MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE
NATIONAL TECHNICAL UNIVERSITY OF UKRAINE
"IGOR SIKORSKY KYIV POLYTECHNICAL INSTITUTE"

DC AND AC POWER GRIDS
WITH ALTERNATIVE

ENERGY SOURCES -2
LECTURE NOTES

Recommended by the Methodical Council of Igor Sikorsky Kyiv Polytechnic Institute
as a tutorial for bachelors in the educational program "Electronic Components and
Systems" Speciality 171 "Electronics"”

Kyiv

Igor Sikorsky Kyiv Polytechnic Institute
2021



DC and AC power grids with alternative energy sources — 2: Lecture notes [Electronic
resource]: tutorial for students speciality 171 "Electronics" / Igor Sikorsky Kyiv Polytechnic
Institute; compiler: 1.V. Verbytskyi — Electronic text data (1 file: 4,00 Mbyte). - Kyiv: Igor
Sikorsky Kyiv Polytechnic Institute, 2021. — 88 p.

Stamp assigned Methodical Council of Igor Sikorsky Kiev Polytechnic Institute (Protocol N 8 of June 24, 2021)
at the request of the Academic Council of the Faculty of Electronics (Protocol N 06/2021 of June 22, 2021)

Electronic online educational publication

DC AND AC POWER GRIDS WITH

ALTERNATIVE ENERGY SOURCES - 2
LECTURE NOTES

Compiler: Verbytskyi levgen Volodymyrovych, Doctor of Philosophy, Associate
Professor

Responsible

editor Romashko V.Ya., Doctor of Science, Professor

Reviewer Drozdenko O.1., Doctor of Philosophy, Associate Professor, Associate

Professor of Department of Acoustic and Multimedia Electronic
Systems of Igor Sikorsky KPI

The lecture notes of the dicipline "DC and AC power grids with alternative energy sources -
2" contain the main technical requirements and measures to coordinate the operation of power
grids, reactive power compensation and elimination of power power distortion, describes the
possibility of using power electronics to increase energy efficiency. The possibility of using
DC power grids to reduce losses during electricity transportation is considered. The
advantages and disadvantages after the transition from centralized to distributed power supply
systems with intelligent control are analyzed. Also, in the lecture notes the methods of
calculation of the devices of power electronics intended for increase of energy efficiency of
electric networks are analyzed.

© Igor Sikorsky Kyiv Polytechnic Institute, 2021



CONTENT

INTRODUCTION ...uuiiiiiiiiiiiiiiiitiiietiietiieteiaccisecsnsseesscssscssscnees
Lecture 1. Modes of transmission of electrical energy in electric power
SYSEERIMS Lueeeennnniieeeeeennnseeeeesseesececssssssscssssssssssssssssssssssssssssssssons
Lecture Ne 2. Design and parameters of AC power lines...........cccccue....
Lecture Ne 3. Quality standards of electric energy parameters. GOST
Lecture Ne 4. Reactive power cOmpensators .....cccceeeeiernereiineccnenecnnns
Lecture Ne 5. Passive and active filters of higher harmonics ...............
Lecture Ne 6. Balancing devices of three-phase power supply systems....
Lecture Ne 7. DC power supply systems. Experience and technical
features of USe....cvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii i
Lecture Ne 8. Equipment of direct current power supply systems .........
Lecture Ne 9. Intelligent power supply systems. Smart grid concept........

REFERENCES ....uuiiiiiiiiiiiiiiiiiiiiiiiiiiitiiiiiitititcmmecsaciacesscsacsncens

13

23
32
42
51



Introduction

The electric form of energy is used to power the vast majority of industrial
electrical equipment and household appliances. Electricity transportation is the
cheapest from an economic and energy point of view. Therefore, electricity is the main
energy source and its consumption will increase over time.

Losses of electricity during its transportation from power plants to consumers in
the power system of Ukraine account for 12% of its consumption. In developed
countries, this figure is 4-6%. A large amount of losses is associated with the use of
obsolete equipment, inconsistencies in the operation of the power system. In turn, these
technical problems are caused by the lack of interest of owners of generating capacity
and power grids in the modernization of network equipment due to the lack of state
compensation programs and a fixed tariff that does not depend on the quality of
electricity provided to consumers.

After Ukraine's accession to the European Energy Community, gradual reform
of the energy sector began. The main task of the reforms is to create a competitive
market where electricity suppliers can enter into contracts directly with consumers. The
rules of functioning of the electricity market were approved by the law "On the
principles of functioning of the electricity market of Ukraine.

The lecture notes of the credit module " DC and AC power grids with alternative
energy sources - 2" contain the main technical measures to be taken to coordinate the
operation of power grids, reactive power compensation and distortion power, describes
the possibility of using power electronics to increase energy efficiency. The possibility
of using DC power transmission to reduce losses during electricity transportation is
considered. The advantages and disadvantages after the transition from centralized to
distributed power supply systems with intelligent control are analyzed. The normative
bases of modernization of the electricity market in accordance with the law "On the
principles of functioning of the electricity market of Ukraine" are described. Also in
the lecture notes the methods of calculation of the devices of power electronics
intended for increase of energy efficiency of electric networks are analyzed.



Lecture 1. Modes of transmission of electrical energy in electric power
systems

Basic terms and definitions

Energy efficiency ratio is the ratio of useful energy used to its total volume taken
from the source.

Active power is the power expended to get the job done.

Reactive power is the period average of the energy circulating between the
generator and the reactive load cells, divided by that period.

Apparent power is a value equal to the product of the effective values of the
voltage and current of the network.

Distortion power is present in nonlinear circuits and characterizes the power of
the higher harmonics of voltage and current.

For electrical energy on an industrial scale as a primary source often, use
mechanical, thermal or light energy form. In this case, the efficiency of energy
conversion is estimated by the efficiency 7p, which characterizes the ratio between the
amount of energy Wp or the power of the Pp of the primary energy source and,
accordingly, the amount of maximum electrical energy Wemax or the maximum power
Penax, that can be developed by the source of electrical energy:

Np =Wemax /Wy = Pemax / By - (1.1)
In the electrical circuit of power supply systems, additional losses occur, which

are estimated by the efficiency of electricity delivering (EED) #z. EED is the ratio of
the electrical power of the source Ppand the power of the load P,:

The total efficiency of the use of primary energy ns is calculated by the formula:
Ny =MNpME - (1.3)

Efficiency depends on the type of primary energy source and energy conversion
technology. The value of the parameter np can be considered constant over the entire
range of the permissible output power of the source of electrical energy np = const.
Unlike the efficiency np, EED ng can vary over a wide range; its value depends on the
degree of consistency of the parameters of the load and the source of electrical energy
and the amount of losses during the conversion of electrical energy parameters.

For the efficient use of energy sources, the maximum value of the efficiency of
energy conversion np is provided. When transferring electrical energy from an energy
source to a load, it may be expedient to both ensure the maximum value of the
parameter ne and the maximum possible output power of the Pg source. The type of
primary energy source determines the choice between the criteria for the efficiency of
electricity transmission.

If the source of primary energy is free (solar, wind, geothermal energy), it is
advisable to take the maximum electrical power. If the primary energy source is a paid
(fossil fuels, nuclear fuel), it is necessary to ensure maximum EED ng to reduce the
cost of energy produced.



Consider the factors that affect the modes of transfer of electrical energy from
the source to the load. The main characteristic of any source of electrical energy, which
determines the efficiency of energy transfer, is its initial or load characteristic. It
describes the dependence of the output voltage Uour on the output current Iour. To
estimate the change of the output voltage AUour to change the output current Alout
parameter using the output impedance of the power source Rour:

R . =-AU, /Al

out (1.4)
where the minus sign indicates that with increasing current, the output voltage of the
source decreases, that is, the losses in the internal resistance of the source R; increase.
Electrical energy transmission modes are dependent on the ratio of the output resistance
Rout source and load resistance Ry. Let's consider the case when the load characteristic
of the source is linear. In this case, the output resistance is constant and equal to the
internal resistance Ro.s = Ri. As you know, energy sources, depending on the principle
of their operation, can be represented using an idealized voltage source E or current J,
which take into account the conversion of non-electrical types of energy into electrical
energy, as well as internal resistance R;, which takes into account internal energy losses
in the primary source.

The models of the system “source of electrical energy - load” is shown in Fig. 1.1.

Ri . l
l["” ! Lous
5o &b I

a) based on a constant voltage source  b) based on a constant current source
Fig. 1.1. Models of the system “source of electrical energy - load”

Let us calculate the dependence of EED ng and the load power of the P. on the
ratio of the resistances R; and R; for models based on a voltage and current source. For
a voltage source E, the load power of the P; is calculated:

P =E*R, /(R +R, ). (1.5)
According to (1.5), the parameter 1 is calculated:

P, ER,/(R+R) R,
—e=— = . (1.6)
Pe  E'/R +R)  (Ri+R)

To simplify further calculations, we introduce the variable k£ = R;/R;. Given this
(1.5) and (1.6) have the form:

Ng =

2 2
P L )
(R; +kR;) R (1+k)
ng=k/1+k. (1.8)

Maximum load power Prmax according to (1.7), attainable at £ = 1, that is, when
the load resistance is equal to the source resistance R; = R;:
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2 2
P max :E—szi :E—'
(R; +kR;) ARy
According to this condition, the power dissipated at the load R; is equal to the
power dissipated at the internal resistance of the source R;, that is, EED ne = 0.5.
Let us analyze the value of the parameter nr and the power of the Pr for other values
of k using the graphs of their functions ng (k) and P.(k), which are shown in Fig. 1.2.
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Fig. 1.2. Graphs of power and efficiency of the power supply system based on the voltage source

Analysis of the dependencies shown in Fig. 1.2, shows that at R; < R;, the use of
the power supply system is ineffective, since in this mode both parameters: P, power
and efficiency ng are less than at the point of maximum power R; = R;.

At R.> R;, the power of the Py is less than the Prmax, but the power transmission
EED increases. Therefore, to reduce losses in the system, an energy source with a
power reserve is often used and the operating mode is provided from the condition R,
> R;. For most systems operating on fossil energy sources ne > 0.9, which
corresponds to the ratio R.> 9 R.. In this case, a voltage source running at close to idle.

When using power systems based on a current source, the Pr load power is

calculated:

2p2 2p2
PL=LZ'2RL=LZ'2/€RZ'=J2RI‘ k = (1.10)
(R +Ry) (R; +kR;) (1+k)
Taking into account (1.10), the parameter ng 1s equal to:
2p2 2
J°R'R; /(R +R :
PL _ i L ( i L) _ Rl 1 (111)

T]E:—_ = = .
Pz J°RR,/(R+R;) (Ri+Ry) 1+k

The graphs of the functions P.(k) and ne(k), calculated by (1.10) and (1.11), are
shown in Fig. 1.3.
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Fig. 1.3. Graphs of dependences of power and efficiency of the power supply system
Analysis of Fig. 1.3, we can conclude that the maximum power from the current

source is achieved under the same condition as for the voltage source, Ri=R:. To
ensure a high EED #g, it is advisable to operate the system at R; <<R.

For energy sources with nonlinear internal resistance, the graphs of output power
and EED are built based on graphs of their load characteristics, which can be divided
into two types, which is shown in Fig. 1.4.
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—

Fig. 1.4. Types of nonlinear current-voltage characteristics

Power supplies with load characteristics of type 1, which are above the linear
characteristic, have a higher EED, and their maximum power point is shifted towards
higher currents and voltages. Sources of type 2 have a lower EED, their maximum
power point is shifted towards lower currents and voltages. To ensure operating modes
with a constant EED or output power, it is necessary to maintain a constant ratio of the
output impedance of the source and the load. In DC power systems, for this purpose,
pulse regulators (PR) of constant voltage are used, which are connected between the
power source and the load, as shown in Fig. 1.5.
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Fig. 1.5. Scheme of matching the parameters of the constant current source and load

In this scheme, the PR acts as a DC voltage transformer. Let the voltage at the
input of the converter be n times greater than at the output: Uinput = nUoutput. If losses
in the converter are applied, that is Pinput = Pout, the input current of the converter is n
times less than the output current: linput = Iout/n. Then the input impedance of the
converter is:

, out ! Tows =1°R;. (1.12)

Analysis (1.12) shows that the use of a converter allows changing the input load
impedance at the generator output. When using PR, it is necessary to take into account
that the input, output current and voltage of the PR contain an alternating component.

As a rule, the voltage ripple is insignificant, but in some PR, for example, in
buck converters, the amplitude of the variable component of the input current is
commensurate with its average value, which significantly reduces the EED of energy
sources. An increase in the ripple amplitude does not affect the value of the energy that
1s transferred to the load, since it depends on the average values of the current Id and
voltage Ud. However, with an increase in the ripple amplitude, the effective value of
the current / and the voltage U increases. Therefore, the energy losses in the conversion
circuit also increase. For example, the effective value of the current /, taking into
account the average value of I4 and the amplitude of the ripple Im~, the shape of which
is shown in Fig. 6 a), calculate:

2
I=1, 1+l(1’"~j : (1.13)
3\ 41,

From the analysis of (1.13), it can be concluded that the effective value of the
current / increases with an increase in the current ripple factor Kyi = Iu-/ la.. The
current, the shape of which is shown in Fig. 1.6 a), typical for converters at the input
of which a choke is installed, for example, for a boost converter. Converters, at the
input of which a key element is installed, for example, a step-down or inverted type,
have a pulse shape of the input current, which is shown in Fig. 1.6 b). The effective
value of the current of the specified form is calculated:

2
lled 1+§[2"7~j . (1.14)
Y d




Comparing (1.13) and (1.14) we can conclude that the current pulse shape is
much more effective value than continuous current.
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a) b)
Fig. 1.6. Timing diagrams of the input current PR

An increase in the amplitude of the current ripple and its effective value
significantly reduce the EED for the following reasons:

1. The energy source works with maximum EED only near the operating point
(, U). With an increase in the ripple of the voltage and current of the energy source,
the amplitude of the displacement of its operating point (I + 41, U + AU) increases
relative to the point with the maximum EED, therefore, the efficiency of the source
becomes less.

2. The energy loss of the Poss in the circle of the converter is calculated by the
formula Pross= I - r, where r is the resistance of the equivalent losses of the PR.
Therefore, under the condition of an increase in ripple and an increase in the effective
value of the current, the losses in the converter increase.

Thus, the use of PR as a matching device imposes restrictions on the form of its
input current and voltage, which determine the EED of energy sources. To increase the
EED, it is necessary that the ripple of the input current and voltage of the PR be
minimal. In AC circuits, transformers are used to match the parameters of the source
and load, in addition to matching the active components of the source and load
resistance, it is also necessary to take into account the reactive components of their
resistances, which leads to the complication of the flow of electromagnetic processes
in the power supply system. To find out the conditions for the coordinated operation
of alternating current sources, let us analyze their operation on a linear reactive load.
Let the voltage e (f) = Umsin (w?) to the load of the applications and a harmonious
current flows through it, which is phase-shifted by an angle ¢ relative to the voltage
and (1) = Imsin (wt + @). The instantaneous value of the power at the load s (7) is
calculated:

s@)=u()i(t)=U,,1, sin(ot)sin(wt +¢) =Ul cos(9) —Ul cos(2ot +¢).  (1.15)
Graphs of instantaneous values of current, voltage and power are shown in fig. 1.7.
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Fig. 1.7. Diagrams of electromagnetic processes in a linear circuit

As can be seen from Fig. 1.7, the apparent power S(¢) in certain areas is negative,
which corresponds to the transfer of energy from the load back to the source. In this
regard, the apparent power S has active P and reactive O components. The power
consumed by the load corresponds to the active power P:

P=U-1Icos(p). (1.16)
Reactive power Q, circulating in the circuit without performing useful work:
O =Ulsin(p). (1.17)

Total power S has the following relationship with active and reactive power:

S=+P>+0%. (1.18)

Under this condition, the power for which the source is calculated corresponds
to the total power S and is equal to the product of the effective values of current and
voltage at its terminals:

S=UL (1.19)
As can be seen from (1.16) and (1.19), in the general case, the effective value of the
power taken from the source is greater than the power delivered to the load. Therefore,
in the presence of the reactive component of the power, the source transfers only part
of its energy to the load. Elimination of the reactive component of power is achievable
if the reactive components of the resistance of the source and load are matched: X; = -
X:. In this case, there is no phase shift between the current and the load voltage and,
according to (1.15):
s(t)=Ul(1-cos(2mwt))>0. (1.20)

Many consumers of the network require direct current electricity, for which they
use power converters, the input stage of which consists of an uncontrolled rectifier with
a capacitive filter. As you know, the rectifier is a non-linear load; its input current has
a pulse form with a high content of higher harmonics. Since the active component of
the power is transmitted only by the first harmonic of the current, all higher harmonics
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do not perform useful work and form the distortion power of the system 7. The
relationship between the total power of the system S and its components is as follows:

S=\P +0?+T?. (1.21)
The sinusoidality of the current is estimated by calculating the distortion factor

where /1) is the effective value of the first harmonic of the current.
To assess the efficiency of energy transfer from the source to the load, the power
factor y 1s used:

x=V-cos(qp), (1.23)

where @1 1s the phase shift between the voltage and the first harmonic of the current.

According to the standards, the power factor of industrial converters should not
be less than 0.95. To increase the power factor at the input of the converters, special
devices are included - power factor correctors. Therefore, to match the AC source and
the load, it is necessary that the load current have the same phase and shape as the
voltage applied to the load. Reducing electrical energy losses is especially important
in systems where electricity is transmitted over long distances, and where, as a rule, it
is in the form of alternating current. Therefore, it is first advisable to consider the
structure and composition of AC power supply systems.

Questions

1. Give the definition of the utilization rate of electrical energy.

2. Describe the features of taking energy from free and paid energy carriers.

3. Specify the maximum power take-off condition for DC systems, which are
described by linear and non-linear models.

4. Specify the range in which the load resistance should be compared with the value
of the internal source resistance for selecting the maximum power and energy
extraction with the maximum efficiency. Consider cases where the power source is
both a voltage source and a current source.

5. Describe the influence of the pulsation current and voltage of the switching
regulator on the characteristics of the power supply system.

6. Describe the conditions for coordinated operation of the AC power supply
system.

7. Characterize power system parameters that affect the value of L on the power
factor.

8. Describe the physical meaning of the distortion power.

12



Lecture 2. Design and parameters of AC power lines

Basic terms and definitions

Power line is an electrical installation designed to transfer electrical energy between
two points of the power system with possible intermediate withdrawal, which consists of
wires, insulating elements and supporting structures.

An overhead line 1s a power line, the wires of which are supported above the ground
by means of supports, insulators and fittings.

Cable line 1s a power line based on one or more cables, placed in the ground or in
cable structures (collectors, tunnels, channels, blocks, etc.).

A cable is a finished factory product consisting of cores insulated from each other,
located in a sealed sheath and armor, which protect the cores from moisture and mechanical
damage.

Corona discharge is a form of gas discharge that occurs in highly inhomogeneous
fields.

Power transmission line (PTL) is the central element of the transmission and
distribution system of electricity. Most often, overhead and cable power lines are used. The
choice of the type of power transmission line, its design is determined by the purpose of the
line, the place of laying, the rated voltage, the power that is transmitted by the line, the
distance to the consumer, the area of the territory on which the power transmission line is
laid, climatic conditions, electrical safety requirements, etc.

The classification of power transmission lines is shown in table 2.1.

Table 2.1. Classification of power transmission lines

Sign Line type Varieties
Current type Constant current -
Three-phase alternating current -
Multiphase alternating current Six-phase
Two-twenty-phase
Rated voltage Low voltage (up to 1 kV) -
High voltage 3-35kV
110-220 kV
330-750 kV
1000 kV and above
Design Overhead -
Cable -
Number of chains Single chain -

Double-chain -
Multi-chain -
Topological characteristics | Radial -
Trunk -
Offshoot -
Functional purpose Distributive -
Nourishing -
Interconnection -

13



Overhead lines

Overhead lines (OHL) are operated in various climatic conditions that provides
protection from atmospheric phenomena.

In terms of the design of the supports, the most common are one and two-circuit
OHL. One circuit of a high-voltage line unites three wires (sets of wires) of a three-
phase line, in a low-voltage line - from three to five wires. The structural elements of
the overhead line are shown in Fig. 2.1, where the following designations are given: 1-
phase wires, 2-protective cables, 3-support, 4-string of insulators, 5-reinforcement
elements, 6-foundation.

Fig. 2.1. Structural elements of OHL

The supports are the supporting structure of the overhead line, on which the
phase wires are attached with the help of insulators; cables are used to protect the
phases from thunder strikes.

There are various types and designs of supports. Depending on their functional
purpose, they are divided into intermediate and anchor ones. Intermediate supports are
used to support wires in straight sections of the line. Their fate is 80-90%.

Anchor supports are installed in places where the wires are rigidly attached.
They are divided into final, angular, intermediate and special.

On overhead lines, mostly bare wires are used. By design, the wires can be
single- or stranded. Single-core, mainly steel wires are used in low-voltage networks.
To increase flexibility and strength, stranded wires of one metal (aluminum or steel) or
combined (aluminum + steel) are also used. The addition of steel increases the
mechanical strength.

14



In lines with a voltage of (220/380) V, the wires are composed of a non-insulated
carrier wire, which is zero, three insulated phase wires and one insulated wire of any
phase for street lighting. Phase insulated wires wound around zero, fig. 2.2.

Fig. 2.2. Distribution of zero and phase darts

The supporting wire is steel-aluminum, phase - aluminum. The advantages of
OHL with insulated wires compared to non-insulated ones include the absence of
insulators on the supports.

Cable lines (CL)

CL 1s laid in places where it is impossible or impractical to use the OHL. CL is
mainly used in industrial enterprises, in cities, if energy is transported through large
bodies of water. Advantages of CL in comparison with OHL:

- no impact of environment;

- inaccessibility for outsiders;

- less damage;

- compactness.

Despite the advantages, the use of cable lines is limited due to their high cost,
which is several times higher than in OHLs designed for the same voltage. The
composition of the cable includes: cable, connecting and end couplings, cable
structures, fasteners, etc. Power cables are made of 1-4 copper or aluminum cores with
an area of 1.5-2000 mm?. Lives up to 16 mm? - single-wire, with a larger area - multi-
wire. Cables with voltage up to 1 kV - four-core, 6-35 kV - three-core, 110 kV and
above - single-core.

Schemes of replacement of transmission lines

The phase parameters of the transmission line are evenly distributed along its
length, i.e. the transmission line is a chain with distributed parameters. To calculate the
currents and voltages of transmission lines, it is possible to use triangular (T) and
rectangular (R) -shaped similar schemes for replacing transmission lines with
concentrated parameters, Fig. 2.3.

of > > U2 o ——> 0
Sl hoze 22 | | o 5L
Upri Y Ur2 Upi Y/2 |Up2

(e, O O O
Fig. 2.3. T and R-shaped substitution schemes with concentrated parameters

15




The assumption about the concentration of distributed parameters along the
power transmission line is valid for overhead lines up to 350 km long, for cable lines
up to 50-60 km. In practice, the R-shaped equivalent circuit is more often used, since
it has fewer nodes. Longitudinal supports Z = R + jX and transverse conductivities Y
= G + jB of equivalent circuits are complex quantities. The value of the active
component R of the longitudinal resistance Z depends on the length of the line and the
cross-sectional area of the transmission line wires. The reactive component X is the
inductive reactance of the transmission line. The inductive resistance of the
transmission line X0 per 1 km of the line is calculated using the empirical formula:

X, =oL, =a)[0.46lg D, +O.05yj-103, (2.1)
Ta
where D, is the average distance between the wires of the line, 74 is the diameter of
the wire, i is the magnetic permeability of the wire material.
For wires made of non-ferrous metals (u = 1) for network frequencies of 50, 60
Hz, (2.1) has the following form:

X, 4= O.l44lg% £0.016. 2.2)
d
DaV

X, 4 =0.173lg=2+0.019. 2.3)

d

Capacitive conductance is due to the capacitance between phases, phase
conductors and earth. In fig. 2.4 a) and 2.4 b) show the capacitive conductivity of
overhead lines and cable lines, in Fig. 2.4 c) - the equivalent circuit of the overhead
line during the transition from the triangle of capacities to the star.

o

a) air; b) cable; ¢) equivalent circuit of
the transmission line
Fig. 2.4. Capacitive conductivities of lines
In practice, the capacity of a three-phase OHL with one wire in phase per unit
length is calculated by:

~0.024

C, 107, (2.4)

lg Dav
rd
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The capacitance of the cable is much larger than that of the line, which is due to
the close placement of the phase wires and grounding. Capacitive conductivity is
calculated by:

B, =wC,. (2.5)

For a network frequency of 50 and 60 Hz, the capacitive conductivity per 1 km
of line length is as follows:

B, 5 =—7'15)8 -107° Sm/km. (2.6)

lg ay
T

B, :%-10-6 Sm/km. (2.7)

lg av
rd

Under the action of the voltage applied to the line through the capacitance of the
lines flow charging currents. The estimated value of the charging current per 1 km of
line length 1is:

1.,=U, B, kA/km, (2.8)
and the charging power of the transmission line corresponding to this current:
O, =3U,1.,=3U; - B, Mkvar/km, (2.9)

depend on the voltage at each point of the line.

The values of charging power for the entire transmission line are calculated from
the values of voltages at the beginning and end of the line U; and U, respectively:
QC=%(U12+U22)-B0-l=%(U12+U22)°B, (2.10)

where 1 1s the length of the line, or approximately the nominal value of the line
voltage Unom:

Q.=U. -B. (2.11)
The average value of charging power per 100 km for the 110 kV OHL is about
3.5 Mvar.
The active conductivity of the transmission line is due to the loss of active power
AR due to imperfect insulation and ionization of the air around the conductor due to
corona discharge, for CL - dielectric losses in the insulation material. The specific
active conductivity is calculated by:
G, = ALy .

U2

nom

(2.12)

The loss of active power from the corona discharge depends on the nominal line
voltage, wire radius, weather conditions, and the condition of the wire surface. The
greater the operating voltage and the smaller the diameter of the wires, the greater the
field strength and, accordingly, the corona discharge. To reduce discharge losses, a
split phase wire is used, in which several phase wires are placed in a certain way in
space. Corona losses must be taken into account, starting with a voltage of 220 k'V.
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The lowest value of the electric field strength E;, at which there is a corona
discharge, is calculated by

E, =24,5m5] 140,63/ (7,6)"* | 10 V/m, (2.13)
where ¢ is the relative density of air, 6 = 1,04, r is the radius of the wire, cm, m is the
coefficient of wire roughness, m = 0.82.

The crown on the surface of the wires and line elements is a source of

electromagnetic and acoustic interference, leading to additional energy loss. In the

table. 2 shows the targeted values of losses on the crown in different weather
conditions.

Table 2.2. Corona losses

voltage, |Make and Average specific value of corona losses for|Average  annual
kV number of different weather, kW / km specific corona
wires in phase good dry snow Rain nafrost |losses, kW / km
1150 8xAC-300/48 12,6 39,0 119,0 2940 32,0
8xAC-330/43 9,8 29,5 97,5 262,0 27,0
750 4xAC-600/72 4,6 17,5 65,0 130,0 15,0
5xAC-240/56 3.9 15,5 55,0 115,0 13,0
500 3xAC-330/43 2,8 11,0 36,0 96,0 9,0
8xAC-500/64 1,8 6,5 22,0 56,0 5,5
330 2xAC-300/39 1,0 4,5 15,0 44,0 3.8
2xAC-400/51 0,8 3.3 11,0 33,5 2,9

From the table. 2.2 it can be concluded that the losses on the corona depend on
the line voltage, phase wire configuration and weather conditions.

In CL the tangent of the dielectric loss angle characterizes active losses. Active
cable conductivity per unit length:

G, =wC,itgd = Bjtgo, (2.14)
and the corresponding surge current:
l,.=U,-B-tgo=U,-G. (2.15)
Due to this, the dielectric losses in the insulation material:
AR, =31, ——=U"G. @.16)
wC -t1go

Dielectric losses in the transmission line are taken into account, starting from the
value of the nominal voltage of 220 kV.

Schemes of line substitution are made on the basis of the considered elements of
line substitution, fig. 2.5.

When calculating symmetric modes, the parameters of the substitution scheme
are given for one phase. In OHL with voltage up to 220 kV, power losses per corona
and in OHL with voltage up to 35 kV dielectric losses are insignificant. Therefore, for
the specified voltage range, the active conductivities are not taken into account. The
substitution schemes of direct current transmission lines are considered as a special
case of alternating current lines under the condition X =0 and B = 0.
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Fig. 2.5. Scheme of replacement of an electric line

When solving a number of tasks of operation, development and design of
electrical networks, it is necessary to assess the operating conditions of consumers and
equipment of the electrical network. The calculations make it possible to estimate the
mode of electricity transmission. In addition, the obtained data make it possible to
anticipate measures to ensure the required quality of electricity and to determine the
conditions for a rational mode of generation, transmission and distribution of
electricity. Below are the methods of calculating simple electrical networks.

Consider the scheme of replacement of the electrical network, Fig. 2.6.

oS R X S U

Fig. 2.6. Scheme of phase replacement of the network section

The network section feeds a symmetrical three-phase load, which is set at the
end of the section by current / or three-phase power S», which is consumed by the load
with active resistance Rr and reactive resistance Xr. With a symmetrical load and the
same phase resistance, their currents have the same value and the same phase shift
relative to the phase voltages at the end of the section.

i, =1 sin(ot—@); (2.17)
=1, sin(a)t—z?ﬁ—go); (2.18)
: . 2

i.=1, s1n(a)t+?—go); (2.19)
u,=U_sin(ot-9,); (2.20)
u,=U, sin(a)t—zTﬂ—é‘z); (2.21)
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u.=U_sin(ot + 2?” —-0,). (2.22)

Given the calculation of symmetrical modes of three-phase networks, it is
sufficient to determine the currents and voltages of only one phase. Let us represent
the voltage at the end of the section Up, and the current of the /p phase in a complex
form:

Upr=Upy ,—jUp, ,=Upe ™ Io=1, ,—jl, =1e". (2.23)
Let the values of Up,, Ir and angle ¢ be known. It is necessary to find the voltage
and phase at the beginning of the line Upi and 02, respectively, and the phase shift

between the voltages Up1 and Upz. The difference in phase voltages at the beginning
and end of the line is calculated through the equivalent resistance of the line:

Uo—Uwn=AU=1,Z=(, ,~jl, ) (R~ jX;)= (2.24)
:](p_aRT "‘]q;_pXT +j(1(15_aXT _](D_pRT)'

From (2.23) calculate the value of the voltage Upi. To calculate the phase shift
between voltages, the voltage phase Up; is taken equal to zero. Then the phase o: is
equal to:

I, X. -1, R.-U
o, = arctg P ¥ "P /T “Pr (2.25)
IP_aRT + IP_rXT + UPZ_a

Another type of problem is the calculation of the total power S> and the voltage
U at the end of the section by known values of S1 and U, at the beginning of the section.
This problem is solved to calculate the energy transfer losses from the generator to the
load. The Ir current at the beginning of the section is equal to:

. Si
Ipr= =1, —jI, . 2.26
P 3UP1 P_a ] P_r ( )

Given the flow of current through the section of the circuit with resistance Z = R

+ jX losses of active and reactive power are:

AS=31,Z=3(, ,+1, )R+ jX), (2.27)
or provided that the full power value is used:
AS = Si 7B +2Q12 (R + jX), (2.28)
30,7 30
where to calculate the loss of active and reactive power:
AP=3(I; ,+1; JR=(B+O)R/3U;, (2:29)
AQ=3(I% ,+ 12 )X = (B} +0})X /3U3,. (2:30)
The power flow at the end of the section is less by the amount of losses:
S,=8,-AS=PF -AP+ j(Q,—AQ). (2.31)

Similarly, the losses in the line are calculated if the total power S> and the voltage
U at the end of the line are known.
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The most typical problem is the calculation under the condition of known power
S> at the end of the section and voltage U, at the beginning of the section. Then the
calculation is performed by the method of successive approximations.

At the beginning of the iteration, for practical reasons, set the approximate
voltage value at the end of the line Up,(¥) and calculate the current of the line 75:

IP(O) = SZ/ U](-’OZ) = IP_a(O) - jIP_r(O) ° (2.32)

According to the values of current and line resistance, the power losses AS™") are
found by (2.27). According to the value of losses using the formula $;V = §2 + AS®
find the first approximation of total power at the beginning of the line. According to
(2.25) specify the current of the line /5", and according to the formula Up, M = Up; V)
- IVZ - voltage at the end of the line. Then perform the following iterations to achieve
the required accuracy of calculations.

If the full power at the beginning of the line is known, and it is necessary to
calculate the voltage at the end of the line, the calculation begins with the node where
the power is known, ie from the beginning of the line. Let us perform a similar
calculation for the line shown in Fig. 2.7.
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Fig. 2.7. R-shaped line replacement scheme

In contrast to the previous analysis, the line has transverse elements (shunts),

which are represented by complex conductivities:
Y =Y,=0.5Y=0.5(G+ jB)=G, + jB, =G, + jB,. (2.33)

Conductions have an active-capacitive nature, for the case of active-inductive
conductivity before the reactive power component, it is necessary to change the sign.

If the values of voltage U and power S at the beginning of the line are known,
the steady state of the line is calculated according to the following method.

First, the source current is calculated:

L=8/@U)=1, ,—jI, ,, (2.34)
as well as the current and power of the shunt at the beginning of the line:
Iun=U,Y, =U, (G, + jB). (2.35)
Sun=3U, 1=3U,,Y,=3U,(G, - jB). (2.36)
Due to this, the power at the beginning of the line 1s equal to:
Ss=S1—Su. (2.37)

Similarly, the current at the beginning of the line is calculated:
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Is=0L—-1un. (2.38)
According to the current at the beginning of the line find the voltage drop across
the transverse elements of the line and the power loss on these elements, (2.24) and
(2.27). Due to this, the voltage at the end of the line U>= U; - AU. Power at the end of
the line Sg = Sp - AS.
The current at the end of the line is calculated from these values:

Ie=S8,/3U,). (2.39)
Next, calculate the current and power on the shunt at the end of the line.
lun=U,)Y,=U,,(G, + jB,). (2.40)
Su>=3U,,1.=3U,,Y,=3U,,(G, — jB,). (2.41)
Due to this, the power and load current are equal to:
S, =8-S, (2.42)
L,=1,-1,,. (2.43)

Calculation of the steady-state mode of the electric line fig. 7 is carried out
similarly to the calculation of the line of Fig. 6 taking into account (2.34) - (2.43).

In practice, the mode of operation of the transmission line is also calculated
under the condition of disconnected load. For this purpose it is expedient to use the
scheme of substitution which is shown in fig. 2.7. Under the condition S> = 0. Also
under the condition of idling calculation do not take into account the loss on the corona,
1.e. G1 =0, G2 =0. In this case, the shunt at the end of the line generates reactive power:

Su>=3U},Y,=3U,,jB,. (2.44)
In this mode, the power losses caused by the circulation of power from the shunt
to the source are equal to:

AS =(Sy, 1U,) (R+ jX). (2.45)
Power flow at the beginning of the line:
S, =AS+S,,. (2.46)

These ratios are valid for relatively short transmission lines (up to 300 km). To
describe electromagnetic processes in longer transmission lines, it is necessary to
consider them as long lines.

Questions

1. Give the characteristics of the classification of power lines.

2. List the structural elements of the overhead power line.

3. Give examples of where it is advisable to use cable power lines.

4. List the schemes, types of schemes for the replacement of power lines.

5. Compare the individual elements of the substitution circuits with the
corresponding parameters of overhead and cable AC power lines.

6. Describe the phenomenon of corona discharge and give the parameters on
which the losses on the corona depend the most.

7. List the main sources of losses in the overhead power line.

8. List the main sources of losses in the AC power line.
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Lecture Ne 3. Quality standards of electric energy parameters. GOST
13109-97

Basic terms and definitions

(for GOST 13109-97)

Conductive electromagnetic interference in the power supply system is an
electromagnetic interference that is propagated by elements of the electrical network.

The level of electromagnetic compatibility in the power supply system is a
regulated level of conductive interference, which is used as a standard for coordination
between the permissible level of interference generated by technical means of energy
supply organization and consumers and the level of interference perceived by technical
means without disrupting their normal functioning.

The envelope of the RMS voltage values is a stepped time function formed by
the RMS voltage values, discretely determined for each half of the fundamental
frequency voltage period.

Flicker is a person's subjective perception of fluctuations in the luminous flux
of artificial light sources caused by voltage fluctuations in the electrical network that
supplies these light sources.

Flicker dose 1s the degree to which a person perceives the action of a flicker over
a set period of time.

Voltage change frequency is the number of single voltage changes per unit time.

Voltage change duration is the time interval from the beginning of a single
voltage change to its final value.

Voltage failure is a sudden decrease in voltage at a point in the electrical network
to a value lower than 0.9 - UHOM, followed by the restoration of voltage to the initial
or close to it level after a period of time from ten milliseconds to several tens of
seconds.

Voltage failure duration is the time interval between the initial moment of
voltage failure and the moment of voltage recovery to the initial or close to it level.

Frequency of voltage dips is the number of voltage dips of a certain depth and
duration for a certain period of time relative to the total number of failures for the same
period of time.

Voltage pulse is a sharp change in voltage at a point in the electrical network,
which is the restoration of voltage to the initial or close to it level for a period up to
several milliseconds.

Pulse amplitude is the maximum instantaneous value of the voltage pulse.

Pulse duration is the time interval between the initial moment of the voltage
pulse and the moment of restoration of the instantaneous value of the voltage to the
initial or close to it level.

Temporary overvoltage is an increase in voltage at a point in the mains higher
than 1.1 Unom with a duration of more than 10 ms, which occurs in power supply
systems during switching or short circuits.
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Coefficient of temporary overvoltage is a value equal to the ratio of the
maximum value of the envelope of the amplitude values of the voltage during the
existence of the temporary overvoltage to the amplitude of the nominal voltage of the
network.

Duration of temporary overvoltage is the time interval between the initial
moment of occurrence of temporary overvoltage and the moment of its disappearance.

Over the past few decades, the number and range of electronic and electrical
equipment powered by the grid (electric motors, switching voltage converters, electric
arc furnaces, and household appliances) has been growing rapidly. Therefore, the share
of electricity they consume is also growing. On the one hand, the specified equipment
for the network is a nonlinear load, so its current consumption contains higher current
harmonics. On the other hand, the parameters of electricity required to power these
devices have a small tolerance. In view of this, for the regulation of electricity
parameters, each country develops electricity quality standards: in Ukraine there is an
international standard GOST 13109-97, in Russia - GOST 54149-2010, in the EU - EN
50160, EN 61000-2-2, EN 61000-2-12, EN 61000-4-7, EN 61000-4-30.

The presence of higher current harmonics has a negative effect on:

1. Electric network:

- distortion of the mains voltage form;

- additional voltage drop in the distribution network;

- a significant increase in the current of the neutral wire due to the presence of
current harmonics, multiples of three;

- resonant phenomena at higher harmonic frequencies;

- heating of transformers, network cables;

2. Electric generator:

- reduction of power transmission power factor;

3. Consumer:

- radiation of electromagnetic interference;

- the appearance of acoustic noise in electronic equipment;

- the appearance of vibration in electrical machines.

Voltage distortion rates
The following indicators characterize the influence of higher harmonics on the
parameters of the mains voltage:
Non-sinusoidal coefficient:
K,=U,/U,

where U, U are the effective values of voltage (current) and its first harmonic.
Sinusoid distortion factor (harmonic coefficient):

K, =JU-U}, /U.
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K,=U_ /U,
where Unax 1s the voltage amplitude.

Influence of higher harmonics on the power supply system

As sources of higher harmonics consider pulse voltage converters. In most pulse
voltage converters, the input link is an uncontrolled rectifier, at the output of which a
capacitive filter is installed. Therefore, the input current of the pulse converter has a
pulse shape, Fig. 3.1.

Ea

\j_' t

Fig. 3.1. The form of the input current of the pulse converter with the input capacitive filter

The current of this form has a high content of higher harmonics. As a result, the
current value of the network current / increases in comparison with the current value
of the first harmonic /(). Higher harmonics cause heating of the mains and additional
losses. The increased value of the amplitude coefficient Ca indicates its large
amplitude. The higher the amplitude value and the shorter the current, the greater its
distortion factor. To power this type of load, the energy source must have a low output
resistance and power reserve, which leads to increased costs for the purchase and
operation of equipment.

The influence of the source of higher harmonics on the voltage quality
parameters is explained in Fig. 3.2.

Power line

Pulse load

Fig. 3.2. Model of AC power supply system with nonlinear load

A linear consumer with resistance Z, consumes the current /; and does not distort
the voltage, but only reduces its effective value at the point of connection of consumers
to the value AU, compared with the voltage of the power supply E:
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AU =1in X, . (3.1
Higher harmonics of the nonlinear consumer current distort the voltage shape at
the connection point. The degree of distortion depends on the harmonic number » and
its amplitude /imp:

AU = Lo nwL + R, ), 3.2)

where L, R; - power line parameters, @ - network frequency.

From the analysis of (3.2) we can conclude that the voltage distortion at the point
of connection of consumers increases in proportion to the harmonic number #, so to
ensure the required quality of voltage parameters it is necessary to limit the amplitude
of higher harmonics.

Harmonics multiples of three n = 3 (2k + 1), in addition to this effect, create an
additional load on the neutral wire of the power line. This is due to the fact that the
harmonics of multiples of three of each phase are shifted by an angle of multiples of
360 ° and therefore are not compensated in the neutral wire. As a result, the current
value of the neutral wire /o may exceed the phase current:

L=32+ 1+ 1% +... (3.3)

Therefore, in networks with a large proportion of nonlinear consumers, the cross-
sectional area of the neutral wire must be the same or exceed the cross-sectional area
of the phase wires.

Higher harmonics can also lead to resonant phenomena. In this case, the amplitude
of the harmonic of the current to which the resonance occurs may exceed the amplitude
of the first harmonic, which adversely affects the performance of network equipment
and consumers.

Particularly negative higher harmonics affect the following equipment:

- transformers, inductors. In these devices, higher harmonics create additional
acoustic noise and increase losses due to the skin effect, the occurrence of eddy
currents, reversal of the core at a higher frequency;

- electric machines. In addition to these phenomena in transformers and inductors,
in electric machines there are vibrations due to the creation of higher harmonics of
additional torque on the motor shaft, which reduces its service life and can lead to
accidents;

- capacitors. The tangent of the capacitor loss angle is proportional to the current
frequency, so higher harmonics cause additional capacitor losses and heating.

Another negative phenomenon created by higher current harmonics is the increase
of electromagnetic interference along the power line.

Types of interference in the power supply system

When designing power supply systems, it is necessary to ensure the parameters
of electricity quality, which provide the nominal mode of operation of consumers
connected to it. To do this, regulate the possible types of voltage distortions that may
occur in the system, and their allowable values. In most power quality standards, the
types of voltage distortions are the same. In the table. 3.1 shows their classification,

brief description and cause.
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Table 3.1. Types and causes of voltage distortion

Type of distortion Description Causes
Voltage pulse Short voltage pulses with steep|Switching consumers on or off,
leading edge and with exponential|lightning discharges
/‘r’—’\ or oscillating drop
e

Radio interference

AT .
e

Radio interference with a
frequency of 10 kHz - 1 GHz

Operation of switching power
supplies, electric motors, radio
waves from the air

Voltage failures

i

Reduction of the current voltage
value

Switching on of powerful
consumers, switching in power
supply networks, short circuit

Overstrain

Increasing the current value of]
voltage

Shutdown of powerful
consumers, switching in power
supply networks

Voltage fluctuations

Periodic change of the current
voltage value

Pulsating change of consumer
power

Periodic voltage dips of short
duration

Switching of diodes or
thyristors  in  three-phase
rectifiers and converters

Shape d1stort1on _

/  \/

Deviation of the voltage form from
the ideal sinusoidal due to the
presence of higher current
harmonics

Operation of pulse voltage
converters and other nonlinear
consumers

Frequency deviation

i i

Deviation of frequency from
nominal value

Unsatisfactory setting of power
generation equipment

Voltage asymmetry

|
.:::_‘T_::_f\__\ ‘\, 3
‘\_J"_._. /s /< N/

’V |

L 1

The difference between the current
values of the phase voltage

Phase load unbalance

In Ukraine, GOST 13109-97 regulate the quality parameters of the mains

voltage.

GOST 13109-97
Content
1. Scope.
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2. Regulatory references.

3. Definitions, designations and abbreviations.

4. Electricity quality indicators (EQ).

5. NOR norms.

6. Assessment of compliance of NPP indicators with the established norms in
operating conditions.

7. Requirements for error of NPP measurements.

8. Requirements for averaging intervals of NPP measurement results.

Appendix A. Properties of electric energy, indicators and the most probable
culprits of deterioration of energy quality.

Appendix B. Methods of calculation and methods for determining energy quality
indicators and auxiliary parameters.

Appendix C. Analytical methods for assessing the compliance of voltage
fluctuations with a shape other than the meander, the established norms.

Appendix D. Characteristics of voltage dips in electrical networks with a voltage
of 6-10 kV.

Appendix E. Values of lightning and switching pulse voltages, as well as
coefficients of temporary overvoltage at the points of general connection.

Appendix F. Energy quality control and basic requirements for digital measuring
instruments.

The main parameters of electricity:

- voltage deviation dUy;;

- voltage fluctuations dUj;

- dose of flicker Ps;;

- distortion coefficient of the sinusoidal voltage curve Kv;

- coefficient of the n-th voltage harmonic Ky

- voltage asymmetry coefficient in the reverse sequence Kov;

- coefficient of voltage asymmetry in the zero sequence Kov;

- frequency deviation Af;

- duration of voltage failure Ats;

- pulse voltage Uimp;

- temporary overvoltage factor Kovery.

Voltage deviation

An indicator of steady-state deviation, for which the following norms are set,
characterizes voltage deviation: normally permissible and maximum permissible
values of steady-state deviation at the level of 5% and 10% of the rated voltage.
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Fig. 3.3. Voltage deviations and fluctuations

Voltage fluctuations

The following indicators characterize voltage fluctuations:

- amplitude of voltage fluctuations;

- dose of flicker.

The maximum allowable values of voltage fluctuations 6Ut, the envelope of
which has the shape of a meander (Fig. 3.4), depending on the frequency of voltage

fluctuations Fdy: or period A¢; i+1 is determined by curve 1, and for consumers using
incandescent lamps - along curve 2.
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Fig. 3.4. Limit allowable voltage fluctuations depending on the frequency or period of voltage
fluctuations, the envelope of which has the shape of a meander

The maximum allowable value of the sum of voltage deviations and fluctuations
is 10%.

29



Voltage asymmetry

The following indicators characterize voltage asymmetry:

- the coefficient of voltage asymmetry in the reverse sequence;

- the coefficient of voltage asymmetry in the zero sequence.

Normally and maximum allowable values of the asymmetry coefficient are 2.0
and 4.0%, respectively.

Frequency deviation
Normally and maximum allowable values of frequency deviation are = 0.2 and
+ 0.4 Hz, respectively.

Non-sinusoidal voltage

The following indicators characterize non-sinusoidal voltage:

- voltage distortion coefficient;

- n-th harmonic coefficient.

Normally and maximum allowable values of the distortion coefficient of the
voltage shape are given in table. 3.2.

Table 3.2. The value of the distortion coefficient of the voltage shape,%

Normally permissible value by Unom, kV Maximum permissible value by Unom, kV
0,38 6-20 35 110-330 0,38 |6-20 35 110-330
8,0 5,0 4,0 2,0 12,0 18,0 6,0 3,0

Normally permissible values of the coefficient of the n-th harmonic are given in
table. 3.3.

Table 3.3. The value of the coefficient of the n-th harmonic,%

Odd harmonics, not multiplesOdd harmonics, multiples of[Paired harmonics by Unom, kV
of 3, by Unom, kV 3** by Unom, kV

n* 10,38 6-2035 [110-z* 0,386-20 35 |110- jz* [0,386-20 35 [110-
330 330 330
5 1,0 4o B0 1,5 3 5030 30,5 2 RO0|,5 [1,LO 0,5
7 550 BO RS (1,09 [1,51(1,0 1,004 @4 (1,0 0,7 0,5 0,3
11 3,5 2,0 2,0 1,0 15 0,303 0302 6 0,503 0,3 (0,2
13 3,0 R0 |1,5 0,7 21 0,202 0,2 0,2 8 0,50,3 0,3 (0,2
17 2,0 1,5 |1,0 0,5 P21 0,2 0,2 0,2 0,2 {10 0,5 0,3 0,3 (0,2
19 1,5 1,0 [1,0 0,4 12 0,210,2 0,2 0,2
23 1,5 1,0 [1,0 0,4 >12 0,2 0,2 0,2 (0,2
25 1,5 1,0 [1,0 0,4
>25 10,2+Z""" x25/n

* n - voltage harmonic number.

** Normally valid values specified for n = 3 and 9 for single-phase circuits. In three-
phase three conductors, the allowable value of the harmonic amplitude is twice less.
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*xx7Z=1,3 at Unorm = 0,38 xV, Z=0,8 at Unorm = 6-20 xV, Z=0,6 at Unorm = 35xV, Z=0,2
at Unorm = 110-330 V.

The maximum allowable value of the n-th harmonic is 1.5 times higher than the
normal allowable.

Voltage failure

Voltage failure is a sudden decrease in voltage to a level lower than 0.9 Unom,
after which the voltage returns to its permissible level in a time from 10 ms to up to
several tens of seconds.

Voltage failure is characterized by a duration, the maximum allowable value of
which for networks up to 20 kV is a time interval of 30 s.

Voltage pulse

Voltage pulse - a sharp change in voltage, after which the voltage returns to its
permissible level in less than a few milliseconds.

An indicator of the pulse voltage characterizes the voltage pulse.

Temporary overvoltage
An indicator of the coefficient of temporary overvoltage characterizes temporary
overvoltage. The values of the coefficient are given in table 3.4.

Table 3.4. The value of the overvoltage factor
Duration of temporary overvoltage Atuepu, s€c Up to 1|{Up to 20 [Up to 60
Coefficient of temporary overvoltage Kiepv 1,47 |1,31 1,15

Due to the regulation of electricity quality parameters, it is necessary to regulate
the parameters of electricity transmission by the power line, first of all - to regulate the
reactive power of the line.

Questions

1. List the factors of negative influence of higher harmonics on the generators
of power supply systems.

2. List the factors of negative influence of higher harmonics on the equipment
of electric networks.

3. Name the indicators of distortion of mains voltage.

4. Describe the influence of sources of higher harmonics of current on the
parameters of the mains voltage.

5. List the types of interference in the AC power supply system.

6. List the parameters of electricity quality, which are regulated by GOST
13109-97.

7. List the factors of negative influence of higher harmonics, multiples of three,
on the power supply system.

8. Define the term "conductive electromagnetic interference".
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Lecture Ne 4. Reactive power compensators

Basic terms and definitions

A reactor is a choke with a constant inductive resistance connected in series
with an electrical circuit.

A capacitor bank is electrical equipment composed of capacitors and ancillary
equipment designed to compensate for reactive power.

STATCOM (Static compensator) is a voltage converter on controlled valves or
switches, designed to regulate reactive power and connected in parallel to the line.

One of the important tasks of operation of alternating current electrical networks
i1s to increase their throughput, which uses reactive power compensators, which
eliminate the phenomenon of energy exchange between the reactive elements of the
transmission line, load and generators. They are connected at the beginning and end of
the line, which eliminates the circulation of energy along the line and allows you to
increase the amount of energy that is transported to the consumer.

The term reactive power source (RPS) refers to devices that purposefully affect
the balance of reactive power in the power system. This effect is carried out by
increasing or decreasing the generated or consumed reactive power. The main
parameter of RPS regulation is the voltage at the point of its connection or the reactive
power of the load. To increase the sensitivity of the RPS controller, channels are
introduced that respond to the rate of change of voltage or reactive power. The structure
of the RPS controls and the law of its regulation are determined by the purpose of the
device.

In general, RPS 1s a multifunctional device. It is used to solve the following
problems:

- reduction of power losses;

- voltage regulation at the point of load connection;

- increasing the capacity of the power line;

- increasing the stock of static stability of power transmission and power plant
generators;

- improving the dynamic stability of power transmission;

- limitation of overvoltage;

- load balancing.

In the power supply systems of industrial enterprises, RPS is used to compensate
for reactive power consumed by consumers and load balancing. In addition, in power
supply systems with nonlinear load, higher current harmonics occur, so in this case,
RPS perform the function of filter-compensating devices.

Reactive power compensation is provided by RPS, which are connected in
parallel to the substation and load busbars (cross-connection RPS) or in series - in the
phase break (longitudinal RPS). In practice, cross-connection RPS are more commonly
used. In addition to reactive power compensation at the beginning and end of the line,
they are often connected along the line, which allows it to be divided into a number of
short sections, the voltage at the end of which is maintained at a constant level. Then
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the bandwidth of the transmission line will depend not on the wavelength of the entire
line A, but on the length of its individual sections, the number of which is m:
P=U?/(Zsin(A ] m)). 4.1)

For example, if a line of length /= 1000 km has a bandwidth of P = Pu1/Sin(60°)
= 1,16 Pur, where Pur is the natural power of the line. Under the condition of voltage
stabilization at two intermediate points, as shown in Fig. 4.1, the wavelength of the
section, 333 km long, is A = 20 °, which increases the bandwidth of the line to the value
of P = Pur/Sin(20°) = 2,39 Phr.

Power lIine

@— |Consumers

(yenerator —‘ —‘

RPS RPS

Fig. 4.1. Wiring diagram of RPS along the power line

Therefore, in this example, the use of RPS allows you to increase the bandwidth
of the line twice. Consider devices that can be used as RPS.

Types of RPS

RPS can be divided into two groups. The first group includes synchronous
motors that can smoothly change the amount of reactive power consumed or
transmitted to the network. The second group includes static reactive power
compensators: capacitor banks, reactors, devices based on converters.

Synchronous compensators (SC)

The adjustable parameter of the synchronous generator is the voltage at its
terminals, which can vary in the range of 0,95Unm < Ur £ 1,05Unom. The generator
voltage is maintained at a given level if the reactive power generation is within Qmin <
Or < Omax. The maximum reactive power Omax 1S generated in the overexcitation mode
and is its nominal power. In the mode of understimulation, the SC is a consumer of
reactive power, the minimum value of which Omin 1s determined by the limit of stability
of the generator. The substitution scheme of the SC is shown in Fig. 4.2.

q A :
— j“{ {-c

Fig. 4.2. The substitution scheme of the SC

Power on the terminals of the SC is calculated by the formula:
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O=(E,-U,),/X,. (4.2)

The voltage values of the generator £, are regulated by the excitation current. The main
advantage of the SC is the possibility of smooth regulation of reactive power.

Capacitor batteries
Capacitor batteries (CB) are a simple and reliable static RPS. The reactive power
of CB Qcs quadratically depends on the voltage:

O = 3a)CCBU;h. (4.3)

CB compensates for part of the load requirement in reactive power, which
reduces its consumption from the network to the value:

0'=0-0. (4.4)

The active power of the Pcs consumed by the SK is proportional to the value of
the reactive power:

P.,=0.,tg9d, 4.5)
and depends on the insulation quality of the capacitors, which is characterized by the
tangent of the dielectric loss angle tgd. The value of the parameter tgd is 3 - 6 W/kvar,
so the consumption of active power CB is insignificant, which determines their high
efficiency. To compensate for reactive power, special cosine capacitors designed to
operate at a frequency of 50 Hz are used. Their capacity is in the range of 10-100 quar.
The scale of rated voltages - 230 V - 10.5 kV. Such capacitors can withstand current
overload up to 30% of the nominal and voltage up to 10% of the nominal value.

CB have a negative control effect, so as the mains voltage decreases, the
generated reactive power of the CB also decreases, which is their main drawback. This
means that the power of the CB is reduced, while according to the requirements of the
mode, the power must be increased. The disadvantage is eliminated by using capacitor
units (CU), which consists of several sections, each of which contains a voltage and/or
power regulator, which is connected to the network independently of the other sections,
thus increasing the capacity of the battery as a whole. This allows you to increase the
total power of the CB while reducing the voltage. In fig. 4.3 shows a stepwise increase
in the generated power with a decrease in the voltage of the CB from three sections.

U

AU

-

Q

Fig. 4.3. Stepwise increase of the generated power of CB from three sections
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Low-voltage CU is assembled from three-phase capacitors connected in parallel.
To protect the CU from short circuits in each phase add a fuse, Fig. 4.4, a). In high-
voltage switchgear use single-phase capacitors connected in series and in parallel, Fig.
4.4,D).

380-660 V T
N

i ol

a) the scheme of switching on the fuses in the CU; b) the scheme of series-parallel switching
capacitors
Fig. 4.4. Design of capacitor installations

Step adjustment of the CU requires the introduction of a dead zone AU. Within
this zone, if the voltage is reduced, the connection of the next section is not allowed.
The width of the insensitivity zone must be greater than the voltage gain caused by the
connection of the next section of the CB. Otherwise, the CB voltage will exceed the
limit value immediately after the next section is switched on.

Switching on and off the CU is accompanied by transients, which reduces the
service life of capacitors and switching equipment. Therefore, CU is not recommended
to switch more than 2-4 times a day. To limit the starting currents, the capacitors must
be discharged with R-resistors or TV voltage transformers before switching on.

By their properties, capacitors are sensitive to higher current harmonics, which
cause an increase in power losses AP and additional heating of capacitors:

AP=YU}-n-wC-1gs. (4.6)
1

The use of CU for systems with high-speed reactive power control is almost
impossible due to the occurrence of transients during switching. To switch sections of
the CU use symistors or counter-parallel included thyristors. To reduce transients, the
battery section is connected to the mains at times when the voltage on it and the mains
voltage are close. The section is disconnected when the battery current passes through
Zero.

In fig. 4.5 shows a diagram of a static thyristor compensator (STC) in single-
phase design, which consists of three sections CB.
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Fig. 4.5. Scheme of static thyristor compensator

To reduce the inductive resistance of high-voltage lines, series-connected
capacitors are also used - longitudinal compensation units (LCU). LCU is included in
the phase break, Fig. 4.6.

(7N e » LCU . . Al .
| | [/ X — 5
O I I !m: | | R Y >
| | g ':'f — e

D JXk

a) switching scheme; b) substitution scheme
Fig. 4.6. Installation of longitudinal capacitive compensation

The bandwidth of the line increases due to the decrease of the wave resistance
Zc of the line and the decrease of the wavelength parameter A. Usually LCU is installed
in the middle of the line. To ensure the protection of the line from short circuits, the
resistance of the LCU Xicu must satisty the following condition:

Xrcu < XL, 4.7)

where X; is the inductive resistance of the line.

Installing LCU capacitors in the middle of the transmission line increases the
voltage in the middle of the line. Therefore, if necessary, shunt reactors are additionally
connected at the place of installation of the LCU.

Reactors

Reactors are used to regulate voltage and compensate the charging capacity in
networks of 220 kV and above. Reactors have a positive control effect, ie increase the
consumption of reactive power with increasing voltage, which contributes to its
limitation. The installed capacity of the reactors can range from 10 Mvar in distribution
networks to 150 Mvar in 750 kV networks. The core of the reactor can be with or
without a gap, single- or three-phase design. The reactors operate in a linear mode, so
do not create higher current harmonics. Reactor losses are 0.2-0.4% of rated capacity.

Saturated reactors are also used to regulate reactive power. Their operating point
is at the boundary of the saturation region and they perform the function of a parametric

36



device for regulating reactive power. With increasing voltage, the reactor enters the
saturation zone, the current through it increases, which increases the consumption of
reactive power and voltage stabilization at the point of connection of the reactor.

In contrast to CB, reactor-based thyristor STCs can be used to smoothly regulate
reactive power consumption. Power regulation is provided by adjusting the opening
angle of thyristors a. If o = / 2 only reactive power is consumed from the network,
the current through the reactor has a sinusoidal shape, if o > 7 / 2 the reactive power
consumed decreases, the current loses its sinusoidal shape, fig. 4.7.

i, I A

Fig. 4.7. Time diagrams of STK operation based on the reactor

The first harmonic of the reactor current at o > /2 relative to the total current I
= U/ XL:

1
% =l(2(7r —a)+sin2a). (4.8)
L T
The static characteristic of the reactor depending on the value of the first

harmonic (1) is shown in Fig. 8.
Uy

.
e

I{l]

Fig. 4.8. Static characteristics of the STC reactor
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Combined RPS

Combined RPSs, called STATCOM, are used in cases where it is necessary to
ensure smooth regulation of reactive power in both power consumption and generation
mode. Such RPSs are STC based reactors and CB. STATCOM also performs a number
of additional functions:

- line voltage stabilization;

- regulation of reactive power flows;

- increasing the capacity of power lines with dynamic and static stability of the
system,;

- limitation of switching voltages;

- compensation of asymmetric operating modes of the system.

The input data for the calculation to STATKOM are:

- power control range (reactive power generation-consumption);

- type of control (symmetrical or phase-by-phase);

- range of network voltage change;

- speed,;

- restrictions on higher current harmonics.

The structure of STATKOM is shown in fig. 4.9.

(i)

L 3

CB TC TR
Fig. 4.9. The structure of the compensator STATKOM

As can be seen from Fig. 4.9, the STATKOM compensator generally comprises
a multi-section capacitor battery CB, a thyristor-capacitor section TC and a thyristor-
reactor section TR.

The operating range of the reactive power control, the set power of the
unregulated or step-regulated CB, the power of the thyristor-regulated reactors are
selected according to the purpose of the compensator. The following power ratios of
CB QOcg and Qp reactors are possible:

1. Ocs = Op. Due to the fact that the reactor power is regulated within Q =0 ..
Op, and the CB power is constant Q = - Op. The total power can vary smoothly in the
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range O =- QOr .. 0. That is, such a compensator can generate power from 0 to Op quar.
Static characteristic STC shown in fig. 4.10 a).

2. 2Q0cB = QOp. In this case, the power of the STC is regulated in the range Q=
- 0.50p - + 0.50p. That is, the compensator can generate or consume reactive power.
Static characteristic of the STC STC shown in fig. 4.10 b).

In practice, the STATCOM compensator contains a multi-section capacitor
battery CB (STC-1) and a thyristor-reactor section TR or a thyristor-capacitor TC and
a thyristor-reactor section TR (STK-2), fig. 4.9.

If in STC-1 the reactive power of TR is equal to the power of CB QOcs = QOp, the
transition to inductive mode is provided by switching off CB, which reduces the speed
of the compensator. Increasing the capacity of the TR section will increase the speed
of the installation, but at the same time increase its price.

[l'r.ll. L‘r [

I, g

a)

Fig. 4.10. Static characteristics of STATKOM

In STC-2, the power of the TR is determined from the power of one section of the
TC, the required power of the inductive mode. Decreasing the TR power reduces the
amplitude of the higher current harmonics. In the table. 4.1 shows the characteristics
of the modifications of the STC. Due to significant voltage overloads of thyristor valves
in TC, the cost of STC-2 is usually higher than STC-1.

Table 4.1. Parameters of STC
Parameter STC-1 STC-2
Current harmonics Increased content of current Low harmonic content. There is
harmonics. Additional filters | usually no need to install filters
must be installed

Capacitor Switching Slow Fast

Voltage on thyristors:

nominal, U 2U
emergency U 4U
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From the analysis of data table 1 it can be concluded that the thyristors of the
compensator STC-1 have the lowest voltage loads, but this type of compensator has
worse characteristics than STC-2.

The main advantage of thyristor STATKOM is:

- generating a given amount of reactive power regardless of the mains voltage;

- low inertia of work (tenths of a second).

STATCOM type compensators can also

be built on fully controlled thyristors or transistors, which reduces the power of

higher harmonics with PWM. The schematic diagram of the compensator is shown in
Fig. 4.11.

Power network

L1|L2

5%9 jgvowz@ ) do (L) Zvo

+

o

VT2 VT4 VTe
7K VD2 ([ ) Z8VDs ([ ) Z8 VDs

Fig. 4.11. Scheme of the compensator STATKOM

Inductors L - L3 act as filters in the AC circuit and form the desired shape of the
input current. Capacitor C acts as a source of direct voltage. The principle of voltage
formation of the converter with PWM is shown in fig. 4.12.

u ‘v uMG uS‘-.-’G

u
Ui Fh

Fig. 4.12. The principle of voltage generation of the converter with PWM
The voltage of one of the phases of the converter u, is formed by modulating the

sinusoidal law upwm. It is formed based on a comparison of the sinusoidal voltage of
the master generator umc and the voltage of the sawtooth voltage generator usve.
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The level of reactive power that generates the compensator depends on the phase
shift between the mains voltage U and the voltage that generates the converter Uc:

Q:U(Uccos(w)—U), (4.9)

XL
where X1 is the resistance of the AC choke on the AC side, ¢ is the phase shift between
the voltage of the converter and the network.

From the analysis of (4.9) we can conclude that the reactive power of the
compensator can be both capacitive and inductive. Compensators with voltage
converters simultaneously with the compensation of the reactive power component are
used to compensate for higher harmonics of current consumers.

Questions

1. List the problems for which reactive power sources are used.

2. Name the main types of reactive power sources.

3. Indicate the main disadvantage of capacitor banks as a source of reactive
power.

4. Name the main purpose of thyristor switches in capacitor banks and reactor
units.

5. Name the possible operating range of reactive power control in reactive power
compensators type STATKOM.

6. List the components of static compensators STK-1 and STK-2.

7. Specify the principle of reactive power control in reactor units.

8. Give the advantages of building a static reactive power compensator using a
voltage converter on fully controlled switches with PWM.
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Lecture Ne 5. Passive and active filters of higher harmonics

Effect transducers power quality parameters on network

Most converters of electric energy parameters contain a DC link, so a rectifier
with a filter, which is a nonlinear load, is installed at their input. Without special
measures, odd harmonics are present in the input current spectrum of such converters,
the amplitude of which is commensurate with the amplitude of the first harmonic. The
spectral composition of the current depends on the type of filter at the output of the
rectifier. For low-power single-phase converters (P <100 W) capacitive filters (CU? >>
LI?) have much higher energy efficiency, which causes their frequent use.

As 1s known, the input current of a rectifier with a capacitive load has a pulse
shape. The current spectrum contains odd harmonics, the amplitude of which decreases
slowly depending on the harmonic number. For example, the amplitude of the third
harmonic is 70 - 90% of the first, the fifth — 60 - 80%. If a capacitive filter is used, the
power factor of the converter is at the level of x = 0.3..0.4, which indicates a negative
impact on the network and irrational use of network energy by most low-power
converters.

Inductive, inductive-capacitive filters should be used for three-phase converters
of medium and high power. If the inductive resistance of the filter is much greater than
the load resistance oL >> R, the input current of the converter has a rectangular shape.
The amplitude of the higher harmonics of the rectangular current is calculated by the
Im) = Iay/m, where 1), is the amplitude of the first harmonic, n is the number of the
harmonic. The power factor of such converters is ¥ = 0.7. From comparing the power
factor of converters with capacitive and inductive filter, we can conclude that the use
of converters with inductive filter has less negative impact on the network. To reduce
the negative impact on the network, it is advisable to use three-phase rectifiers, which
have a much higher power factor. For example, if you use a three-phase bridge circuit
with an inductive filter, the power factor is ¢ = 0.95.

Additional sources of higher current harmonics can be transformers, if they
operate with an inflated value of magnetic induction, which leads to its saturation at
the end of each half-cycle of the mains voltage and the corresponding increase in input
current, Fig. 5.1. Other sources of excitation of higher harmonics of current are AC
motors, electronic ballasts of fluorescent lamps, steelmaking furnaces, etc.

4U,1 Ut

AW /
.-""-‘ P o D

Fig. 5.1. The shape of the current at saturation of the transformer
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If electricity consumers have a low power factor, higher harmonic filters are
installed to increase it.

Passive filters

The simplest way to suppress higher harmonics is to use passive LC filters (PF),
the resonant frequency of which is tuned to a specific harmonic. They can be installed
separately in each phase relative to the neutral wire or between the phases of the
network, Fig. 5.2.

;
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Fig. 5.2. Passive filters of higher harmonics

To improve the harmonic composition, it is necessary to suppress the first few
higher harmonics, for which multi-section filters are used, each link of which is tuned
to the corresponding harmonic. The following recommendations should be considered
when designing multi-section passive filters:

1. Settings. The filter sections must be tuned to resonant frequencies that are
lower than the frequencies of the corresponding harmonics. In this case, during the
operation of the filter capacitors, which is associated with a decrease in their capacity,
the resonant frequency will increase.

2. Protection. To protect against large starting currents that may flow through
the filter capacitor, fuses are connected in series with them.

3. Shutdown. In near-idle modes, it is advisable to disconnect some of the filter
capacitors to eliminate the increase in supply voltage associated with the increased
capacitive response of the filter.

4. Tolerances on the reactive elements of the filter must ensure the impossibility
of resonant phenomena at higher harmonics.

5. The maximum allowable voltage and current on the capacitors and chokes of
the filter is chosen taking into account the higher harmonics of voltage and current.

6. Accommodation. It is advisable to install higher harmonic filters directly near
the nonlinear load.

7. Aging. Over time and under the influence of adverse conditions (high
temperature and humidity), the parameters of the filter elements can change
significantly, so it is necessary to periodically measure and adjust them.

Active filters of higher harmonics

Promising devices for suppressing higher harmonics are active filters (AF). The
principle of their work i1s to form a voltage (current) in antiphase with higher
harmonics, which occur in a nonlinear load, Fig. 5.3.
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Fig. 3. Diagrams of the active filter

—
et

In fig. 5.3 shows timing diagrams: a) nonlinear load (three-phase rectifier) ir; b)
the current AF iar and c) the generator current ic = i+ 1ar. As can be seen from Fig. 3,
AFs suppress all harmonics at the same time, so in contrast to multi-section PFs have
smaller dimensions. In addition, AF can be used as reactive power compensators,
voltage regulators. The basic principles of AF were developed in the 70s of the
twentieth century. However, the use of AF began in practice in the late 90's, due to the
improvement of technology for the production of powerful semiconductor key and
valve elements (reduction of losses in the keys in static and dynamic modes). AF can
be connected in parallel or in series with the load. In the first case, they are considered
as a controlled current source, in the second - as a controlled voltage source, Fig. 5.4.

) AF
lg ]
e ‘ UAF e
L L UL
D
UAF
a b)

Fig. 5.4. Functional connection diagrams of a) shunt AF and b) serial AF

Shunt AF is used to reduce the level of higher harmonics of current caused by
nonlinear consumers. Serial AF - in addition to the main function, can be used to adjust
the amplitude of the fundamental harmonic, as well as to eliminate voltage asymmetry.

Voltage inverters with PWM are usually used in AF circuits. The PWM
frequency is chosen based on Kotelnikov's theorem taking into account the number of
the highest harmonic nmax, the value of which is taken into account during the correction
of the generator voltage:

Soms = 2P far s (5.1
where fu is the mains voltage frequency.

Schemes of connection of AF to a network based on inverters are shown in fig.
5.5 and 5.6.
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Power network
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Fig. 5.5. Connection scheme of the parallel AF to power network

AF control methods

Theory of instantaneous power
The quality of AF depends on the method of forming the setting action on the
power part of the filter. AF control methods can be divided into two groups: time and

frequency.

Hardware implementation of time methods is simpler than frequency, because it
does not require a large amount of real-time calculations. For most control methods in
the time domain, the transformation of a three-phase system of vectors A-B-C (currents
and load voltages) into a linearly independent system oa-B-0, which is stationary in
space, is used. The current and voltage vectors rotate in this system with the mains
frequency and can be calculated according to their projections at any time. The
transformation from one coordinate system to another is called the Clark

transformation:
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where fo, 1o, f5 1s a system of three-phase vectors in the coordinate system a--0, fa, fs,
fc - system of three-phase vectors in the coordinate system A-B-C.
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Fig. 5.6. The scheme of connection of serial AF to a network

The instantaneous power of a three-phase system in these coordinate systems is
calculated by the formulas:

pO)=uyi, +ugiy+ucd.=p,+ Pyt pe=u,l, +ug,+ug, =
=Pyt PpTPy=Post P> (5.3)
where pqp 1s the instantaneous active power, po is the instantaneous power of the zero
sequence.

The power of the zero sequence po is compensated separately, for example by
switching on the primary windings of the transformer by a triangle or by means of a
balancing device. To compensate for the reactive power, its values are recorded
through the values of currents and voltages on the a-f plane:

q@)=u, i, +ugi,, (5.4)
or in the usual coordinate system:
q(6) = [, — Vi + Quy — )i, + (e —u,)iy ] /N3 (5.5)

Expressions of instantaneous active and reactive power according to (5.3) and
(5.4) have the following form:

o o)

The instantaneous active power p(f) contains a constant component P and a
variable component p~. To improve the operation of the power system, it is advisable
to eliminate the return of energy from the load back to the source, which must
compensate for the reactive power q and the variable component of active power p- =
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p - P, which are caused by nonlinear and reactive nature of the load. The equation for
calculating the currents caused by the reactive power g and the variable component of
the active power p-, write similarly to (5.6):

-1
q Uy U, g lg Uy U, q | '
To move to the coordinate system ABC use Clark transformations:

1

0
l:A 1 \/g u, Ug B p-—P
R A L S
1 3

L 2 2 ]
A low-pass filter carries out the selection of the average value of the active power
P. To eliminate the exchange processes between the source and the load, it is sufficient

to generate currents in antiphase with those obtained in (5.8).

The d-qg method

The d-q method is a logical continuation of the theory of instantaneous power.
From the a-f plane, by means of the Park transformation, the system of current and
voltage vectors is represented in the d-q plane, which rotates with the network

frequency.
{fd} _ {cos(@) sin(6) }{fa} (59
4 cos(0) —sin(0) Is) '
where 6 = wt is the angle between the axes d and a.

If the vector d is combined with the voltage vector of the network u, we obtain:
ud = u, uqg = 0. The active and reactive power of a three-phase system are equal to:

[ﬂ :ud{_i‘;.q] (5.10)

The purpose of AF, using the d-g method is:

1. Elimination of alternating currents ig, iq (harmonic suppression).

2. Elimination of the direct current component iq (reactive power compensation).

3. Ensuring the implementation of the balance of active power between the
source and the load: Ps = Pross + Proap, e N, where Ps - power consumed from the
network, Pross - power loss, PLoap - load power.

Thus, the operation of the AF should lead to the fact that the network current
vector in the plane d-g iqq should be equal to:

— JDLoad + JDLoss (51 1)

l
dq H
u,

and do not contain variable components, fig. 5.7. From this condition are the
components of the output current AF iz*, ij*.
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Fig. 5.7. The principle of AF

For the inverse transformation, the Clark transform (5.8) and Park are used:
0) —sin(0
{fa}: cos(0) - =sin(0) [fd} (5.12)
Sy sin(@) cos(0) /4

Synchronous tracking method
If you use the method of forming the filter current can be carried out by two
methods:
- from the condition of equality of the average value of power of phases Pa = Pg
= Pc;
- from the condition of equality of equivalent resistances of phases Pa = Pp =
Pc;
In the first case, the power is even ly distributed over the phases regardless of
the value of the phase voltages.
: 2u,(t)-P . 2u,(t)-P . 2u.(t)- P
i ()=—"L— i () ="L—F—; i () =—F—
R AR TR 7
where Uag, Usr, Ucr - amplitudes of phase voltages, ix(t), ux(t) - instantaneous values
of current and voltage of phase x of the network.

The constant value of the load power is calculated by the formula:
t+T t+T

P= [P0+ Py )+ pe@)dt = [ (1,(0)i () + 1, (0)iy(0) + u o (0)ic () dit, (5.14)

t

, (5.13)

where T is the period of the network frequency.

Frequency methods

Frequency methods are based on the apparatus of spectral analysis, mainly on
discrete Fourier transform (DFT). The AF current is formed as follows:

1) calculate the spectral characteristics of the load current;

2) carry out the correction of the vector of the first harmonic;

3) take into account the delay of the reaction to the satisfactory action due to the
presence of a power filter;

4) the transition to the time domain and the formation of control signals AF.
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Calculation of AF elements

The minimum value of the inductance of the AF filters Li-Ls, fig. 5.5 is
calculated from the condition of compensation of reactive power of purely inductive
load current Imax:

Lmin:%, (5.15)
2 ﬂ.f M [ max

where 4Unin 1s the difference between the voltage of the capacitor AF and the current
value of the mains voltage, fu - network frequency.
In practice, the value of the inductance is several orders of magnitude greater and
depends on the restriction on the amplitude of the current ripple of the source A/max:

L:AUWM. (5.16)

Al

max

The capacitance of the capacitor C AF must be calculated for reasons of providing a
given voltage ripple factor on it. At times when it is necessary to change the amount of
reactive energy AF, the energy of the capacitor changes by the difference between the
initial and final amount of reactive energy AW:

AW:%(LIIZ —LI}). (5.17)

The worst case is the transition from inductive load response compensation to
capacitive compensation. Then the initial voltage on the capacitor Uco will decrease to
the value of Uci.

1
AW:E(CUéO—CUél)zCUCO(CUCO—CUCl). (5.18)
Equating (17) and (18), we obtain:
3L -1
c:z(Ug—Ko). (5.19)
co ™pP

Hybrid filters

AF, due to its high cost, is used for low power power supply systems. To reduce
the cost of filters, combined systems are used, which include low-power AF and multi-
section PF. The disadvantage of PF - the inability to adjust their parameters under the
condition of changing the mode of operation of consumers is eliminated in hybrid
filters by installing active AF. In this case, the power of the active part of the circuit is
reduced by an order of magnitude compared to PF, increases the stability of the passive
part of the circuit in dynamic modes, which increases the quality factor PF and reduce
losses.

Automatic correction of GF parameters has the following advantages:

- correction of frequency characteristics of the filter in static modes of network
operation;

- reduction of the negative impact on the filtering properties of the network
frequency deviation and filter parameters;

- elimination of resonant phenomena at higher current harmonics.
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An example of a typical GF circuit is a combination of an AF, a three-phase
transformer, two LC filters tuned to 5 and 7 harmonics, and a higher harmonic RLC
filter. If you use the specified scheme GF to correct the parameters of electricity for the
power supply system of the DC load through a diode rectifier with a capacity of 20
kW, it is sufficient to use AF with a capacity of 1.6 kVA and PF with a capacity of 5
kVA. The current harmonic coefficient of the system source does not exceed 5%. To
achieve these parameters, the AF must have a capacity of about 15 kVA.

Questions

1. Describe the influence of converters on the power quality parameters of the
network.

2. Describe the recommendations to be followed when designing multi-section
passive filters.

3. Name the types of active filters of higher harmonics.

4. Describe the principle of operation of active filters of higher harmonics of
parallel type.

5. State the reason for the active implementation of active filters recently.

6. Describe the method of controlling an active filter using the theory of
instantaneous power.

7. List the methods of managing active filters.

8. List the benefits of using hybrid filters.
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Lecture Ne 6. Balancing devices of three-phase power supply systems

Classification of balancing methods

In a set of measures aimed at improving the quality of electricity, the issue of
propagation of asymmetry of voltages and currents in three-phase networks is essential.
One of the simplest methods of reducing the asymmetry of voltages (currents) is the
uniform distribution of single-phase loads between the phases. However, in practice
this 1is a difficult task. Therefore, it is necessary to apply special methods and means of
balancing of three-phase systems. One way to reduce voltage asymmetry is to increase
the cross-sectional area of the wires and the power of substation transformers. In four-
wire networks, it is advisable to reduce the resistance of the neutral wire. However, a
more effective method is the use of special devices that eliminate currents of zero and
reverse sequence. These methods can be divided into groups:

- methods based on the conversion of electrical energy parameters;

- methods based on cyclic switching of single-phase load to network phases;

- methods based on filtration;

- compensation methods that compensate for currents and voltages of the reverse
and zero sequences.

In power supply systems, compensation methods are more often used because
they have the best technical indicators: simultaneously with the asymmetry of currents,
eliminate higher harmonics, compensate for reactive power. The synthesis of balancing
devices (BD) is carried out based on the specified conditions of maintenance within
the allowable limits of asymmetry of voltages and currents with the provision of'a given
power factor and the minimum power of the elements of the balancing devices. BD
compensation type can be adjustable and unsettled. Unregulated BD can be used if the
power consumption varies within narrow limits. Therefore, in practice, the vast
majority use adjustable BD.

Method of symmetrical components

Special methods are used to calculate the level of voltage asymmetry. The most
common of which is the method of symmetrical components. It is used to represent an
arbitrary three-phase EMF system, voltage or currents in the form of the sum of three
symmetric systems - forward, reverse and zero sequences, Fig. 6.1.

2 I, L
+ + Lao
Ie
Iz Teq

Fig. 6.1. Direct, inverse and zero sequences
The figure shows the decomposition of the three-phase system of currents /4, I,
Ic into components: direct sequence with currents /41, Is1, Ic1, reverse Lo, Ip2, Ic> and
zero 140, Ipo, Ico:
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Ta=1n+142+140;

Ip=1p1+1p2+1p0; (6.1)

Ic=1Ici+1c2+1co.

The currents of the direct sequence I41, Ip1, Ic1 have phase shifts of 120°, the
direct order of alternation of the ABC phases. The reverse sequence A2 /2, I, Ic2 has
alternating phases of ACB. Zero-sequence currents have the same phase. The
amplitudes of the currents of each sequence are equal to each other: 141 = Ip1 = Ic1,
L= Ip= Ic2, L140= Ipo= Ico.

An abbreviated notation with the rotation operator a - complex multiplier is used

j2m/3 :_l_'_ ﬁ

2 727
The following relations are often used when simplifying formulas:

to record the individual components a =e

. o _ 1 3
2:ej47t/3:e j21’t/3:a 1 \/_

a =——=j—;
2 /%
ad=el?m =1, (6.2)
a+a®+1=0.
The use of the operator a allows you to write the following relations for the line
IBi=a*-Ta;lci=a- 1, (6.3)
reverse
Ipr=a-1s;lc2=a” 11, (6.4)
and zero sequences
T40=1B0=1co0. (6.5)

Substitution of (6.3) - (6.5) in the (6.1) for calculation of the resulting currents
allows to receive the following relations:
Ta=1a+142+1 40;
Ip=a* Ta+a-Ta+140; (6.6)

Icza-1A1+a2-1A2+IAo,

or in matrix form:
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1 4 11 I 41

Ip|=|a" a 1|14 (6.7)
° 2 °

Ic a 1 I 40

from which the symmetrical components of phase 4 141, L2, 140 are expressed through
the currents of the asymmetric system:

IA1:£IA+a-IB+a2-IcJ/3;

l42 =

(6.8)

IA+a2-IB+a-Ic]/3;

I 40 = ]A+IB+]cj/3.

Similar relations are valid for symmetrical components of three-phase voltage
and electric driving force systems. The schedule of asymmetric systems allows
reducing the problem of calculation of an asymmetric three-phase network to the
analysis of set of three symmetric modes of components of direct, return, zero
sequences.

Consider the influence of direct, inverse and zero components on energy
processes in the network. In a symmetric three-phase network with an asymmetric load,
the voltage vectors are symmetric, they are described by a direct sequence: E4= a*Es
= a'Ec, and the currents are asymmetric, the analytical expression of which is as

follows:

1 4 L1 I q1e /9

IB a> a I 4207792 (6.9)
° 2 ® .

Ic a a 1 40 e—j(pO

where ¢ is the phase shift between voltage and current of the forward, reverse and zero

sequences. The instantaneous active power of the phases is equal to:

P4 = eysin(0)(i 45in(0 — @) +i50(8 — @) +14051(8— @) ; (6.10)
pp =ey5in(0—2m/3)(i 55in(0— @ =21/ 3) +1 4p5in(0 —py —4m/3) +
+i 405in(0 —@p)) ; (6.11)
Pc =eysin(0—4n/3)(i 45in(0— @ —4n/3)+i nsin(0—@, —2n/3)+
+i 405in(0 —@p)) ; (6.12)

The average value of the active power of the phases depends on the angle of bias
between current and voltage:
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Py = E 4l 1cos(0r) + E 41 15c05(43) + E 41 40c05(Py); (6.13)

PB = EAIAICOS((PI) + EAIA2COS((P2 + 27[/3) + EA]A()COS((PO —275/3), (614)

PC = EA]AICOS((pl) + EA]A2COS((P2 -2/ 3) + EAIAOCOS((PO + 27/ 3) . (615)

The active power of the three-phase network P is equal to the sum of the active
capacities of the individual phases. Since the second and third terms in the power
expressions of phases (6.13) - (6.15) form balanced vectors, the power of the network
P is calculated by:

P= 3EAIA1COS((P1) . (616)

Therefore, we can conclude that in an asymmetric three-phase network with
symmetrical power supply, the active power is transmitted only by the active
components of the currents of the direct sequence, which are the active components of
the phase currents.

Let us investigate the influence of the forward, reverse, and zero sequences on the
pulsation of the active power. We present the variable component of the instantaneous
active power in the form of the sum of three components due to the forward, reverse
and zero sequence:

Ap=p—P=Ap; +Ap, + Apy. (6.17)

The pulsation 4p: due to the direct sequence for each phase is equal to:

Ap; 4(0) =~2E 4sin(0) V21 4ysin(0 - 9) = E 41 41 (cos(¢1) — cos(20 - ¢y)); (6.18)

Ap 5(0) =2E 4sin(0— 21/ 3) 21 ysin(0— ¢l — 21/ 3) =

=E 41 j1(cos(@l)—cos(20+2n /3 —l)); (6.19)
Apyc(0) =2E 4sin(0+ 27/ 3) -N21 y15in(0— ol + 21/ 3) =
=E 41 ;1(cos(@l)—cos(20-2n/3—ol)); (6.20)

The instantaneous active power of the direct sequence of the three-phase network
pl is equal to the sum of the powers of the direct sequences of the phases. Summarizing
the expressions (6.18) - (6.20), we obtain:

p1=3E 4l gyc05(@y). (6.21)
Therefore, the active power due to the direct sequence of currents is a constant value
and has no pulsation 4p; = 0.

The active power ripple due to the reverse sequence of currents is calculated as

follows:

AP 4(0) =2E 45in(0) - \/21 45in(0 — @) = E 41 43 (cos(93) — cos(20 — 97))(6.22)
Ap 5(0) =~J2E 4sin(0 — 21/ 3)-~J21 45s5in(0 — @, + 27/ 3) =

=E 41 ;r(cos(py +21/3)—cos(20—,)); (6.23)
Apyc(0) =N2E 4sin(0+ 27/ 3) -N21 psin(0— @ — 27/ 3) =
=E 41 ;5 (cos(py =21/ 3)—cos(20 —,)). (6.24)
The instantaneous active power of the inverse sequence p» is equal to:
Pr(0)=-3E I yocos(20—-q,), (6.25)

and causes power ripple with double the network frequency.
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The instantaneous power of the zero phase sequence is calculated by:
AP 4(0) = 2E 45in(0) /21 45in(0— 9g) = E 41 43(cos(9y) — cos(20 - ) ;(6.26)
Apop (8) =~2E 4sin(0— 27/ 3) 21 4 4s5in (0 —¢y) =

=E I 4(cos(py —2m/3)—cos(20—q@y —2n/3)); (6.27)
APy (8) =~N2E gsin(0+ 27/ 3)~21 4osin(0—¢y) =
=E I 4o(cos(py +2m/3)—cos(20 -, + 21/ 3)). (6.28)

From the analysis of formulas (26) - (28) we can conclude that the system of
power vectors of zero sequence forms a balanced system of vectors, so po = 0.

Thus, the active power is transmitted by the active components of the direct
sequence, the inverse sequence of currents determines the ripple of the active power of
the three-phase system, and the zero sequence does not affect the transmission of active
power.

Passive balancing devices of three-phase network

When the asymmetry of voltage or current exceeds a certain value, it is necessary
to use BD. The BD should not cause large power losses. This means that the balancing
must be carried out through the use of reactive elements (LC) or by active methods
(generators of electronic systems). In addition to balancing, such devices can also
perform the function of reactive power compensation.

Low voltage networks are usually four-wire with a grounded neutral point.
Medium or high voltage networks are three-wire.

Load balancing in the first case consists of two stages:

1) elimination of zero-sequence currents;

2) elimination of reverse sequence currents. In a three-wire circuit, only the
reverse sequence currents must be eliminated.

First, consider the method of eliminating zero-sequence currents. In fig. 6.2
shows a three-phase power supply system with a neutral wire, to which an asymmetric
load from the BD is connected. For this case, the balancing and compensation of the
reactive current is to connect in parallel the asymmetric load of asymmetric reactive
elements (chokes, capacitors) with the following values, which would meet the
following conditions:

[ +1,+1_ =0. (6.29)
In scalar form, (6.29) will be rewritten as:
Re(1,+ L+ 1L, | =Re[U,GY, +Y,) +U,GY, + 1) + U, (7Y, +1.,)) =0
L . . . . . . (6.30)
Im(IAM+ [+ ICM): Im(UA(jYA LY ) +U (Y +Y )+ U. (Y. + YCH)) ~0.
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Fig. 6.2. The scheme of the joint venture to compensate for zero-sequence currents

An additional condition for calculating the parameters of the JV may be to ensure
the required value of the power factor y:

Re(l}A 1)+ Re(UB [;M)+ Re(l}c 1)

= (6.31)

Example 1. Given a system of three phase loads with power: P4 = 6.48 kW, Q4
=-5.15kVA; Ps=3.15kW, O =4.44 kVA; Pc=2.55kW, Oc=4.2 kVA.
The loads are connected according to the "star" scheme and are powered by a
three-phase network with a phase voltage U =220 V.
Zero and reverse currents must be eliminated.
Solution:
1. Calculation of the conductivity of each phase:
y =L, ;2 0480 5150 6450 106
v U 2200 220°
y =L, ;8 3150 4480 5651 0.0012).
v U 2200 220°
= £ +j%= 2550 +j4200 =0.053 + 0.087/.
v U 2200 220°
2. Calculation of the current of each phase of the load:

[,=Y, U, =(0.134 —0.106/)220 = 29.455 — 23.409;.
[, =Y U,=(0.065+0.0912/)220¢"" = —24.637 + 2.309;.

[, =Y U =(0.053+0.087j)e " =10.738 —19.583;.
3. Calculation of currents of forward, reverse and zero sequences:
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(}A-I'a’}y-l'dz'jc)

[o= =5.815 —15.136:
. (jA+a2'jB+a'jC)

Io= =18.455 + 5.288);
, (}A+}B+L)

Lo= =5.185 —13.561;.

4. Calculation of the coefficient of asymmetry of the current zero k9 and the

reverse sequence ko

k =L 100% = 90%;

Al

k =£-100%=118%.

2
Al

From the obtained values it can be concluded that the asymmetry of currents is
significant and requires the connection of a balancing device.
5. Calculation of the load power factor y:

Re(UA I;H)+ Re(UB 1;,)+ Re(l}C 1)

= =0.96.

UA ]:H + U.B ];H +.U( I:H

6. Since the reactive power compensation is not performed at this stage, in
condition (6.30) one of the conductivities of the balancing device can be equated to
zero, for example Y. = 0. Then the system (6.30) will be simplified to the form:

2 2
—QUB Im(Y;H)—lUC Re(Y;H)+£UC Im(Y;H) =0;
2 2 2

1y Im(x;,,)_iu Re(Y;,H)—lUC Im(Y;H) =0.
2 2 2
Where to get:
2Re(Y;HJ—Re(Y;Hj—ﬁlm(Y;H)—Re(Y;H)ﬂ/?Im(YC'Hj
\/g )
Y, = —Im(Y/;H}%YB —ﬁRe(YI;H)+%Im(YB:Hj+£R6(Y;Hj+%lm(YC.H).

2

Y, =

57



If the conductivity is negative, Y <0, then it is replaced by inductance, otherwise
- capacitance.

In this case: Yz = 0.08164 (capacity); Y4 = 0.2257 (capacity).

7. The phase current of the network after the elimination of zero-sequence
currents:

I, =(Y,+jY)U,=29.455+26.255;.
I, =(Y, +jY)U,=-40.192 —6.672;.

I, =Y, U =10.738 —19.583;.
8. Calculation of currents of forward, reverse and zero sequences:

(L+a-j3+a2-jc)

Io= =11-1.575];

. (b+a2-j3+a-jc)

L= =18.455 +27.830j;
. (jA+}B+jC)

]AO :—:O-

As can be seen from the calculations, the zero sequence current is eliminated.

To compensate for the reverse sequence currents, the BD is connected according
to a three-wire circuit, Fig. 6.3.

Under the condition of a three-wire network, the balancing scheme shown in Fig.
3, obtained directly. In the case of a four-wire network, the zero-sequence current is
eliminated first, as shown in the previous example.

After removing the neutral wire, the load ground can be disconnected from the
generator ground without changing the currents and voltages of the system. The star
load connection is then converted to a triangle connection.

Y,.Y, Y., Y, Y, Y
Yy = AH” BH Yoy = BH”CH Y = AH”CH .(6.32)
Vi + Yoy +¥oy Vi + Ve + ¥y Yoy +Ypy + Yoy
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Fig. 6.3. Scheme of the joint venture to compensate for reverse sequence currents

After converting the equivalent load resistance into a triangle, the resistance of
the joint venture is calculated:

. . RG(Y;ICH_YBCH)
Im(YABj=—Im(YABHj— ;

NG ;

. . Re(YABH_YACHj
Im(YBcj:—Im(YBCHj— ; (6.33)
V3
. . Re(YBCH_YABHj
), )
The power factor is calculated:
UAB Re(}{lBH ) + UBC Re(}fl;(?H) + UBC Re(II;?(,H)
x= : ; ; (6.34)

UAB(Y +1];IB)+UBC(Y +1]1‘3(,)+UB((Y +)];1C)

AB H BCH AC H

To ensure the required power factor y; to each arm of the balancing device is
added a complex conductivity Yo, which in a symmetrical system of voltages with a
linear value of U is calculated:

2

0

1 . . Lo . . S
\/(—Z—qRe(mmmmw) ~tm(¥,, 4, Y Y 4 E Y
Im(Y): il - (6.35)
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Example 2. Eliminate the reverse sequence currents for the circuit of example 1
and provide a power factor y = 0.8.
1. Conversion of circuit parameters into a triangle by formula (32):

R
<—=0.04216 + 0.05952;;

Y upn =~ -
Yun+ jY, +Ysu+ jY, +Yeu

) (YBH+jYBjYCH

Y pen =~ - —=0.01296 + 0.03920y;
Yun+ jY, +Ysu+ jY, +Ycu

) (YAH+jYA)YCH

Y acn =~ =0.02876 + 0.02778;.

Yun+ jY, +Ysu+ jY, +Yeu
2. Calculation of the parameters of the balancing device according to (33):

Y 45 = — 0.06865/;Y sc = — 0.04694):Y 4c =—0.01091;.
3. Calculation of the parameters of additional conductivity to ensure the required
power factor y for (35):

Im(YO) = 0.02097.

From the analysis of materials of lectures 4 - 7 it is clear that to eliminate the
negative impact on the AC network of nonlinear consumers and reactive power
compensation it is necessary to install additional equipment - reactive power
compensators, active filters, balancing devices. The advantage of DC power
transmission is the reduction of additional equipment required for the operation of the
network, so in certain circumstances, the use of DC transmission is justified.

Questions

1. Name the methods of balancing three-phase networks.

2. Describe the main theoretical provisions of the method of symmetric
components.

3. Give the value of the phase shift between the vectors of the three-phase system
of zero sequence.

4. Name the sequence of vectors of a three-phase reverse sequence system.

5. Indicate which components of power transmit forward, reverse and zero
sequences.

6. Name the component that must first be compensated in three-phase networks
with zero conductor.

7. Name the component that must first be compensated in three-phase networks
without a neutral conductor.

8. Name the type of connection of loads of the balancing device in three-phase

networks without a neutral conductor.
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Lecture Ne 7. DC power supply systems.
Experience and technical features of use

Prerequisites for the use of DC power supply systems

As you know, today for the generation of electricity, its transportation,
distribution using alternating current, due to the simplicity of the transformation of
alternating current voltage by transformers. However, from an energy point of view, it
1s more appropriate to use DC energy for generation and transportation. In the case of
alternating current transmission, the parameters of the transmission line (specific
inductance and line capacity, line length) determine the maximum energy transmitted
by it. Thus, with increasing length of the overhead line, its inductive resistance oL
increases, which determines the maximum possible power of the line Smax (excluding
line capacity):

2
max = Um > (71)
oL

therefore, as the length of the line increases, its maximum power decreases. The
capacity of the overhead line has almost no effect on the process of energy transfer by
the line, but creates the so-called charging power of the line, which increases the
effective value of the line current, causes heating of the wires and reduces efficiency.
In addition, the charging current leads to an undesirable increase in voltage at
intermediate points of the line and other negative phenomena. To eliminate these
phenomena along the line it is necessary to install compensating devices, which
increases the cost of the line.

If the transmission line operates on direct current, the reactive parameters of the
line do not affect the energy transfer process and do not cause additional losses. In
cable power transmission lines, DC has the same advantages. It should be noted that
AC cable lines have a short length, which usually does not exceed 20 km, which is due
to the large capacity of cable lines. DC cable lines can increase their length to hundreds
of kilometers.

It is also advisable to use DC power supply systems as an interconnection of two
or more AC power systems with different parameters. For example, 50 and 60 Hz AC
power systems. Then the systems can work independently, but if necessary, exchange
energy. An additional advantage of this approach is that emergencies in one system
will not extend to another.

Today, DC power supply systems are divided into two groups. The first includes
direct current transmission (DCT), which transmits electricity over a certain distance.
An integral part of these systems is the overhead or cable line. The second group
includes inserts of direct current (IDC), in which there is no power line. The IDC is
located directly at the substation to which the AC power lines of the connected systems
are connected.

Comparison of characteristics with alternating current systems

The cost of transporting electricity

The cost of transporting electricity consists of capital costs for transmission line
pylons, wires, insulators, substation equipment, as well as operating costs. If the same
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insulation requirements are accepted, which depend on the current value of the
overhead line voltage (OHL) DC and AC, the capacity of the DC overhead line is the
same as that of the AC overhead line, provided that the cross section of the wires of
both lines is the same. However, the support of the DC overhead line has a lower cost,
less wires, the cost of insulation and it requires a sanitary zone of smaller width.

The simplest DC overhead line has only two wires designed for the same current
value as the three AC overhead wires. Power losses are also two-thirds of the losses in
an equivalent AC overhead line. The absence of AC displacement on the surface of the
conductor (skin effect) during the power transmission of the DC overhead line
significantly reduces power losses, and during the power transmission of the DC cable
line significantly less dielectric losses. The DC overhead line also has significantly
lower corona discharge losses than the AC overhead line. Other factors that affect the
cost of the line are the cost of compensating devices and substation equipment.
Therefore, the cost of a direct current line is 15-20% less than an alternating current
line of the same power and length. However, the cost of substation equipment of direct
current lines 1s more than alternating current lines, due to the use of semiconductor
power converters and filters.

Comparison of the cost of AC and DC power transmission depending on the
length of the line is shown in Fig. 7.1. From the graph of Fig. 7.1 shows that DC power
transmission is cheaper than DC power transmission, starting with a certain line length,
which is in the range of 400-700 km for overhead lines depending on the specific cost

of power transmission per unit line length. For cable lines, this length is in the range of
25-50 km.

4 Price _ —AC current

DC current

Power line length when advisible to
use DC power line:
OHL —400-700 km, CL —25-50 km

\

[
»

0 Bincranb
Fig. 7.1. Graph the cost of DC and AC lines depending on their length

Technical characteristics of direct and alternating current power transmission

Thanks to high-speed control, OHL allows complete control of the energy
transport process, improve transients and dynamic stability in connected power
systems, and limit short-circuit currents in the OHL.

Limit of static stability

The power transported by the AC line depends on the angle of bias between the
voltage vectors on the busbars of the transmitting and receiving ends of the line. For a
given value of transmitted power, this angle increases with increasing line length. The
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upper limit of transported energy is determined by static and dynamic stability. The
capacity of the AC line is inversely proportional to the transmission length, and the
capacity of the DC line does not depend on the length of the line.

Voltage regulation

Voltage regulation of alternating current lines is complicated due to the influence
of the charging power of the line and the voltage drop along the line. The voltage on
the AC line varies relatively little along the line only if the active power is transmitted.
The voltage on the line varies depending on its load.

To maintain a constant voltage at the ends of the line, it is necessary to adjust
the reactive power of the line when changing its load. The value of reactive power
required for control increases with the length of the line. Although OHL converter
substations consume reactive power when the line changes the transmitted power, the
line itself does not consume reactive power.

The charging power of AC cables causes serious problems and reduces the
length of the AC cable line to 50 km.

Line compensation

Compensation of parameters of the alternating current transmission line is used
to solve the problems of the charging power of the line and increase the stability.
Increasing the capacity and maintaining the line voltage is possible provided the use of
shunt reactors, longitudinal compensation, static compensators STATKOM. No
compensation is required for DC lines.

Problems of interconnection of alternating current transmissions

The AC overhead line connecting the two power systems requires the
coordination of the excitation regulators of the generators of both power systems
according to the transmitted power line and network frequency. But even with the
coordination of power regulators, the parallel operation of interconnection AC
transmission can be complicated by:

OHL an AC transmission line connecting two power systems requires the
coordination of the excitation regulators of the generators of both power systems
according to the transmitted power line and mains frequency. But even with the
coordination of power regulators, the parallel operation of interconnection AC
transmission can be complicated by:

1. Large power fluctuations that can lead to frequent line outages.

2. Increasing the short-circuit power in the integrated power system.

3. Transmission of emergency disturbances from one power system to another.

Good handling and short DCT adjustment time eliminate the above problems.
Moreover, asynchronous communication between power systems is possible only with
the use of DCT.

Disadvantages of DCT

1. High cost of conversion equipment.

2. Impossibility to use transformers for voltage regulation.

3. Generation of higher current harmonics.

4. The need to compensate for the reactive power consumed.

5. The complexity of the regulatory system.
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In recent years, DCT technology has improved, which has overcome many of
these shortcomings, with the exception of paragraph 2.

New achievements in the field of DCT

1. Improving the technology of manufacturing semiconductor valves and
switches.

2. Increasing the number of phases of the converters to 12 and above.

3. Application of artificial switching of valve elements.

4. Application of digital control systems of converters.

Some of these advances have increased the reliability and reduced cost of DCT
converters.

Use of direct current objects in modern electric power industry

The first DCT was built in 1954 between Sweden and the island of Gotland. By
2000, the world had 52 DCT and IDC with a total capacity of 25,000 MW. To date, 24
DCT and IDC with a total capacity of 12,500 MW have been built in Europe. In
European countries, cable DCT are most often used to electrify island areas of land.
The IDC is used to connect the power systems of neighboring countries. The largest of
them are:

- DCT between England and France through the English Channel, which
connects the energy systems of the countries. The capacity of this DCT is 2000 MW;

- Communication between Denmark and Norway via the Skagerrak, where three
cable DCT lines with a total capacity of 1040 MW have been laid;

- cable double-chain DCT between Denmark and Sweden (670 MW);

- DCT between Finland and Sweden via the Gulf of Bothnia (500 MW);

- IDC in Vyborg between Russia and Finland (1400 MW);

- air-cable DCT Italy-Corsica-Sardinia (500 MW).

Over time, DC connections between Europe's public power systems will
intensify.

There are a number of powerful DCT and IDC in North America. One of them
is a two-chain DCT Nelson River - Winnipeg (Canada) with a capacity of 3600 MW
and a length of 930 km. On the west coast of Canada, a 680 MW cable DCT has been
built on the island of Vancouver, and there are two IDC in the eastern part of the
country, which act as an asynchronous connection to the power systems of the northern
part of the United States. One of them is the Il River River IDC (320 MW), the other
is the Chategai IDC (1000 MW). In addition, in the early 1990s, a 1,500-kilometer
multi-substation from the La Grand River DCT to Winnipeg with a capacity of 2,200
MW began operating.

More than ten DCT and IDC have been built in the United States. The largest of
these are the Pacific DCT (3,100 MW, 1,362 km), Intermountain (1,600 MW, 788 km),
and Butte Square (500 MW, 730 km).

The positive experience of the United States in creating interconnected
asynchronous connections based on the IDC 1s used in other countries that have a large
area. Of particular interest is India's energy system development plan, which provides
for the division of the country's energy system into several parts that operate
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asynchronously and are interconnected by the DCT and IDC. A similar approach is
planned in China.

There are several powerful DCT in Africa and Asia. In Africa, two DCT have
been built: one from the Kabora Basa HPP (Mozambique) in South Africa (1920 MW,
1,400 km), and the other from Inga Shaba (Zaire, 1,120 MW, 1,700 km).

As already mentioned, DCT and IDC can be used to communicate systems with
different nominal frequencies. There is no alternative to DC in this area. Such DCT
and IDC operate in Japan and South America, where power systems with different AC
frequencies operate.

In Japan, the boundary between systems operating at different frequencies runs
along the island of Honshu. In the northern part of the island, the power system operates
at a frequency of 50 Hz, in the south - at a frequency of 60 Hz. The systems are
connected by three IDC with a total capacity of 1,200 MW. In addition, in the southern
part of the island between the two systems operating on the same frequency is the IDC,
which is used to regulate interconnection energy flows. In Japan, cable DCT operate.
One is an asynchronous connection between the power systems of Hokkaido and
Honshu, the other is used to connect to the power system of a power plant located on
the island.

Brazil has built the most powerful Itaipu DCT, designed to transport energy from
the Itaipu HES on the Parana River to Sao Paulo. This DCT consists of two lines with
a capacity of 3150 MW and a length of 800 km. In addition, the Brazilian (60 Hz)
power system is connected to the Paraguayan and Argentine (50 Hz) power systems by
three IDC with a total capacity of 1,100 MW.

Several DCT and IDC have also been built in New Zealand and Australia. In
New Zealand, the DCT integrates Washington's power systems, maintains a constant
frequency, and dampens mains voltage fluctuations.

Ukraine has a DCT in the Luhansk region and several IDC that connect the
power system of Ukraine with other countries for the possibility of unimpeded export
of electricity abroad.

Based on the above, it can be concluded that DC facilities are widely used in
world energy.

Principles of construction of direct current power transmission

The limited use of DC power transmission is primarily due to the technical
difficulties of creating efficient low-cost high-voltage devices to convert AC to DC (at
the beginning of the line) and DC to AC (at the end of the line). Their application is
determined by the reliability of their work and specific technical characteristics. The
first converters of direct current power lines, starting from 1954, used rectifiers on
mercury valves. The first line with high-voltage thyristor valves was built in Canada in
1972. Since 2000, converters based on fully controlled IGCT thyristors and IGBT
transistors have been actively introduced. With the improvement of the technology of
production of controlled valves and methods of control of converters, the nominal
voltage of direct current power lines increased, energy losses decreased and electricity
quality parameters improved.

Block diagrams of DCT and IDC are shown in fig. 2.
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Fig. 7.2. Block diagrams of DCT (a) and IDC (b)

In DCT, a direct form of current is used to transport electricity from system 1 to
system 2 and / or vice versa. If energy is transferred only from system 1 to system 2,
the converter P1 converts AC energy into DC energy (rectifier), the converter P2
converts DC energy into AC energy (inverter). If energy can be transmitted in the
opposite direction, converters P1 and P2 are reversible and perform both functions. The
IDC performs the function of converting energy parameters without transporting
energy, which allows systems 1 and 2 to operate independently of each other, but at
the same time to exchange energy with each other.

Methods of connecting converters to power lines

The amount of energy in DC power lines is usually calculated in hundreds of
megawatts - units of gigawatts, voltage - in tens, hundreds of kilovolts. However, the
values of operating currents and voltages of thyristors do not exceed 10 kA and 10 kV,
IGBT transistors - 500 A, 5 kV. Therefore, multi-section converters are often used to
convert energy with such parameters. As a rule, for DCT converter modules are
switched on in series to increase the line voltage and, consequently, to reduce transport
losses, as shown in Fig. 7.3 a). The circuit of series-connected thyristors must be
equipped with devices for uniform voltage distribution between them, cooling, supply
channels of control pulses to each thyristor. Of great complexity is the process of
transmitting control pulses, which must be applied with high accuracy over time to the
potential of the valve relative to the potential of the earth. Fiber optics are now used
for this purpose. If necessary, the converter unit is taken out of operation, and the
modules, where there are damaged thyristors, are replaced with serviceable ones.

For the IDC there is no need to increase the voltage, so here the converters are
often turned on in parallel, Fig. 7.3 b). At the same time, serial converters are also used
to improve the current shape of the AC lines. Another option to increase power is to
build a parallel line, Fig. 7.3 c).
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a) increase in line voltage; b) increase the pole current; c) creation of a double-chain line
Fig. 7.3. Schemes of increasing the power of DCT

Since the AC and DC circuits of the DCT are not electrically connected, if the
DC line is not grounded, its potential may change, which is unacceptable. Therefore,
the DCT must be grounded at least one point. In practice, as a rule, carry out grounding
at two points. This can be one of the poles (analog of the phase for alternating current
transmissions) of the transmission or the midpoints of the converter substations. In the

first case, when one of the transmission poles is grounded on both sides, the wire of
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this pole is usually absent and its role is performed by the ground. For direct current,
the earth resistance is zero. Therefore, the resistance of a grounded pole depends on the
spreading resistance of the grounding conductors that connect the pole to ground. This
resistance is small (0.05-0.15 ohms) and does not affect the mode of operation of the
DCT. Therefore, only one pole suspended on insulators is required for power
transmission, if the line is overhead or single-core cable. Such transmissions are called
unipolar. The scheme of unipolar DCT is shown in fig. 7.4.
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a) unipolar DCT; b) bipolar DCT
Fig. 7.4. Schemes of DCT transmissions

Usually power lines of this type are built to cross large bodies of water, such as
sea channels. To transfer energy from the rectifier to the inverter, you need to lay a
single-core cable designed for pole-ground voltage. A number of power lines are
connected according to this scheme: Italy - Sardinia in the Mediterranean Sea, Sweden
- Denmark through the Skagerrak in the Baltic Sea, Sweden - Finland through the Gulf
of Bothnia and a number of others. The Sweden-Finland power transmission, which is
the most powerful of the unipolar transmissions, has a 200 km long cable with only
one coupling.

The use of land to return electricity has its downsides. The most significant
disadvantage here is the possibility of corrosion destruction of metal engineering
structures laid in the ground near the ground - pipelines, cables. Part of the transmission
current will be propagated by these structures and flowing from them, can cause
damage due to electrolysis, which leads to the formation of holes in the pipes or cable
sheaths.
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Based on calculations and experimental studies, it is established that at a
grounded pole current of 1 kA, the radius of the danger zone around the grounding
conductor is about 5 km. Cathodic protection must be applied to underground
structures located in this area. In some cases, when the line is laid in an area where
there are many underground engineering structures, in order to avoid the spread of
current through the ground, the grounded pole is made in the form of a cable whose
core is grounded. The scope of unipolar DCT is the transmission of relatively small
capacities (several hundred megawatts) over relatively short distances, mainly for
crossing water obstacles.

For powerful power transmission, another scheme is used, where the line is made
with two poles, each of which is isolated from the ground. Ground the middle points
of the conversion substations located at the ends of the transmission. This transmission
is called bipolar. The scheme of one circuit of such transmission - bipole is shown in
Fig.4 b. If necessary, increase the transmission power build a second similar circuit.
This is how the Itaipu DCT is designed, where the capacity of each DCT bipole is 3150
MW.

Because the middle points of the conversion substations are grounded, each
bipole can be divided into two independent half-circuits. In normal modes, the current
from the rectifier to the inverter is transmitted by the positive pole of the line and
returned by the negative. Under the same load of both semicircles, the earth current is
zero. However, in practice it is impossible to ensure the complete identity of the
equipment parameters and the mode parameters of each of the semi-circuits. Therefore,
there may be some imbalance and the ground current will not be zero. However, it is
much smaller than the pole current. If one half-circuit fails, the other will continue to
operate, but with the return of current through the ground. Then the transmission power
is halved, but the transmission, although with reduced power, continues to work.

For high-power power transmission, where the pole current is several thousand
amperes, the area of dangerous influence of ground current is significantly increased.
Therefore, grounding points with the help of special lines are carried out at a distance
of several tens of kilometers from the conversion substations where there are no
underground engineering structures.

For bipolar transmissions, there are two types of line voltage: pole-ground
voltage Ugp-¢ and pole-pole voltage Ugp-p. It 1s obvious that the pole-pole voltage is 2
times higher than the pole-ground voltage. Therefore, a transmission with a voltage of,
for example, + 500 kV and a transmission of 1000 kV are the same transmission.

The scope of bipolar power transmission is the transmission of large powers over
long distances. According to the bipolar scheme, all powerful and long-distance DC
power lines have been built so far: Itaipu (Brazil), Pacific (USA), Cabora Bassa -
Apollo (Mozambique-South Africa) and many others. It should be noted that before
bipolar transmission is used in other cases, such as DCT England-France, laid across
the English Channel, made as bipolar. One of the reasons that led to this decision was
the desire to avoid the influence of the magnetic field of the unipolar line on the
navigation devices of vessels passing through the strait.

DC lines, both unipolar and bipolar, do not have line switches. Controlled valves
of the converter successfully perform their role. In the event of an emergency in the
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DC line, it is sufficient to remove the control pulses from the rectifier valves to stop
the power transmission. The valves can be closed both manually by the substation
personnel on duty and by automatic protection devices that respond to damage.

The absence of line switches simplifies the design of the converter substation.
However, such a decision can be made only for main power transmission, ie
transmission that does not have intermediate substations. For transmissions with
intermediate substations (DC networks) it is necessary to use DC switches designed to
localize accidents that may occur in certain parts of the network.

Creating a high-voltage DC switch is a rather difficult technical task. For
intermediate selection of power from the DCT, it is necessary to build a conversion
substation at the sampling point. Under such conditions, it is necessary to be able to
supply voltage from the local power system to ensure the operation of the inverter. This
intermediate conversion substation can be connected to the line in series or in parallel,

as shown in Fig. 7.5.
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a) sequential power take-off scheme; b) the scheme of parallel power selection
Fig. 5. Power take-off schemes from DCT

Subject to sequential switching on, part of the conversion bridges is scattered
along the line. Each of the intermediate substations can operate in both rectifier and
inverter mode. Under the condition of operation in the rectifier mode, the energy of the
intermediate system enters the DC line, in the inverter mode - is selected from the line
and enters this intermediate system.

The disadvantage of the sequential power selection scheme is the dependence of
all substations on each other. This is manifested in the difficulty of regulating the power
of individual substations, as the current of the series circuit must remain constant for
all its sections. Decommissioning of any of the substations as a result of an accident
can lead to power outages and de-energization of all other substations. Therefore,
intermediate substations must be equipped with bypass devices and bypass valves,
which automatically switch on in the event of an accident at the substation.
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Parallel switching on of intermediate substations, firstly, allows to carry out
independent regulation of capacity at all substations and to change its direction of
transportation, i.e. to pass on any of substations from the rectification mode to inversion
mode and vice versa, secondly, parallel switching allows to pass to creation. high-
voltage direct current network designed to communicate several intermediate power
systems.

The disadvantage of the DCT circuit with parallel power selection is the need to
use DC switches to disconnect damaged areas. Switches can be replaced by remote-
controlled disconnects. But then you must first de-energize the entire transmission,
then in a silent pause to turn off the damaged part of the transmission and turn on the
disconnected again. De-energizing the transmission can be done by removing the
control pulses from the converters operating on the rectifier. All this is done by means
of protection and automation of power transmission. This is the method used in the
five-substation Canada-US DCT. The same method is used for power transmission
Italy - Corsica - Sardinia with power take-off on the island of Corsica.

If any converter substations in the circuit of their parallel connection must work
in both rectifier and inverter mode, such substations must have a device for switching
the polarity of the converter poles to change the direction of current in the converter
while maintaining the polarity of the line voltage.

For the Air Force, as already mentioned, there is no need to increase the voltage
and power of the conversion unit. Increasing the power of the insert is achieved by
parallel connection of several units in the same way as it is done at power plants under
the condition of parallel connection of generators. An example is the Russia-Finland
DCT in Vyborg. It consists of four identical complete high-voltage converters with a
capacity of 355 MW, each of which is connected on one side to 330 kV buses, where
lines from the Lenenergo system, on the other - to 400 kV buses connected to the
Finnish power system. Each converter is housed in a separate building, which also
houses all the systems that serve the converters.

Questions

1. Describe the main advantages of using DC transmissions.

2. Give the main purpose of DC inserts.

3. Indicate the shortcomings of DC transmissions.

4. Describe the conditions under which it is advisable to use DC transmission
from an economic point of view.

5. Describe the design differences between unipolar and bipolar DC power
transmission.

6. Give the reason for the use of shunt devices in DC transmissions.

7. Explain the feasibility of using bipolar power lines.

8. List the methods of increasing the power of transmissions and inserts of direct
current.
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Lecture Ne 8. Equipment of direct current power supply systems

Main term and definitions

Neutral is the common point of the windings of generators or transformers that
supply the network.

Deaf-grounded neutral is the neutral of the generator or transformer in three-
phase current networks with voltage up to 1 kV, connected to the grounding device
directly or through low resistance.

Insulated neutral is the neutral of the generator or transformer in three-phase
current networks with voltage up to 1 kV, which is not connected to the grounding
device.

Construction of overhead power lines
The direct current overhead line (OL) differs from the alternating current line by
the design of the supports. Possible designs of supports for different types of OL lines
are shown in Fig. 8.1.
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a) unipolar OL; b) bipolar OL; ¢) bipolar OL with backstays; d) two-wire bipolar OL
Fig. 8.1. Designs of supports of power lines of a direct current

These supports require lower metal consumption and are simpler in design than
AC line supports of the same voltage and capacity class. In fig. 8.2 shows the structures

of the intermediate supports of the 1150 kV AC line and the + 750 kV DC line, drawn
on the same scale.
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a) AC OL support 1150 kV, 5000 MW; 6) DC OL support 750 kV, 6000 MW
Fig. 8.2. Schemes of intermediate supports of DC and AC power lines, made in one scale

OL, shown in Fig. 8.2, have approximately the same capacity (5000 and 6000
MW, respectively). The mass of the AC support is 19.8 tons, the DC support is 9.4
tons. Approximately the same ratios are valid for other AC and DC overhead lines. In
addition, for the DC line, the width of the sanitary zone is 25-30% less than for the AC
line. Therefore, the cost of a DC line is always less than an AC line of the same power.

The operating conditions of linear insulation on direct current are significantly
different from the conditions of its operation on alternating current. In alternating
current lines, the voltage distribution along the insulator garland is determined mainly
by the own capacitances of each insulator, the capacitances between the insulator and
the conductor, and the insulator and ground. Therefore, surface contamination of
insulators has relatively little effect on the voltage distribution along them. In DC lines,
the capacitors of the insulators do not participate in the voltage distribution along the
garland. This distribution depends on the resistance of insulators, the value of which
depends on the degree of contamination of their surfaces. Under conditions of clean
dry insulators, the voltage distribution along them is uniform, but under the condition
of contamination or humidification of individual insulators, this uniformity is violated,
which can lead to failure of insulators. The solution to this problem is to use insulators
of a special shape or increase their number in garlands.

The design of the pole of the DC line is identical to the design of the phase of
the AC line. Split conductors are also used here for two reasons. The first is the large
currents of the pole, which causes a large total cross section of the pole conductors
(several thousand square millimeters). Conductors with such a cross-section do not
produce plants, because their delivery to the route and subsequent installation is
extremely difficult. Therefore, use a bundle of conductors with a smaller cross-
sectional area. The second reason is the need to eliminate the corona effect, which
requires reducing the electric field strength on the surface of the conductor. For this
purpose, the conductors included in the beam are placed at a certain distance from each
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other on the vertices of a regular polygon. As a result, the possibility of a common
corona is eliminated and power losses to the local corona are reduced, which are
significantly less for DC lines than for AC lines.

Different types of cables can be used for DC cable lines: cables with paper and
oil insulation, cables with oil under pressure, cables with gas under pressure.
Experience has shown that it is best to use cables with paper insulation and viscous
impregnation for this purpose. The electrical strength of such a cable is much higher
than an AC cable with the same insulation thickness. Therefore, these cables are most
widely used in the construction of DC cable lines. Currently, a cable for a voltage of
400 kV and a current of 1.25 kA has been created. Its outer diameter is 128 mm.
Because cable lines run through water obstacles, one of the important tasks in reducing
the cost and reliability of the line is to reduce the number of couplings that are a source
of increased danger. For this purpose, use special vessels conductors. The maximum
length of the cable line constructed by such a vessel is 200 km with one coupling in the
middle. The first cable lines were laid directly on the seabed, but they were often
damaged by fishing trawls or ship anchors. Modern technologies allow laying the cable
underwater in a trench up to 1.5 m deep.

Features of substation equipment operation

The main equipment of converter substations includes semiconductor
converters, transformers and phase compensation devices (PCS). FCPs include high-
harmonic current filters, linear (smoothing) reactors, capacitor banks, synchronous
compensators or static reactive power sources. The expediency of placing higher
harmonic filters at one or another point of the circuit is largely determined by the
parameters of the AC network and its frequency characteristics. When it comes to
synchronous compensators and capacitor banks, they are structurally identical to
similar devices of alternating current networks.

PPP semiconductor converters are designed using network-driven
semiconductor rectifiers and inverters that operate in the current source mode. If such
converters are connected to the AC mains, a current with a shape close to rectangular
flows in it, fig. 8.3.
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Fig. 8.3. The form of current of AC power network
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Energy from the AC network to the DC network is transmitted by the first
harmonic. Higher harmonic currents create distortion power, which leads to heating of
the equipment and other undesirable consequences. The offset of the first harmonic of
the current relative to the phase voltage of the AC network depends on the control angle
of the thyristors of the converter and determines the amount of reactive power
consumed from the network. The phase shift angle between current and voltage ¢ is
approximately estimated by the formula:

p=a+yl2, (8.1)
where a is the opening angle of the thyristors;
v 1s the switching angle.

These angles have the following meanings:

- for the rectifier a = (5-15) °, y = (20-25) °;

- for the inverter 6 = (15-20) °, y = (20-25) °.

The power consumed by the rectifier is 30-50% of the transmitted power P, the
power consumed by the inverter - 40-60%. Therefore, the amount of reactive power
generated by the DC power network has the order of line power, which increases the
load on the elements of the converter. Compensating devices are installed at the DC
power network connection point to compensate for reactive power. The use of fully
controlled thyristors and high-voltage IGBT transistors to convert the parameters of
electrical energy allows to form the required mains current curve and significantly
reduce the amount of reactive power consumed. However, this does not completely
solve the problem of higher harmonic currents. Active and passive harmonic filters are
used for additional compensation of higher harmonic currents. Also, to significantly
reduce the amplitude of the higher current harmonics, a cascade connection of
converters with different connection of transformer windings is used, for example, one
transformer is connected in a star-star scheme, the other is a star-triangle, which
provides phase shift between secondary transformer windings by 30°, Fig. 8.4.
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As a result of such connection of converters currents 5 and 7 harmonics
compensate. Time diagrams of currents of separate converters - i1 and i> accordingly,
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Fig. 8.4. Cascade connection of rectifiers

and also current of a network i1 + i> are shown in fig. 8.5.
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Fig. 8.5. Time diagrams of converter currents
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As can be seen from the time diagrams shown in Fig. 8.5, the mains current has
a shape close to a sinusoid, which facilitates further filtering of higher harmonics.

As a rule, resonant filters tuned to the eleventh and thirteenth harmonics are
installed in the DC power network, other higher harmonics are suppressed by one
broadband filter.

DC power network efficiency is determined from energy losses in the elements
of converter substations and direct current power lines. The relative energy losses in
substation equipment and energy consumption for own needs as a percentage of
nominal capacity are given below:

TranSfOrMErS. . ..o, 1,3-1,5 %.
POWeT CONVEITETS. ..\t e i, 0,5-0,7 %.
High harmonics filters..............coooiiiiiiiii i, 0,018-0,020 %.
| I DA T ) g (2 (6110 o T 0,17-0,20 %.
Energy consumption for ownneeds ............coooiiiiiiii i, 0,1 %
1] 7: | P 2,1-2,5 %.

From the given data it is possible to draw a conclusion that the converting
substation from the point of view of losses is rather economic device.

The main power network losses are losses in the AP, line, which are calculated
by the formula:

AP, =2I7r], (8.2)
where /; is the pole current,
[ is power line length, km,
ro 1s specific pole resistance per 1 km of length.

The resistivity of the line is determined from its design. An important factor in
determining losses is the length of the line. Given a relatively short line (up to 900 km),
the losses in it are 4-5% of the nominal power, for the line 2-2.5 thousand km, the
losses increase to 8-10%.

Given the above, we can identify the properties of PPP, which does not have in
the AC lines:

- in the power network there is no restriction on the amount of transported energy
according to the stability of the power supply system;

- the power network is flexible, controlled elements of the power system, which
allows to increase the reliability and stability of the coordinated operation of AC
systems;

- converter substations consume a significant amount of reactive power and can
generate higher harmonics in the AC network, compensation for this effect requires the
use of higher harmonic filters, which increases the cost of converter substations.

Another important unit of conversion equipment is the transformer. The
transformer can be double- or multi-winding. Usually use transformers with three or
four windings. In the latter case, one winding is connected to the AC mains, two to the
cascaded rectifiers, and another winding can be connected to higher harmonic filters or
a synchronous compensator.

Converter transformers operate in more severe conditions than conventional AC
mains transformers because the currents flowing through the transformer windings
contain higher harmonics. If the transformer is idling with connected high-pass filters
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or capacitor banks, resonant phenomena are possible, which lead to significant
overvoltages lasting several seconds. The insulation of transformers must be designed
for these overvoltages. All this leads to the need to significantly strengthen the internal
insulation of the transformer, increase the mechanical strength of the windings, as well
as to increase the cross-sectional area of the conductors of the windings and the core
of the transformer. As a result, the consumption of active materials (steel and copper)
for converter transformers is approximately 1.5 times higher than for conventional
transformers of the same voltage and power class. A distinctive feature of converter
transformers is their higher reactance than conventional transformers of the same
power. The increase in the resistance of the transformer, on the one hand, due to the
peculiarities of its design, on the other - it is necessary to limit the rate of change of
current in the valves during their operation in both normal and emergency modes. The
total power of the transformer usually exceeds the power of the rectifier bridge by 20-
25%, due to the consumption of reactive power and increased losses of active power
from currents of higher harmonics. Valve windings of transformers have the
strengthened isolation concerning the earth for separation of circuits of direct and
alternating currents. Converter transformers are equipped with voltage regulation
devices under load, which is necessary to reduce the consumption of reactive power by
the bridge. All together leads to an increase in the mass and dimensions of transformers.
The maximum power of converting transformers today is 500 MV - A per phase.

Linear reactors are connected to each pole of the line. They are multifunctional
elements of power transmission - reactors not only smooth out the ripple of the pole
current, but also provide a given rate of change of line current during short circuits in
the line and inverter malfunctions. In addition, the reactors are designed to protect the
converters from overvoltages that may occur on the AC side. The reactor winding must
be insulated from the ground, the electrical strength of the insulation must be designed
for the pole voltage. In addition to this constant component on the insulation of the
winding in normal modes and the variable component of the rectified voltage. The
latter depends on the control angles with which the thyristor converter works, and
increases with their increase. These two voltage components create different loads on
the reactor insulation. The magnetic system of the reactor is performed without an inner
core, but with magnetic shunts and a large number of air gaps to eliminate the saturation
of the reactor with direct current. The reactor winding and its magnetic system are
placed in a tank filled with transformer oil.

The scheme and equipment of the substation neutral depends on the allowable
value of the current that can flow through the ground for a long time. This rule
determines the design and cost of the working ground, the area of its location relative
to the converter substation, the presence or absence of additional conductor for the
passage of asymmetry current. For unipolar PPPs it is always necessary to install a
special working ground. Then the neutral circuit of the converter substation can be
performed in two ways:

- with an additional phase of the transmission line, which creates a neutral line,
and switches to convert ground current to neutral. In this case, the working ground has
a simplified design;

- circuit with remote working grounding and two grounding lines.
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In both cases, capacitor banks, arresters and DC switches are connected to the
substation neutrals.

The operating modes of substation equipment largely depend on the type of
installed transducers. The use of transducers on fully controlled valves allows to
minimize the amount of generated reactive power and improve the spectral
composition of the current consumption.

Questions

1. Specify the design features of the supports of direct current power lines in
comparison with the resistances of alternating current.

2. Describe the features of the calculation of the insulation of DC transmission
lines in comparison with AC lines.

3. Name the design features of conductors and DC cables.

4. Explain the factors that contribute to the generation of reactive power by the
DC transmission line.

5. List the measures that reduce the amount of reactive power generated by the
DC transmission line.

6. Specify the sources of energy loss in the transmission of direct current.

7. Describe the properties of DC transmissions that are not present in AC lines.

8. Specify the purpose of the reactors in the DC transmission lines.
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Lecture Ne 9. Intelligent power supply systems.
Smart grid concept

Main terms and definitions

Smart Grid is a concept of the electric network, which is able to combine the
modes and actions of generators, storage devices, consumers to ensure cost-effective
and sustainable operation of the power system with minimal losses, the required quality
and reliability of power supply.

Context is information used to describe the state of a control object.

Optimization is the process of finding the most favorable characteristics,
relationships. The optimization problem is formulated if given: the optimality criterion,
the parameters whose values are regulated to solve the optimization problem, the
mathematical model of the process and the constraints that must be taken into account
when solving the problem.

The introduction of intelligent power supply networks dates back to the 70s of
the twentieth century. Such networks are called "Smart grid" (Self Monitoring Analysis
and Reportin Technology). The Smart Grid concept combines electrical networks,
consumers and electricity producers into a single automated system that allows you to
control and optimize the operation of the grid. The active development of this concept
began in the early 90s of the last century, when the problem of integrating renewable
energy sources into the existing power supply system, which had a centralized
structure. The solution to this problem is the transition from a centralized to a
distributed power supply system, which has certain features due to the presence in the
network of several different sources of electricity and energy storage systems. Taking
into account these features makes it possible to improve the quality of power supply
by forming active and adaptive properties of networks, such as the possibility of self-
diagnosis and self-recovery. A necessary condition for the implementation of the Smart
Grid concept is the modernization of modern power grids, which makes it possible to
provide:

- bidirectional exchange of electricity;

- work with different types of electricity sources;

- the possibility of accumulating electricity;

- adaptability of grid properties for efficient operation in changing conditions of
electricity generation and consumption;

- network self-recovery;

- openness of the system in information and energy aspects;

- taking into account current data on energy consumption and generation, which
ensures high reliability and quality of energy transportation.

The following key components of the Smart Grid concept are identified:

- electricity metering devices;

- technologies of bidirectional energy regulation on alternating FACTS and
direct FACDS current, SST semiconductor transformers, VSD electric drives, SS FID
semiconductor isolating devices;

80



- control theories and technologies: nonlinear control, artificial intelligence,
neural networks, model predictive control, distributed decision making systems;

- network technologies, broadband wired and wireless networks, power line
communications (PLC).

All these technologies form the power electrical, information and
communication components of Smart grid, the purpose of which is to increase the
efficiency of power grid management as a whole.

With the modernization of power grids, the scope of use of power electronics
devices is being expanded. Primarily for generating set levels of active and reactive
power (static thyristor compensators and STATCOM) and improving the quality of
electricity (active filters and balancing devices).

The specification of the Smart grid concept depends on the technical level of the
power system. Therefore, in practice, the definition of Strong Smart Grid (SSG) for
networks with voltage higher than 110 kV, Regional Smart Grid (RSG) - for networks
with voltage (3-110 kV) and Micro Smart Grid (MSG) - for networks with voltage -3)
kV. Data on the functional purpose of networks are given in table. 9.1.

Table 9.1. Functional purpose of Smart grid networks

Subordinate Main network
network SSG RSG MSG
SSG = SSG” RSG MSG
- digital substations;  [Switch to control Switch to control
- parameters matching [mode in case of SSG  |mode in case of SSG
(compensators, DC network failures and RSG networks
3SG inserts); failures
-switching;
- power generation
control
SSG = RSG RSG & RSG MSG
- load with adjustable |- determining the most|Transition to
parameters of energy-intensive RSG |independent work
consumption and network and giving it |in the event of an
energy generation; the status of the main |emergency in the
RSG - reactive power network; network RSG
generation; - task solving in SSG
- damping transients in |2 RSG
SSG;
- formation of virtual
generating capacities;
- energy accumulation
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SSG 2 RSG= MSG| RSG =z MSG MSG =2 MSG

- consumer with - determination of the |- determining the most
adjustable power; most suitable energy-intensive MSG
- task solving in SSG  |networks for network and giving it
MSG ) :
=z RSG. formation of the set  |the status of the main

parameters of quality |network;
of the electric power |- task solving in RSG
= MSG

* arrows indicate the interaction of systems with possible energy exchange.

Practical implementation of the Smart grid concept is possible on the basis of
power electronics. The choice of type and structure of semiconductor converters must
be made taking into account the nature of changes in the parameters of the electrical
energy of the system. A feature of SSG, RSG and MSG electric transmissions is the
oscillation in a wide range of electrical parameters. The most stable from this point of
view is the SSG system. In power transmissions of the RSG type there are changes of
values of parameters of the electric power caused by switching of loadings. MSG low-
voltage networks are a connection point for RES and a wide class of loads, so the
change in the values of electricity parameters is the largest here.

According to the Smart grid concept, adjacent electrical systems have a
hierarchical interaction relative to each other: one of them is the main one, the others
are subordinate. In addition, all systems dynamically change their parameters to adjust
their configuration to the changing energy flows generated by the dispersed generators
and the loads consumed. Therefore, the interaction of the components of the Smart grid
network, generators and loads switched on at specified times, is carried out by power
electronics devices by implementing the following functions:

1. Configuration of the power grid structure with the provision of certain modes
of operation of generating devices. Network configuration is carried out both by
contactors with solid-state switches, which accelerate the switching process with
simultaneous unloading of mechanical contactors, which allows to provide galvanic
isolation and increase their service life. Controlled rectifiers and inverters provide
switching with simultaneous provision of the necessary mode of operation, realization
of the necessary form of voltage or current. For example, in system interface nodes,
semiconductor converters, which are regulators of active and / or reactive power
parameters, provide synchronization and coordination of their operation. Smart grid
systems can also not be subordinated to each other, but can be organized independently
if they are connected by DC inserts.

2. Providing the necessary modes of operation - voltage sources, current sources,
sources of constant power, stabilization of electricity parameters. This feature is
especially important in MSG networks, to which most RES are connected.

3. Optimization of operating modes of individual generators and the network as

a whole, which allows to ensure the coordination of operating modes of generators with
the load.
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Electric power converters are installed at the output of generators or at the point
of their connection - to adjust the parameters of one or a group of generators. If you
need to adjust the parameters of the grid in general - use converter substations, which
connect the individual converters and power lines between them. Control complexes
of a group of terroir-distributed converters or converter substations have a multilevel
structure. At the highest (third) level of the hierarchy, the control commands of the
power grid as a whole are formed (increase / decrease the total capacity of electricity
generators, increase / decrease the capacity of electricity consumers, increase / decrease
cos@). Based on the commands of the highest level, the commands of the middle
(second) level of the control hierarchy are formed, which arrive at separate power
supply units (switch the power supply unit to power / voltage / current generator mode,
switch on / off the power supply unit, etc.). At the lowest (first) level, control signals
are generated by individual power parameter converters and controlled switches in
accordance with the operating modes of the respective power supply units and load
groups.

Power system management is associated with the complexity of analyzing the
current situation of the Smart grid environment due to the large number of generators
and loads and the constant change of their modes of operation. Therefore, to describe
the state of the grid using the concept of context, which allows to narrow the amount
of processed information. Integration into the context of information obtained from
energy sources allows you to obtain a model of the current state of the system and
generate many possible setting effects on the converters connected to the power nodes
of the network.

Building a converter control system in a common information space, taking into
account the necessary context parameters, does not reduce to the simple use of several
systems that jointly solve the control problem, because the context parameters can be
interdependent or contradictory. The inability to relate a specific context parameter to
each setpoint action further complicates the construction of multi-parameter control
systems. Another problem is the difficulty of formalizing context parameters. Therefore,
in general, the task of intelligent control of the power grid is to adequately take into
account the many external factors that affect the parameters of the context of the system.

In the information aspect of Smart grid control, it is necessary to pay attention to
the problem of data reliability associated with the need to measure contextual data with
the above interference from switching power keys, which take the form of abrupt
changes in contextual data. A predictive data model is used to assess the reliability of
the data.

After verifying the authenticity of the context data, they are used to control the
power supply system. The control task is multi-parameter, so finding a solution is quite
time consuming. To reduce the amount of calculations it is necessary to narrow the space
of possible solutions to the problem, which can be done on the basis of inference rules,
and then use optimization control algorithms based on a specific objective function.

Depending on the power of the power system, the number and type of consumers
and generators connected to the network, network management has some differences.
Consider the features of managing a low-power network (tens of kilowatts) to which

renewable energy sources are connected. As a rule, low-power power supply systems
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are distributed, they include renewable energy sources (photovoltaic panels PV, wind
turbines WT), storage capacity (battery AB) and backup power systems (diesel generator
DG). Distributed power supply systems can be connected to a centralized power supply
system or operate autonomously. On the other hand, various electrical equipment is
connected to the network - microclimate systems (heating, ventilation, air conditioning),
alarms, lighting, pool equipment, access control, etc. All power units of the system,
including loads, are connected to the network by electrical energy converters (CON). To
improve the parameters of electricity quality, specialized conversion equipment is used
- reactive power compensators, higher harmonic filters, power factor correctors,
stabilizers.
The structure of the power supply system is shown in Fig. 9.1.

AB PV e DG WT
| | | |
CON CON cee CON CON
T
| ] | ! l
220V, 50 Hz l
—— I I I
CON CON CON .
L L
AB PV WT

Fig. 9.1. The structure of low-power distributed power supply system

In general, electricity converters (CON) and switches (Sw) combine all electrical
devices into a single system to ensure the required quality of electricity consumption
parameters. That is, they perform a system-forming function, which allows to combine
in one network heterogeneous on the physical principle of operation of generators and
loads, Fig. 9.2.

The use of semiconductor power converters allows to solve the following
problems:

1) change the modes of operation of generators and loads;

2) to ensure uniformity of electric energy parameters, for which use:
bidirectional power correctors, which provide consumption and generation of reactive
power; "DC voltage - sinusoidal voltage" or "DC voltage - sinusoidal current"
converters, which are installed at the output of renewable energy sources; converters
"reactance - active resistance", which provide the consumption of sinusoidal current
with zero phase shift relative to the mains voltage; "voltage-to-current" charging
converters, which are installed to charge batteries; bit converters "DC voltage -
sinusoidal current" or "DC voltage - sinusoidal voltage". There are also possible
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implementations of charging converters "voltage - voltage", "voltage - constant
power";

3) adjust the power factors in the power supply network and ensure the
sinusoidality of currents and voltages consumed by generators;

4) to compensate for the influence of asymmetric regimes;

5) select the maximum amount of energy from renewable energy sources.

] CON 7h
E Sw
Sw 74
N 5 B 3
E CON
CON 7n

Fig. 9.2. Use of converters for connection of generators and loadings to a network

The use of converters provides the conversion of mechanical, light, thermal
energy into electrical energy with the necessary parameters.

The main task of the control system of such power supply system is control and
regulation of power quality parameters according to the existing standard (total power
S, reactive power Q, active power P, power factor y, shear angle between current and
voltage ¢, etc.), which is possible taking into account system context parameters. On
the one hand - the parameters that affect the operation of generators (light level, wind
direction and speed, battery level, etc.). On the other - the modes of operation of
consumers.

The components of the microgrid infrastructure are territorially distributed and
managed independently at different intervals. The infrastructure area that contains the
controlled converters is the core. The state of operation of the microgrid and its
individual core zones depends on the modes of power consumption and a number of
external factors (temperature, wind force and direction, light level, etc.), which are
measured by the sensor system and form the context as an information component of
the microgrid infrastructure.

Based on the context, the grid management system sets the modes of operation
of the system's power units according to a certain parameter or group of parameters
based on rules. Then the systems optimize the operation of each power unit separately.
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An example of the formation of the power system control rule is shown in Fig. 9.3. To
form a rule, use the following parameters: the presence of connection to the network,
the value of the power balance, the charge level of the batteries, the tariff, the phase
shift of the voltage and load current cosg, load capacity. As a result of combining the
parameters of logical connections, it is possible to form network management rules,
such as reducing / increasing the power of generators, return / consumption of network
energy, etc.

Predict data Current Predicted || Time of loads Power supply District grid Selection of
. ; Buttery mode .
about loads sensors data| sensors data [| connection mode connetion active zones
l Y
Availible P(tp) > P(tc) t0 > tT Acceptable || Critical Available avZﬁLIe Generation | | Consumption Available @

iy intninie oL & T~ i e e

»é | ] . L@ ©)
. ‘
L4®—Lk&
Y
Tackling energy Shifting of l.oads Energy mgnagement Interrupting of Transm.on of
from the district commutation of loads in a steady . battery in the
. . load connection ?
grid timing state mode generation mode

- AND logical operation @ - NOT logical operation

@ - context parameters layer @ - context attributes layer @ - logical operators layer @ - comand layer

Fig. 9.3. An example of forming a power control rule

The concept of power supply system, which combines intelligent control
algorithms and power electronics devices, allows to control electricity consumption,
improve its parameters, reduce losses, which allows to move to a qualitatively new
level of relations between seller and buyer in the electricity market.

Questions

1. Identify new opportunities to manage the power grid, provided the
implementation of the concept of Smart grid.

2. List the necessary conditions for the implementation of the concept of Smart
Grid.

3. List the key components of the Smart Grid concept.

4. Describe the functions performed by power converters in the Smart Grid.

5. Define the term "context".

6. Describe the features of the Micro Smart Grid.

7. List the tasks solved by converters in the Smart Grid network.

8. Describe the procedure for using context data by the Smart Grid control
system.
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