storage equipment [35],
[36]. The samples were illuminated by chopper-modulated monochromatic light.
The selected light modulation period was chosen as 6 s long and the light intensity
was controlled by a calibrated Si photodiode. A constant photon flux on the sample
during the measurement was achieved by a computer controlled movement of the
Thorlabs linear variable optical density metallic ND filter with the correction on the
Si photodiode spectral sensitivity. The dark current was checked permanently as a
residual current during the end of the dark half-period of light modulation for evolu-
tion series and shunt resistances of our cells.

3. RESULTS AND DISCUSSION

Spectral dependencies of the external quantum efficiency (EQE) and optical
density of photoactive layer are shown in Fig. 2. Spectral dependencies are measured
at 10" phot/(cm?-s) light intensity.

EQE values grow by ~ 30 % if the preparation method of perovskite layers is
changed from the two-step modified interdiffusion method to the one-step method
(compare samples N1 and N2). EQE values grow by ~ 10 % if the electron transport-
ing layer (ETL) PCBM is doped by DMOAP with concentration of 2.5 mol% [37].
The hydrolyzable alkoxysilane groups on DMOAP enable moisture cross-linking
through the formation of stable siloxane bonds. This doped PCBM interfacial layer
provides multipositive effects for the use in PSCs, including excellent film coverage
on the perovskite layer, good robustness against the undersirable reaction between
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the mobile iodide ions and Ag electrode, reasonable electrical conductivity, fine-
tunability of WF of Ag electrode [37]. The highest EQF values (which exceed 90 %)
can be achieved by doping both the hole transporting layer (HTL) PEDOT:PSS and
ETL. DMSO as additive promotes pinhole-free perovskite layer formation. DMSO
acts as a solvent of the MAPDI precursors and mediates the nucleation and crystal-
lization at the PEDOT:PSS surface [38].

100%
90% £
7 80% +
2 70% £
£60% £
o ]
= 50% +
3 ]
340% t
g3o%
= 20% +
10% + 3
0% :""l""l"":""l"\"’g0
320 420 520 620 720
Wavelenght, nm

Fig 2. Spectral dependencies of the short circuit photocurrent EQE and optical densities of photoac-
tive layer

(sample N1: ITO/PEDOT:PSS/perovskite (2 step method)/PCBM/C,/Ag
sample N2: ITO/PEDOT:PSS/perovskite (1 step method)/PCBM/C, /Ag
sample N3: ITO/PEDOT:PSS/perovskite (1 step method)/PCBM:DMOAP/Ag
sample N4: ITO/PEDOT:PSS:DMSO/perovskite (1 step method)/PCBM:DMOAP/Ag).

As it is shown in Fig. 2, samples with perovskite layers prepared by the one-
step method (samples N2, N3 and N4) demonstrate higher EQFE values than the
sample with the perovskite layer prepared by the two-step modified interdiffusion
method (sample N1).

The increase in EQE values is accompanied by the decrease in FF as it is
shown in Fig. 3 and Table 1. Fill factor (FF) values do not exceed 0.4 for samples
(N2, N3 and N4), where the perovskite layer is made by the one-step method, but
for sample N1 (the perovskite layer is made by the two-step modified interdiffusion
method) FF values exceed 0.58. The lowest FF' values are observed for sample N2
(~0.3). FF values increase slightly by doping ETL (sample N3) or both £7 and HTL
(sample N4). However, in sample N4 we observe large hysteresis, in samples N1,
N2 and N3 hysteresis practically is insignificant (Fig. 3). R, values are about an
order smaller for sample N4 than in sample N2 and N3 and about two orders than in
sample N1.

The highest open circuit voltage (V) values are observed for samples where
the perovskite layer is made by the one-step method (for sample N4, where both
EHL and HTL are doped), V. value is 1.1 V. But for sample N1 V. value is only
0.86 V.
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Fig. 3. Photocurrent EQE dependencies on the applied external voltage

at 720 nm and light intensity 10'° phot/(cm?-s) for:

a) samples N1 and N2;
b) samples N3 and N4.

(Lighter curves are measured at increasing voltage, darker — at decreasing voltage, “-” sign at EQE
values denotes photocurrent direction indicating that electrons are going to upper Ag electrode.)
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Table 1
Characteristics of Measured Samples at 720 nm and at Light Intensity 10’5 phot/(cm?s)
Obtained at Increasing Voltage (=) and Decreasing Voltage (<)
EQE Voc, V FF PCE
— — — «— — — — «—
N1 0.279 0.282 0.856 0.859 0.583 0.534 8.10 % 7.52%
N2 0.552 0.551 1.034 1.034 0312 0.296 1035% | 9.80%
N3 0.568 0.572 1.012 1.014 0.396 0.391 13.23% | 13.16 %
N4 0.604 0.655 1.097 1.105 0.295 0.402 11.36 % | 16.89 %
Table 2
Shunt and Series Resistances Measured from Residual Dark Current during Light
Modulation at 720 nm and at Light Intensity 10" phot/(cm?*s) Obtained at Increasing
Voltage (=) and Decreasing Voltage (<)
shunt® series®
— — «—
NI 2.50E+07 2.38E+07 4.80E+02 4.81E+02
N2 3.46E+06 3.40E+05 5.32E+03 5.15E+03
N3 2.94E+06 3.45E+06 1.10E+03 1.11E+03
N4 3.10E+05 5.20E+05 4.34E+02 4.52E+02
The power conversion efficiency (PCE) is calculated according to formula 1
[35].

phot
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where V.- open circuit voltage, V;
FF —Aill factor;
EQF — external quantum efficiency for short circuit photocurrent;
E ,, —energy of photon, eV.

PCE spectral dependencies are shown in Fig. 4. The higher PCE values are
observed by using the one-step method for preparing the perovskite layer and they
exceed 10 % even for undoped CTLs (Fig. 4a). When the ETL is doped, PCE in-
creases to 12—14 %. If both HTL and ETL are doped, PCE increases up to 16—17 %
(Fig. 4b), but in this case we observe very strong hysteresis (sample N4 in Fig. 4b),
possibly by trap states which are formed in the layers when E7L and HTL are doped.

a) 12% ) - b) 18%
10% i ‘...._F"'. .'.._.-""'-.’ 16%
14%
%0, \_\/7/\ Lo,
= = 10%
4% - 6% -
4%
2% A 20 -
0% 1 1 T T T 0% T T T T T
440 490 540 590 640 690 440 490 540 590 640 690
Wavelenght, nm Wavelenht, nm

Fig. 4. Spectral dependencies of power conversion efficiency (PCE) at
light intensity 10" phot/(cm?:s) for:
a) samples N1 and N2;
b) samples N3 and N4.

(Lighter curves are measured at increasing voltage, darker —
at decreasing voltage.)

4. CONCLUSIONS

We have reported on four planar heterojunction systems, where perovskite
layers are formed by using the two-step modified interdiffusion and one-step meth-
ods and where ETL or both ETL and HTL are doped. We have found that

* higher EQE, V. and PCE values are observed, when the perovskite layer
is formed by using the one-step method employing fast crystallization;

* higher FF and R, values are observed, when the perovskite layer is
formed by using the two-step modified interdiffusion method without
doping CTLs;

*  when both ETL and HTL are doped, strong hysteresis is observed in cur-
rent-voltage and PCE spectral dependencies possibly by too high carrier
trap concentration.
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IZGATAVOSANAS METODES IETEKME UZ PLANARO PEROVSKITA
CH,NH,PBI, ,CL, SAULES ELEMENTU PARAMETRIEM UN HISTEREZI

A. Ivanova, A. Tokmakov, K. Lebedeva, M. Roze, 1. Kaulacs
Kopsavilkums

Organometaliskie halogenidu perovskiti ir daudzsoloss materials 1&tu augsti
efektivu saules elementu izveidei. Perovskita slana uznesanas metode un starpslanu
izvele stipri ietekm& perovskita saules elementu efektivitati. gajﬁ darba mes
demonstréjam inversas planaras perovskita saules Stinas, kuras perovskita slanis tiek
veidots, izmantojot modificétu interdifuizijas divpakapju vai vienpakapes metodes.
Ka arT més paradam, ka perovskita saules elementu parametri mainas atkariba no
ladina transportslanu dopésanas. Caurumu transportslanim (PEDOT:PSS) ka dop-
antu més izmantojam dimetilsulfoksidu (DMSO), bet elektronu transportslanim
([6,6]-fenil C, sviestskabes metilesterim (PCBM)) N,N-dimetil-N-oktadecil(3-ami-
nopropil)trimetoksisilil hloridu (DMOAP).

Augstakas PCE, EQE un V,, . vertibas tika sasniegtas Sinam, kuras perovskita
slanis tika veidots, izmantojot vienpakapes metodi ar paatrinato kristalizaciju un
dopétiem ladina transporta slaniem, bet augstakas FF un R, vertibas — Sunam, kuras
perovskita slanis veidots, izmantojot divpakapju metodi, un ar nedopétiem ladina
transporta slaniem.

15.07.2017.
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One of the main objectives of the fifth generation (5G) mobile commu-
nication systems, also known as IMT-2020, is to increase the current data rates
up to several gigabits per second (Gbit/s) or even up to 10 Gbit/s and higher.
One of the possibilities to consider is the use of higher frequencies in order
to enlarge the available bandwidth. Wider bandwidth is necessary to achieve
much higher data rates. It should be noted that wireless broadband transmis-
sion technologies require frequencies for their development.

The main goal of the research is to investigate the characteristics and
requirements of 5G mobile communication systems. The paper provides an
insight into deployment scenario and radio wave propagation in frequencies
above 24 GHz of IMT-2020.

Keywords: 4G mobile communication, 5G, IMT, mobile service, M2M,
radio wave propagation, WRC-19

1. INTRODUCTION

Mobile broadband traffic is ever increasing, driven by consumer demand for
mobile data, improved performance and quality of mobile networks, new technolo-
gies, devices, applications and services that introduce advanced ways of usage of
mobile service frequencies [1]. In the present paper, the authors investigate the char-
acteristics and requirements of 5G mobile communication systems, also known as
IMT-2020. The paper provides an overview of possible architecture, deployment
scenario and radio wave propagation in frequencies above 24 GHz.

The paper is organised as follows. The second chapter is devoted to the mobile
spectrum estimation for terrestrial International Mobile Telecommunications (IMT).
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The third chapter describes the main characteristics and requirements of IMT-2020.
The fourth chapter is dedicated to the possible architecture and deployment scenario
of IMT-2020. The fifth chapter is devoted to the radio wave propagation in frequen-
cies above 24 GHz. In the last chapter conclusions are drawn.

2. MOBILE SPECTRUM ESTIMATE FOR IMT

It can be estimated that more spectrum resources will be necessary for the
future mobile broadband communication systems to support an increasing demand
for mobile data traffic. The Report ITU-R M.2290-0 [2] procures a global perspec-
tive on the future spectrum requirement approximation for terrestrial IMT in the
year 2020. The total predicted spectrum demand for both low and high user density
scenarios was calculated to be 1340 MHz and 1960 MHz, respectively, (embracing
the spectrum already in use, or planned to be used) at least by the year 2020. The
national spectrum demand in some countries can be lower than the estimate derived
by lower user density settings and in some other countries national spectrum demand
can be higher than the estimate derived by higher user density scenarios. Further
estimates [3] expect that global IMT traffic will grow in the range of 10 to 100 times
from 2020 to 2030.

To satisfy an increasing demand on mobile data traffic, especially in dense
populated areas, it is necessary to develop and introduce next generation of broad-
band communication technologies — 5G. One of the main goals of 5G technology
implementation is to increase the current data rates up to several gigabits per second
(Gbit/s) or even more than 10 Gbit/s in hotspot areas. One possibility to conceive is
the usage of higher frequencies in order to enlarge the available bandwidth, e.g., to
get more than 500 MHz wide frequency blocks [4], which are necessary to achieve
such data rate.

Within the framework of WRC-19 agenda item 1.13, in conformity with Reso-
lution COM6/20 (WRC-15), it is planned to conceive identification of frequencies
for the prospective development of IMT, including possible additional allocations to
the mobile service on a primary basis [5].

3. CHARACTERISTICS AND REQUIREMENTS OF IMT-2020

A. Capabilities of IMT-2020

Goals of future 5G capability development described in Recommendation
ITU-R M.2083-0 are summarised in Table 1, where the eight key capability para-
meters of IMT-2020 are seen [3]. Performance requirements of 5G have to be met
but at the same time their execution depends on the usage scenario. The mission-
critical communication demands very low latency of a few milliseconds (s), though
in this case the needed peak data rate may be much lower than 10-20 Gbit/s.

IMT-2020 will also conceive the Internet of Things (IoT) and M2M by con-
necting a wide range of smart appliances, machines and other objects without human
intervention, in addition to the conventional human-to-human or human-to-machine
communication.
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Capabilities of IMT-2020

Table 1

Parameter

Key values for 5G

Peak data rate: maximum accomplishable data rate under ideal
conditions per user/device (in Gbit/s)

10-20 Gbit/s

User experienced data rate: accomplishable data rate that is avail-
able ubiquitously in the coverage area to a mobile user/device (in
Mbit/s or Gbit/s)

100 Mbit/s (for wide area
coverage, e.g., in urban and
sub-urban areas) and 1 Gbit/s
(in hotspot cases, e.g.,
indoor)

Latency: the time contribution of the radio network from when the
source sends a packet to when the destination receives it (in ms)

1 ms

Mobility: maximum speed at which a defined quality of service
(QoS) and seamless transfer between radio nodes which may belong
to different layers and/or radio access technologies can be accom-
plished (in km/h)

500 km/h (e.g. for high speed
trains)

Connection density: total number of connected and/or accessible

area (in Mbit/s/m?)

6 1 2
devices per area unit (per km?) 10° devices/km
Energy efficiency: energy efficiency has two prospects: on the net-
work side, energy efficiency refers to the quantity of information bits
transmitted to/ received from users, per unit of energy consumption | 100x greater than IMT-
of the radio access network (in bit/Joule); on the device side, energy | Advanced
efficiency refers to quantity of information bits per unit of energy
consumption of the communication module (in bit/Joule)

Spectrum efficiency: average data throughput per spectrum unit 3x greater than IMT-Ad-
resource and per cell (bit/s/Hz) vanced
Area traffic capacity: total traffic throughput served per geographic 10 Mbit/s/m?

Based on the chosen use case or scenario, the importance of certain key capa-
bilities may be significantly different, but generally all key capabilities may, to some
extent, be important for most use cases. The relevance of each key capability for
massive machine type communication, ultra-reliable and low latency communica-
tion, and enhanced mobile broadband usage scenarios is shown in Fig. 1 [3].

. Peak
Enhanced mobile data rate

broadband

data rate

Area traffic
capacity

Network
energy efficiency

Massive machine
type communications

Connection density

Latency

User experienced
Ce p

Spectrum
efficiency

Mobility

Ultra-reliable

and low latency
communications

M.2083-04

Fig.1. The relevance of key capabilities in different usage scenarios.
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As a wide range of 5G requirements are defined, the single radio access con-
figuration would not be enough to support different applications and deployment sce-
narios. For 5G it is planned to integrate various Radio Access Technologies (RATSs)
in a single system. In that way enabling a combination and cooperation of different
RATs — some already existing (IEEE 802.11p etc.) and others will be designed (fu-
ture releases of LTE etc.) [6].

B. Timescale for IMT-2020

To support IMT-2020 fluent development, the ITU is planning to complete
work on standardisation of IMT-2020 no later than in 2020. The relevant timescale
is depicted in Fig. 2 [3]. The European Commission also presented an Action Plan,
mentioning plans for commercial 5G launch in 2020 and plans for joint work with
industry and the Member States to identify and allocate spectrum for 5G, and organ-
ise pan-European 5G trials in 2018 [7]. It is important to specify the exact time when
the standards are completed and when deployment may start, when discussing the
timelines for IMT-2020.

Development Deployment (*)
f of

Vision o oo e
IMT-2020 IMT-2020
9 years ‘
.............................
Development Deployment (*)
Vision of of ele 2
IMT-Advanced IMT-Advanced
15 years
“
Development Deployment (*)
of of ° oo
IMT-2000 IMT-2000
1985 2000 2003 2012 2015 2020
SQ Adopted IMT-2000  Vision IMT-Advanced IMT-2020 IMT-2020
FPLMTS Rec. ITU-R Rec. ITU-R Rec. ITU-R  Vision
M.1457  M.1645 M.2012

(1strelease) (1strelease)

(*) Deployment timing may vary across countries.
M.2083-01

Fig. 2. Overview of timescale for IMT development and deployment.

In the authors’ opinion, the 5G signal waveform could be improved, as a re-
sult, reducing the unwanted emissions, improving the coexistence in adjacent bands
or channels and minimising the requirement for guard bands.

4. ARCHITECTURE AND DEPLOYMENT SCENARIO

According to Ericsson paper [8], LTE will explicate in a way of providing
coverage for mobile users. 5G networks will comprise LTE access based on Orthog-
onal Frequency Division Multiplexing (OFDM) along with new radio interfaces us-
ing possibly new techniques, e.g., Filter Bank Multicarrier Transmission technique
(FBMC).
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A. Architecture of IMT-2020

Deployment architecture of IMT-2020 can be classified into two architecture
types: standalone or overlay. The standalone architecture pertains to the network
deployment consisting of millimeter wave (mmWave) small cells. The overlay archi-
tecture pertains to the network deployment of millimeter wave small cells developed
on top of the existing macro networks. In overlay architecture case, the macro cell
layer of the existing 4G mobile communication serves mainly for providing cover-
age, whereas the millimeter wave small cell layer should be used to provide capacity
[4].

For mmWave small cells developed using cellular technologies, the typical
range is expected to be around 10 m to 200 m under Non-Line-of-Sight (NLoS) cir-
cumstances, which is a lot shorter than the range of a cellular macro cell that can be
several kilometres wide. Small cells can be deployed both indoors (e.g., femto cells)
and outdoors. When deployed outdoors, mmWave small cells are typically deployed
at a lower antenna height than a macro cell (on street lamp posts etc.) and with lower
transmit power to cover a targeted area. Three categories of mmWave small cell de-
ployment scenarios can be identified: indoor, hotspot, and outdoor [4].

Aplé\
&

‘"

\__j)-_.

4G Macro Cell Backhaul mmWW Small Cell

Fig. 3. System architecture proposed for 5G.

The possible system architecture intended for 5G is presented in Fig. 3 [4]. It
relies on macro cellular base stations, which provide wide area coverage to mobile
users using the existing RATs (e.g., LTE, UMTS) and their enhancements below 6
GHz. The reference system architecture introduces millimeter wave small cells that
enable much higher throughput and traffic capacity to low mobility users employing
millimeter wave radio access in the frequency bands above 24 GHz.

B. Channel Bandwidth

Maximum capacity of a radio channel for single-input single-output (SISO)
scenario can be described by Shannon-Hartley formula. This equation relates the
maximum capacity (transmission bit rate) that can be achieved over a given channel
to certain noise characteristics and bandwidth. For an additive white Gaussian noise
of power N the maximum capacity can be calculated by
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S
CZB-logz[l-f-N], (1)

where C — the maximum capacity of the channel (bits/s) otherwise known as
Shannon's capacity limit for the given channel; B —the bandwidth of the
channel (Hz);
S — the signal power (W); N — the noise power (W). The ratio S/N is
named Signal to Noise Ratio (SNR) [9].

It can be recognised that the maximum transmission rate, at which the infor-
mation can be transmitted without any error, is limited by the bandwidth, the signal
level, and the noise level. As the bandwidth B tends to infinity, noise power also
increases with the increase in bandwidth that is why the channel capacity does not
become infinite.

Therefore, the authors assume that bandwidth directly affects channel through-
put. For example, in LTE systems different channel bandwidths have a different
number of resource blocks (RB) used for data transmission, some part of a channel
bandwidth is also used for guard bands. It can be concluded that the wider available
bandwidth, the higher channel throughput.

One of the benefits of higher frequency adaptation for mobile communica-
tions is system capability to implement wide channels. For Frequency Division Du-
plex (FDD) implementation, a duplex filter is needed. The current development has
achieved maximum size of duplex filter to be around 3—4 % of the centre frequency
of the frequency band. For better understanding, an example can be given. If the
centre frequency is 12.5 GHz, a duplex filter for channel bandwidth of 500 MHz can
be used. To cover bandwidth of one 1120 MHz channel or two 500 MHz channels, a
duplex filter at 28 GHz can be chosen. In case the centre frequency (F¢) x 0.03~0.04
is smaller than the necessary channel bandwidth for specific data rate provision, car-
rier aggregation is needed to achieve the data rate as shown in Fig. 4 and Fig. 5 [4].

1120MHz 1120MHz

/ \/ A

Fig. 4. The number of duplex filters to cover bandwidth to meet the needed data rate in 28 GHz band.

Fc X 0.04% Fc X 0.04%

Fig. 5. The number of duplex filters to cover bandwidth to meet the required data rate. , where F, x
0.03~0.04 is less than channel bandwidth to meet the needed data rate.
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In the authors’ opinion, to achieve objectives set for future IMT-2020 systems,
it is necessary to provide contiguous, broad and harmonised frequency bands, which
will minimize 5G device complexity and possible interference issues.

5. RADIO WAVE PROPAGATION IN FREQUENCIES ABOVE 24 GHZ
A. Propagation Losses

For outdoor access mobile communications in frequencies above 24 GHz, one
of the expected challenges to overcome will be difficulties in propagation conditions.
The most evident obstacle is the high path loss of the bands above 24 GHz compared
to frequency bands below 6 GHz for traditional cellular use. The Free-Space path
loss (Recommendation ITU-R P.525) [10] provides the expected loss (dB) that can
be calculated by

L,=92.4+20-log f +20-logd, )

where d — distance between a transmitter and a receiver (km); f— frequency (GHz).

An example can be provided to describe one of the difficulties following high-
er path loss. In the frequency range from 2 GHz to 28 GHz and 70 GHz additional
losses of 22.9 dB and 30.9 dB, respectively, can be anticipated to occur. To compen-
sate these losses, additional means should be taken. For example, one possible way
to compensate these losses is to use larger antenna array sizes with higher antenna
power gain that uses Multiple-Input Multiple-Output (MIMO) technologies [4].

B. Atmospheric Losses
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Fig. 6. Atmospheric attenuation versus frequency.
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Environmental effects, e.g., gaseous (oxygen and water vapour) absorption,
rain loss and foliage loss introduce some other challenges to overcome. Only in rare
cases path losses that are caused by snow or fog are significant, in most cases they
are only minor challenges. According to ITU-R Recommendation P.837 [11], gas
loss is ubiquitous, and as for the rain attenuation, it only occurs for a short period of
time. Frequencies that are represented by the peaks in Fig. 6 [4] are the ones most
sensible to molecular oxygen and water vapour losses, and following these frequen-
cies should be used where influence of atmospheric attenuation is not significant,
e.g., for small cells for indoor usage. In these peak frequency ranges, the reach of
interfering signals is also limited by connatural atmospheric loss, allowing for more
frequent reuse of carrier frequencies.

C. Antenna Technology

Designing antennas that can operate well enough in distant frequencies at the
same time, e.g., both at 700 MHz and 60 GHz is a difficult task; therefore, most
likely two separate antennas, each operating at the specific frequency band, will be
required. The wavelengths above 24 GHz provide a possibility to put more antenna
elements in the restricted area. The antenna technology with the increased number
of particular antenna elements can be used to provide high beamforming gain; thus,
the incremented path loss of above 24 GHz frequency bands can be mitigated by
beamforming techniques with exact pointing direction. The phased array beamform-
ing is used to raise the received signal power by using beamforming gain. Applying
narrower beams, greater antenna gains may be achieved [4].

Noticeable advantage of millimeter wave systems above 24 GHz is small size
of required antennas, which can be arranged in comparatively small footprint phased
arrays for high directivity and beam steering. For 5G communication systems, mas-
sive MIMO solutions would be used to compensate additional propagation loss in
higher frequencies [12]. Array antennas should be integrated in the terminals or user
equipment. In this case, it should be possible since the transmission wavelengths
would become smaller. The millimeter wave small cell deployment with much wider
bandwidth accessible can provide higher data throughput than the existing macro
cell networks.

6. CONCLUSIONS

In the paper, the authors have investigated characteristics and requirements of
5G mobile communication systems. An insight into 5G system deployment architec-
ture and scenario, radio wave propagation in frequencies above 24 GHz of IMT-2020
has also been provided in the paper.

The analysis shows that one of the ways of future IMT-2020 development
would be the usage of overlay network architecture, when use of low frequencies
below 6 GHz and high frequencies above 24 GHz is coordinated in a complementary
manner. In this case, macro cells operating in frequency bands below 6 GHz provide
baseline coverage, and capacity improvements are ensured by additional network el-
ements that are to be developed, operating in higher frequency bands above 24 GHz.
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The results of the present study have shown that implementation of high fre-
quency bands, even above 24 GHz, remains necessary to ensure that all the perfor-
mance targets of 5G, e.g., multigigabit per second data rates, are met. Frequencies
below 6 GHz are very valuable, especially frequencies below 1 GHz due to their
optimal radio wave propagation. IMT technologies produced for deployment in fre-
quency bands above 24 GHz would be rational to use mainly in dense urban environ-
ments enabling provision of high data rate services. In the authors’ opinion, for the
deliberative development of IMT systems it is necessary to timely provide wide and
contiguous spectrum resources for implementation of new technologies and services.

The results obtained within the framework of the research can be used by Na-
tional Regulatory Authorities (NRAs), equipment manufacturers, mobile operators,
researchers and other interested parties when planning 4G and 5G mobile services.
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5G MOBILO SAKARU SISTEMU PRASIBU UN
RAKSTURIGO PARAMETRU ANALIZE

G.Ancans, A.Stafecka, V.Bobrovs, A.Ancans, J.Caiko

Kopsavilkums

Viens no piektas paaudzes (5G) mobilo sakaru sistému, zinamu ar1 ka IMT-
2020, galvenajiem mérkiem ir palielinat datu parraides atrumus Iidz vairakiem giga-
bitiem sekundé (Gbit/s) un pat virs 10 Gbit/s. Lielakus datu parraides atrumus var
sasniegt, izmantojot radiokanalus ar lielaku frekvencu joslas platumu. Nakamas
paaudzes mobilo sakaru sistému izmantoSana ar platakiem radiokanaliem iesp&jama
augstakas frekvenCu joslas. Platjoslas bezvadu parraides sist€ému attistibai ir
nepiecieSami papildu radiofrekvencu spektra resursi.

Petijuma merkis ir apskatit IMT-2020 sistemu galvenas prasibas un to
raksturigakos parametrus. Raksta apskatits ar1 IMT-2020 sisttmu iesp&jamais
izmantoSanas scenarijs, ka arT analiz&ta radiovilnu izplatiSanas virs 24 GHz.
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