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Abstract— This paper describes a new modulation techniquefa work in a discontinuous conduction mode, which esuan
single phase three-lgvgl neutral-point-cllam_ped qZEhver.ter: The  gver-boost effect and leads to instabilities [3-7].
proposed converter |s.|ntended.for applications tharequire input A three-level neutral-point-clamped quasi-Z-soviroeerter
v_oltage_ gain and hlgh quality of the output voI_tage The 3L-NPC qZSI d vV i dif f
simulation and experimental results are presentedral discussed. ( qZSl,) proposed recently _'S a new modiimato
the gZSI. The new converter combines the advantafjéise

two topologies described above.

Fig. 1 illustrates the proposed topology of a 3LEN§ZSI.
A\ three-level neutral-point-clamped (3L-NPC) inverteFach leg of the 3L-NPC qZSI consists of two cometary

has many advantages, such as lower semicondud®fitching pairs and four anti-parallel diodes. Asaalvantage,

voltage stress, lower required blocking voltage atdljty, this topology can have continuous input currerg, gbssibility
decreasedivi/dt, better harmonic performance, soft switching® use shoot-through, lower switching losses anthrioad
possibilities without additional components, higlsevitching Neutral-point voltage in comparison with the traxfial two-
frequency due to lower switching losses, and badmeutral- |€Vel voltage source inverter. .
point voltage, in contrast to the two-level voltageurce _ 1he inverter output voltage has three differentelsv O,
inverter. However, as a drawback, it has two addéi B[ﬂU[N /2) and B,y in the positve and negative
clamping diodes per phaseleg and more controllggrections, Wherg B is the inverter boost fac.toheTshoot-
semiconductor switches per phase-leg than the ewetl through vector is generated separately during ztedes.
voltage source inverter. The 3L-NPC can normallyfqen Finally, the shoot-though vector is mixed togethéh other
only the voltage buck operation. In order to ensuoiiage COntrol signals.

boost operation an additional DC/DC boost convestsuld At the same time the shoot-through switching stet@ands
be used in the input stage [1-2]. new approaches in the modulation technique in oitder

To obtain buck and boost performance the focusois a combine the boost factor with the best possibléaga quality.

guasi-Z-source inverter (qZSl). The gZSI was firdtoduced
in [3]. The gZSI can buck and boost DC-link voltaigea
single stage without additional switches.

The gZSI can boost the input voltage by introducing
special shoot-through switching state, which is the
simultaneous conduction (cross conduction) of tmtlitches
of the same phase leg of the inverter. This swilglstate is
forbidden for traditional voltage source invertdrscause it
causes a short circuit of the DC-link capacitofsug; the qZSI
has excellent immunity against the cross conduaifaop and
bottom-side inverter switches. The possibility sfng shoot-
through eliminates the need for dead-times with@uing the
risk of damaging the inverter circuit. The inputltage is
regulated only by adjusting the shoot-through deigle. In
addition, the gZSI has a continuous mode inputezur(input
current never drops to zero), which makes it egplgcuitable Fig. 1. Three-level neutral-point-clamped quasiezifge inverter (3L-NPC
for renewable energy sources (e.g. fuel cells,rsefeergy, qZsl)
wind energy etc.). The main drawback of the qZStsgoor
performance in the case of small loads and relgtilv ~ This paper is an attempt to improve the voltagelityuaf
switching frequency. In these conditions the qZ@irts to the 3L-NPC qZSI by a new modulation technique.

l. INTRODUCTION




1. NEW MODULATION TECHNIQUE

There are several pulse width modulation (PWM) témpines
that could be applied for the 3L-NPC gZSI [4], [41}#].The
core idea of these methods is presented in Figll2f them
generate the shoot-through states when the outtiaige is in

value. Operating in this way, uniformly distributeshoot-
through states with the constant width during theh output
voltage period can be achieved.

In order to compensate the average voltelge when the
shoot-through states are applied, Bgnust compensate this
situation through the change of the volta$ig. Fig. 3 _shows
how we can obtain this compensation.

the zero stateUys = 0) in order to maintain constant and During the positive semi-cycle, ld&gjhas to productlg, = -

unaltered normalized average voltage per switchpegiod
whereas the shoot-through states are carefully camdrally
added to the active states that enable the numbéigber
harmonics to be kept to a minimum.

A

T B(Upc)
B(U,./2)

n/4 a/2 3n/4 7 Sa/d4 | 3n/2 Ta/4 2n

T
Fig. 2. Output voltage waveform of the traditioshbot-through PWM for the
3L-NPC gZsl.

Using these PWM techniques for the 3L-NPC qZSl,Uke
has only two zero states per period and shoot-fir@iates
can only be placed during these two intervals £[@] and [,
5n/4]).

These techniques present some problems, such agex |
size of the passive elements, more input curreylei and
capacitor voltage disbalance.

A. Description of General Principles

Fig. 3 shows a sketch of the proposed modulation

technique.
One modulating sinusoidal wave and four triangakariers
are compared to obtain the different state$,pf,, Ts andTg

and T3, T4, T; and Tg have the complementary state of the

other, respectively.

Ug/2 more times to restore the average voltelge This is
produced throughcarrier, displacement that generates the
pulses ofTs. During the negative semi-cycle the same situation
is produced. Le® has to productlgg= +Uy/2 more times to
restore the average voltadés. This is produced through
carriers displacement that controls the pulse3of

The resulting waveform of the output voltage beftine
output filter is shown schematically in Fig.3

B. Boost Regulation Capability

In the proposed modulation technique the desireasts
reached because the shoot-through states ardodisttiwith a
constant width during the whole output voltage perand the
gZ stage is working at the maximum frequency. Fanrtiore,
by this technique we can use the ratio betweenmmtheulation
index M) and the maximum shoot-through duty cyblguax
(1) and the ratio betwedhandDs (2):

Dy wax S1-M, (1)
p=doc._ 1 ()
UlN 1_2EDS

As a result, taking into account (1) the maximunugaof
the output voltage we obtain

1

™M T ©)

u MAX_OUT = Uin

Using the maximum possible value of the modulatiatex,

the amplitude of the output voltage can be estichase
1-Dg

(1-2Ds)

Umax outr =Uin 4)

Carrier; is used to generate the shoot-through states in

comparison with a constant value that includesdibsredDs
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Fig. 3. Sketch of the proposed modulation techmigith uniformly distributed shoot-through statesl @onstant width.
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Il. SIMULATION AND EXPERIMENTAL VERIFICATION OF

THE PROPOSECMODULATION TECHNIQUE

To verify the proposed modulation technique a sipaler

The voltages across the capacitors of the ZS n&taos
shown in Fig 4. The DC-link is shown in Fight As it can be
seen, capacitor voltages are not stable enoughrder ao
provide a constant level of the DC-link voltage.

scaled experimental board was assembled. Preliminary/gitage and current across transistor T1 are shawfFig.

verification was done by help of a simulation moastembled
in the SimPowerSystems of Matlab/Simulink.

A. System Parameters

The values of the parameters of the gZS network thad
output filter are presented in Table I.

TABLE I. SYSTEM PARAMETERSUSED FORSIMULATIONS AND EXPERIMENTS

Control Unit (FPGA) Cyclone II
EP2C5T144C8
Driver Chip ACPL-H312
Input DC voltagdJy 30V

Output AC Voltagé.'ou'r 30-40 V
Capacitance value of the capacit@ss.. C, 240 uF
Inductance value of the inductdrs... L, 230 uH
Inductance of the filter inductdp 4.4 mH
Capacitance of the filter capacitGs 240 uF

Switching frequency 25 kHz

4d. At the same time the voltage and current acn@sssistor
T5 are shown in Fig.et It is shown that despite the fact that
transistors are on top of the different legs theyreot equally
loaded. This relates the modulation technique. Atiog to
the proposed algorithm, leg A is in response fdpouvoltage
sign and leg B is in response for sinusoidal wanwefof
output voltage. The output voltage waveforms betore after
the LC-filter are shown in Fig.f4 The THD of the output
voltage is about 9.5%. It is evident that in thése the quality
of the output voltage is not sufficient. It is basa of the
disbalance of the DC-link voltage caused by thevane
distribution of power consumption in the load. Thement of
time with the maximum value of the output voltage
corresponds to the maximum power consumption. Assalt,
the input current and capacitor voltage have sicgnift
fluctuations.

One of the ways to improve the quality of the otitprltage
is to increase passive element values. It is aessgre way.

The control system is based on the FPGA board wifthe other approach is to embed a shoot-througtostttat is
EP2C5T144C8 from Altera. The ACPL-H312 drivers wergqually distributed during the full duty cycle. Shinodulation

chosen for a MOSFET transistor drive.

B. Smulation Results

Our first simulation results were obtained from ase
without a shoot-through station. Fig. 4 presents rdsults of
the simulation. The simulation waveforms correspémdhe
operating point with 27 V input DC voltage and 26output
AC voltage. Carrier frequency was set up to 25 kHz.

Fig. 4a shows the input current and voltage waveforms.

technique was developed specially for our studyppses.

Our second simulation results were obtained fromase
with a shoot-through station. Fig. 5 represents shailar
results of the simulation that correspond to therafing point
with 27 V input voltage and 33 V output AC voltagehe
shoot-through duty cycleD=0.16 has the same carrier
frequency. It is evident that the input currentcieser to a
continuous mode. It should be noted that the aogsitof the
¢urrent has slightly decreased. As it can be seapacitor

can be seen that the input current has a discantmu voltages are more stable as compared to the pieciase. As

behavior.
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a result, the THD of the output voltage has imptbup to 8%.
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Fig. 4. Simulation results of NPC gZSI without skthrough states.

1.98

(f)



Uour ( )/—\
N N

1.96 167 98 799 2 196 197 1.98 1.09 2 “Pos 1.97 1.98 1.99 2
) (e) )
Fig. 5. Simulation results of NPC qZSI with thestthrough duty cycl®=0.16.
From Fig. 6 it is evident that there are some oalim
In the further investigation , focus was on the idation operation points with the highest output voltagelijy and
study of dependences between the shoot-through cwte the maximum boost factor. The highest output vatggality
versus the output voltage quality (THD) and the dtoowas achieved witlDs equal to 0.05 and the maximum boost

capability (B), shown in Fig. 6. factor was obtained witBs equal to 0.35. Also, from Fig. 6 it
20 35 is evident that the behavior of the boost factaiisilar to the
- y; L3 theoretically estimated value Eq. (4), especiallyhie domain
12 7 | 25 with a low shoot-through duty cycle value. Diffeces in the
o 12 Z. L, quantities are connected to the losses in the ooemis and
é 10 // the discontinuous current mode that is a commodeecy
L e — - L= with the gZS family converters.
6 1
i L 05 C. Experimental Results
0 : : ‘ : 0 To verify the proposed modulation technique andrésailts
0 0,1 R 04 05 of the simulation a small power laboratory prot&ywas
THD Theoretical Boost = = Simulation Boost assembled.

Fig. 6. Simulation results of the shoot-througlydiycle D versus THD and
the boost capab|l|t$
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Fig. 7. Experimental results of the NPC qZSI withshoot-through states.
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Fig. 8. Experimental results of the NPC gZSlI wtith shoot-through duty cycl2=0.16.

Experimental investigations were carried out aciogrdo improved up to 7.6%. The output voltage waveformfoie
the simulation. Fig. 7 presents the results of érperiment and after the LC-filter are shown in Figd. 8
without a shoot-through station. The input currendl voltage = The shoot-through duty cycle equalized the asymioatr
waveforms are shown in Fig.a7lt is seen that the inputswitching of the transistors that provided chargiiog the
current has significant ripple and a discontinubeisavior. boost capacitors of the drivers. As a result, thleadvior of the

The voltages across the capacit@% and C2 of the ZS converter becomes stable and predictable. In thge,cour
network are shown in Figc7 The capacitor€3 andC4 have experimental results are in good agreement with the
similar voltage diagrams. The DC-link is shown iig F. As simulation. In conclusion, it should be noted ttisd chosen
it can be seen, capacitor voltages are not stabbeigh to transistor drivers that were not used before irhgdopologies
provide a constant level of the DC-link voltage.eT¥pltage are a good solution when the shoot-through dutylecys
on the capacito€1 is dropping up to below zero. present.

Voltage and current across transistor T1 are shiowfig. The diagrams presented above show that the malyigono
7d. At the same time, the voltage and current act@sssistor lies still in the DCM that evokes fluctuations dfet input
T5 are shown in Fig.€ It is proved that despite the fact thaturrent. It is also evident that as a result of @M of the
transistors are on top of the different legs theyrat equally input current, the oscillating processes that happehe qZS
loaded. network do not evoke a constant behavior of the liDK-

The output voltage waveforms before and after tBefilter voltage. The DC-link voltage is significantly drapg during
are shown in Fig.f7 The THD of the output voltage is aboutmaximum output power consumption and rising during
14%. It is evident that in this case the qualitytieé output minimum output voltage. It has a significant infhee on the
voltage is not good enough. quality of the output voltage that can be improvby

In general, experimental results proved the expectacreasing the capacitor value.
converter behavior. The main difference lies in gight Further experimental investigation of the proposed
asymmetrical waveform of the output voltage. Itignected modulation technique was carried out according i@. 6.
with the asymmetrical switching of the transistdisevokes Dependences between the shoot-through duty cyctusehe
asymmetrical charging of the boost capacitors ef dhivers quality of the output voltage (THD) and the booapability

that were used in the experimental board. (B) are shown in Fig. 9.
Fig. 8 represents similar results with the shootlgh duty It is evident that shoot-through improves the quaiif the
cycleDg=0.16. output voltage. At the same time, with a further@ase of the

Fig. 8a shows the input current and voltage waveformss It shoot-through duty cycle boost fact®, a simultaneous
evident that the input current is on the boundagwieen the increase occurs with THD. It is additionally illusted in Fig.
CCM and DCM. Voltage and current across transistdrand 10 where output voltages before and after the Ui€rfifor
T5 are shown in Figs.dand &, respectively. The voltagesdifferent Ds are shown. The best output voltage waveform is
across the capacitors of the ZS network are showifig &. achieved with the lowedds. Its increase leads to the increase
As can be seen, capacitor voltages are more dizdntein the of the DC- link fluctuations that spoil the outpubltage
previous case. As a result, the THD of the outmltage is waveform. At the same time, it is not a drawbacktioé
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Thus, the proposed modulation technique can beciglye
beneficial in a three-phase system.
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Fig. 10. Experimental output voltage waveformshwdifferent B a) Ds=0.04; b) R=0.10; c) R=0.25.



