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Abstract — This paper presents a CCM analysis of a new switches of the same phase leg of the inverterl]3-This
modification of a three-level single phase neutrgboint-clamped  switching state is forbidden for traditional voleagource
inverter. The proposed topology combines advantagesf the inverters because it causes a short circuit of @ link
three-level neutral-point-clamped full-bridge inverter with those  capacitors. Thus, the qZSI has excellent immuniirst the
of the quasi-Z-source inverter. The three-level newal-point-  cross conduction of the top and bottom-side invest@tches.
clamped quasi-Z-source inverter is especially suitde for  The possibility of using shoot-through eliminathe heed for

renewable energy sources. The steady-state analysiSa three- dead-times without having the risk of damaging itieerter
level neutral-point-clamped quasi-Z-source inverterin the case of circuit.

the cont_inuous conduc'_[ion mode is presc_ented. The rditions of Recently, a new modification of the qZSI was prazbsa
the continuous conduction mode are obtained and ahaed. three-level neutral point clamped quasi-Z-souraeiiter (3L-
NPC gZSl). This topology combines advantages oftlinee-
level neutral-point-clamped full-bridge invertertkithose of
the quasi-Z-source inverter having the buck-boegtability
of the input voltage and the enhanced output veltagality
[12, 13].

i ) Thanks to its specific properties the 3L-NPC qZSlI i
A three-level neutral-point-clamped (3L-NPC) ineert egpecially suitable as power conditioner for theereable
(Fig. 1a) has a number of advantages over the two-levghergy systems, where the continuous conduction emod
voltage source inverter, such as lower semiconduaittage gperation (CCM) is a very important issue. Durihg CCM
stress, lower required blocking voltage capabildgcreased the input current never drops to zero, thus featurihe
dv/dt, better harmonic performance, soft switchingeduced stress of the input voltage source, whidkspecially
possibilities without additional components, higlsaitching topical in such demanding applications as poweditmmers
frequency due to lower switching losses, and baldmeutral- for fuel cells and solar panels. The opposite cabe,
point voltage. As a drawback, in contrast to the-tewel giscontinuous conduction mode (DCM) in the conwerte
voltage source inverter, it has two additional qtémg diodes ayokes additional losses in the system and incsedse
per phase-leg and more controlled semiconductdckes per gperating range of the components. It is partityleglevant
phase-leg. The 3L-NPC can normally perform onlywbkage i single phase inverters where consumption ofimsneous
buck operation. In order to ensure voltage boostafpon an power is variable, leading to variable input cutreAs a
additional DC/DC boost converter should be Useﬁhm|nput result, the CCM condition is not eas“y achievadhel has not

stage [1-2]. been observed in similar converter topologies [6, 7

To obtain buck and boost performance the focusnisio  This paper presents the steady-state analysis sihgle
quasi-Z-source inverter (qZSI, Figo)l The qZSI was first ppase 3L-NPC gzSl in the case of the CCM and dsssus

introduced in [3]. The qZSI can boost the inputtagé by some design guidelines in order to maintain the CCM
introducing a special shoot-through switching statkich is  gperation.

the simultaneous conduction (cross conduction) othb
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]

Keywords — Three-level neutral-point-clamped inverter,
continues conduction mode, quasi-Z-source inverter.
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Fig. 1. Topologies of the 3L-NPC (a), gZSI (b) 8idNPC qZSI.



Il. GENERAL DESCRIPTION ANDSTEADY -STATE ANALYSIS OF dUcs dUc, _
3L-NPCQZSI Cs ot +114-Cy ot -1.3=0, (7)
Fig. Ic illustrates the proposed topology of a 3L-NPC gZSI du du
Each leg of the 3L-NPC gZSI consists of two compatary C,—=2- €3 =, (8)
switching pairs and four anti-parallel diodes. Adtzges of dt dt
this topology over the traditional two-level vol@agource Uour =1z 2. . 9)
inverter are: continuous input current, use of sftbmugh,  An equivalent scheme for the shoot-through intesvial
lower switching losses, and balanced neutral-pattage. shown in Fig. B. Equations that describe the behavior in this
Shoot-through states are equally distributed oviee t mode are as follows:
operating period of the inverter. The inverter atpoltage dly, dl s _
has three different levels: B{U,y/2) and BIU,y in the Ui - L1T+UC1+UC4 La=y =0 (10)
positive and negative directions, whéeas the inverter boost dl
factor. The shoot-through vector is generated se@sr Uer - L,—2 =0, (11)
Finally, the shoot-though vector is mixed with atlentrol dt
signals. Ugg— L, —=2 A _g (12)
In general, the operating period of the 3L-NPC g#fSthe dt ’

continuous conduction mode (CCM) may be dividea it =13, (13)
time intervals, as shown in Fig. 2. Transistorestafor each du
time interval are depicted in Fig. 3. As it candsen, all the I, +C—<L =0, (14)
switching states can be separated into three maafesm zero
state (Fig 3), active states (Figcsh) and shoot-through state c dUcs t1.=0 15
(Fig 3b). On the other hand, active states are separatéhleo 3 La=>- (15)

three submodes. _ _ _ The first equivalent scheme for the active statghiswn in
An equivalent scheme for zero-state intervals mwshin  Fig. 3c. It corresponds to the case when the output weltag
Fig. 3a. Equations that describe the behavior of the caerve equal to half of the DC-link voltage. The middleimgtois

in this mode are as follows: clamped through the load to the high side of thelDkK
Equations (16) to (25) describe the behavior is thode:
Un-Li—= g “Ucz-Ucs—Lsg r =0, @ dl dl
' ' Un-L—-Ucy-Ucs-Ls—2=0,  (16)
di L2 _ dt dt
Uci+L, == =0, ) di
) t Ug +L,—L2 =0, (7)
dis
Ly——=+Ucs =0, 3)
dt Ly d L4 +Ucs =0, (18)
-1 ZLZL = 0, (4)
i =1, ©®) Ucz— Lo iz ~Uour =0, (19)
dUCl dUc, dt
I L1 + Cl - C2 = 0 1 (6)

to - tic tic - tn
€ f g
Fig. 2. Transistor states for each time interval.
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Fig. 3. Equivalent schemes of main operating modes

I =13, (20)
l,+C -1,,-C =0, 21
L1 1 dt L2 2 dt ( )
lo-e®a_, 20 (22
dt
dUcs dUcq
C +1,,-C -1,3=0, 23
3 dt L4 4 dt 3 ( )
du du
C,—2-C,— =241, =0,  (24)
2 dt 3 dt ZL

Uout =1z Z,. (25)

The second equivalent scheme for the active stas@own

in Fig. 3. It corresponds to the case when the output veltag

is equal to half of the DC-link voltage and the di@point is
clamped through the load to the low side of the ID&-
Equations (26) to (35) describe the behavior ia thode:

Un—Li——-Uery—Ues—L =0, 26
b= c2"Ues~ls— (26)
UC1+L2 =0, (27)
dl 4
L +Ues =0, 28
4t ca (28)
di4 _
Ucz—Uour L4 ot =0, (29)
g =1yis, (30)
|L1+C1dUC1‘|L2‘ 2dUC2=O- (31)
dUc4
I, =1, 4+C =0, 32
a~latC—g (32)
du du
C,—=+],-C,—4-1,=0, (33)
du du
Com "G 12 =0 (34)
Uout =1z Z. - (35)

The third equivalent scheme for the active stath®yn in
Fig. 3e. It corresponds to the case when the output veliag
equal to the DC-link voltage. Equations (36) to)(d®&scribe
the behavior of the converter in this mode:

di di
Ui _L1$_Ucz —Ucs ‘Lsﬁzo-

36
dt dt (36)

Uey +L =0, 37
C1 2 dt ( )
L3y, =0 (38)
4 dt c4a )
dly, dl4
Ues+Ugy, —L —Ugur L =0, (39
C3 C2 2 dt ouT 4 dt ( )
=13, (40)
,+C -1,,-C =0, 41
L1 1 dt L2 2 dt ( )
du
I =14 +C4 dc“: : (42)
t
dUCS d C4
C +1,,-C -1,5=0, 43
3 dt L 4 t ( )
du
I —C dfl—IZL=o, (44)
Uout =1z Z,. (45)

To simplify the analysis it was assumed that thpuin
capacitors and inductors are identical, thus:

L=L, L=L,, (46)
G=C, GC,=GC. (47)

The operating period of the converter in the CCMIdde

represented as

ty | Is

—+—==Dy +Dg =1.

T T V®
whereDy is the duty cycle of the non-shoot-through &ngs
the shoot-through duty cycle.

In the steady state the average voltage of thectodwver
one switching period is zero and the voltages acribe
capacitors are constant. Thus, by Eqgs. (1) to (#&)yvoltages
across the capacitors can be found:

(48)

Uci=Ucs = , 49

SR TS 49)
U|N[(Ds—l)

U =U R 50

C2TES T 4mg -2 (50)

The peak DC-link voltage is the sum of all the cajoa
voltages:
UIN

Upc =Ucp tUcp tUcg+Ucy =———.
pc =Yc1*tVYc2*tVYcz tVcs 1-2(Ds

(51)

Taking into account the maximum possible value fé t
modulation indexM=1-Dg, the boost factor of the 3L-NPC



gZSl can be estimated as

Uour_max _Upc [0-Ds) _
Uin Uin

1_ DS

B: L
1-2Ds

(52)

whereUgyr max is an amplitude value of the output voltage.

Ill. CCM CONDITION AND SOME DESIGNGUIDELINES FOR

THE 3L-NPCQZSI

In an ideal case, the DC-link voltage and the inpurrent
of the 3L-NPC gZSI are constant. The main probléms In
the floating instantaneous consuming power thatkeso
current fluctuations in the corresponding capasitoA
simplified equivalent scheme of the qZS networkhswn in
Fig. 4a. The capacitors and inductors are representedeas i
voltage and current sources, correspondingly. Tealized

operating waveforms of the 3L-NPC qZSl are shown in

Fig. 4b.

The required value of the capacitanceGafto maintain the
desired voltage ripple factdfc can be obtained using Egs.
(49), (52) and (53):

_ 2
Ke = AU _ T EPOUTZE(]- Ds) , (54)
Uer 27700 W6yT wax Ds
whereKc is the voltage ripple factor.
As a result, the capacitor can be calculated:
_ 2
C, > TDDOUT Hl DS) (55)

2rrKe mJCZJUT_MAX [(Ds

Capacitance values for capacit@@g Cs; could be defined
similarly:

TR, 1-D
C,> ouT [g s) _ (56)
2K Woyt max U

In a real system the operating waveforms are dexdoby
the ripple as shown in Figc4As it can be seen, the DC-link A decrease in speed is defined by the equivalemerses
voltage has low frequency fluctuation (100 Hz) ealsby and it depends on the load resistafiteThe rising speed
instantaneous output power. As a result, it causes depends on the inductor and capacitor voltagesieHns that
frequency input current fluctuations. Also, it skibbe noticed high frequency ripple of the current can be founahf the
that the input current has high frequency rippiés tonnected shoot-through interval.
with the high frequency shoot-through duty cycletsking. From Eq. (10) we obtain:

In order to eliminate low frequency fluctuations ihe

system it is necessary to maintain constant vodtageoss the TsDs TsDs
capacitors despite the AC component present irDi@dink Al = di L1 (it = J‘ (UIN +UC1+UC4)mt -
current. H ) 57)
Capacitor voltage ripple can be expressed as U +U +U
=@t cdy o py,
T4 20

AUCl =AUC4 =Cij.|c(t)dt=
10

where Tg is the switching period. In order to maintain the

4 (53) CCM operation of the converter the input currepple 4l ;
1 Pout G2_ T Pout should be smaller than the average input curigntThe
C1 I Upc [sin(2 [)dt = 2770, Wpe | average input current can be defined from the pdaéance:
where T is the period of the sinusoidal output voltage. RAn =Uin Oa =Rour - (58)
4 Unc “\____B—J/l\____,/,
T Uour i i Uour E
L1O [;‘2 O Inc i i i
& | | i
Iy i i
Uw( 0 vertr E ‘
Cs3 E i
L | Tls <] i 3
N A\ | :
475 network C4 ,\j / \ i

a)

b)

Fig. 4. Equivalent scheme and diagrams in the CCM.



Taking into account the CCM condition:

_ Al _U%our_max [L-2Ds)
la 21~ Dg) (L (Poyr

K, T.Ms, (59)

and from Eqgs. (49), (53) and (54) we can express:

L> U 2out_max [{L-2[Ds)
200~ Ds) K (Poyr

Ts Ds. (60)

It means that we can define the minimum value & th
inductance in order to maintain the CCM operatidntte
proposed inverter.

IV. SIMULATION RESULTS

In order to verify theoretical background several
simulations have been carried out. The first resotiver the
case with the output power of about 1 kW. Fig. bveh the
obtained simulation results, listed from top totbot: input
current and input voltage (Figap voltage across the
capacitors (Fig.®), and output voltage before and after the
filter (Fig. 5c). It is seen that inverter operates in the CCM and
capacitor voltage ripple is about 10%. The capacgavalue
selected forC;...C, was 2.5 mF and inductance value set for
L;...L, was 0.25 mH.

Next, the simulation was done for the light loadl dull
power operating points. Fig. 6 shows the input entrrand
capacitor voltage for 100 W and 5 kW (Figsa @nd b,
correspondingly). The main conclusion is that theMCis
unachievable with low output power.

It can be concluded that the capacitor value iazh system
has to be larger than analytically predicted by) (8t is
connected with power losses in the real system. Fighows
the dependences of the capacitor value that isssacg in
order to obtain a voltage ripple lower than 10%erEhare
three cases presented: first is the theoreticadigtien
assuming ideal components and other two belonbdaases
with winding resistances of the inductors of 0.1 and
0.25Q, respectively. The main conclusion is that the
capacitance value of the capacitors has to be aserk with
the losses due to the voltage drop in the DC-linkl ghe
requirement to keep the amplitude of the outputtags
constant.

[N} w
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Fig. 6. Simulation results for 100 W (a) and 5 kY output power.
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Fig.8. Experimental results for 200 W output pawer

V.EXPERIMENTAL VERIFICATION

To verify the above presented assumptions a 500 W
experimental setup was assembled. System paransetdrs
component values used in the experiment are prxbent
Table I.

TABLE |. SYSTEM PARAMETERS AND COMPONENTVALUES USED FOR THE
EXPERIMENT

Input DC voltagdJy 130 V
Output AC voltagdJour 110 V (RMS)
Capacitance value of the capacitGisC, 1160 uF
Capacitance value of the capacit6ssCs 920 uF
Inductance value of the inductdrs... L4 160 uH
Inductance of the filter inductdrp 4.4 mH
Capacitance of the filter capacitGg 240 uF
Switching frequency 50 kHz

The control system is based on the FPGA board with
EP2C5T144C8 from Altera. The ACPL-H312 drivers were
chosen for a MOSFET transistor drive. Fig. 8 presdine
experimental results. The input voltage was 130nd a
output RMS voltage was 110 V. Carrier frequency seis
to 50 kHz.

Fig. 8a shows the input current and voltage waveforms.
It can be seen that the input current is on theddror
between the CCM and DCM. The voltages across the
capacitors of the ZS network are shown in Hig&s it can
be seen, the capacitor voltages have a ripple @fita®0%.
The output voltage waveforms before and after tGefilter
are shown in Fig.8

VI. CONCLUSIONS

The proposed single phase 3L-NPC qZSl is a
combination of the quasi-Z-source inverter and tiimee-
level NPC inverter. The 3L-NPC gZSI derives advgata
from both topologies: it can buck and boost theutnp
voltage; it has excellent short circuit immunityedto the
multilevel topology the higher power density is iesfable.

In order to reduce the low frequency fluctuatiorigiee
DC-link voltage in a 3L-NPC gZSI large values ofeth
capacitors are required. At the same time it ictorally
impossible to eliminate low frequency input curreipple
completely, especially during the light load opergtpoint.
Such an effect will disappear in a symmetricalladed
three-phase system, because it is connected wigh th
consumption of floating instantaneous power in rglsi-
phase system. At the same time high frequency input
current ripple is defined by the inductance valugd a
switching frequency. Since the MOSFET transistans be
used in such topologies the switching frequencylmhigh

and as a result, the value of the inductance can be
significantly decreased.
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