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1. INTRODUCTION

SPSI active carriebased pulse width modulation (PWM) DC to AC inverisrgenerally utilized as a
means of improving efficiency and developing the power quality of the source current, as the characteristic a
higher effective performance compared to timeirti-carrierPWM based DC to AC inverter counterparts. In
consequence,dditionalcarrierbasedWM inverters have become dominant in the grid synchronize system,
a highquality further maintained by their characteristic simplicity. Nevertheless, if superior performance is
sought,carrierbasedPWM inverters denote a betterstion to operate lower switching frequency [1]. This
type of control mechanism is gradually being implemented in these systems, a trend that is built easier by the
current availability of combined power electronic semiconductor switching modules iredtffasntrol DC
to AC inverter configurations.

Single phase inverters can be operatedligtrete continuous and phasor power flow methods.
Among discretemethods one of the standard methods is the shpilase midpoint source voltage source
inverter whid usesdiscretization of the electrical power system for a solution at fixed time steps [2]. On the
hand, the configuration of the solver depends on the opittnh is selectediscrete modéo perform a
discretization of the model and specify the santiphe in thesample timeparameter. Amulti-carrierbased
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PWM phase terminal implementation with two switches the input DC source voltage and two devices in
AC-switches arrangement half the input DC source voltage [3]. Continuous and phasor methods tare use
perform a continuous and phase solution of the inverter, at the specified by the phasor frequency parameter.
If the power inverter switching blocks utilizing ideal switches. This parameter can be visible only when the
type of the parameter is set tontinuous. By default, this selection is not designatethrge amount of
switching ripple current is amplified in the output side that can be affected by the DC bus voltage. In this
case, current ripple can be generated low frequency and degrade tmedpogity and quality. For instance,
ripple current is degrading the regulator in the solar system [4]; it will be reduced the power quality and
lifetime of fuel cells in Gencell [5]; it may be boosted battery storage uninterrupted power systems.
Conventiaally, the solar power is an unlimited power source that is produced by a PV cell must convention
instantaneously and required the bulky size of battery cells. It is a high cost and complexed maintaining
issue. To overcome this problem, several cells ef BV modules are connected through common local
networks knowing as the grid system [6]. These systems have some limitation. The main drawback is
required to take steps to ignore the {fmaquency current ripple flowing in thimput DC supply, phase
synchonization, high preliminary costinda large area. Therefore, carrlgased grid synchronous PSI using
renewable power system is superior performance and economical.

To illustrate multifunction topology of the singihase inverter lovirequency supply idtorted
current has been introduced in the earlier publications [7]. Howevegyrithélter circuit can be involved to
decrease the lodvequency distorted current. For example, DC bus capacitance is improved in [8], and grid
filter is injected to DC bsiin [9]. Besides, it is more complexed to maximize the weight and size of the DC
bus capacitor. An alternative realization of the latter is #S86topology is includea suitableswitching
circuit and logic controller are diverted to added storage amésim [10]: traditional buckoost DC to DC
converter is connected to DC bus and process as an input LC filter of active power in [11]; The discussion
[12] carried outan exceptionalow-frequency distorted compensator that carsbguencedvith the novel
inverter; A secondary phase terminal is involved in [13], and the total power from DC bus can retain constant
by properly monitoring the existing of further phase terminal. Whereas these methods can be successfully
overpowering the input frequency ripplarcent, the additional switches circuit may be led tonaneasédn
cost, power losses and regulator effort.

A switching techniqueo further develop the system efficiency and increase a power inverter is to
utilize series switchedn the latter case, Wmown gate signals of the equivalent switches of each phase
terminal are interleaved, both the inverter power quality and efficiency are improved [14]. Precisely, the
higher harmonic frequency cancellation gain between the interleaved of the half phsalseconsents for
the utilize of lower switching frequencies, whereas simultaneously falling the input power gimditgnd
electromagnetic interference filters [15]. It is then expected that an interleagkdnnel Vienndype
rectifier [16] would feature even higher efficiency and power density than its sihglenel embodiment. In
search of a topology with an effency exceeding 99% that could eliminate the need for active cooling, this
work adopted a twahannel interleaved Vienrtgpe rectifier.It is predictablethan that a carrier base
synchronous series switching DC to AC inverter depends on switching Ipgiaton would feature even
higher overall system performance and power quality than its conventional DC to AC imvebiediment.

In an explorationof a switching topology witta control, the approachis very complicated when since the
electromechanicatoncert, and not appropriate for the power supply systems. Authors in [17] studied that
single-phase inverter can be boosted along with incontrollablefleguency ripple. In this case, the constant
duty factor is assumed for the boost stage that is pitinen openrloop voltage regulator. The effect of DC
ripple current reduction, fully depends on the DC bus capacitors; thus, filter components of the bus
capacitane must comparatively large [189].

This paper presents the design and implementationcafréerbased grid synchronous controller,
series switching Sl with proper grid synchronous less than lower phase angleisTiigre essential to
reduction ripple, reduce switchiigssand higher efficiency. The inverter operation is maximized fasph
voltage of 230V AC, 455 Hz of afundamentafrequency, line frequency around of 250Hz to 500 Hz, DC
bus voltage + 340V DC and 85% of duty factor. In addition, grid LCL filter is utilized to couple inverter,
convert the signal and reduce the harmofiiais paper is systematized as follows: Section 1l shows the
operatingprinciples of the series switchingSI; Section Il presents the model configuration and analysis;
Section IV presents designprocedure of a switching gate controller; Section \6pngs grid couple lowpass
LCL filter design; Section V presents tged synchronais method; Section VI presergisnulated result and
discussion; Section VII presents the experimental results and discusses; and lastly, Section VIl introduces
the conclusias drawn from this work.
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2. OPERATION PRINCIPLES OF THE SERIES SWITCHING S -PSI

Figure 1 shows the switching topology of the series switchirAgS$ configuration. In this system,
upper switches (IGBT1, IGBT1a), lower switching (IGBT2, IGBT2a) and flywhéadel connected to the
IGBT switch D; and D from a half phase suimverter which can operate simultaneously. The remaining
switching pairs upper switches IGBT3, IGBT3a, lower switching (IGBT4, IGBB4al) their corresponding
diodesD; and D, from aseconeéhalf subinverter. The inverter output phase legs are connected utilizing the
grid LCL filter input side inductor ob ~ and output side inductor &f is coupled to grid load as seen

in Figure 1
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Figure 1 Proposed series switching®SI circuit configuration [1]

The series switching -BSI is a voltage source curresdmmutated inverter, which can be, the
devices which commutate at any upper switching or lower switching instant are measured by the
instantaneous direction of flow loadirrent. If the load current flow in Figure 2 is positive, teenputation
will take place betweenpperswitch of 3 , lower switch of3 and’O 'O whereas the lower switch of
3 W& & N iQD WYcare turned OFF. Therefore, the voltagatemtial at point of phased 6  with
reference to the center point of the input DC sourdebweieither half of the DC bus voltage, whan3 or
3 -3 are turned ON or OFF.
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Figure 2. MATLAB circuit forswitchingmechanism

3. MODEL CONFIGURATION AND ANALYSIS

To work the inverter in series switching method, a phase angle shift is offered between the carriers
based PWM of the twbalf phase inverter that compound it [20]. This working approach forces odd
harmonic components torculate between the consistent output terminal of the half phase inverter, which
can be reduced higher frequency harmonic drawn from the input DC source. DC voltage saiirce of
gaining a i dpaodi'O tre theoBC bus component of inductor and current through
it.6  andv are represents the DC bus capacitor and the capacitive voltagexon itand’Q ~ are
the grid voltage and current form the grid LCL lowpass filt@r. is the current flowing through the grid
inductor of O . The phase terminal of a suverter leg formed by and3 complete input sidef the
inverter is multconnetion to the DCto DC boostconverter [21]. Whereas, the one saoberterleg formed
by 3 and3 are connected to the inverter output grid filter that can be converted DC to AC power with the
DC to DC terminal cooperation. The inverter output current and voltage are expected by the following (1)
and (2) [19].

b @ Qo (1)
Q0 i o . 2)

In these equations above, the power factor of the invertek lis@nd the fundamental grid
frequency is . ThenQ andw is determined by following (3).

® O 3

(3) recommends that onlp @ requirements to be determined, where the values ahdw are
unconstrained. If the DC bus distorted ripple current is ripple free, at that point the inverter input source
should only be proposed the continuous poaed the grid lowpass filter of the capacitor must be twisted all
the vibrating power. Reliable with the change power of t#ieS§ the determination 60 hQandc can
be measured as the followieguation.

I @
o © 2 ——i0g o I (5)
Q. WEQ o (6)
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In these equations abow®, s the input source DC bus componentin In the letter case, the
cancellation distortion harmonic frequency depends on the add number of interleaving angle and interleaved
phases are utilizefll, 2 0] . Therefore, the carrier frequency of
interleaved switting mechanism is lower whereas keeping the equal input current quality that can be
develomd reduce tewitching loss of the inverter. The inverter DC bus inductds of is almost to zero
when avoiding the cancellation distortion frequency ‘®. where, @ and & are gained as the
following equations

O o o and® @

O o W [ Qg0 (8)

Figure 3 demonstrates the main waveforms of tHtSEbased oas shown in(1), (5), (7) and (8).

The inverter DC ripple voltage is kept insignificant by correctly designing the inverter input DC

bus capacitance
” v “\‘57

Figure 3. Main voltage waveforms of thePSI [1]

The predictabléllustratesof the duty cycles of inverterpper switches which ar@8 and3 as
shown in Figure 2 (a). Hence, the flywheel diodes $§ikeand$ expressed by the following (9) and (10).

o — 9)
0O — ——OBfgio 1 (10)

Based on the duty factor of the half phase inverter upper switgh tfie currents flowing through
each switch is assumed as the following Equations. When avoiding the even frequency harmonics distortion.
The current reference directions are calculatefigure 2.

N 0 - ~—OBgTo Al@ ol (11)
Q p O Q - — OBTo | . AT ol 1 (12
N0 - - 0BT | (13)
2 0 Q0 — — - oglo | (14)

In the above mention (11) and (12), the currents flowing through switche8 ligad 3 mainly
comprehend DC bus voltage, critical and even harmonic elements as shown in Figura théblater case,
(13) and (14) are represented that the currents flowing thrBugind 3 as shown in Figure 2 (a) only
consist of thaenverterinput source of DC bus voltage and grid frequency elements. As a result, a CBGSC
switches consents to gain the transfers functions vital for the proposed design &P $hec@trol of the
different parameter of thgrid-connectegower system [1419]. The consideration parameters of the inverter
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with switching controls are set that the dynamic model is same to a circuit voltage source inverter, enchanting
into justification the point of the process is operated periodic signals modifications in thef tidéHa as
exposed in Table 1.

Table 1. Considerepgarametersf the SPSI under literature

Parameters Unit Value
Solar Panel Voltaged ) \Y 170
DC Bus Voltage(§ ) \Y 342
Output Grid Voltagel{ ) Vrms 220
Fundamental Grid Frequency) Hz 50
DC Bus Inductance)( ) H 4Q
DC Bus Capacitord ) F L X'
Inverter Side Filter Inductancé () H
Grid Filter Inductancel ) H T®A
Grid Capacitord ) F 20.2/)
Switching Frequency'® kHz 25
Theresistance of dampingy() q 2A
Duty Cycle (D) % 85

4. DESIGN PROCEDURE OF A SWITCHING GATE CONTROLLER

All switching modulation topologies applicable ®PSI can be utilized in CBGSC with PWM
system becausawitches pulse synchronizes half phamerter make their outputs independentty order to
reach high efficiency, however, synchronous unpredicting PWM, which combine one phase in every
switching interval period, is desirable in this caBkis PWM system maje avoidednverter switching th
phase terminal with the optimum current magnitude, then also eliminates switching the phase terminal going
over zero crossing thus eliminates commutation disappointments. An evaluation between CBGSC with PWM
system and other PWM methods, which is a sidad carrier pulse with modulation and space vector
modulation for singlgphase twedevel switching inverter was familiar in [9]. The author [15] described that
CBGSC with PWM system not only decreases switching frequency loss, but also the input DCrippie
for series switching type of SPSI.

Figure4 denotes the CBGSC with PWM forESI that is divided into two steps. The step one upper
part is te inverter switches control that switches the inverter power modification, and the other step lower is
converter control that is in controif the inverter source voltage boosting/hereas according to Figure 4,

O are the proportiointegral (Pl) and the moving average filter. The inner current loop
regulator is complicated to accomplish the DC bus current waveform. The Pl controllers are expected by two
loops such asO and "O , respectively. The wer loop regulator of the output signal is the
reference of the inner ép which isdefined asO

Gy

— G,

WAd

_.63

Gy

Figure 4. CBGSC scheme of arPSI [13]

As mentioned earlier, a few numbers of higher frequency harmonics in the DC bus capaciter voltag
of 6 . The even frequencies harmonic elements are fed into the Pl regul&or of , and bettequality by
it. Then a large amount of even harmonic frequency distortion element is se€i@ed inFinally, over the
inner loop regulator, there is happen an abundance of low add harmonic frequéncy distorted in the inverter
source current o0 whereas no stages are employed. To reduce the low frequency harmonic distortion
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components suchsdO  andO  , the operoop rise of outer loop current af @ decreased. A moving
average filter is utilized for eliminating harmonic frequency distortion and its various harmonics in DC bus
current referencdd . Additionally, it is applied to the outer voltage loop regulatorchhcan be defined
asshown in(15) in sdomain [14]:

o) - (15)

Where,"Qis the sampling frequencyy=1 0 ¢ s , is the sampéandi gsthei me
samples number are expected by the filter in a fundamental period. Thesigmall similarity circuit and
control block diagram of Sl is represented in Figure 5. Theengoop transfer functions that relay the grid
filter inductor current withthe duty cycle ofO  and the inverter output voltage with the duty cycle
‘O are kept from the £SI dynamic models denoted.

_dl mﬁ
Gpy is) Gpetay(s) Gyas)

Gpryvisy Gmarcs)

Gias)

Figure 5. Input boost DC to DC converter control scheme [1]

According to Figure 5,$ is theduty cycleof the two-level switch of 3; 2 ~ meansthe
equivalent load oC bus voltage¢hatcan be known a8 6 w O AT O; the input filter
equvalent series resistors (ESRa)ke signified such a2 and2 . Thevariableswi t his tiie’small
trepidations from their steaestatestabilities. Therthe transfer functions are offered in (16) and (17) [20].

TheXLfis represented the duty factor of the input DC bus current transfer function are calculated as:

7

0 % 16
.o (16)

0 T 7 (17)

In the mention above Equations, i is the digital CBGSC delay effect and it is determined as

i A 8  The opeHdoop transfer functions of the outer aimsher loops are defined as following
(18) and (19).

o O © O : (18)

0 O O "0 0 (19)

Firstly, the switching frequency is selected at almost 2.5kHz to keep the open loop ddimghep
enoughfor the inner loop while the phase margin is expected to higher than 60° to sustain this loop stable.

5. GRID COUPLE LOWPASS LCL FILTER DESIGN

The conventional topological construction is illustrated in Figure 6. This method can be utilized in
singlephase P\Wrid-connected®SI. Where input DC bus voltageds , DC bus current i€0 , ¥« Y four
switches made up-BSI,0 i andd are the grid coupled thirdrder LCL output filter [15].

Design and implementation of a series switchingl$&®V cellto use it a r r {Tawfikkir Rahmahn
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Figure 6. Equivalent circuit of grid couple lowpass LCL filter [1]

The plastic internal resistances of the LCL filter are negligible. tfdmesfer functionof the grid
coupled indator current to DC bus voltage is assumed as

"0 — - (20)

0 oY BQ 0 Q0Q (21)

Then, the resonance grid lowpass LCL filtemisdewith a higher ripple current. One damping
method, a series resistor relates to the shunt capaditware the skin effect is neglectethe gridfilter is
additionalto reducehigherharmonicfrequency then aconvention filter quality depends on smadhuction
associatedvith what is expectetbecause of oscillation effects. In this case,D@&busripple can cause an
excesof the filter resonanceence, the inductors are correctly desigasdC busripple and damped to
avoidresonances. However, thardping level is measured by ttlegradatiorof the filter efficiency losses,
and cost Substantialthe value of the filteris determined as a percentage of the filter bealee by the
following (22) and (23).

) — (22)
) - (23)

Where O is the phase to phase voltage, is thefundamental grid frequency arfd‘ is the
active power of the $SI.The filter resonant frequency is shown to the switching frequealce calculated
as the given(24).

T Q7 (24)

Where, the resonant frequency)jof , the factor expresses of k and the switching frequency of
1 . Consequently, at the switching frequency of thBSS output side harmonic voltage ds Q
mand at the switching frequency of the grid harmonic voltage is "Q 1 The DC bus current ripple
flowing through the inverter output side into the microgrid side are lesdaliby the followind25).

(25)

Hence] ™ Q] 0@ 70 ,"Q is the switching frequency arit 1 1 s

the witching harmonic ordeTheripple current presented by the thisdder filter is actual only if the LCL is
correctly damped.

Finally, the first order, low orderand the higher order frequency harmonic currents get in
decomposing the inverter output current. The ripple current is reduced because of inverter side coupled
inductor which the flow through current. In the latter ¢dle filter capacitancis structuringa smallamount
of resistance to high order frequency harmonic, but the filter inductsnstucturinghigh resistance,
therefore the highe order frequency harmonic through of the filter capacitance
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B
YOO ——— (26)

At that point the port current of tHist order and low order frequency harmonic flow through grid
side filter inductance into @ower grid. The resulting concert issues arndized to validate theoutput
microgrid filter efficiency, whereaghe first three are lowwitchingfrequency pointers antthe last two are
high switchingfrequency pointerf3].

6. SPSI GRID SYNCHRONOUS METHOD

To find out the proper phase angle of grid and inverter circuit, zero crdsasgggcircuits has been
designed, with the required fundamental frequency, as shown in Figure 7. In the first step, grid reference
signal such as voltage (andb ) and current'Q and"Q) and DC bus reference signal suclvasandQ are
taken to the sampleircuit. Then, this sample circuit makes two types of signals such as DC sample voltage
which are operated the DC component circuits and sample signals which are controlled -tiresséng
circuit [22]. The zerecrossing circuit has been designed in saclay that it can detect the zemmwssing
point of phase angle and generate zeassing samples which age andd .

DC Components Circuit

=

5 Signal

(=14

n ---- s Detector Z, — Gy
g Vdeem—o s @ 10 I GZ
g ircui i PWM

£ iy Sample Circuit Crossing Z, Gs
z s . L (Fivcuit

= b Signal — G,
4 Detector

=

2 vy v, i i)

Grid Reference Signal
Figure 7. Zero crossing block diagram
Finally, these signals are passed through the PWM generator that can generate four pulses such as

"0, "0, "0 and"O by utilizing two zerecrossing sample signals [18]. Zero crossing is utilized to identify the
phase angle as shown in Figure 8.

Figure 8. Half phase PSI voltage and current [22]

D

In the zerecrossing circuit, IGBT switching pulse has changed from the turn OFF to the turn ON
state, which means changing to a high state from the low state to detect the desired phase. (27) shows that
sinusoid is a&onsideratiorunder the signal.

WO wi PO wi Q@ Q (27)

Then the phase current has been swept fromo ®0 .

Y+ — (28)

Design and implementation of a series switchingl$&®V cellto use it a r r {Tawfikkir Rahmahn



35¢ A ISSN 23029285

Y O —13 x— (29)

Where "Y is the control variable, the phase angle command to current phase isand time
response of currenttigphasds Y8

=—
Yo —(2-0) (30)
Y [n]= 20 [n]) (31)

Again,
U fFA}—When, 00 U [n] O1

Y [nl= (32)

Where S is the number of samples in the z@ossing phase command andn]=0 parallels to 0°,
while| [n]=¢  parallels to 90°. For a large n, this error can be avoided.

7. SIMULATION AND RESULTS AND DISCUSSION

For the SPSI, CBGSC with PWM method is used to synchronize the phase and frequency and
reduce the switching loss. At first, reference sinusoidal signals are created utilizing a sinusoidal oscillator
circuit. Therefore, the phase difference 21 to the signal among the sinusoidal waves is created utilizing
the phase shifter circuits. In this case, the triangular carrier wave is producdddmngalarwave circuit as
shown in Figure 9. At thatoint, separate comparator circuits are madetilze two switching signals such
as ‘0 Q"0 and utilizing two inverting circuit signals which ai® Q"0 are produced and these pulses
switching signal are operated to IGBT of thd?Sl. If the control signal is greater than zero, switths
tuned AONO as a selection switching polarityYandh the g
"Y are switched concurrently in th&/nchronouscontrol mode, alsdY and"Y is inactive. Therefore, the
synchronous gate pulse signd@sand™O are low.In the negative half cyclef the reference control signal is
higherthan zeroYi s t urned fAONO as a selection switching pol
gate pulse signabndIGBTs switchesY and"Y switched simultanagsly in this synchronous control mode.

Sinusocidal Signals

7‘L7L}\ \ A f “‘ I f\ ‘

NN L]
,.wl | | "

Carrier Triangular Signals

Reference Signal (v)

o 0.005

Figure 9. Reference sinusoidal and carrier triangular signal waveforms

So, the other switché¥ and"Y are inactive andO and"O are low. The synchronous pulse signals
produced, and its patterniikistrated in Figure 1@hatprovide an idea switching ofBSI.
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Figure 10. Separate comparator circuits sign@8QR0 ¢ ¢ ©) for SPSI

Thesimulated results are compared with the concert of {R&81Qutilizing a CBGSC which is turned
to give the maximum grid voltage. The griated line to lineRMS voltageis 230V, the DC to DC output
source voltage is + 342V, thmodulationindex is 85%the delayis 20us, thesampleis 4k/cycle and other
parameters are considered. The outer voltage loop parameters of the DC to DC conv@lter arfel.35,
ko] ~of 0.3 and the MAF is denoted as (15) whergéass 159. The inner loop curreparameters ar7§2~
of 0.99 andTQ‘ of 0.007. in addition, the synchronous control parameters of the voltage loop are
0 o oflandQ & of 0.4.

Figure 11 demonstrations that the IGBT stepponse waveform for the initial conditiofithe S
PSI when only CBGSC is assumed for the dual control loop without outer loop vditage Figure 8, it is
found that the switching delay of 10us scheming to a positive response makes a loss devetopmeent t

switching delay in 20ps. Figure Hepictedthatthe DC to DC output waveform of thieput DC bus voltage
is around 342V using dual converters.

Figure 11. The step response waveform of the IG®ifch to the initial condition
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