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ANALYSIS OF CIRCUITS WITH UNIFORM PHASE SHIFT
OF INVERTER CELLS

The article discusses the methods of constructing an inverter with
summation of the power conversion cell currents. A computer simulation
of the proposed load current distribution schemes of a multicellular
inverter with a phase shift of cells has been carried out. When considering
the task of increasing the maximum power of the inverter, taking into
account the existing element base, it becomes quite obvious that the
design of high-power inverters to obtain high performance without load
distribution on the flows is very difficult. One of the most important tasks
of the organization of parallel operation of inverters is to ensure a
uniform distribution of currents between the cells of inverters, they must
be synchronized in all parameters (phase, frequency and amplitude).
Synchronization must be operational in any modes (nominal, transient
and emergency). The uniform distribution of the load current across the
inverter cells depends on the phase shift of the output voltages caused by
the non-synchronicity of the voltage frequencies generated at the outputs
of the inverter cells. An imbalance of one degree between the phases of
the output voltages of the two cells leads to a redistribution of power,
which can reach over fifty percentages. If the output voltage of one cell
shifts forward in phase, then it takes over most of the power of the total
load, which in the case of the same output voltage amplitudes will indicate
an increase in the current consumption of the leading cell. To ensure the
energy balance of the two cells, it is necessary to add
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just the frequency of the output voltage of the cell with the leading
phase. This balancing should occur with high speed.

Keywords: power conversion, inverter, phase shift, high speed,
distribution, parallel connection, transistors, synchronization.

Introduction

At which phase shift the power is most efficiently transferred to the load.
Since the power conversion cell works in the key mode for high efficiency, and
an LC filter is used to obtain a sinusoidal voltage, then in the limit at the point of
summation of the CPS with a choke at the output, we represent a sinusoidal
source.

In [1], various structures of parallel switching circuits of inverters with
the following features are given:

- The phase of the inverter is formed from a series of parallel-connected
power conversion cell (PCC) controlled by a single controller. All power
transistors are passively locked by their own gate resistor. The connection of the
AC and DC circuits is symmetrical.

- Parallel connection of inverters with integrated control circuit boards.
The spread of the parameters of the power circuits leads to the need to combine
the outputs of inverters through equalizing chokes.

- Parallel connection of inverter units with a common DC bus, where
inverters have a dedicated control board that operate from a single PWM
controller. Due to the spread of the time characteristics of the control circuits for
combining PBX outputs, it is very likely that equalizing inductors are introduced
into the power part.

- Parallel connection of inverters and a single PWM and an additional
measurement of the distribution of output currents of inverters, however, this
ideology differs in a rather complex control scheme.

- Subordinate regulation, which ensures high reliability, in which the
control board has a common input and several isolated output channels. Each
channel has its own inverter. In this case, equalizing chokes can be excluded —
the failure of one of the inverters does not affect the operation as a whole.

- Complete galvanic isolation at the input or output of parallel inverters
with independent control boards. The modular principle of construction of
inverter units has been widely used for many years in uninterruptible power
supply systems.

This allows, if necessary, to increase the power of the system by
increasing the number of consumers and the necessary redundancy of the system
on the principle of «n+x». Uniform distribution of currents between modules
refers to one and difficult tasks and, in general, is ensured by matching the output
characteristics of the modules: voltage rating and internal resistance.
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Materials and methods

A large number of works have been devoted to parallel switching on the
output of single-phase inverters and many foreign manufacturers have
established serial production of three-phase inverters with module power up to
several tens of kilowatts, using an independent system synchronization principle
from any of the inverters included in it [2]. At the moment, the task of load
separation of inverter units is most fully solved in industrial uninterruptible
power supply (UPS). Figure 1 shows the application of parallel switching of
inverters in the structure of an uninterruptible power supply.

The number of modules connected to the load in parallel can be reached
with information communication between the modules, both via a digital bus,
and with a combination of analog and digital signals in the bus. When a backup
module is connected, the module is identified, and if the system is in good
condition, this module is connected by the system to the load and takes on a
proportional part of the load current [3].

If one module fails, the system disables its load buses. As a result, the
faulty inverter is switched off without disrupting the performance of the entire

system.
Static switch

Net SS (BY - PASS) ‘ |
Inverter
[Butry| DC —

Battery :
. DC — |

_ -
DC N

-

Figure 1 — Parallel inclusion of inverter blocks in the UPS

The most widely developed control of modules is based on the
subordinate principle of «master-slave». With this control method, there is no
redundancy of the master inverter that synchronizes the operation of the «slave»
inverters. In addition, the use of a common switching unit and uniform
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distribution of load current is required. All this reduces the fault tolerance of the
system as a whole.

A distinctive feature of a multimodule system is redundancy, which
provides increased reliability of the system due to: backup power modules and
backup battery modules [4]. During the operation of the system, a «hot swap of
modulesy is possible (modules can be replaced promptly during the operation of
the system). A malfunction of one of the modules leads to its automatic
shutdown, while the operability of the entire system is not disrupted. When
installing a new module, a self-diagnosis of its condition is carried out and its
inclusion in operation. However, with a zero phase shift of inverters, certain
technical difficulties in organizing parallel operation of inverters are noted in the
literature.

As shown earlier, the main problem with parallel switching of cells is the
uneven distribution of currents between cells caused by the spread of internal
parameters of inverters, so, for example, different frequencies of the output
voltages of the inverter lead to distortion of the voltage form in the form of beats.
The literature describes solutions that provide parallel operation of inverters in
terms of synchronization of the initial phases of the inverter, current amplitudes
and voltage frequency [5]. It should be noted that the described methods consider
the formation of voltage at the output of an inverter with a low content of higher
harmonics [6].

In the presence of a phase shift, we also proceed from the position that for
high efficiency the SPA operates in the key mode, and an LC filter is used to
obtain a sinusoidal voltage. PWM methods are used to regulate the output
voltage. In this case, the reference signal is taken as a single one, and the
sawtooth signal of each cell with the corresponding phase shift, so each cell
operates with its own phase of PWM signals [7].

Figure 2 shows an equivalent scheme for this case. Due to the phase shift
of the control voltage, PWM regulation of each cell is obtained.
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Figure 2 — Diagram of a multicellular inverter by summing the cell
current and a non-zero phase shift

The principle of formation is as follows: the sequence of output pulses of
each CNN is formed on the basis of a single reference sinusoidal signal and a
sawtooth voltage with its own phase shift of each cell, Figure 3.

- f

Figure 3 — Modulator input signals with a single reference signal and
sawtooth voltage with uniform shift

Figure 4 shows the voltages for two consecutive NPS, and Figure 5 shows
the total output voltage of the power cascades of the cells. By increasing the
number of sawtooth signals and the number of cells, it is possible to achieve a
significant reduction in the switching frequency of transistors with a relatively
high frequency of the formation of output voltage fronts [8]. However, with such
control, currents occur that bypass the load, which significantly reduces the
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efficiency of power transmission to the load. To show this, let’s consider the
current circuits arising from such control.

T
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Figure 4 — Formation of switching moments of transistors of each cell
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Figure 5 — Voltage form at the input of the power filter

In [9] various circuit design options for constructing a power transformer
cell are given. Analysis of the literature allows us to conclude that the most
functionally suitable structure with a minimum of switching elements is a half-
bridge power converter cell.

Results and discussion

The schematic diagram of a multicellular inverter with parallel connection
of half-bridge PCC to a DC voltage source is shown in Figure 6. Consider the
possibility of using a phase shift of the inverter cells to form an approximated
sinusoidal output voltage. The difference from the traditional scheme of parallel
switching of inverters is the synchronized shift of the initial phase of the inverter
cells [10].
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Figure 6 — Diagram of a simulated mverter with a three-level
output voltage

In accordance with the schematic diagram, a computer model has been
developed to study the processes occurring in the inverter. As an example, an
inverter consisting of three cells forming a three-level voltage with a uniform
phase shift is taken.

The simulation results are shown in Figure 7-8. The results obtained show
the shape of the low-quality output voltage and the corresponding spectral
composition. However, when considering the current distribution graphs, the
problem of the occurrence of current flow circuits bypassing the load becomes
obvious.

Consider the switching of keys with the intersection of the inclusion of
the upper and lower keys of the inverter cells for the occurrence of currents
flowing bypassing the load.

From the above current flow diagrams, it can be seen that current flow
circuits bypassing the load can occur in the circuit when any combination of the
upper and lower keys of the inverter is turned on simultaneously.

One of the possible options for eliminating bypass circuit currents is the
introduction of an additional transistor rack and differentiation of the operation
of the lower and upper keys of the inverter cells.
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Figure 7 — Block diagram with additional rack
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Figure 8 — Diagram of a model of a three-level voltage inverter with
switching of the upper and lower keys separately

The simulation results are presented in Figures 9, 10.

Figure 9 — The form of the output lvoltage of the inverter with an
additional rack

40V

Figure 10 — Spectral composition of the output voltage of an inverter
with an additional rack
The disadvantage of this scheme is an incomplete load distribution
between the cells of the inverter.
In the case of a uniform phase shift of the inverter cells, the load current
on a single inverter cell can reach the full load current. Such a scheme becomes
irrelevant, despite the possibility of forming an output step voltage.
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Conclusion

In this article, the methods of constructing a multicellular inverter with
summation of the PCC currents are considered and the following results are
obtained:

1 The analysis of existing solutions has shown that for a multicellular
inverter, the most appropriate scheme of construction is a half-bridge scheme of
the PCC.

2 An analytical expression has been obtained showing that, with parallel
operation of the NPS, the maximum power is transferred to the load at zero phase
shift.

3 A study of existing solutions has been conducted, it has been shown that
ensuring the operation of a zero phase shift joint venture requires significant costs
for the organization of management and complication of circuit solutions,
compared with the operation of a phase shift joint venture.

4 A computer simulation of a multicellular inverter with summation of
CPS currents and linear phase shift with different types of key switching was
carried out, results for comparative analysis were obtained.

5 It is shown that when summing up the currents of the CNR and the two-
stroke switching of the CNR, the occurrence of current flow circuits is possible,
bypassing the load, with single-stroke switching of the CNR, full loading of cells
is impossible, which significantly reduces the efficiency of such inverters.
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AHAJIN3 CXEM C OJHOPOJIHBIM CABUT'OM ®A3
UHBEPTOPHBIX SUEMEEK

B cmamve paccmompenvi memoodsvi nOCmMpoeHusi uHeepmopd ¢

CymMmuposanuem moKoe A4eexk npeo6pa306ameﬂﬂ MOUWHOCMU.
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Ilpogedeno komnvromepHoe MoOerUpoBanue NPEONIOHCEHHIX —CXeM
pacnpeoenenus moKa Hazpy3Ku MHOLOAYEEUHO20 UHBEPMOPA CO COBULOM
¢az aueex. Ilpu paccmompenuu 3a0ayu NOBbIULEHUS MAKCUMATLHOU
MOWHOCIU UHBEPMOPA C VY4emOM CYWeCmEYIoweli d1eMeHMHOU 6a3vl
CMAHOBUMNCA COBEPULEHHO OYEBUOHBIM, YMO NPOEKMUPOBAHUE MOUHBIX
UHBEpMOpPO8 0Nl NOAYHeHUs.  GbICOKUX  Xapakmepucmux  6e3
pacnpeoeneHusi Hapy3Ku no NOMOKAM 8ecbma 3ampyoHumenbHo. OOHot
U3 8AdCHEUWUX 3a0ay OP2AHU3AYUL NAPATNENLHOU PAOOMbL UHBEPIMOPOS
sa61semces obecneyenue paGHOMEPHO20 pAcnpeOesieHUs MoKO8 MexHcoy
AUEUKAMU UHBEPMOPOB, OHU OO0JIHCHBL ObIMb CUHXPOHUSUPOBAHDBL O BCEM
napamempam (gpaze, wacmome u amnaumyoe). CUHXpoHuzayus O0IN*CHA
pabomams 8 J0OBLIX  pedcumax — (HOMUHATLHOM, NEPEeXOOHOM U
asaputinom). Pasnomeproe pacnpedenenue moxa nazpysku no auenukam
uneepmopa 3aeucum om coguea (haz GbIXOOHbIX HANPSNCEHUI,
8bI36AHHO20 HECUHXPOHHOCHIbIO YACMOM HANPSAXCEHUU, (OopMupyemvlx
Ha 6blx00ax sueex umeepmopa. J{ucoanamc 6 00un 2padyc mesicoy
Gazamu  8bIXOOHLIX — HANpAdCeHUll  08YX  A4YeeK  Npueooum K
nepepacnpeoeneHulo MOWHOCMU, KOmopoe Modcem oocmueams Oofnee
namuodecamu npoyeumos. Eciu evixoOHoe Hanpsoicenue 0OHOU AdeliKu
cmewaemces eneped no gase, mo oHo bepem na cedst HOALUWYIO HACMD
MoOwgHOCIU 00Wel HA2py3Ku, Ymo 68 cayudae OOUHAKOBbIX AMNIUNYO
BbIXO0H020 HANpsdceHUss 0yoem ceUOemeIbCmeo8ams 00 yeeaudeHuu
moxka  nompebienus — eedywell  Auenku. Jlna  obecneyenus
9Hepeemu4eckoeo 0Oananca 08yx AueeK HeobXo00UMO pezyauposeams
4aACmMomy 8bIXOOHO20 HANPANCEHUsL AUeliKU ¢ onepedcaioujell ¢pazoi. dma
banancuposra 00INCHA NPOUCXOOUMb C BbLICOKOU CKOPOCIBIO.
Kniouesvie cnosa: npeobpazosanue MowHOCMU, UHBEPMOP,
aszosulil cosue, BvICOKAS CKOPOCMb, pacnpeodeiienue, NapaiieibHoe

coeduHeHue, MpAan3uCmopbsvl, CUHXPOHU3AYUAL.
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HUHBEPTOP YSUIBIKTAPBIHBIH BIPTEKTI ®A3AJIBIK
BIFBICY CXEMAJIAPBIH TAJIIAY

Maxkanaoa mypnendipeiwimezi  YAublK MOKMAPLIH  KOCAMbIH
UHBepmMOpPObl KYpy 20icmepi Kapacmuipulizan. ¥aublKmapowiy hazanvly
bI2bICYLL Oap KON YAWBIKMbL UHEEPMOPObIY JHCYKmeMe mozbiH 0eny0iH
VCOIHbLIZAH — CXEMAAAPbIH  KOMNbIOMEPIIK — MOO0enboey  JCypeizinoi.
Konoanvicmazer anemenmmep 6asacein eckepe omulpuin, UHEEPMOPObIH
MAKCUMANObl  KYyamviH apmmulpy Maceneci Kapacmulpean Kesoe,
JHCYKMeEMEHI AbIHOap2a MApamnail Hcoeapvl OHIMOIIKMI any YudiH
KYUmiK uH8epmopaapovl x#codaiay eme KublH eKeHO2l aukblH 001aobl.
Husepmopnapoviy napannens sxcymvicoblin YubiMOACmulpyOblH MAHbI30b
Macenenepiniy 6ipi — UHEEPMOP YAULIKMAPLL APACLIHOA MOKMAPObLIH
OIpKenKi mapanyvin KAMmMamacels emy, oaap 0Oapivly napamempiep
botbiHwa (¢aza, dHcuinik KHcoHe aAMNIUMYOd) CUHXPOHOATYbL Kepex.
Cunxponoay Ke3 KelieeH pedxcumoe Hcymvlc icmeyi Kepek (HOMUHALObI,
omnei dicone anammulk). Hneepmop yauvikmapvl O0UbIHWA JHCyKmeme
MOcbiHbIY  OipmeKmi mapanybl UHEEPMOP YAUBIKMAPLIHLIY —Ubl2d
bepicinde natioa 6OIAMbIH KePHEY HCULNIKMEPIHIY CUHXPOHOATMAYbIHAH
MYbIHOGEAH WbIZbIC KepHeYLepiHiy (ha3anvik bleblCyblHa OAUIAHbICIbL.
Exi ysuvikmoly wvlzbic kepueyiniy gazanapvl apaceinoagvl 6ip epadyc
bonamuin Oapedcedeci meneepiMCi30iK Kyammvly Kauma O001iHyiHe
axenedi, on eny nauvizoan acadwvl. Eeep 6ip yawuvixmoiy wwvigvlc kepHeyi
gaza 6otiviHwa anea KHcvLIICUMBIH OOICA, OHOA O AHCAINBL HCYKMeMe
Kyamvikbly Kon 0OoiciH anaovl, OV WblblC KePHEYIHiY aMIIUmyoacsl
Oipoeti 6onzan JHcaz0arioa dHcemexuii YAUbIKMblY MYMbIHY MO2SbIHbIH
JHc02apwinaybin kepcemeoi. EXi yAubiKmoly dHepeemuKanblk 0aiaHcbiH
Kammamacwels emy yuwliH 03vlK ¢hazacel 0ap YAUBIKMbIY  UbIEbIC
KepHeyiniy xcuinicin  pemmey Kaxcem. byn meneepim orcozapul
HCLLIOAMOBIKNEH JICYPYI Kepex.

Kinmmi coz0ep: myprendipy, ungepmop, hasavli coviCy, JHcoeapbl
AHCOLLIOAMOBIK,  Mapany, napaiiens — OAllaHblc,  MPAH3UCIOPAAD,

CUHXPOHOQY.
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