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SECTION S. ELECTRONICS

5.1 Features of power electronic devices applications in automatic test equipment

Modern automated testing electrical equipment is used to determine the
properties, characteristics and parameters of various electrical and electronic devices
and systems. Such equipment contains a number of units that perform the functions of
measuring, transmitting and processing data, controlling test procedures, as well as
generating test conditions and influences. By the nature of the generated test influences,
these nodes can be divided into two groups: electrical generators of test signals and
units of adjustable load. Examples of the units that perform these functions in various

test equipment implementation will be considered below.

Automatic determination of semiconductor devices characteristics

Semiconductor devices [250], [251] are electronic components made of
semiconductor materials which operation principle is based on the use of electron-hole
junction properties. Despite the semiconductor devices production technologies
development, there are difficulties in accurate control of the geometrical dimensions
of active structures that form the p-n junction, the impurity concentration in different
parts of the structure and other parameters. This leads to the fact that the characteristics
of the devices of the same type may differ from each other [252]. In addition, these
characteristics are significantly dependent on external factors such as radiation or
temperature.

The main static characteristics of semiconductor devices are volt-ampere
characteristics (VAC) [253]. Knowledge of these semiconductor devices
characteristics is extremely important for the construction of complex electronic
systems, since the accuracy of such devices characteristics has an absolute impact on
the ability of the system to operate under given conditions. During the production there

is an output quality control of the finished product, but a certain percentage of the
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defective items still remain. Therefore, at the beginning stage of electronic devices and
systems production, input control of the characteristics of semiconductor devices could
be carried out.

The main means for measuring the VAC and parameters of semiconductor
devices are:

— a set of standard measuring instruments for manual measurement of VAC
and parameters of semiconductor devices;

— specialized measuring devices for measuring parameters of semiconductor
devices (like curve tracers);

— automatic meters of VAC and semiconductor devices parameters
integrated with personal computers.

The modern means of automated measurement of VAC and parameters of
semiconductor devices are VAC meters, implemented on the basis of computer
measurement technology. The hardware of such meters includes a PC and a data
acquisition device that corresponds to the general structure of computer measurement
systems with a semiconductor device as an object under study. The data acquisition
device contains analogue and digital I/O channels, through which the interaction of a
PC with a semiconductor device is carried out. Through the analog output channels the
necessary test effects, which are formed by the generators, are transmitted to the
semiconductor device. Through analogue input channels, the values of the voltages and
currents of the analyzed semiconductor device converted into digital codes are
transmitted to the PC. Digital I/O channels are used to control the measuring complex.

Basic functional capabilities of the system could be described in such a way: first
of all, the system should create conditions for measuring the volt-ampere
characteristics of devices, so it should act like an adjustable current or voltage source;
secondly, the system should measure these values with a given accuracy in a given
range of values and properly process them; thirdly, the system must be integrated with
a personal computer, with which the user can set the modes of operation and get the

results of measurements.
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Based on these capabilities, the structure of the system will look as shown in Fig.

1[255].
Dat
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Figure 1. The structure of the automated system for determining semiconductor

devices characteristics.

The system includes current or voltage regulator, device for controlling it,
system for measuring and processing data, and system for data transmission to personal
computer. Using the software installed on the PC, the operator sets the type of
semiconductor device and mode of study. This data is transmitted to the control unit
and measuring system. After this, the measurement procedure begins, during which the
regulator generates the test signals required for the research, and the measurement
system records the values of the studied parameters. In parallel with this measured data
are processed and transmitted through the data transmission system to a personal
computer. After the completion of the entire procedure, the measured data is available
to the operator for further use.

The key issue in the construction of this system is the development of an electric
energy converter, which would perform a voltage or current control function depending
on the task. This is due to the fact that semiconductor devices are characterized by
significant nonlinearity of VAC. For example, in the study of a semiconductor
stabilizer on the VAC section before electrical breakdown, an electrical voltage should
be regulated, and after — the current. In addition, depending on the type of device being

studied, it is necessary to change the voltage or current polarity.
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One possible solution may be a half-bridge inverter with an inductive-capacitive
filter [256] powered by two independent DC sources. The scheme of such an inverter

is shown in Fig. 2.
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Figure 2. Half-bridge inverter with inductive-capacitive filter.
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At the output of such an inverter, a rectangular voltage is formed which is fed to
an LC filter. The low-frequency voltage components by this filter are skipped, and the
high-frequency components are suppressed. Thus, by providing the corresponding
control signals, it is possible to form the voltage of the desired pattern at the output of
the filter.

The transfer characteristic of such a filter is determined according to the
expression:

R
R+ joL —*LCR

K(w)=

where o is the angular frequency; R is the load resistance.
The resonant frequency of such a filter is determined by the expression:

1

W, = .
o JLC

Taking into account that the differential resistance of semiconductor devices can

vary widely, in series with the tested device it is necessary to connect active resistance.

The amplitude-frequency characteristics of this filter at values L =30 mH, C = 100 uF
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and two values of load resistance: the infinite value and the value of 10 ohms are shown

in Fig. 3.
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Figure 3. Transmission characteristics of the inductive-capacitive filter at different

loads (blue curve — load resistance is 10 ohms, red curve — load resistance is infinite).

To determine the volt-ampere characteristic, it is necessary to measure the
constant component of the current, and the use of such a filter makes it possible to
significantly reduce the high-frequency component of the voltage applied to the tested
device.

The formation of an inverter voltage or current of a given pattern is achieved by
supplying control signals. Usually, high-frequency pulse-width modulation is used for
this. To ensure the implementation of both current and voltage control two-circuit
regulation should be implemented: the inner circuit will provide current control, and
external — voltage.

The functional structure of the control device that implements this approach is

shown in Fig. 4.

356



SCIENTIFIC FOUNDATIONS OF SOLVING ENGINEERING TASKS AND PROBLEMS

Uy* = RE Invertor
Regulator *"“"-B*'/ AU
AUy Ur*

Transistor control

Uy U

Figure 4. The structure of the inverter control unit.

The principle of such a system is as follows:

— The internal circuit implements the relay control of the inverter current.
The inverter current setting signal U;” is either supplied from the external control loop
or from an independent input device and is limited to the maximum level. The choice
of this signal source is carried out depending on its value — in the case when the signal
from the control circuit exceeds a certain value, switching to an external source is
carried out. The setting signal and the feedback signal U are fed to the inputs of the
subtraction device, the output of which generates an error of current regulation AU..
This error signal is applied to the input of the relay element (RE). When the error
reaches the limit value set by the width of the relay element hysteresis loop, the signal
at its output changes to the opposite. The high and low output level of the relay element
is the control signals for the transistors of the inverter. An Inverting circuit is used to
receive the second control signal. Such control provides value of the inverter current
in the given current "corridor".

— The external circuit is used to regulate the voltage. The voltage setting
signal Uy* is formed depending on the task received from the operator for the study of
the semiconductor device. Next, this signal, together with the voltage feedback signal
Uy, 1s fed to the input of the subtractor, the output of which generates an error voltage
control signal AUy. The received signal is fed to the input of the controller unit, which
can be realized by various standard regulators. At the output of this block, the current
setting signal is generated.

In this way this system implements subordinate regulation, and voltage

regulation is carried out through regulation of current.
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The analysis of the efficiency of such a system has been carried out through
simulation. For this purpose, in the MATLAB Simulink software environment [257],
a virtual model of the proposed system has been constructed. For simulation, elements
from the Simscape section libraries have been used. These libraries include a variety
of electrical elements, power supplies, semiconductor devices, measuring elements,
and more.

The structure of the constructed model is shown in Fig. 5.
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Figure 5. Structure of a regulated inverter model.

To analyze the system's performance, the process of forming a linearly varying
voltage has been studied. In this case, the current setting signal was limited to a value
equal to 1 A. As a studied semiconductor device, a diode has been taken which model
is represented as a nonlinear VAC. The voltage setting signal is equal to zero before
the time of 0.1 s. After that, it starts to rise linearly to a value of 10 V at a time of 0.2
s. Then it linearly decreases to zero at a time of 0.3 s, and then remains unchanged. At
a time of 0.4 seconds, it begins to decrease linearly and reaches a value of -100 V at a
time of 0.5 s. The value of the inverter power supply voltage is equal to 150 V. As a
regulator a proportional controller is used. The width of the relay element hysteresis
loop is + 0.03 A.

The simulation results are shown in Fig. 6.
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Figure 6. Inverter output current and voltage graphs.
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In these graphs time dependences of current through the diode and the voltage

on it are shown. The obtained results on an enlarged scale are shown in Fig. 7.
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Figure 7. Inverter output current and voltage graphs (enlarged scale).

As can be seen from the graphs shown, as the setting signal grows, the voltage
on the diode is also increased. The current is also increased, but the nonlinearity
between these two dependencies is noticeable. The combination of current and voltage
values at the same time points forms the semiconductor device VAC. After current
reaching the value of 1 A, it ceases to increase, which is due to the used control

approach. This corresponds to the boundary point of the investigated VAC.
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When connecting the negative voltage (see Fig. 6), the voltage begins to decrease
linearly to the value of -50 V, and the current value is almost unchanged and equal to
the reciprocating current of the diode. At an voltage of -50 B there is an electrical
breakdown, and the current begins to grow rapidly. This process continues until the
current reaches a value of -1 A, after which it is limited and remains unchanged.
Similarly to the straight branch of the VAC, a set of current and voltage values at the
same time points determine the reverse branch of the VAC.

For determining the volt-ampere characteristics of semiconductor devices with
the number of outputs greater than two, a similar approach can be used to construct
additional current or voltage regulators.

A characteristic feature of the implemented in this system approach is that there
is no need for the exact formation of the voltage applied to the tested device. It is only
necessary to ensure its smooth change in the considered range. The definition of VAC
is carried out by fixing an array of measured values of current and voltage at the same
time points. For improved accuracy, this procedure can be repeated several times with

subsequent statistical processing of the results.

Automatic testing and determination of DC power sources characteristics

Direct current (DC) sources are widely used to power a variety of electronic
equipment [258], [259]. Essentially such sources are sources of secondary power,
which convert the electric power of the industrial grid to electric power of direct current
[260]. Power sources that are on the market differ in their purpose, power, output
voltage, efficiency factor and many other parameters. But characteristic property of all
these devices is the ability to maintain the output voltage or current with given accuracy
for a long time while the load could change within the specified limits. Therefore, in
the production of such power supplies, it is mandatory to test the finished products to
control their characteristics. Similar procedures can be performed at service centers

when troubleshooting [261].
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For these purposes devices and systems different in complexity and functionality
are used. The market now has specialized systems for testing specific power supplies,
as well as more versatile equipment that can be configured to test different purpose
systems.

For a comprehensive study of DC sources automated testing systems are used

[262], the approximate structure of which is shown in Fig. 8.
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Figure 8. Structure of the automated testing system of secondary DC power sources.

In addition to the tested device, such a system includes: a voltage regulator, a
regulated electric load, a set of measuring and a control units for the entire system.
Such complex systems provide measurements of a set of characteristics, among which
some should be distinguished:

- output characteristics (output voltage, output current, efficiency, pulsation
dispersion, etc.);

— input characteristics (starting current, harmonic current composition,
power factor, etc.);

— time and transition characteristics (turn-on and shut-down time, dispersion
in transient processes, etc.);

— special characteristics.
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Considerable attention is paid to the development of systems for testing
computer power units, due to their widespread distribution. A characteristic feature of
these blocks is the presence of different output voltages, which are divided into several
groups. For each of these groups, there is a maximum current for which the voltage
should not differ from the specified value by more than 5%.

For energy-efficient operation of such automated testing system of computer
power units, it is necessary to ensure the transmission of energy consumed from the
power unit to the electrical grid. The implementation of such recuperation function
involves the use of semiconductor energy converters as a load [256]. Considering the
need to adjust the load input currents in accordance with the testing algorithm, it is
appropriate to combine these functions in one device.

In the computer power supply units, there are groups of output voltages of + 3.3
V,+5V,+12V, =5V, - 12V, but in the most modern devices there are no negative
voltages. The structure of the energy converter, which can be used as an adjustable load

[263], is shown in Fig. 9.
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Figure 9. Structure of the adjustable electronic DC load.

It consists of: booster converters, the number of which equals the number of
voltage groups of the tested block, the DC link, the output full-bridge inverter, the
smoothing LC filter and the grid transformer.

The schematic diagram of the booster converter is shown in Fig. 10.
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Figure 10. Booster converter.

Such converter, depending on the control, can operate in the mode of output
voltage regulation, or in the mode of input current regulation. Based on the purpose of
these converters in the system, it will be rational to provide the regulation of the input
current. This is achieved by changing the duration of the open and closed state of the
transistor at high frequency, which allows reducing the weight and size parameters of
the inductance. Different approaches are used for transistor control, the most common
of which is pulse-width modulation and relay regulation. In this case, it would be more
efficient to use relay control, since such control is the easiest in implementation. This
approach involves switching of the transistor at moments of time when the difference
between the instantaneous value of the inductance current and the given value exceeds
a certain value. The given current value U™ 1s set by the control unit and
corresponds to the load level for which the testing is performed. Thus, the real value of
the load current /i, Will be constantly located in the "current corridor" Alj,aq around
the given value. The width of this "corridor" corresponds to the width of the relay
element hysteresis loop. In Figure 11 the structure of a control unit that implements the
described approach is shown.

With a constant input current of the booster converter, the electric energy will
accumulate in the capacitance of the DC link, which will lead to the voltage increase.
Returning of the accumulated energy to the power grid is carried out by the inverter.
Its functional purpose is the formation of the output current /., the shape and phase of
which must coincide with the shape and phase of the electrical grid voltage U,riq, and

the amplitude oy max 18 regulated depending on the DC link voltage. In this case, the
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power factor is almost equal to 1, so the recovery of the electric energy will not

negatively affect the power grid.
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Figure 11. Structure of booster converter control unit.

Figure 12 shows the scheme of the output part of the regulated load, which

includes a full-bridge inverter, a smoothing filter and a grid transformer.
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Figure 12. The scheme of the output part of the regulated DC load.

Regulation of the inverter output current /., is carried out by alternating pairwise
switching of transistors VT1, VT4 and VT2, VT3. For this purpose, it is also rational
to use relay control. The form of the output current set value U; o, * must coincide with
the electrical grid voltage form, and the amplitude must depend on the DC link voltage
Uc. The more energy is accumulated in the link, the greater the voltage and the greater
the amplitude of the output current would be. The structure of the control unit that

implements the described approach is shown in Fig. 13.
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Figure 13. Structure of full-bridge inverter control unit.

The input signals are the sensor signals of the following values: grid voltage
Usrig, inverter output current Upy, DC link voltage Uy. and given value of DC link
voltage signal Uc*. To form the reference signal of the inverter output current U ou™,
subtraction blocks, regulator (proportional controller in this case), and multiplication
unit are used. At the output of the subtraction block, the difference signal AU¢ is
generated. This signal is fed to a proportional controller, which serves to determine the
amplitude of the output current. Next, by multiplication of the amplitude signal on the
signal Uyriq, the signal Uy . ™ is generated. Transistor control signals are generated using
a relay element, on the input of which the difference between the U; o, * signal and the
Ul ou signal is given, which in turn is formed by the second subtraction block. The
opening of transistors VT1, VT4 should occur at a high level of the relay element
output signal, and transistors VT2, VT3 — at low. To distribute control signals an
inverter is used.

During operation, the increase of load currents will increase the voltage in the
DC link, which automatically will increase the output current. Thus, the tasks of
transmitting energy from the tested power supply unit to the network with a unity
power factor and voltage stabilization in the DC link is automatically solved. Usage of
a proportional controller for forming Uj,* causes a U adjustment error. But taking
into account that for controlling current relay control is used, this error will only lead
to a change of the current pulsations frequency.

On the other hand, it should be taken into account that transferring of energy
from the DC link to the grid has a pulsating nature. Since /., coincides with the shape
of the grid voltage, its energy will be changed with double frequency. At the same time,
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current and energy consumption from the tested power supply unit is constant over
time. The difference between these energies is compensated by the electric field energy
of the DC link, which leads to the appearance of U voltage fluctuations. The smaller
the capacitance would be in DC link, the less amount of energy can be stored, and
therefore the amplitude of U¢ pulsations will be greater. Possible U voltage drop can
lead to a loss of controllability of load current /,,a. Neglecting the value of losses, we
can assume that the input power is equal to the average output power on the period.
The deviation of the voltage in the DC link from the mean value is characterized by the
pulsation coefficient Kp = Ucw/Ucq, Ucwm 1s the amplitude of the voltage pulsations in
the DC link, U¢, 1s the average voltage value in the DC link. The value of the
capacitance is determined by the expression:
£
20K, UL,

where P, is the average energy of the period, o is the circular frequency of the current
transmitted to the grid.

To ensure controllability of the load current, it is necessary that the voltage Uc
would be greater than the highest voltage of the power supply unit being tested (that is
equal to 12 V in case of computer power unit). Therefore, the proper average voltage
value of U¢, and the magnitude of its Uc,, pulses should be selected. Obviously, when
testing a power supply unit of a given power for reduction of the DC link capacitance,
it is rational to increase the Uc,. But such increase of Ug, voltage would also lead to
increase of the power transistors switching frequency, which is determined by the

expression:

f

* Ligaa " Mg + Ligag " Ajeq

Ur Uca +Ugy = Uy
where Ur is the output voltage of the tested power supply unit; Lioqg 1s the input
inductance of the booster converter.

Therefore, when designing a regulated load of a given power, all the above-

mentioned factors must be taken into account.
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It should be noticed that since voltage Uc 1s used to generate the U; o™ signal,
then the presence of pulsations will cause distortion of the output current, and change
the power factor. To avoid this, when calculating the U;o,* signal, the mean value of
voltage Uc,should be used.

To test the performance of the proposed approach for building a regulated load
with the possibility of energy recovery, its visual model in the Matlab Simulink

software environment was composed (Fig. 14).
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Figure 14. Structure of a regulated electronic DC load model.

In this model, three booster converters with independent input current control
are implemented. The number of such converters should correspond to the number of
voltage lines in the tested power supply unit.

As a tested power supply, three EMF sources of voltages 3.3 V, 5 Vand 12V
are used. The signals of the given load currents U ji0,q™ are linearly variable with
saturation at 22 A, 20 A and 18 A for each EMF source, respectively. For collecting
data of currents and voltages instantaneous values, ideal current and voltage sensors

are used. Inductance of input reactors is equal to 0.5 mH, 1 mH and 2 mH for different
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voltage lines, capacity of the DC link 5 mF. The parameters of the LC filter are set to
3 mH and 100 pF which corresponds to the resonance frequency of 290 Hz. Transform
coefficient of the grid transformer is equal to 0.07. The results of the simulation are

shown in Fig. 15.
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Figure 15. Modeling results: (a) are graphs of load currents and voltage in the DC

link; (b) are graphs of the output voltage and current of the inverter.

As can be seen from these graphs, the input load currents follows the given
values Uriaa™. So the proposed approach for controlling these currents ensures their
direct regulation.

During the first period of the grid voltage, the output current of the inverter is
not formed — this is due to the need to determine the mean value of voltage Uc. During

this time, the capacity of the DC link is charged and the voltage on it reaches 55 V.
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After the first period, the inverter output current increases and the transient process
begin, which ends in four periods of the grid voltage. In the quasi-steady state, the
amplitude of the output current remains unchanged, and the current shape coincides
with the voltage shape. Power factor is equal to 0.999. Total harmonic distortion is
equal to 1.2 %. This confirms effective recuperation of energy consumed from the

tested power supply back to the grid.

Automatic testing and determination of AC power sources characteristics

Secondary alternating current (AC) power sources are devices that convert the
energy of primary power sources or the electricity grid into AC power [264]. Such
devices are used in a number of applications, including the following: on-board and
stand-alone power systems, laboratory and test equipment, uninterruptible power
sources and aggregates, and more.

Uninterruptible power sources (UPS) are widely used and designed to provide
electricity to connected equipment when the power is turned off. They also perform the
function of eliminating the negative impact of grid imperfections on the operation of
the equipment. These imperfections include changing the shape or magnitude of the
grid voltage, as well as the presence of high-voltage pulses or high-frequency
interference. These devices can be combined with various types of electricity
generators to ensure long-term operation.

According to the topology UPS can be divided into: UPS with double energy
conversion, linear-interactive UPS and backup UPS. But regardless of the type in
accordance with international standards IEC 62040 [265], each UPS must be
compatible with low-voltage grids providing certain output voltage and frequency
characteristics. In addition, the manufacturer must specify the following
characteristics: number of phases, rated current, characteristics of starting current,
power factor, efficiency and others. To confirm the stated parameters, the manufacturer

must carry out a series of tests for which special procedures have been developed. An
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example of such a procedure could be a procedure developed by the Office of Energy
Efficiency and Renewable Energy of US Department of Energy [266].

According to this test procedure for determination of the efficiency UPS input
and output power should be measured at load values corresponding to 100%, 75%,
50% and 25% of the declared power. During this procedure the reference test load must
be used. This load should provide a power factor greater than 0.99, i.e., act as a resistive
load.

The implementation of such a test procedure can be performed by connecting to
the tested UPS a set of powerful resistors. However, such a solution is not effective.
The fact is that during all the testing procedure, the electrical energy consumed by such
a load is converted into thermal energy. Considering the long enough time of the test
procedure, it would be appropriate to ensure the return of electricity consumed from
the UPS to the power grid. This requires the use of special devices called electronic
load units. Herewith, it is desirable to minimize the energy losses in such a load, and,
in order to minimize the impact on the power grid, the return of energy should be
carried out with a unity power factor. So such a load should provide:

— consumption from the tested UPS variable by value current with a power
factor greater than 0.99;

— return of consumed energy to the grid with a unity power factor and
minimum total harmonic distortion to ensure requirements of electromagnetic
compatibility.

The structure of this load [267] is shown in Fig. 16.

It consists of: one or more (according to the number of tested UPS output
voltages) active rectifiers, DC link, grid-tie inverter. Each of the active rectifiers and
the grid-tie inverter has its own control unit. In order to enable the operation of several
active rectifiers on a common DC link, it is advisable to realize them as half-bridge
inverters. As a grid-tie inverter it is also advisable to use a half-bridge inverter. With
this construction, the ground electrode of the power grid will be common to all

components of the electronic load. Thus, generation of the load current will be carried
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out by active rectifiers, the grid-tie inverter will transmit electricity to the power grid

with the required power factor, and the DC link will act as temporary energy storage.
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Figure 16. The structure of electronic AC load.

The schematic diagram of the power section of the AC electronic load is shown

in Fig. 17.

VT3

YT
Contr. VT1 ||< 7 N 2 c VT3| 7
ontr. S ontr.
N
L1

+

L2
O Y P ! O
Input voltage Grid
O VT4 — ©

[I*

Contr. QII< N gz Contr.M\ Ve

Figure 17. Scheme of electronic AC load.

The formation of the input current through the inductor L1 is carried out by
switching transistors VT1, VT2 turn by turn. Moreover, the switching-on of transistor
VTI leads to a decrease of current, and VT2 — to increase. But this is possible only if

the voltage on the DC link U¢ is greater than the voltage amplitude of the tested UPS.
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Otherwise, the diodes VD1, VD2 will act as an uncontrolled rectifier and the possibility
of input current regulation will be lost.

It is advisable to use a grid-tie inverter to charge the DC capacitors initially and
keep the Uc voltages at a predetermined level. This is achieved by adjusting its output
current: if the energy consumed from the UPS is greater than the energy supplied to
the grid, the DC link voltage will increase, and otherwise it will decrease. Within a
short time after connecting to the network, capacitors will charge up through the grid-
tie inverter, and the test procedure itself should begin after this process is completed.

Based on the operation features of the electronic load parts, approaches for
controlling them can be defined. To ensure the resistive nature of the tested UPS load,
it 1s necessary to control the input current of the active rectifier so that its shape
corresponds to the UPS voltage shape and the value can be set separately. The
transmission of energy to the grid also requires current control, but in this case, the
shape of the current must correspond to the grid voltage, and the value must depend on
the voltage of the DC link. It is advisable to use relay non-synchronized control to solve
both of these tasks. The structure of control unit implementing such approach is shown

in Fig. 18.

Uin
l A [Contr. VT1
Upamp* Uy IGBT >
» >< > > Driver |[Contr. VT2
Uy > T{-l/\\

Figure 18. AC electronic load control unit.

The transistor control signal is generated by a relay element and driver, with a
difference between the current reference Uy, and the feedback Uy, signals as an input.
In this case, the maximum current deviation from the desired value will be determined
by the width of the hysteresis loop and the transmission factor of the current sensor K.

The Uy, reference signal is generated by multiplying the Uy, feedback signal on the
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current amplitude reference signal, this determines the differences in the control of the
active rectifier and the grid-tie inverter. For the active rectifier, this signal must be
generated by the control device depending on the particular stage of the testing
procedure. For a grid-tie inverter, this signal must be generated depending on the
difference between the DC link voltage Uc and the set value Uc". In both cases, the
amplitude signal must be limited to the maximum permissible level to prevent failure
of the electronic load.

With such control approach in quasi-steady-state the capacitance charge current
will be equal to the difference between the input and output current, and the DC link

voltage will vary according to the expression:

Uelt) = é [ ()~ 1., ()t

On condition of sinusoidal form of the input and output voltages, values of the
currents will also be almost sinusoidal (with additional high-frequency components
due to the switching of the transistors). In this case, the voltage Uc will consist of two
components: a constant, due to the initial charge level of the capacitance, and a
harmonic, which frequency will be equal to the frequency of currents, and the
amplitude will be dependent on the amplitudes of the currents and the phase shift
between them. The amplitudes of input and output currents in steady state will be the
same. Accordingly, the amplitude of the harmonic component of the voltage U at zero
phase angle will be the smallest, and at a phase angle equal to 180 ° - biggest.
Considering the worst case, it is possible to find the maximum value of this amplitude:

_ 2'Imax
C~w.c. w-C :

As can be seen from this expression, the amplitude of the voltage harmonic

U

component is directly proportional to the magnitude of the current and inversely
proportional to its frequency and capacitance of the DC link. In order to control the
input current, the minimum voltage level in the DC link must be greater than the
maximum input voltage, and in order to avoid emergency situations, the maximum DC

link voltage must be less than the maximum allowable transistor voltage. Then, based
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on the power of the tested UPS, its output voltage and frequency, as well as selected
element base, it is possible to calculate the value of the DC link capacitance.

To verify the performance of the proposed system in the MATLAB Simulink
software environment virtual model was built. The structure of the model is shown in

Fig. 19.
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Figure 19. Virtual model of the AC electronic load.

The Simscape library elements were used to model the power section of the
electronic load. For power transistors modeling models of IGBT were used, which in
their composition have a counter-parallel diode.

UPS testing process was considered. In this process UPS generates one
alternating sinusoidal voltage (220 V, 50 Hz) with a power of 1 kW. This power level
corresponds to a current with a RMS value of 4.54 A or an amplitude value of 6.4 A.
For testing, it is necessary to provide input current formation at the levels of 25%, 50%,
75% and 100% of the specified value. The inductances of the input and output inductors
are 20 mHn with an active resistance of 0.1 Ohms, and the capacitors of the DC link

capacitors are equal to 5 mF. The calculation is carried out under the condition of a full
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charge of the DC link capacitance to the value Uc = 700 V. The simulation results are

shown in Fig. 20 a and b.

o]

01 02 03 04 05 06 07 08 08 1

Ugrid, v

o 01 02 03 04 05 06 07 08 08 1

b)
Figure 20. Modeling results: (a) are graphs of input voltage and current; (b) are

graphs DC link voltage, grid voltage and output current.

The input current amplitude is set by the Repeating Sequence Stair unit, at the
output of which a step signal of magnitudes 0, 6.4, 4.8, 3.2, 1.6 A is formed within time
intervals of 0.1 s. The transmission factor of the voltage sensor is 1/Uyinmax,

respectively the current reference signal repeats the shape of the input voltage with a
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step-by-step variable amplitude. The deviation of the input current are determined by
the Relay unit and is equal to = 0.1 A. Thus, relatively to the tested power source, the
proposed converter has properties of resistive load.

The amplitude of the output current is given by the Subtract2 unit, which
calculates the difference between the set value of the DC link voltage Uc" and the true
Uc value. The instantaneous value of the current reference signal is formed by the
Productl unit as the product of the amplitude reference signal and the signal
proportional to the grid voltage. In this case, this signal is generated in counter-phase
with the output voltage, which provides energy transmission to the grid. The deviation
of the output current from the reference value, as well as for the input current, is
determined by the block Relayl and is equal to += 0.1 A.

Analyzing the operation of electronic load as a whole, it can be seen that as the
input current increases, the DC link capacitors are charging and the voltage on them
increases. This, in turn, leads to increase of the output current amplitude. When the
equilibrium is reached between the energy consumed from the tested UPS and the
energy supplied to the grid, a quasi-steady state comes. The voltage Uc in this mode
differs from the set value, which is caused by the implementation of proportional
control of the output current, and this difference increases as the input current
increases.

To quantify the quality of electronic load operation, the following parameters
were calculated: total harmonic distortion (THD) of input and output current,
efficiency, power factor (PF), which has an electronic load relative to the tested UPS.
The power factor for linear loads is defined as the ratio of active power to full power.
In the case of non-linear current distortions, the power factor must be calculated
according to the expression:

1

J1+THD?

The results of calculations for steady-state modes of operation at loads

PF =cosgp-

corresponding to 25%, 50%, 75% and 100% of the nominal, are given in Table 1.
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Table 1.

AC electronic load main parameters in steady state

Iin/ Inom, %
Parameter
25 50 75 100
THDN 0.1348 0.0702 0.0465 0.0367
THDout 0.1322 0.0608 0.0407 0.0306
PF 0.991 0.997 0.998 0.999
Efficiency 0.787 0.882 0.92 0.939

As it can be seen from the given data, the THD increase as the input current of
the electronic load decreases. This is due to the fact that with the decrease of the current
main harmonic component, the harmonic components of the higher frequencies hardly
change, and accordingly their ratio increases. The power factor decreases due to the
increase of the THD, but for all load values its value exceeds 0.99.

The efficiency at small loads also decreases. This is due to the fact that the energy
losses in such a device are mainly determined by the losses in the switching elements,
which consist of static losses and switching losses. Static losses are proportional to the
product of the current to the voltage of the transistor, and the switching depends on the
switching voltage and switching frequency. Therefore, as the current decreases, the
static losses are reduced proportionally, and the switching losses increases slightly
through increasing the switching frequency, which in turn leads to a decrease in the
efficiency. But this reduction is not significant because the overall level of energy
losses while reducing current is also reduced.

The analysis showed that the use of power electronics devices in test equipment
makes it possible to automate the process of testing and determination of the different
electrical and electronic devices and systems characteristics, as well as to increase the

energy efficiency of this equipment.
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