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Abstract—The article is devoted to the development of active electronic load for testing uninterruptible power
sources with the function of recovering energy to the grid. The requirements for uninterruptible power sources
testing have been analyzed, the existing approaches to the construction of electronic loads have been reviewed
and their drawbacks have been identified. The electronic load structure and approaches for controlling it are
proposed. A virtual model of the proposed electronic load is developed in MATLAB Simulink software
environment. Using the developed model, studies of the electronic load operation were carried out when
testing a sinusoidal voltage source and recovering energy to the power supply grid. For the main modes of
operation, the key parameters of the electronic load have been calculated and shown that its use meets the
requirements for testing of uninterruptible power sources.

Index Terms—Uninterruptible power sources testing; electronic load; energy recovery.

I. INTRODUCTION

Secondary alternating current (AC) power
sources are devices that convert the energy of
primary power sources or the electricity grid into
AC power [1]. 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
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 [2], 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 example of such a procedure could be
a procedure developed by the Office of Energy

Efficiency and Renewable of US
Department of Energy [3].

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.

Energy

II. PROBLEM STATEMENT

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.

There are various ways for constructing
electronic load units. For UPS testing, the most
widely used devices are semiconductor converters
consisting of a controlled rectifier, a grid-tie
inverter, and an intermediate energy storage device.
A considerable amount of works are devoted to
solving the issues related to the construction and
operation of such devices [4] — [7].

In paper [4], an active electronic load with a
three-phase diode rectifier is reviewed, but such
construction does not allow controlling the load power.
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In paper [5] considered several variants of
construction of three-phase programmable AC load,
which can operate in regenerative and dissipative
modes. Control of these systems is carried out using
vector PWM. The disadvantage of the proposed
solution is the orientation of the system to work
from a source of sinusoidal voltage, which in the
case of UPS testing may not be achievable.

In papers [6], [7] the structures of single-phase
and three-phase programmable electronic AC loads
are presented. For controlling them reference signal
generators together with hysteresis relay controllers
are used. This allows you to implement loads with
different characteristics. However, the availability of
these reference generators limits the scope of such
load and does not allow it to be used for the case
under consideration.

Therefore, the purpose of this work is to determine
the structure and approaches for controlling active
electronic load, which 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.

An additional task to be solved is to determine the
efficiency of the electronic load being developed.

III. PROBLEM SOLUTION

UPSs usually form several output voltages of
sinusoidal or quasi-sinusoidal shape depending on
the type of UPS. The frequency and magnitude of
these voltages should correspond to the parameters
of the power supply grid, which for Ukraine are
50 = 1% Hz and 230 + 10% V. Accordingly, the
developed electronic load must consume the current
which form, frequency and phase should coincide to
the output voltage of the UPS, and the value should
be adjustable.

The structure of this load is shown in Fig. 1.
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Fig. 1. The structure of electronic AC load

It consists of: one or more (according to the
number of tested UPS output voltages) active
rectifiers, direct current (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 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.

The schematic diagram of the power section of
the electronic load is shown in Fig. 2.

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 VT1 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. Otherwise, the diodes
VD1, VD2 will act as an uncontrolled rectifier and
the possibility of input current generation 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 through the grid-
tie inverter, and the test procedure itself should
begin after this process is completed the maximum
DC link voltage must be less than the maximum
allowable transistor voltage. Then, based on the
power of the tested UPS, its output voltage and
frequency, as well as the selected element base,
using the expression (2) it is possible to calculate the
value of the DC link capacitance.
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Fig. 2. Scheme of electronic AC load

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 is 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. 3.
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Fig. 3.

The transistor control signal is generated by a
relay element and driver, with a difference between
the current reference Uy, and the feedback U,
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
Usn reference signal is generated by multiplying the
Uy feedback signal on the 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:

1
Uet)=5 J U0~ L ). (1)

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:

2Imax

U, = .
oC

C~w.c

@)

As can be seen from expression (2), the
amplitude of the voltage harmonic 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,
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To wverify the performance of the proposed
system in the MATLAB Simulink software
environment [8] virtual model was built. The
structure of the model is shown in Fig. 4.

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.
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Fig. 4. Virtual model of the electronic load

Let’s consider the UPS testing process, which
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 charge of the
DC link capacitance to the value Ucs= 700 V.

The simulation results are shown in Fig. 5a and b.

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/Upinmaxs respectively the current reference signal
repeats the shape of the input voltage with a 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 the 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 U 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 work 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 regime 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 will be
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
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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:

The results of calculations for steady-state modes
of operation at loads corresponding to 25%, 50%,
75% and 100% of the nominal, are given in Table L.
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Fig. 5. Modeling results: (a) are graphs of input voltage and current; (b) are graphs DC link voltage, grid voltage and
output current

TABLE 1. ELECTRONIC LOAD MAIN PARAMETERS IN STEADY STATE
Parameter I/ Inom, %0
25 50 75 100
THD 0.1348 0.0702 0.0465 0.0367
THDour 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
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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 low loads also decreases. This
is due to the fact that the energy losses in such a
device are mainly determined by the losses on the
switching elements, which consist of static and
switching. 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.

IV. CONCLUSIONS

The article proposes an approach to the
construction of electronic load for UPS testing,
which involves the use of an electric converter
consisting of an active rectifier, a DC link and a
grid-tie inverter. It is appropriate to use relay non-
synchronized control to regulate the currents of this
converter. Using the developed model, studies were
conducted of the proposed device operation and it
was shown that it meets all the requirements for
testing uninterruptible power sources.

Statsenko Oleksiy. orcid.org/0000-0001-8730-2789
Candidate of Engineering Science. Associate Professor.
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O. B. Cranenko. PereHepaTuBHe eJIeKTPOHHe HABAHTa’KeHHHA /ISl TECTYBAHHS Kepes Oe3nepediiiHOro
JKHBJICHHS

CrtaTTsl NMpHUCBSIYCHA PO3POOI AKTUBHOI'O EJICKTPOHHOIO HABAHTAXCHHS IUISI TECTYBaHHS JDKepen OesnepeOiitHoro
JKUBJICHH 3 (DYHKII€I0 pekyreparnii eHeprii 10 Mepexi. B po0oTi mpoaHasi3oBaHi BUMOTH IO TECTYBaHHS JDKEPEI
0e3mepeOiiiHOrO KUBJICHHS, BUKOHAHUMA OIJIAA ICHYIOYHMX IIIXOMIB IO TOOYJIOBH EICKTPOHHUX HAaBaHTa)KEHb Ta
BH3HAYCHI iX HEJONIKH. 3alpoITOHOBaHa CTPYKTYpa €JICKTPOHHOTO HAaBAHTA)KCHHS Ta BH3HAUYCHI MiXOAU 10 KepyBaHHSI
HuM. B mporpamaomy cepemoBuimni MATLAB Simulink po3po0ieHa BipTyadbHa MOIECNIB 3alpOIOHOBAHOTO
EJICKTPOHHOTO HABAHTAXKCHHA. 3 BUKOPUCTAHHSIM PO3POOJICHOT MOJIEII MPOBE/ICHI JTOCIIIKEHH pOOOTH €ICKTPOHHOTO
HABaHTKCHHS TPU TECTYBaHHI JpKepeia CHHYCOiMaJbHOI HANPYrH Ta PEKYIEPaIli€l0 SHEepril 0 MEepeki KUBIICHHS.
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JIisi OCHOBHHX PEXHMIB pOOOTM BHUKOHAaHHMH PO3PAaXYHOK KIIOUOBHX ITapaMeTpiB E€JIEKTPOHHOTO HAaBAaHTA)KEHHS Ta
MOKa3aHo, [0 HOr0 BUKOPUCTAHHS 33JJOBOJIBHSE BUMOTH JIO TECTYBAaHHS JDKEpel 0e3repeOiifHOro dKUBICHHS.
Karou4ogi ciioBa: TectyBaHHs Jkepen Oe3rnepebiiiHOro KHUBJICHHS; €I1eKTPOHHE HaBaHTa)XKEHHS; PEeKyIepallis eHeprii.
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A. B. Cranenko. PerenepaTuBHasi 3JIeKTPOHHAsI HArpy3Ka /Uil TeCTHPOBAHHUS HMCTOYHUKOB Oecrepe®oiiHOro
MHTAHUA

CraThs MOCBSIEHAa Pa3pabOTKe aKTUBHOW 3JICKTPOHHOH HArpy3KH JUIsl TECTUPOBAaHUS HCTOYHUKOB OecriepeOOHHOro
MUTaHUSA ¢ (QYHKIIMEW peKyIlepalydd 3HEPTHH B ceTh. B paboTe NpoaHaTU3UpOBAHBI TPEOOBAHHS K TECTUPOBAHHUIO
HCTOYHUKOB Oecriepe0OMHOro MUTAHUSA, BBHIMOJHEH 0030p CYIICCTBYIOIIUX IOAXOJOB K IMOCTPOCHHIO 3JCKTPOHHBIX
Harpy3oK U omnpeneneHbl X HejaocTaTku. [IpenyoxkeHa CTpyKTypa 3JIEKTPOHHON HArpy3KH M OMpeeNeHbl TOIX0bl K
ympasienuo eid. B mporpammuoii cpene MATLAB Simulink paspaborana BHpTyanbHas MOJENb INPEIIOKESHHON
3IeKTPOHHOHN Harpy3ku. C HCIOJIh30BaHHUEM Pa3pabOTaHHOW MOIETH MPOBEICHBI HCCIICIOBAHUS PAOOTHI 3JICKTPOHHOMN
Harpy3kd MpU TECTUPOBAHWU HCTOYHMKA CHHYCOUIAIBLHOTO HAMpSDKEHUS U peKynepanued sHepruv B ceTh. s
OCHOBHBIX PEKUMOB PaOOThI BBITOJHECH pacyueT KJIFOUEBBIX IMapaMeTPOB AJICKTPOHHON HArpy3KH W MOKa3aHO, 4YTO €€
HCIIOJIb30BaHUE YIOBICTBOPSIET TPEOOBAHUSIM K TECTHPOBAHUIO HCTOYHUKOB OeCIiepeOOHHOro MUTaHuMs.
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