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Three-Phase Split-Source Inverter (SSI): Analysis
and Modulation
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Abstract—In several electrical dc—ac power conversions, the ac
output voltage is higher than the input voltage. If a voltage-source
inverter (VSI) is used, then an additional dc—dc boosting stage
is required to overcome the step-down VSI limitations. Recently,
several impedance source converters are gaining higher attentions
[1], [2], as they are able to provide buck-boost capability in a single
conversion stage. This paper proposes the merging of the boost
stage and the VSI stage in a single stage dc-ac power conver-
sion, denoted as split-source inverter (SSI). The proposed topology
requires the same number of active switches of the VSI, three ad-
ditional diodes, and the same eight states of a conventional space-
vector modulation. It also shows some merits compared to Z-source
inverters, especially in terms of reduced switch voltage stress for
voltage gains higher than 1.15. This paper presents the analysis
of the SSI and compares different modulation schemes. Moreover,
it presents a modified modulation scheme to eliminate the low
frequency ripple in the input current and the voltage across the
inverter bridge. The proposed analysis has been verified by simu-
lation and experimental results on a 2.0-kW prototype.

Index Terms—DC-AC, pulse-width modulation, single-stage,
space vector, split-source inverter, voltage-source inverter (SSI),
Z-source inverter (ZSI).

1. INTRODUCTION

OLTAGE-SOURCE inverters (VSIs) are the most com-

mon dc—ac power converters employed in any power elec-
tronic system. The VSI embraces only the buck capability with
the inversion stage, i.e., the output ac voltage cannot exceed the
available dc input voltage. This point is not an issue for many
applications with high dc rail. Meanwhile, several applications
require the output ac voltage to exceed the input dc voltage.
Hence, the use of an additional boosting stage is mandatory for
these applications such as fuel cells-based systems, which are
characterized by a low and unregulated input voltage [3]-[5].
Recently, dc—ac power converters which embrace the buck-
boost capability in a single stage are gaining attention due
to their merits compared to the two-stage equivalent in terms
of size, cost, weight, and complexity of the whole system
[6]-[10]. The most common topology in this power converter
category is the conventional Z-source inverter (ZSI) topol-
ogy, shown in Fig. 1 and introduced in [1]. This inverter
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Fig. 2. Proposed three-phase SSIL.

exploits an impedance network that comprises four pas-
sive elements in addition to a diode that carries the full
power to work as a buck-boost stage. Several topologies ex-
ist for the so-called ZSI in addition to the conventional one
shown in Fig. 1, among them the quasiZSI (qZSI) and the
current fed qZSI are introduced in [11]-[14]. Other topologies
like the switched-inductor ZSI and the switched-inductor qZSI
are discussed in [15], [16]. Moreover, the semiZSI is another
ZSI topology introduced as a low cost solution for single-phase
photo-voltaic systems [17]. Most of the single stage dc—ac power
converter topologies are reviewed in [2], while their different
modulation schemes are reviewed in [18].

The so-called ZSI requires an additional switching state out
of the conventional eight states, besides having a discontinuous
input current and utilizing four passive elements. Hence, this
paper proposes a different topology called the split-source in-
verter (SSI), shown in Fig. 2. This topology utilizes a reduced
passive element count compared with the ZSI, in addition to
a diode for each inverter leg. The advantages of the proposed
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Fig. 3.

upper switch is turned ON.

topology, compared with the ZSI, are: a continuous input cur-
rent, a standard modulation strategy that employs the same eight
states of the VSI, and a constant inverter voltage with a low fre-
quency component. This topology is derived by integrating a
boost converter into a three-phase VSI, by connecting the boost
inductor to the switching nodes of the inverter legs via diodes.
The employment of the boost converter in dc—ac power con-
version was first studied in [19], [20], where [19] studies the
possibility of making a combination from two boost converters
to get a sinusoidal output voltage. The work discussed in [20]
instead, has introduced the possibility of eliminating the boost
converter semiconductor active switch by utilizing the lower
semiconductor active switch of a single-phase VSI for power
factor correction application.

This paper is organized as follows: the analysis and modula-
tion of the proposed three-phase SSI is discussed in Section II,
where the space-vector pulse-width modulation (SVPWM) is
utilized in addition to the sinusoidal PWM (SPWM) and the
third-harmonic injected PWM (THPWM) schemes. Moreover,
Section II introduces a modification of the space-vector modu-
lation scheme to enhance the performance of the SSI, by elim-
inating the low frequency component in the inverter voltage
and the inductor current. In Section III, the conventional ZSI
is reviewed using several modulation schemes and compared to
the proposed SSI. Finally, a 2.0-kW SSI is designed, simulated,
and experimentally tested in Section IV to validate the proposed
topology.

II. THREE-PHASE SSI TOPOLOGY
A. Operation

The three-phase SSI, shown in Fig. 2, uses the same B6-bridge
of the conventional three-phase VSI, considering the same eight
states shown in Fig. 3. This inverter uses at least one of the lower
semiconductor switches, S5, Sy, and Sg, to charge the inductor
L, where seven different states exist as shown in Fig. 3(a)—(g).
Meanwhile, it uses only one state to discharge this inductor
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Switching states of the three-phase SSI neglecting the load conditions (a) State 000 and Vg, = 0 (b) State 001 and Vi, = 0 (c) State 010 and Vg, = 0
(d) State 011 and Vi = 0 (e) State 100 and Vgy, = 0 (f) State 101 and Vi = 0 (g) State 110 and Vi, = 0 (h) State 111 and Vi, =

inv, Where “1” means the

and charge the inverter dc link capacitor, as shown in Fig. 3(h).
The charging of L can be done considering three semiconductor
switches as shown in Fig. 3(a), or two semiconductor switches
as shown in Fig. 3(b), (c), and (e), or one semiconductor switch
as shown in Fig. 3(d), (f), and (g). Fig. 3 shows that the employed
diodes in this topology suffers from different commutations
during one switching cycle.

B. Modulation

This section discusses the modulation schemes of the pro-
posed three-phase SSI topology. The SVPWM scheme is con-
sidered first, then the standard sinusoidal and third-harmonic
injected modulation schemes are analyzed. Moreover, the effect
of biasing the reference signals of these modulation schemes is
discussed and applied on the third-harmonic injected modula-
tion scheme, to show its merit over the unbiased case in terms
of voltage stresses.

1) SVPWM Scheme: The operation of the three-phase SSI
described before does not require any special pulses to be
generated or modifications of the standard modulation schemes
of the VSI for its basic operation. Hence, the same modulation
schemes of the VSI are applied to the SSI in this paper, where
the SVPWM, whose equivalent reference signals are shown
in Fig. 4 [21], [22], is utilized to explain the idea behind the
basic modulation of the SSI. In Fig. 4, 6 = wt, where w; is
the fundamental angular frequency.

According to Figs. 3 and 4, the inductor L is charged when
at least one of the reference signals is smaller than the carrier
signal. The explanation can be simplified by considering a vir-
tual envelope representing the negative peaks of the reference
signals, where the operation of the SSI is as follows; when
this envelope is smaller than the carrier signal, the inductor is
charging as shown in Fig. 3(a) to (g), and when this envelope is
larger than the carrier signal, the inductor is discharging and the
capacitor is charging as shown in Fig. 3(h).

2) Other PWM Schemes: Other standard PWM schemes,
like the SPWM and the THPWM, can be used with the proposed
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signals for two switching cycles, where M=0.6, the frequency modulation index My =13, ¢, is the inductor discharging time during one switching cycle, and ¢,

is the inductor charging time during one switching cycle.
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Fig. 5. Other possible modulation schemes for the three-phase SSI (a) Standard SPWM scheme with M=0.8 (b) Standard THPWM scheme with M=0.8

(c) BTHPWM scheme with M=0.4, where the third-harmonic component is 1/6 the fundamental one and the frequency modulation index My =9.

inverter topology. Moreover, the effects of biasing the reference
signals of any modulation scheme are investigated with
reference to the THPWM modulation. Hence, three additional
modulation schemes are analyzed in this section: SPWM,
THPWM, and the biased THPWM (BTHPWM). The reference
signals of these modulation schemes are shown in Fig. 5.

C. Mathematical Derivation

1) SVPWM Scheme: The inductor L of the SSI is charged
with a duty cycle D, where D = t,,/(t, +t,) being t, and ¢,
defined in Fig. 4. For the SVPWM scheme discussed in [21]
and [22], considering the modulation index M definition shown
in Fig. 4, D is related to M by

D(Q)Z;{l—MSin<9—2;r>} (1)

where 0 < 0 < ”; Based on (1) and Fig. 4, the duty cycle D is
not constant, as it varies with a low frequency equals to six times
the fundamental frequency. This variation is higher in the case
of the SPWM scheme, where D varies with a low frequency
equals to three times the fundamental frequency with higher
amplitude. The duty cycle variation of the SVPWM is bounded
by Dyin and Dy, .« given by

0.5+ @ 2)

M
05+ % 3)

Dmin =

Dmax =

The inductor is charged with an average duty cycle D, given
by

3M
D,y =054+ —. 4)
2
Based on the inductor flux balance and the capacitor charge

balance, the normalized average inverter voltage % is given
by
VEnv 1
=— )
VDC 1-D av
where, Vpc is the input dc voltage. Substituting (4) in (5) yields
Viney _ 2m
VDC o ™ — 3M '
From (6), the normalized output fundamental peak phase

Vo -
voltage 7o 18

(6)

V(/)l o 27’1’ M
Voo V3r—3V3M
Finally, the selection of the inductor should consider the high
frequency and the low frequency current components due to the
switching and the duty cycle variation, respectively. This is done
by finding high-frequency ripple for the inductor current Al
and the capacitor voltage AV, ; given by

DVpe
ALy = = l}f (8)
(1-D)Ipc

fsC

(N

A‘/iIlV h — (9)
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Fig. 7. Equivalent reference signals of the MSVPWM scheme.

The low-frequency terms in both input inductor current and
inverter voltage are caused by the duty cycle modulation, given
by (1). The low-frequency inductor voltage ripple, assuming
constant inverter voltage, is given by |Vz,| = (1 — D(0))Vipy.,
while the low-frequency capacitor current ripple, assuming con-
stant inductor current, is given by | I, | = (1 — D(0))Ipc. Now,
in order to estimate the low-frequency ripple components, only
the fundamental terms of |Vz, | and |I¢, | are considered, which
are proportional to the fundamental term of Fourier series of
D(0)

oM
D = —. 10
1= g (10)
Thus,

Dl Vvinv M‘/Env
Al ~ = 11
U 6w L T0m2fi L (n

DiIpc MIpc
AV ~ = 12
7 6w C T TOR2fiC (12)

Under worst conditions, the low-frequency ripple is added
to the high frequency one; thus, the required inductance and

capacitance are given by

- ]\Iwnv Dmax VDC (]3)
T 0m fLALL f.AIL
AfIDC (1 - Dmin)IDC
~ 14
7077—2 fl A‘/;HV + fs AV;nv ( )

where, Al;, = Al + Al and AV, = AVine; + AVines,-

2) Other PWM Schemes: The mathematical equations for
the SPWM, the THPWM, and the BTHPWM modulation
schemes are introduced in this section, where the duty cycle
(D) and its average value (D,,) of each modulation of these
modulation schemes can be determined by

M
0.5~ =-sin(6) — SPWM
D(# 0.5 — %{sinw) + lSin(3(9)} = THPWM
O=1""7 6
M M 1
— —{sin(0) + =sin(360 = BTHPWM
2L in(0) + goin(a0)}

(15)
where T < ¢ < 1T and M is modulation index shown in
Fig. 5,

% + KM = SPWM
1 3
D=4 =+ M — THPWM (16)
2 27
l 3
— M = BTHPWM.
2 om
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Meanwhile, the normalized inverter and output fundamental —where, K is a constant given by

peak phase voltages can be determined by 33
An e = SPWM
S —— = SPWM _ g
27 — 3v/3M K= /i 3 @D
v ) SLZATVO L 2 THPWM, BTHPWM
inv 77 367 357
= = THPWM 17
Vbe T —3M and D,,i,, and D, are the minimum and the maximum values
9 of the duty cycle given by
—— X = BTHPWM
21 — (m+ 3)M %+%M = SPWM
2tM
T = SPWM 1 2v3
2 — 3\/§M Dmin = 5 + 9 M = THPWM (22)
Vs 2 M
o) T — THPWM 18 1. 2v3
Voo~ | VBr_3v3M (18) {2+9 M = BTHPWM
2m M
i — BTHPWM 1 1
2V3m — (7 + 3)V3M 5 +5M = SPWM
for these modulation schemes.
Finally, the inductor and the capacitor values can be calculated Dipax =4 1 n 1 M = THPWM (23)
considering the same steps as before. The result is 22
KMViyy  DmaxVbe M = BTHPWM.

L =~ + (19)
6 fi AL 2fAL Note that, the low-frequency ripple components in case of

KMIpc (1 = Dpin)Inc 20 the THPWM and the BTHPWM schemes have been calculated
~ 6r FLlAVin, 2fs AViny (20) considering the lowest two harmonics of the Fourier series of
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TABLE I
INPUT/OUTPUT RELATIONS OF THE ZSI USING THE COMMON MODULATION SCHEMES [1], [23], [24]

Simple-boost PWM  Maximum-boost PWM

Constant-boost PWM

Normalized shoot-through time (T#T ) 1-M 1- Sf]u 1-— @
s T
. . Vinv ™ 1
Normalized inverter voltage [ —— —_ - - -
¢ (Vnc> 2M -1 3vV3M — 7w V3M —1
V., M M
Normalized output peak phase voltage ( V; 2 ) m 203 \/ziM e Q(ﬁM —

TABLE II
CURRENT STRESSES IN THE DIFFERENT SWITCHES OF THE SSI AND THE ZSI

SSI 7SI
21 AT
Upper IGBTs Inax = I Inax = % + o1
Upper
I AT
freewheeling Tnax = % + 141 Imax = 151
diodes
21 AT
Lower IGBTs Inax = I + AIp + I, Tnax = % + I,
Lower
freewheeling Tmax = Ip1 Tnax = Ip1
diodes
Addit _ -~ Ts
itional Tnax = 17 + AL Thax = {IL}/{I—(T—)}
I s
diode(s) I, = & I =11

3

(15) because they have comparable amplitudes. As a worst con-
dition, the two harmonic amplitudes have been simply summed
together and they yield the two terms in the K definition
of (21).

It is worth noting that the low-frequency component using the
SPWM scheme is very high compared with the SVPWM due to
two main reasons: the first one is the order of the low-frequency
component, which is six times the fundamental component using
the SVPWM scheme and three times the fundamental compo-
nent using the SPWM scheme, while the second reason is the
lower duty cycle variations for the SVPWM scheme, which re-
sults in a lower low-frequency component amplitude. The ratio
between the low-frequency component in the inductor current
using the SPWM scheme and its equivalent using the SVPWM
scheme can be calculated from the low-frequency terms in (13)
and (19) to be 7.58. The same ratio exists for the low-frequency
component in the inverter voltage neglecting the high-frequency
term.

D. Modified SVPWM (MSVPWM) Scheme

The low-frequency component in the inductor current and the
inverter voltage using the aforementioned modulation schemes
is important. This low-frequency component can be eliminated
by fixing the duty cycle D. This can be done by recalling the
switching pattern of the SVPWM scheme during any sector
shown in Fig. 6(a), where T is the sampling time, 7, and 7}, are
the two equivalent active states times, and 7, is the zero states

Z8I (Simple-boost PWM)
18 ZSI (Maximum-boost PWM) -
— 7 S| (Constant-boost PWM)
16 —— SSI (SVPWM, SPWM, THPWM)
—— SS| (BTHPWM
14 ssi ) g
= w= == SS| (MSVPWM)
12 + 4
g Less
2,10 | voltage
E stresses
>
8 [ mode
s
6l
4 F
2
Boost mode
.
) L L L L L L
0 1.5 2 25 3 35 4 4.5 5
VOIIVDC
Fig. 10.  Viyv /Vbc versus V1 /Vp ¢ for the ZSI and the SSI considering the

different modulation schemes of both inverters.

equivalent time. Hence, redistributing the zero states equivalent
time without affecting the active states time is the key point. The
discharging time ¢, of the inductor L is fixed to the minimum
value of the zero state equivalent time 7, , given by

ty =1Tm = T@ {1 — 2Msin (%)}

during any sector as shown in Fig. 6(b), where the remaining
zero states time is assigned to the other zero state.

By making ¢, = T,,,, the biasing, discussed before, is au-
tomatically achieved as shown in Fig. 7, where the reference
signals using this modification are showed. Fig. 7 shows that
the lower virtual envelop is constant, where the duty cycle D is
now fixed and equal to M.

The normalized inverter and output fundamental peak phase
voltages can now be calculated by

(24)

Vinv 1
1%Ye 1-M (25)
Vi1 M

P~ = . 26
Vo V3(1-M) .

Finally, the inductor and capacitor values can be calculated,
as in the boost converter, by considering only the switching
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TABLE III
DESIGN STEPS OF THE 2.0-KW SSI
5 Required M Vinw D Required L Required C
a4 4 I e R G N B 1)
[ [ (D, [ [ [
[ [ [ [ [ [
(a) (7) 105892 | (6) 1 457 % i %‘7759216’ 107813 | (13) 1 31| (14) 1 866
[ [ 4), ! [ [ [
> <| N \ \ . 0.6701, | \ \
® > o] # o E| s | 0.6804 45T | 6y, 1 0.8402 1 07813 153 | 380
— 2| o [ [ [ : [ [
Sla| SR x2S | | (22), | 0.7268, | | |
© S| S| S| ™| as) 05892 | (7) 457 | S8 (oue 07813 | (19) | 42 | @0) | 15222
| | 70.6562, | | |
[ [ [ > [ [
(d) 1 0.7415 | 363 oals ) 07248 40 241
e (26) 1 07293 | (25) ! 369 | - ! 07293 ' 0.7293 | 27) | 1.46 | (28) ! 733
(a) SVPWM (b) SPWM (c) THPWM (d) BTHPWM (e) MSVPWM
Inverter voltage Output line currents Inductor current
465 15 - 25
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> 455 ~ 5 = g
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Fig. 11. MATLAB/Simulink model results with different modulation schemes. From left to right: inverter voltage, output line currents, and inductor current

waveforms. From top to bottom: SVPWM, SPWM, THPWM, BTHPWM, and MSVPWM.
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switches using PLECS toolbox.

frequency ripple given by (8) and (9) with D = M, i.e.,

_ MVWpc
L = F.ALL 27
(1—M)Ipc
— /P 2
O fﬁ'AViHV ( 8)

E. Modulation Schemes Comparison

To compare between these different modulation schemes, the
normalized inverter voltage Vi, /Vpc is shown versus the nor-
malized output fundamental peak phase voltage V1 /Vpc in
Fig. 8(a). Meanwhile, the duty cycle variation AD is shown in
Fig. 8(b) versus the normalized output fundamental peak phase
voltage V1 /Vp for four modulation schemes out of five, as
the MSVPWM scheme has no duty cycle variations. AD is
calculated based on the minimum duty cycle (D,,;,) and the
maximum duty cycle (Dy,ax)-

Fig. 8 shed the light upon two important points: the first one
is the higher duty cycle variation for the SPWM compared to
the other modulation schemes, which calls for higher values
of the passive elements for the same inductor current and in-
verter voltage low-frequency components, and the second point
is the reduced switch voltage stress using the BTHPWM and
the MSVPWM schemes, which is the main merit behind the
biasing. The less voltage stresses using the BTHPWM and the
MSVPWM schemes is the result of a reduced zero state interval
shown in Fig. 3(a) as this state increases the charging time of the
inductor. Hence, the active states, which controls the output volt-
age are mainly controlling the inverter voltage with negligible
contribution of this zero state.

III. CURRENT AND VOLTAGE STRESSES COMPARISON

This section shows the current and voltage stresses of the
proposed topology using the SVPWM scheme versus the corre-
sponding stresses of the conventional ZSI considering its com-
monly used PWM schemes. The boosting function in the ZSI

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 11, NOVEMBER 2016

is accomplished using the impedance network, shown in Fig. 1,
which requires an extra zero state, called the shoot-through state,
added to the conventional eight states of the VSI to add the boost-
ing capability. This extra state is achieved by gating the same
semiconductor switches on the same leg simultaneously, which
could be fulfilled using seven methodologies; gating one leg
per time, gating two legs simultaneously, and gating the three
legs simultaneously [1]. If the shoot-through state is fulfilled
by gating the three legs simultaneously, the current through all
the switches is two times the inductor current that equals the
dc average current. Hence, each semiconductor device of the
B6 bridge should withstand a current of (% + I41). Mean-
while, the bottom switches in the SSI should carry a current of
(I, + I1), while the upper switches of the SSI should carry a
current of (% + Iy1).

There are three common PWM schemes employed for the
ZSIintroduced in [1], [23], and [24]. These modulation schemes
use additional envelops to generate the shoot-through state as
shown in Fig. 9, where the difference between these modula-
tion schemes is the shape of the employed envelop. The first
modulation scheme introduced in [1], called the simple boost
PWM scheme, has the reference signals shown in Fig. 9(a). This
PWM scheme has the two constant envelops equals the peaks of
the sinusoidal reference signals. The second modulation scheme
introduced in [23], called the maximum-boost PWM scheme,
uses the positive and the negative peaks of the sinusoidal ref-
erence signals to generate the desired envelops as shown in
Fig. 9(b). Finally, the third modulation scheme introduced in
[24], called the constant-boost PWM scheme, uses the equa-
tions given by (29) and (30) to generate the desired envelops
as shown in Fig. 9(c). The normalized output fundamental peak
phase voltage and the normalized inverter voltage as a function
of the modulation index M are summarized in Table I for the
three modulation schemes

M(\/§+sin(927r)> 0<g<Z
UB = 3 32 (29)
i iy
M si — << —
sin(0) 3 <0< 3
. 2 m
Msm<9— ) 0<0<—
LB = 3 32 (30)
M(sin(6) — v/3) ggegg.

Finally, the current stresses in the different switches of the
SSI and ZSI are summarized in Table II, where, I, and I,
are the maximum and average currents in each single switch
respectively, while 75t is the shoot-through state equivalent
time.

The normalized inverter voltage Vi,,/Vpc against the nor-
malized output fundamental peak phase voltage Vi /Vpe is
shown in Fig. 10 for the ZSI and the proposed topology con-
sidering different modulation schemes for both topologies. This
figure shows an important merit for the proposed topology over
the ZSI, which is the reduced voltage stresses for voltage gains
higher than 1.15.
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TABLE IV
PARAMETERS OF THE EXPERIMENTAL 2.0-KW SSI

Vbe Liitger Cfilter Rigad fs h M L (mH) C (uF)
SVPWM scheme 0.5892 32 120
SPWM scheme 0.6804 7.9 590
THPWM scheme 100.0 V 1.0mH 600uF 1350Q 10.0kHz  50.0Hz  0.5892 4.3 170
BTHPWM scheme 0.7415 43 170
MSVPWM scheme 0.7293 1.6 120

IV. 2.0-KW SSI: SIMULATIONS AND EXPERIMENTAL RESULTS

A. Design Procedure

This section shows the design steps of a 2.0-kW SSI, where
the SSI is assumed to be fed from a fuel cell stack with a
nominal voltage of 100 V. The design steps are elucidated in
Table III. The selection of the inductor and the capacitor of the
SSI is accomplished based on the desired current and voltage
ripples in both elements, respectively, using (13) and (14) for
the SVPWM and using (19) and (20) for the remaining PWM
schemes, considering an inductor current ripple of 25% and
a capacitor voltage ripple of 2%. The same table shows that
the use of the MSVPWM scheme reduces the switch voltage
stresses while maintaining the same output voltage amplitude,
and requires lower passive component values compared with
the other modulations schemes, where the selection of the pas-
sive elements is accomplished based on the desired current and
voltage ripples as before using (27) and (28).

B. Simulation Results

A MATLAB/Simulink model has been built to simulate
the operation of the designed 2.0-kW system using the ana-
lyzed modulation schemes. The simulation results are shown in
Fig. 11, where the inverter voltage, the output line currents, and
the inductor current waveforms are reported. These simulation
results verify the analysis of the proposed topology using the
different PWM schemes and shed the light upon the merit of
the MSVPWM, in terms of reduced passive elements as well as
reduced switch voltage stress.

The proposed SSI is simulated using the PLECS toolbox to
calculate the switching and conduction losses of the semicon-
ductor devices, where the modeled IGBTs are FGW50N60HD
for the lower devices, and IRGIB15B60KDI1P for the upper
devices, and the modeled diode is VS-30EPHO6PbF for the ad-
ditional input diodes.

The obtained switching and conduction losses of the switches
as a percentage of the output power, for different output power
values using the SVPWM and the MSVPWM schemes, are
showed in Fig. 12, while SPWM and THPWM modulation
schemes revealed almost the same losses as the SVPWM one and
the BTHPWM gives almost the same losses as the MSVPWM.
This figure shows the advantage of using the MSVPWM mod-
ulation scheme also from the conversion efficiency point of
view.

Fig. 13.

SSI Experimental Prototype.

C. Experimental Results

This section reports the experimental measurements taken on
a 2.0-kW prototype designed according to the presented proce-
dure. The inverter feeds a star-connected resistive load through
an LC filter, whose parameters are summarized in Table IV.
The same table reports the values of the input inductor and the
inverter capacitor employed with each investigated modulation
scheme together with the modulation index used to obtain the
same output phase voltage of 110VRMS.

Fig. 13 shows the experimental setup, while Figs. 14 and 15
report the main waveforms recorded with the different modula-
tion schemes. Comparing the measurements with the theoretical
expectations, we observe a lower inverter voltage (roughly 10%)
in the prototype, which is caused by both converter losses and
the large deadtime used in the switch driving signals. Moreover,
the residual low-frequency oscillation in both inductor current
and inverter voltage visible in the MSVPWM waveforms can be
ascribed to an input voltage ripple.

The experimental results shown in Figs. 14 and 15 shed the
light on the value of the low-frequency component in the in-
ductor current and the inverter voltage using the conventional
modulation schemes. This low-frequency component is very
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Fig. 14.  Experimental results of the proposed SSI with a time scale of 5 ms/DIV (a) SVPWM scheme (b) SPWM scheme (c) THPWM scheme (d) BTHPWM
scheme.
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Fig. 15. Experimental results of the proposed SSI using the MSVPWM
scheme with a time scale of 5 ms/DIV.

high in the SPWM scheme compared with the other modulation
schemes, which makes it practically difficult to use the SPWM
scheme due to the high passive components requirements us-
ing this scheme. On the other hand, this undesired component
is eliminated using the MSVPWM scheme, where much lower
passive elements are required compared with the other modula-
tion schemes.

V. CONCLUSION

This paper proposes a different single-stage dc—ac power con-
verter called SSI. This inverter has some merits compared with

the other single-stage dc—ac power converters, which can be
summarized as follows:

a) shorter commutation path compared with the ZSI;

b) the same standard modulation schemes of the VSI;

c) the same eight switching states of the VSI;

d) the same number of active switches as the VSI;

e) continuous input current.

Moreover, this paper showed the different modulation
schemes for the proposed SSI, in addition to introducing a mod-
ified modulation scheme to enhance its performance by elimi-
nating the low-frequency component in the inductor current and
the capacitor voltage through a different allocation of the zero
state of the SVPWM modulation. This provision, automatically
causes the biasing of the modulation signals that proved to be
helpful in reducing the switch voltage stress. On the other hand,
the proposed SSI suffers from higher diode commutations.

The proposed SSI has been theoretically analyzed and veri-
fied using a MATLAB/Simulink model. A 2.0-kW experimental
prototype has been implemented to validate the theoretical anal-
ysis.
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