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Summary. The problem of development and implementation of a simple and effective method of the
rectifiers operation control for the modular uninterruptible DC power supply unit in order to increase its reliability
is considered in this paper. The main idea of the method is to control the process of cyclic shifting of the switched-
on power modules of the uninterruptible power supply by series switching into operation of each subsequent
module from their unloaded reserve and switching out the previous one. The paper presents the control system
structure where in addition to the central control module, it is proposed to add the control unit for power modules,
which is responsible for implementing the process of their switching on and monitors their condition. In order to
investigate the effectiveness of the proposed method, computer simulation model describing the power modules
control logic is developed. The Simulink visual modeling environment and the mathematical tools of the Stateflow
library component using state and transition diagrams are used in order to develop the simulation model. The
developed simulation model is tested and the simulation results are given in the form of time diagrams of state
change. The implementation of the developed method, due to the uniform reduction of the period during which the
power modules of the uninterruptible power supply are on the switched-on loaded state, makes it possible to
increase their operating time to failure, which in turn increases its reliability without deteriorating energy
efficiency. The simulation results demonstrate the efficiency of the developed algorithm in various system
operation modes. Based on the proposed method, hardware and software which is implemented as a part of
intelligent computerized control system for uninterruptible DC power supply is created.
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Statement of the problem. At present, it is extremely important to provide reliable and
high-quality electricity to critical infrastructure facilities — such as communications systems,
telecommunications, data processing centers, medical centres, banking institutions, etc. The
cost of problems caused by poor quality and/or reliability of electricity supply can be extremely
high and can include downtime and equipment damage, data loss and power supply interruption
in medical centres, which can result even in death. In order to avoid these problems, industrial
uninterruptible power supplies (UPS) [1] are used, which provide uninterrupted power supply
to consumer equipment for a long time in case of failure in general electrical power network.
The application of UPS for power supply of critical application systems requires increased
energy efficiency and reliability of their operation under all operating modes.

However, while designing UPS, there is a contradiction between the reliability of UPS
functioning, which requires hot redundancy, additional energy consumption and energy
efficiency of the power supply system. The known approaches concerning UPS reliability
increase require certain compromise with the requirements to its energy efficiency. The
improvement of both parameters is of great importance for many objects.

One of the most important components of modern UPS is control and monitoring
systems responsible for measuring electrical parameters, alarm signals polling, control of the
device operation modes, archiving and transmitting data to personal computer for storage and
further processing, etc. Due to the intensive development of microprocessor technologies,

Corresponding author: Andriy Palamar; e-mail: palamar.andrij@gmail.com ................c..ccocooovceevciveee i 133


https://doi.org/10.33108/visnyk_tntu
https://doi.org/10.33108/visnyk_tntu2020.0
mailto:palamar.andrij@gmail.com
https://doi.org/10.33108/visnyk_tntu2020.03.133

Methods and means of increasing the reliability of computerized modular uninterruptible power supply system

computerized UPS control systems are becoming widely used making it possible to implement
more efficient control algorithms. Although a lot of various industrial UPS models with modern
computerized means of monitoring and controlling are used at present, the problems of creating
new more effective methods and means of controlling uninterruptible power supply systems,
optimizing their software and algorithmic solutions still remain underinvestigated.

Therefore, the development of software and hardware methods and tools for intelligent
control and monitoring of uninterruptible power supplies is an important scientific and technical
problem, the solution of which will increase their reliability and energy efficiency.

Analysis of available investigations results. The investigation results described in papers
[2—6] showed that modular UPSs of both alternating and direct current have higher reliability
indices than monolithic UPSs. In turn, the DC UPS system provides higher reliability indices,
particularly the coefficient of readiness compared with that of AC UPS [7], which is due to the
presence of greater number of components and subsystems in the latter ones.

It is shown in paper [8] that high fault tolerance of UPS is achieved due to the presence
of modules redundancy (N+1), (N+2), ... , (N+M). If any of the modules fails, the load is
redistributed between the other modules. “Hot"” redundancy provides zero downtime, as in
order to replace the failed module, you do not need to turn off the device completely, because
the remaining modules ensure the proper system functioning. However, the impact on energy
efficiency is not analyzed in the paper.

The algorithm for automated design of DC and AC UPS based on the method of
morphological synthesis is developed in paper [9]. The use of such algorithm makes it possible
to increase the value of the important UPS reliability index — the average failure time. But the
problem of changing and peak loads influence on UPS reliability are not highlighted.

The authors of paper [10] propose the model in the form of the states and transitions
graph, which allows to take properly into account the reliable behavior of software and
hardware system in case of faults and failures of both hardware and software.

The reliable model for automation of the fault-tolerant system designing process for
UPS of round-the-clock long-term operation is developed in paper [11]. Unreliability of control,
diagnostics and switching elements is taken into account. The dependence of the duration of
trouble-free operation on the number of modules is investigated.

Paper [12] presents the investigation where reliability of distributed UPS control
systems of two types is analyzed. Here the authors compare the reliability indices of UPS with
a single-processor control board and UPS based on multiprocessor control boards using Markov
models. As a result of the comparison it is determined that the multiprocessor control system
provides better reliability indices of UPS operation.

The review and analysis of the known research results showed that existing methods
and software — algorithm tools used to increase UPS reliability, particularly for increasing the
redundancy of power modules, result in the system energy efficiency reduce. However, the
ways for the improvement of energy efficiency indices are not considered in these papers.

Thus, we can conclude that till present, the efforts to develop effective and simple
methods for increasing the reliability and ensuring high energy efficiency of uninterruptible
power supplies operation having sufficient efficiency are being made.

Objective of the paper is to increase the reliability of the components of the
uninterruptible power supply functioning without reduction of its energy efficiency by
developing a new method of power modules control and improving its computerized control
system.

Statement of the problem. In order to improve energy efficiency indices together with
increasing the reliability of modular uninterruptible power supply systems, the author proposed
and described in [13] the method of correction of the rectifiers total output power. However, as
a result of the carried out investigations it is determined that the use of this method causes
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uneven operating time of modules in the loaded state. Therefore, in order to achieve the goal of
this investigation, it is necessary to develop the control method enabling to obtain the uniform
power modules operating time, reducing it to minimum. One of the most important tasks is to
develop and investigate the simulation model of the control algorithm, which implements this
method for testing its effectiveness.

Description of the method. The essence of this method is to control the process of
cyclic shifting of the switched-on power modules of the uninterruptible power supply by series
switching into operation of each subsequent module from their unloaded reserve and switching
out the previous one. This makes it possible to increase their downtime, which in turn increases
the uninterruptible power supply system reliability.

In detail the operation algorithm can be described in the following way. When starting
the function that implements the method of correction of the rectifiers total output power,
we calculate the predicted value of the number of UPS power modules, which must be left
powered in order that their load factor is in the optimal values range at which their maximum
operation energy efficiency is achieved. The load factor of UPS rectifiers is calculated by the
formula [13]:

(Iload + 2:11 IBATi) “Uout

Kioaa = N-P ) (1)
nom

where lioad is current in the load circuit; Igati is current in circuit i of the batteries groups (AB);
m — is the number of AB groups; Uout is DC UPS output voltage; N is the number of rectifiers
in operating condition; Pnom IS rated power of one rectifier.

After that the central control module sends the command via CAN bus to the rectifiers
control unit for activating or deactivating the required number of power modules. If one or more
modules are disconnected as a result of this switching, then the processes of their shifting are
started for maintaining the uniform duration of their operation. The implementation of this
process is schematically shown in Fig. 1 on the example of the system containing six power
modules.

(0 . 0I0LSIOLQ) .0 OI.GIDLEH ,.C OB.NI0LE);
JOICIRLGIQ LA LS CISLIS LI L8 I LIS LI
) b) c)
LIS LCIBLGIDIAE IS SIS IDLAE , 10  CISLSI0 LAl
O @IQLSIOLQI 10 SI0LQI0LA] IO SieLeI0.LO)]
) e)

LIS L CISLBILOL | IS SISLBIS LI |10 SIS LSIO Lo

L0 @8 iSI0Ld] [0 eie SIelsl .1C Ole. ele.Lel

9) h) )
L@ I ®I0ueI0 19 9101 010L0) ,. (08I0 100 LA
S TOI0LOIE O OICLGIOLEI IS (10 Lel0 Ll

)] K) 1)

Figure 1. The process of shifting the switched-on loaded rectifiers of the modular uninterruptible power
supply

Let us assume that in order to achieve the optimal load factor of the system, it is enough
to leave two power modules in operation. At the first stage, two extreme modules located in the
upper row on the left remain powered, and the rest are switched off (Fig. 1 a). After some time,
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the shifting cycle is started by connecting one additional module, as shown in Fig. 1 b. After a
short period of time, from 20 to 30 seconds, making sure that the new power module has started
successfully, the microcontroller switches off the first rectifier (Fig. 1 c). After this stage, the
process of shifting the power modules transfers into standby mode and can range from a few
hours to several days. After completion of this step, the process is repeated with the next power
module, etc.

In order to implement this method the appropriate hardware for the improvement of
UPS control system is developed. In addition to the central control module (CCM), which is
responsible for monitoring and controlling the entire system, the rectifier control unit is
developed as well. The block scheme of UPS control system, considered in this paper, is shown
in Fig. 2.

The structure and principle of operation of the central control module are described in
detail in the author’s papers [14, 15]. It controls all UPS operation modes, implements the
process of monitoring the parameters of its subsystems and periodically saves the received data
in non-volatile memory and transfers them to the operator's computer. The rectifier control unit
(RCD) is responsible for implementing the process of switching on and off the power modules
and monitors their condition. The CAN interface is used to organize the exchange of
information between CCM and RCD. Due to its high reliability level, it is best one for data and
command transmission in the distributed UPS control system.
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Figure 2. Block scheme of the control system of uninterruptible power supply modules

Simulation model. For the investigation of the proposed method effectiveness, a
simulation model of the control system for three power modules of the uninterruptible power
supply is developed. Here the corresponding algorithm of its operation is implemented. The
Simulink visual modeling environment and the mathematical apparatus of the Stateflow
component library using state and transition diagrams are used to develop the model.
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The improved simulation model of UPS power module control algorithm, which is
shown in Fig. 3, is constructed on the basis of the model described in the previous author’s
investigation [13]. It is a set of the following elements:

1. Asetof input signals: Uout is UPS output voltage; lioad is l0ad current; lpat1, lbato are
currents flowing in batteries circuits.

2. Input parameters of control syste: Kmax, Kmin are upper and lower threshold levels
of the rectifiers load coefficient which values in this model are 0.8 ta 0.5 respectively; Pnom IS
rated power of one power module which in the given UPS is 2 kW. In general this system is
provided with 3 rectifiers.

3. Blocks Control Logic 1 and Control Logic 2, containing the implementation of
control logic in the form of states and transition diagrams.

4. Blocks Resultl and Result2 are designet for simulation results display.
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Figure 3. Improved simulation model of UPS power modules control algorithm

Control Logic 1

Result2

Block Control Logic 1 unit, described in detail in [13], implements the calculation
of the required number of rectifiers which shoul be connected in order that their load factor
is within the optimal values range. Block Control Logic 2, constructed using states and
transitions diagrams (Fig. 4) of Stateflow library, implements the control algorithm of the
displacement process for the switched on power modules of the uninterruptible power supply
system.

At the initial stage of the algorithm, all power modules are in the powered state.
The RecNum input signal specifies the number of modules to be switched on simultaneously
during their rotation. This number depends on the value of the power modules load coefficient
which is defined as the ratio of power consumption to the UPS rated power. Depending on this
value the transition to the corresponding block (Reclof3, Rec20f3 or Rec3of3) is carried
out. The first two blocks contain six alternating each other states. The transition time between
these states specified in the settings of Control Logic 2 component, can be short (RecTime)
and long (RotTime). The duration of the short time interval is from 20 to 40 seconds. During
this time, the next UPS power module is connected in the process of their rotation. The duration
of the long time interval can be from several hours to several days depending on the settings. It
corresponds to the operation period of each subsequent combination of the switched on UPS
power modules.
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Figure 4. States and transitions block diagram of the control algorithm for the shifting process of the
switched-on power modules for the computerized uninterruptible power supply system

Simulation results. For UPS control system containing three rectifiers, simulation is
carried out. Its results are shown in the form of oscillograms of Result 2 block. Fig. 5 represents
timing diagrams of the change of power modules state for the case of combination of one of the
three switched on UPS power modules (Fig. 5 a) and combination of two of the three switched
on UPS power modules (Fig. 5 b). High signal level corresponds to the switched on state of the
relative module, and low one corresponds to the switched off state.

It is evident from the simulation results that the switching the power modules is carried
out in such a way that at least one of them always remains on. During the implementation of
the next cycle of rectifiers shifting, at first the next module is switched on, and after some time,
which corresponds to the duration of the transient process, the previous one is turned off.

From the above given oscillograms we can conclude that the proposed method provides
uniform power modules operating time of. And its application together with the method of
correction of the total rectifiers output power makes it possible to reduce the total duration of
their operation by 33% in case of simultaneous operation of two modules and by 67% in case
of simultaneous operation of one module, which in turn increases time to failure of the
uninterruptible power supply system.
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Figure 5. The results of simulation the modular UPS control system in the mode of cyclic shifting of the
switched-on rectifiers: a) time diagram of the change of the on and off states of the combinations of one of
the three UPS power modules; b) timing diagram of the on and off states of two of the three UPS power

modules

Conclusions. The proposed method of cyclic shifting of UPS loaded power modules,

due to the uniform reduction of the time during which they are in switched on state, makes it
possible to increase their operating time to failure, which is one of the most important indicators
of reliability.

The developed software and hardware complex due to the expansion of its algorithmic

support, based on the proposed method, makes it possible to increase the reliability of the
components of modular computerized uninterruptible power supply system without its energy
efficiency deterioration.
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METO/JM 1 3ACOBHY NIJIBUIIEHHS HAJJIMHOCTI
KOMIT’IOTEPU30BAHOI MOAYJbHOI CUCTEMU
BE3NEPEBIMHOI'O )KUBJIEHHS

Anapiii ITanamap

Teproninbcokutl HayioHaIbHUL MeXHIYHUU YHigepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

Pe3ztome. Posensinymo numanmsi po3pobnents ma peanizayii npocmoeo il eqpeKmueHo20 Memoody Kepy8aHHs.
POOOMOI0  GUNPAMIAYIE MOOYIbHO2O Odicepend 0e3nepedilino20 JCUBTEHHS NOCMIUHO20 CMPYMY 3 Memor
nioguwgents 1oeo Halditmocmi. OcHOHA i0es Memooy NOsA2aE y KepPyB8aHHI NpoyecoM YUKIIUHO20 3MIUjeHHs
BBIMKHEHUX CUNOBUX MOOYTI6 Odcepena Oe3nepeditinoco HCUBIEHHS ULIAXOM NOCTIO08HO20 BKIIOUEHHSI 8 POOOMY
KONHCHO20 HACTMYNHO20 MOOYIIA 3 YUCILA IX HEHABAHMAICEHO20 pe3epsy ma GiOKII0YeHHs nonepednbo2o. B pobomi
HABeOeHO CIMPYKIMYPY CUCeMU Kepy8aHHsl, 00 CKAAOY AKOi, KDIM YeHMPalbHO20 KePYIOU020 MOOYIIs, 3ANPONOHO8AHO
68ecmiL OJI0K KEPyBaHHs CUNOBUMU MOOYIAMU, KU 8I0N0GI0Ac 3a peanizayito npoyecy ix xomymayii ma 30ilicHioe
Mouimopune ix cmany. s 00Cniodxicents eghekmusHOCmi 3anponoH08aH020 Memoody po3poOIeHO KOMN I0MEPHY
iMimayiiuny mooenv, KA ONUCYE A0IKY KEPYBAHHS CUNOBUMU MOOYIAMU. [ po3pobaenus imimayiunoi mooeni
sUKOpUCmaHo cepedosuuje GizyanbHo2o mooemosannss Simulink ma  mamemamuunuii  anapam  6i6niomexu
xomnonenmie Stateflow iz sacmocysannsm oiazpam cmanie ma nepexodis. Buxonano mecmyganns po3pooieHor
iMimayiunoi MoOeni ma HA8eOeHO pe3ylbmamu MOOEN08aHHs Y Guaiadl Yacosux oOiazpam 3MIHU CMAHIG.
3acmocysannusi po3pobnenoco memody, 3a608KU PIGHOMIDHOMY 3MEHULEHHIO YACy, NPOMSZOM K020 CUN08L MOOYIL
Ooicepena be3nepediliH020 HCUBLEHHS 3HAXOOMbCS ) 66IMKHEHOM) HABAHMANICEHOMY CIAHI, 0a€ 3M02y 30itbuumu
yac ix HanpayloeawHs. HA 6IOMO8Y, WO, 8 CE0H Hepey, NIOSUUYE 1020 HAOIUHICMb Oe3 NOZIPUWEHHsT NOKA3HUKIE
enepeoeghexmuenocmi. Pe3yiomamu Mo0ent08anHs 0eMOHCMPYIOMb eeKMUBHICIb PO3pOOIEH020 anzopummy 8
pisHux pexcumax pobomu cucmemu. Ha ocHogi 3anponoHosanoco memoody cmeopeHo anapamto-npozpamue
3a6e3neuents, peanizosamne 6 AKOCMI CKIA0080i IHMENEKMYAIbHOI KOMN I0OMEPU308AHOI CUCmemMu KepyeaHHs
Ooicepenom be3nepeditino2o JHCUBIeH s NOCMILIHO20 CIPYMY.

Knwuosi cnosa: naoitinicms, cucmema xepyeamms, oxcepeno Oe3nepedilinozo HcueieHHs, imimayitine
MOOETOBAHHS.
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