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Summary. The article deals with the problem of simulation modeling of rectifiers control system for the
modular uninterruptible DC power supply unit in order to increase energy efficiency of its operation. This paper
proposes a control logic algorithm to manage the process of switching the power modules of the UPS in the
adaptive correction mode of the system nominal power. The main idea of the method is to implement the process
of turning on/off the rectifiers to achieve the optimal value of their load factor and maintain its level in a certain
set optimal range. Control system block diagram of the modular uninterruptible power supply is provided. Besides
the central control module rectifiers, control units are introduced. They are responsible for realization of their
on/off switching process and carries out control of their condition. In order to study the effectiveness of the
developed algorithm, a computer model is created to describe the control logic of rectifiers management. To
implement the simulation model, the software environment for visual modeling Simulink Matlab and the
mathematical apparatus of the Stateflow component library are used. The developed simulation model has been
tested and the simulation results are given in the research. The application of the developed algorithm allowed to
increase the efficiency of the uninterruptible power supply by adjusting the load factor of the UPS in real time
within a predetermined optimal range of values. The simulation results demonstrate the effectiveness of the
developed simulation model of the control system in different operating modes.
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Statement of the problem. When designing continuous power supply systems for
industrial facilities [1] modular uninterruptible power supply units (UPS) [2] and Power
Arrays [3] are increasingly used. These are the system of parallel connected units of power
electronics, batteries and control modules which provide their customers with electrical power
even when one of the modules goes down. Such systems possess a certain degree of
excessiveness (N+M type of redundancy) that allows to replace the defective unit using the
method hot swapping, that is without turning off entire equipment [4].

To power the equipment being used in telecommunication and computer systems
modular DC UPS [5] units are most common among others. Their advantage is the absence of
DC/AC — AC/DC transformation, which allows to increase the efficiency factor of UPS units.
The main power components of such systems are rectifiers which transform direct current into
alternating current thus providing power to equipment.

Telecommunication equipment such as for instance mobile base stations are
characterized by random nature of power consumption. The range of energy consumption for
such equipment is within large extremes [6] and depends on the number of parties connected
simultaneously, who transmit or receive information.

When designing UPS units to power telecommunication equipment the number of
power modules is determined by its peak capacity. Besides, in order to provide a higher level
of error tolerance excessive modules come in place. But peak traffic is not a commonplace
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under normal operating conditions, so usually the working capacity of UPS units remain low
(approximately 30%) [7]. The fact of low output load of a UPS unit causes significant decrease
of general efficiency factor of entire power supply system as every single power module has
certain degree of open circuit operation loss value and this loss decreases when load coefficient
increases [8].

Evaluation of known experimental studies. The study of scientific works [8-10]
proves that modern UPS units demand for high reliability and error tolerance which can be
achieved by modular architecture and redundancy protection. Alongside with that, to increase
UPS unit efficiency rate we need to decrease power module redundancy and increase their
operating load in order to minimize open circuit loss within the power supply system.
Contradictions arise as endeavors to boost UPS unit reliability leads to redundancy of power
modules, hence decreasing their efficiency.

Plethora of scientific researches dedicated to the development of energy efficiency
enhancement of UPS devices proves that mentioned problems are important today.

Comparative analyses conducted in works [10,11] shows that modular DC
uninterruptible power supply has the best reliability and energy efficiency.

Works [7, 8] state that in order to minimize losses and maximize energy efficiency one
needs to reduce redundancy through the use of adaptive modular architecture of UPS, which
will allow to enhance power supply infrastructure as the load increases.

The work [12] offers a model for evaluation of power supply efficiency. Which takes
into account the rapid fall of efficiency under minimal loads. It is shown that significant energy
losses occur due to open circuit losses in power supply components. In order to increase
efficiency, it is reasonable to apply the technique of adaptive selection of UPS power modules
capacity, and to make this work, it is necessary to develop the algorithm for intelligent control
system. But this algorithm has not been created.

Objective. The objective of this research is to simulate the operation of intelligent
control system for modular DC UPS unit to obtain optimal load coefficient value of power
modules, which will provide the opportunity to get optimal correlation of efficiency and error
tolerance using the technique of power modules output adaptive control.

Statement of the task. In order to design and test the operation of electrical facility
control systems with optimal performance (taking into account the correlation of reliability,
efficiency and quality), due to their complexity and high experimental cost, we need to use
simulation of accurate models. Thus, to meet the research objective, it is necessary to develop
and study the simulation model of control logic which would allow to control a certain number
of UPS power modules by switching method with no dependence on their load value.

Operational algorithm of the system. The main idea of technique for adaptive
selection of power modules lies in realization of switching on/off control algorithm to obtain
optimal load coefficient value and keeping it within set range. To implement this algorithm, it
IS necessary to choose appropriate hardware within UPS control system. Apart from central
control module, which is responsible for monitoring and controlling the entire system, it is
necessary to include rectifier control unit as well. Structural scheme of control system for
modular uninterruptible power supply, which this article deals with, is shown on Figure 1.
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Figure 1. Structural scheme of control system for modular uninterruptible power supply

Central control module (CCM), which is described in works [13-15], is responsible for
the process of monitoring the parameters of the UPS subsystems, manages all modes of its
operation, periodically saves received data in non-volatile memory and transfers them to the
server. Rectifier control unit (RCU) is responsible for the process of their commutation and
controls their operational conditions. For instance, rectifiers are being checked for overheating
and overloading conditions. CAN interface was selected for data exchange between CCM and
RCU. Due to its high reliability it is the best option to create distributional control system which

is used in this work.

Control system operating algorithm works in the following way. On the first stage
current values in battery circuits are evaluated, load circuit current and output current values.
Then data on rectifiers’ condition is read and the number of rectifiers which are in the operating
state is determined. On the next stage the UPS consumed power is evaluated and, based on this,

rectifier load coefficient is calculated by the formula:

PCOTlS

Kioaa = NP
nom

where Kjoad IS the rectifier load coefficient;

N — number of rectifiers in the operating condition;

Pnom — nominal output of a single rectifier;

Pcons — real consumption power that is calculated by the formula:

m
Peons = <Iload + Z IBATi) “Uoputs
i=1

where lioad IS current in the load circuit;
Isati —current in circuit i of AB group;
m — number of AB groups;

Uout — UPS output voltage.
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Thus, substituting equation (2) into (1) will result in the following formula for
calculation of load coefficient:

. (Iload + Z:il IBATi) “Uoput

K, = 3
load N . Pnom ( )

Current rectifier load coefficient value Kioad is compared with low threshold level Kmin
and high threshold level Kmax, which are determined experimentally and stored as parameters
in non-volatile memory of UPS central control module.

In case if value Kioag is more than threshold level Kmax (Kioad < Kmax), the calculation of
predicted rectifier load coefficient value is performed using the formula:

K _ (Iload + 2?;1 IBATi) ' Uout
pred (Nop + ) Piom ’

(4)

where Kpreq 1S rectifier load coefficient value;

J=9{1, 2, ..., (Nan — Nop)} — number of loop iterations;
Nan — overall number of working rectifiers;

Nop — number of operating rectifiers.

Coefficient j is changed upwards in every iteration cycle per 1 unit beginning with initial
value which equals 1 unless condition Kpred > (Kmax + Hmax) is satisfied, where Hmax is the value
of hysteresis effect of the highest threshold level of rectifier load coefficient, which is
determined experimentally and is sored as parameter in non-volatile memory of UPS central
control module.

If Kioad < Kmin, then calculation for predicted rectifier load coefficient value Kpred IS
performed by the formula:

K _ (Iload + Z:ril IBATi) ' Uout
pred (Nop — 7)) Piom

In this case the coefficient j decreases per 1 unit in every iteration cycle beginning with
initial value which equals 1, until the condition Kpred > (Kmin + Hmin) is satisfied, where Huin is
the value of hysteresis effect of the lowest threshold level of rectifier load coefficient.

In the result of performed cycle above, predicted value of rectifier numbers will be
obtained N = Nop(t+1), which should remain in the operating mode in order their load coefficient
is within predetermined optimal range Kmin < Kioad < Kmax.

After that, a central control module subroutine call is performed, which sends instruction
to the rectifier control unit to switch on the necessary number of power modules N = Nop(t+1)
using the CAN bus.

Simulation model. To design model in this research we used Matlab Simulink software
environment using component libraries Stateflow. Simulation model for modular UPS control
system in the mode of rectifier adaptive load control shown in Figure 2 employs the following
components:

1. Array of input signals:

—  Uout — UPS output voltage;

—  lioad — load current;

—  lbat1, Ibaz — currents flowing in battery circuits.

2. Control systems input parameters:

—  Kmax, Kmin — high and low rectifier load coefficient threshold levels, their values
being 0.8 and 0.5 correspondingly in this model;

(5)
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—  Pnom —nominal capacity of a single power unit which in this UPS equals 3 kwWt. All
in all our system employs 6 rectifiers.

3. Control Logic unit, which contains implementation of control logic.

4. Result unit, designed for displaying results of simulation.
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Figure 2. Simulation model of the modular UPS control system in the adaptive adjustment mode of
rectifiers loading

Unit Control Logic (Figure 3), which is designed by using Stateflow instrument,
implements algorithm for calculation of necessary number of rectifiers required for their load
coefficient to be within Kmin < Kjoad < Kmax range value.
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Figure 3. Simulation model of the algorithm for calculating the required number of rectifiers
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Simulation results. For given configuration of UPS control system simulation has been
performed, obtained results shown in Figure 4 in the form of oscilloscope pattern for Result
unit. Figure 4 a and 4 b shows change dependencies of output voltage and current from time in
the load circuit, which cause the change of rectifier load coefficient (Figure 4 c). The dynamics
of change of number of operating power modules is shown on Figure 4 d.
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Figure 4. Simulation results of the modular UPS control system in the adaptive adjustment mode of
rectifiers loading

As results show (Figure 4 ¢), rectifier load coefficient is within the set range of threshold
values (0.5...0.8) apart from several peak values. Power modules switching is performed in
such a way that at least one of the modules must stay in operational mode.

Conclusions. In the result of simulation modelling an algorithm for control system
operation of modular uninterruptible power supply unit has been worked out. Method of
adaptive adjustment of rectifier load level within predetermined optimal values range has been
designed in real time. Modelling results showed the effectiveness of designed simulation model
of control system with different input electrical parameters. Obtained findings were used by
implementation of developed algorithm in real control system of modular uninterruptible power
supply unit.
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MOJEJIOBAHHA CHCTEMHU KEPYBAHHA MOAYJ/JIbHUM
JUKEPEJIOM BE3ITEPEBIMHOI'O KUBJIEHHS 3 ®YHKIICTIO
AJAIITUBHOT O PETI'YJIIOBAHHSA

Anppii ITanamap

Teprnoninbcokuu HayioHanbHUuU mexHivHuu yHigepcumem imeni leana Ilynios,
Tepnoninw, Yrkpaina

Pe3tome. Posensainymo numauHa —iMimayitiHo2o MOOeN08AHHA CUCMeMU Kepy8aHuHs pobomoio
BUNPAMAAUIE MOOYIbHO2O Odcepena be3nepedillno20o HCUBLEHHS ROCMIIHO20 CIMPYMY 3 MEMOI0 Ni0GUUEHHS 11020
eHnepeoehekmueHocmi. 3anponoHo8ano an2opumm Kepyouoi 102iku O YAPAGIiHHIL NPOYEcoM NEPeMuKaHHs
cunosux mooynie JIbJK y peocumi aoanmusnozo pezynosanus nomyxcuocmi cucmemu. Ocnogna ioes memooy
noasieae 8 peanizayii npoyecy 88IMKHEHHS/BUMKHEHHS GURPAMIAYIE O OOCACHEHHS ONMUMAIbHO2O 3HAYEHHS
Koegiyicuma ix 3a8aHmMaxceHOCcmi ma NiOMPUMAHHA 11020 Di6HA 6 nesHoMmy 3adanomy Jianaszowi. Haeederno
CMPYKMYPHY CXeMY CUCIeMU KePYBAHHs MOOYIbHO20 0dcepend be3nepedilino20 HCUBNIeHH s, 00 CKAAdY SIKOT Kpim
YEHMPAbHO20 Kepyruoeo MOoOVis 68e0eH0 ONIOK KepYBAHHS BUNPAMIAYAMU, AKUL 8i0N08i0ac 3a peanizayiro
npoyecy ix G6IMKHEHHS/BUMKHEHHs mda 30IUCHIOE KOHMPOAb ix cmauy. [na oocriodcenHs egpexmuenocmi
PO3POONEHO20 ANCOPUMMY CHIBOPEHO KOMN 10OMepHy MoO0eib Ol ONUCYBAHHA KepyIouoi JNI02iKu YRpasniHHA
sunpamasdamu. Jna peanizayii imimayitinoi Moo0eni UKOPUCMAHO Npocpamue cepedosuiye B8i3yanbHO20
mooemiosanns Simulink Matlab ma mamemamuunuti anapam 6ibriomexu komnonenmie Stateflow. Buxonano
mecmysanHs po3pooaenol imimayitinoi Mooeni ma HagedeHo pe3yabmamu MOOe08ANHI Y U0 OCYUNOSPAM.
3acmocysanns po3pobaernozo arcopummy 003601U10 30TUCHIOBAMU Pe2YI08ANHS KOePiyicHma 3a8aHmMaiceHocmi
MOOYIbHO20 Odicepena 6e3nepebiliHoc0 HCUBTEHHS 8 PEeXNCUMI DealbHO20 YACy 8 Medicax Haneped 3a0aH020
ONMUMANLHO2O OIlANA30Hy 3HAYeHb. Pesynbmamu mMo0en08anHs 0eMOHCMPYIOmMb epeKmugHicmy po3podieHol
iMimayitinoi mMooeni cucmemu Kepy8aHHs 30 PI3HUX 3HAYEHb 6XIOHUX eleKMpuyHux napamempie. Ompumani
pe3yIbmamu  UKOPUCIMAHO NPU 8NPOBAOICEHHI PO3POOIEHO20 AN2OPUMMY 8 PeanbHill CUCMEeMI KepYSaHHs
MOOYTbHUM Odcepenom be3nepediliHo20 HCUBTIEHHSA NOCMITIHO20 CIMPYMY.

Kniouoei cnosa: cucmema xepysanns, ddcepeno 6e3nepeditinozo JHcusienis, imimayiine Mooemno8anisi.
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