
Received 13 January 2024, accepted 13 February 2024, date of publication 19 February 2024, date of current version 26 February 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3366931

A Comparison Analysis of a New Switched-
Inductor and Conventional Split Source
Inverter Structures
MOHAMED A. ISMEIL 1, (Member, IEEE), AHMED ABDELALEEM 1,
AHMED ISMAIL M. ALI 1, (Member, IEEE), M. NASRALLAH 1,
HANY S. HUSSEIN 2, (Senior Member, IEEE),
AND ESSAM E. M. MOHAMED 1, (Member, IEEE)
1Electrical Engineering Department, Faculty of Engineering, South Valley University, Qena 83523, Egypt
2Electrical Engineering Department, Faculty of Engineering, King Khalid University, Abha 61411, Saudi Arabia

Corresponding author: Ahmed Abdelaleem (ahmed.abdelaleem@eng.svu.edu.eg)

This work was supported by the Deanship of Scientific Research at King Khalid University through a Large Group Research Project under
Grant RGP2/179/44.

ABSTRACT Several impedance source converters are receiving more attention currently due to their
bucking-boosting capability in a single conversion step, reduced system cost, size, footprint, and control sys-
tem complexity compared to dual-stage structures. This paper introduces a comparative analysis of a recent
Split Source Inverter (SSI) topology and one of its modified versions which is called Switched-inductor Split
Source Inverter (SL-SSI). Obviously, the SSI structure advances many features compared to the conventional
Z-Source (ZSI), and quasi-Z-Source Inverters (qZSI) such as minimized component voltage and current
stress for single-stage voltage boosting properties. In addition, the mathematical modulation of the SSI
and SL-SSI are analyzed for inverter power elements design and selection strategy, and control system
simplification. The theoretical operation of the two topologies is investigated and analyzed considering the
Sinusoidal Pulse-width Modulation (SPWM) strategy. The SSI and SL-SSI are designed for 10 kW system
ratings and implemented using Opal RT OP5410.

INDEX TERMS Voltage source inverter (VSI), single-stage converter, split source inverter (SSI), switched-
inductor (SL).

NOMENCLATURE
SSI Split Source Inverter.
SL-SSI Switched-inductor Split Source Inverter.
ZSI Z-source Inverter.
qZSI quasi-Z-Source Inverter.
SPWM Sinusoidal Pulse-width Modulation.
VSI Voltage Source Inverter.
DC-L-C DC-link Capacitor.
SDSI Split Delta Source Inverter.
ASSI Active Split Source Inverter.
THD Total Harmonic Distortion.
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I. INTRODUCTION
Power electronics converters are essential components in
facilitating the power conversion process, where their ben-
eficial characteristics make them highly required to replace
earlier systems. Moreover, considering the significance of
renewable energy, several studies have concentrated on
renewable system converters [1]. The most popular DC-AC
power converters used in power electronic systems are Volt-
age Source Inverters (VSIs) [2], [3]. However, voltage buck
capability is only considered in the VSI with the inversion
stage. Numerous applications utilizing high DC rails do
not exhibit any issues at this juncture. A recommendation
exists that the AC output voltage should transcend the DC
input voltage. Consequently, in these scenarios, an additional
boosting stage is necessary [4], [5]. However, using a separate
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DC-DC boost converter necessitates a second switching
device, which augments the system’s overall footprint and
cost, and reduces its efficiency. Due to its advantages over
the dual-stage counterpart in respect of cost, volume, weight,
and system intricacy, there has been growing interest in
DC-AC power converters that integrate buck-boost function-
ality within a single-stage operation [6], [7], [8]. Various
impedance-based inverter structures are presented in this
respect).) [9], [10]. The conventional design of a Z-source
inverter (ZSI) is the dominant topology within this class of
power converters [11], [12]. A new configuration derived
from the Z-source inverter is referred to as the quasi ZSI
(qZSI) [13], [14]. Nevertheless, these configurations come
with certain drawbacks, including discontinuous input DC
current andDC-link Voltage. Furthermore, as the voltage gain
increases, there is a corresponding rise in voltage stress. Addi-
tionally, the need for extra shoot-through states to achieve
boosting purposes can complicate the controller design.

In recent developments, alternative Split Source Inverter
(SSI) setups have been introduced for both three-phase [15],
[16] and single-phase applications [17]. These configurations
include the standard VSI along with a boosting inductor and
a DC-link Capacitor (DC-L-C), as illustrated in Fig. 1 for the
three-phase design and Fig. 2 for the single-phase variant. The
SSI concept relies on a sequential process: first, the boosting
inductor is charged using the input source, then the DC-L-C is
charged using both the input source and the boosting inductor.
Subsequently, the VSI converts the elevated DC voltage into
AC power. Also, the SSI configuration exhibits numerous
enhancements compared to ZSI and qZSI, including reduced
reliance on passive components, sustained input current,
consistent DC-link voltage, the need for only eight states
like the conventional VSI, thus eliminating the requirement
for shoot-through states, and its ability to function with any
modulation technique.

The SSI has been adapted to function as a three-level
inverter by incorporating a flying capacitor bridge, aimed
at reducing voltage stress on the switches [18], [19], and
also by using the diode clamped bridge [20]. The MOSFET
was initially employed in the single-phase SSI as described
in [21], later undergoing modifications to reduce the number
of switching devices, as discussed in [22]. Subsequently,
it found application in a standalone PV system, as detailed
in [23]. In [17] a different structure has been represented,
where it is conceivable to utilize a common-cathode dual-
diode package instead of two separate diodes to reduce
parasitic inductance in the commutation track of these diodes,
furthermore, the difficulty of high-frequency commutation
in these input diodes has been solved. Another structure,
which is called Active SSI (ASSI), is presented in [24],
It substitutes the two clamping diodes in SSI with reverse-
blocking switches, resulting in more controllability in the
topology. Another topology derived from the SSI is identified
as Split Delta Source Inverter (SDSI) [25], which aims to
enhance the DC voltage gain. In [26], a switched-inductor is
employed in conjunction with the SSI to achieve the boosting

FIGURE 1. Three-phase split source inverter (SSI).

function, and the switched-inductor-capacitor is implemented
in [27].

This paper seeks to investigate the conventional SSI and
modified SL-SSI inverter structures considering a 10kW sys-
tem power rating with implementing Sinusoidal Pulse-Width
Modulation (SPWM). In addition, the mathematical mod-
eling of the proposed systems has been investigated for
inverter components design, after illustrating the modulating
operation of both structures. The number of passive compo-
nents, the operatingmanner, the design specifications, and the
power quality are the main objectives of the comparison dis-
cussion. Moreover, the efficiency and power loss distribution
of the SL-SSI have been compared with the conventional SSI
under output power variations. Hence, the paper highlights
can be summarized as follows;

• Studying and investigating conventional SSI compared
to the SL-SSI considering the same power ratings
(10kW).

• Mathematical modelling of the SSI and SL-SSI struc-
tures.

• Power loss contribution and efficiency of both convert-
ers are conveyed.

• A comparative analysis of the SL-SSI and SSI has been
established.

The following is how this paper is structured: part II indicates
the operation, design, and results of a 10 kW SSI system, part
III indicates the operation, design, and results of a 10 kW SL-
SSI system, part IV points to the power loss calculation of
both configurations, part V shows a comparative study, then
the conclusion. The systems are validated using the real-time
device Opal-RT OP4510.

II. THREE-PHASE SPLIT SOURCE INVERTER
A. OPERATION
The conventional structure is as depicted in Fig. 1, the DC
source is connected to the three-phase bridge inverter via an
inductor and three diodes. Also, the DC-L-C is connected in
parallel with the three-phase bridge. The SSI inverter config-
uration is similar to the VSI and considers eight operational
states as described in TABLE. 1 and depicted in Fig. 3. The
input source charges the inductor when any of the lower
switches is ON-stated as depicted in Fig. 3.1-7. Obviously,
both the input source and the inductor charge the DC-L-C
when all the upper switches are ON-stated simultaneously
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FIGURE 2. Single-phase split source inverter (SSI).

as depicted in Fig. 3.8. Therefore, the DC input voltage is
boosted and then converted to AC by the H-bridge circuit.
One of the main advantages of the SSI is that it can be used
with any modulation scheme. In this paper, the SSI inverter
is investigated and tested using SPWM as depicted in Fig. 4.

B. SSI INVERTER’S MATHEMATICAL MODELLING
The inductor L of the SSI inverter is charged with a duty cycle
of D, that can be mathematically expressed as follows,

D =
tx

tx + ty
(1)

where, tx is the inductor charging time and ty is the discharg-
ing time. The minimum duty cycle Dmin can be delivered
from,

Dmin =
1
4
M +

1
2

(2)

where, M is the modulation index, the maximum Duty cycle
Dmax can be delivered from,

Dmax =
1
2
M +

1
2

(3)

The average duty cycleDavg can be represented as follows,

Davg =
3
√
3

4π
M +

1
2

(4)

During the charging period, the inductor voltage VL equals

VL = VDC (5)

where, VDC is the input DC voltage.
During the discharge period,

VL = VDC − VC (6)

where, VC is the DC-LC voltage.
By applying the inductor voltage balance,

D · VDC + (1 − D) (VDC − VC ) = 0 (7)

Hence,

VC =
VDC
1 − D

(8)

Therefore, the SSI inverter boosting factor B can be formu-
lated as follows,

B =
1

1 − D
(9)

TABLE 1. States of the conventional three-phase SSI.

By substituting the average duty cycle in (8)

VC = VDC ·
4π

2π − 3
√
3M

(10)

The peak of the output fundamental phase voltage Vpp can
be indicated by,

Vpp = VDC ·
2π.M

2π − 3
√
3M

(11)

Therefore, the overall inverter voltage gain g can be indi-
cated by

g =
2π.M

2π − 3
√
3M

(12)

The required inductance L and capacitance C values can
be indicated from [15],

L ≈
DmaxVDC
2fc1IL

+
KMVC
6π ff 1IL

(13)

C ≈
(1 − Dmin)IL
2fc1VC

+
KMIL

6π ff 1VC
(14)

where, ff and fc are the fundamental and carrier frequency
consecutively, 1IL is the inductor current ripple, and 1VC is
the DC-L-C voltage ripple.
K is a constant, its value depends on the modulation tech-

nique, and it is equal to 3
√
3

8π for SPWM.

C. SYSTEM DESIGN
The SSI inverter design process for a 10.0 kW power rating
is analyzed in this part of the paper. It is anticipated that
the SSI inverter is supplied from a battery with a nominal
voltage of 100V. TABLE 2 explains the design process. The
inductor is chosen to be 8mH and the DC-L-C is chosen to
be 120µF , these values; which are determined using (13)
and (14); depend on the acceptable and required current and
voltage ripples in each element consequently. The design
limitations for the inductor current and the DC-L-V voltage
ripples are 20%, and 3%, respectively. The peak output volt-
age is considered as 220

√
2V at a fundamental frequency

of 50Hz, and the carrier frequency is 2.5 kHz. The output
load is considered an RL load. The values of the modulation
index, minimum, maximum, and average duty cycle; which
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FIGURE 3. The switching states of three-phase SSI.

FIGURE 4. Sinusoidal pulse-width modulation (SPWM).

are determined using (1), (2), (3), and (4); are 0.8718, 0.7177,
0.9354, and 0.8708 respectively.

D. RESULTS
The system is validated using the Opal-RT device OP4510,
The SPWM technique and the proposed converter are
designed using MATLAB/Simulink, RT-LAB block sets, the
host PC to OP4510 interface, real-time to Simulink sets and

the OP4510 to oscilloscope interface, where Fig. 5 illustrates
the system schematic and the system photograph has been
depicted Fig. 6. Fig. 7 shows the input inductor current, where
the zoomed part shows that the average value is 100 A with
upper and lower peaks at 110 A and 90 A, consecutively, that
coincide with the aforesaid current ripples limitations of 20%.
Fig. 8 illustrates the DC-L-C voltage, where the mean value is
approximately 714 V and fluctuates between 725 and 705 V .
Obviously, the voltage ripples follow the system design lim-
itations with 3% voltage ripples. Fig. 9 depicts the AC load
current waveforms confirming the appropriate filter of the AC
side for this structure. Fig. 10 shows the different harmonic
orders (even harmonics) of the load current indicating the fun-
damental component and Total Harmonic Distortion (THD)
in the output current. In addition, Fig. 11 depicts the SSI
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TABLE 2. The design elements of a 10 kW SSI system.

FIGURE 5. Real-time system block diagram.

system results, input inductor current, capacitor voltage, and
the three-phase grid sinusoidal currents on the oscilloscope
screen.

III. THREE-PHASE SWITCHED-INDUCTOR SPLIT SOURCE
INVERTER
A. OPERATION
The switched-inductor is utilized with a lot of inverter
topologies for increasing the DC voltage gain as with ZSI
in [28], [29], and [30], with qZSI in [31], and [32], and
with SSI [26]. The conventional inductor is replaced with
a switched-inductor in the modified Switched-Inductor Split
Source Inverter (SL-SSI) architecture, as depicted in Fig. 12.

The switched-inductor differs from the conventional induc-
tor by its two different states, the first is that the two included
inductors are connected in parallel when the diodes da, db
are forward-biased and dc is reverse-biased, the second state
is that the two inductors are connected in series when the
diodes da, db are reverse-biased and dc is forward-biased. The
operating behavior of the switched-inductor can be used with
single-stage inverters to increase the DC boosting gain.

As mentioned before the SSI has two main switching
states, charging and discharging, the same occurs in SL-SSI.
TABLE. 3 and Fig. 12 describe the switching states in detail.
When any of the lower switches is ON-stated the input source
charges the switched-inductor which acts as two parallel
inductors to decrease the overall inductance as depicted from
Fig. 13a to Fig. 13g, when all upper switches are ON-stated
simultaneously the input source and the switched-inductor
charge the DC-L-C, in this state the switched-inductor acts

FIGURE 6. The system using Opal RT OP4510.

FIGURE 7. The input inductor current of the 10 kW SSI system.

as two series inductor to increase the overall inductance, and
the charging level consequently as shown in Fig. 13h.

As SSI, SL-SSI can be used with any modulation scheme.
In this paper, SL-SSI is examined with SPWM.

B. MATHEMATICAL DERIVATION
SL-SSI has the same maximum, minimum, and average duty
cycle as in SSI, which are mentioned in (2), (3), and (4). The
main difference is that during the charging period,

VLa = VLb = V = VDC (15)

where, VLa , and VLb are the inductors La and Lb voltage.
During the discharge period,

VLa + VLb = 2V = VDC − VC (16)

When implementing the inductor voltage balance,

D · VDC +
1
2

· (1 − D) (VDC − VC ) = 0 (17)

Hence,

VC =
1 + D
1 − D

· VDC (18)

VOLUME 12, 2024 28017



M. A. Ismeil et al.: Comparison Analysis of a New SL and Conventional SSI Structures

FIGURE 8. The DC-L-C voltage of the 10 kW SSI system.

FIGURE 9. The three-phase output current waveforms of the 10 kW SSI
system.

FIGURE 10. The total harmonic distortion (THD) of the output phase
current of 10 kW SSI system.

Hence, the boosting factor BSL

BSL =
1 + D
1 − D

(19)

When comparing BSL with the boosting factor in SSI in (9),
this clarifies the increase in the boosting factor as depicted in
Fig. 14.

FIGURE 11. The oscilloscope screen photograph of the 10 kW SSI system.

FIGURE 12. Three-phase switched-inductor SSI (SL-SSI).

By substituting the average duty cycle in (18)

VC = VDC ·
6π + 3

√
3M

2π − 3
√
3M

(20)

The peak of the output fundamental phase voltage Vpp can
be indicated from

Vpp = VDC ·
M
2

·
6π + 3

√
3M

2π − 3
√
3M

(21)

Therefore, the overall inverter gain gSL can thus be indi-
cated from,

gSL =
M
2

·
6π + 3

√
3M

2π − 3
√
3M

(22)

The desired inductance La, Lb and capacitance C magni-
tudes can be indicated from [26],

La = Lb ≈
DmaxVDC
4fc1IL

+
KMVC

12π ff 1IL
(23)

C ≈
(1 − Dmin)IDC

4fc1VC
+

KMIDC
12π ff 1VC

(24)

where, IDC is the input DC current and 1IL is the ripple in
the inductor current.

C. SYSTEM DESIGN
The SL-SSI inverter design process for a 10.0kW power
rating is analyzed in this part of the paper. The SL-SSI is
designed to be powered by a battery with a nominal voltage
of 50 V . The design process is described in TABLE 4. Thus,
the SL-SSI’s inductors and capacitor are selected based on
the required current and voltage ripples in each element.
The inductor current ripple is limited to 20%, while the
capacitor voltage ripple is limited to 3%. After using (23)
and (24), the chosen inductor values are 3.5 mH , and the
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FIGURE 13. The operational states of three-phase SSI.

TABLE 3. The operational states of the SL-SSI.

chosen capacitor value is 1200µF. The peak output voltage is
considered as 220

√
2V, the fundamental frequency is chosen

as 50Hz, and the carrier frequency is chosen as 2.5 kHz.
The output load is considered an RL load. The determined
values of the modulation index, minimum, maximum, and

average duty cycle are 0.8873, 0.7218, 0.9437, and 0.8669
respectively.

D. RESULTS
This section shows the verification of the SL-SSI inverter
system, where Fig. 15 displays the current waveform through
a single inductor. Obviously, it validates the inductor design
limitations with a 20% current ripple. Fig. 16 displays the
capacitor voltage, where the average value equals approxi-
mately 701 V and fluctuations are between 710 and 609 V
considering peak-to-peak voltage ripples of 2.5%, which
follows the passive elements design limitations. Fig. 17
shows the three-phase output sinusoidal current waveforms,
which exhibit reduced THD sinusoidal current waveforms
compared to SSI, with lower high-frequency oscillation
that mitigates the requirements for a rigidly and high-cost
designed filter at the AC side. Fig. 18 shows the different
harmonic orders (even harmonics) of the load current wave-
forms indicating the fundamental component and THD of the
output current. Similarly, Fig. 19 depicts the inductor current,

VOLUME 12, 2024 28019
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FIGURE 14. The difference between the boosting factor in SSI & SLSSI.

TABLE 4. The design elements of a 10 KW SL-SSI system.

capacitor voltage, and three-phase load current waveforms
captured on the oscilloscope screen.

IV. POWER LOSS MODEL OF SSI & SL-SSI
The losses incurred by the switches in a converter primar-
ily consist of conduction and switching losses. At lower
switching frequencies, conduction losses take precedence.
Conversely, at higher switching frequencies, switching losses
becomemore significant. In the case of an IGBTwith an anti-
parallel diode, both the transistor and the diode contribute to
conduction losses due to their on-state resistance and on-state
reverse voltage. These specific parameters can be extracted
from the device datasheet and, even though they may exhibit
some variation with temperature, they can be treated as con-
stants for the sake of simplification. Considering the on-stated
reverse voltage of the transistor as Vs and that of the diode
as Vd . Also Rs, and Rd is the transistor and diode internal
resistance respectively. The mean conduction losses of the

FIGURE 15. The input inductor current of the 10 kW SL-SSI system.

FIGURE 16. The capacitor voltage of the 10 kW SL-SSI system.

FIGURE 17. The three-phase output current waveforms of the 10 kW
SL-SSI system.

transistor and diode PsCond ,P
d
Cond can be expressed as

PsCond =
1
T

∫ T

0

(
Vs + Rs · iβ (t)

)
· i(t) · dt (25)

PdCond =
1
T

∫ T

0

(
Vd + Rd · iβ (t)

)
· i(t) · dt (26)

where T is cycle duration, β is the transistor constant, and i(t)
is the current via the transistor or the diode.
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FIGURE 18. The total harmonic distortion (THD) of the SL-SSI output
current.

FIGURE 19. The oscilloscope screen of the SL-SSI system.

FIGURE 20. The total power losses profiles of the SSI and SL-SSI inverter
structures under different load conditions.

FIGURE 21. Efficiency profiles of the SSI and SL-SSI under load power
variation.

The overall conduction losses can be articulated as

PCond_tot = PsCond + PdCond (27)

FIGURE 22. Power loss distribution chart of the SSI at 10-kW.

FIGURE 23. Power loss distribution chart of the SL-SSI at 10-kW.

The switching losses represent the dissipated power in each
switch and diode throughout the ON and OFF states. These
losses can be derived for an individual switch or diode and
then extrapolated to encompass the necessary quantity in the
proposed Inverters. Supposing a linear variation in voltage
and current throughout ON and OFF intervals, the switching
losses of the nth switch can be expressed as:

PON =
1
T

∫ tON

0
v (t) · i (t) · dt =

1
6

· Vswitch · I · tON

(28)

POFF =
1
T

∫ tOFF

0
v (t) · i (t) · dt =

1
6

· Vswitch · I · tOFF

(29)

where, tON and tOFF represent the ON and OFF durations,
respectively. VSwitch and I denote the voltage and current
flowing via the switch before and after the ON or OFF
actions. Consequently, the comprehensive switching losses
can be expressed as:

PSwitchs =

NMOSFET∑
nth

(PON + POFF ) (30)

where, NMOSFET represents the necessary quantity of MOS-
FETs in the inverter. The switching losses in diodes are
neglected as diodes are considered soft switching devices.

The average total losses of the inverter is

PLoss_tot = PCond_tot + PsSwitch (31)
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TABLE 5. Comparison between three-phase SSI topology and three-phase SL-SSI.

TABLE 6. Comparison between a 10 kW SSI system and a 10 kW SL-SSI system.

Using the above equations and implementing them on both
proposed configuration at each switching state in different
load conditions, the average power loss and efficiency of
the inverters can be calculated as depicted in Fig. 19 and
Fig. 20 respectively. The figures depicts a slight advantage
for SL-SSI over SSI in total power losses. The detailed losses
for SSI and SL-SSI are depicted in Fig. 22 and Fig. 23
respectively.

V. COMPARATIVE STUDY
This section provides a comparative analysis between the
conventional SSI and SL-SSI same power rating and using
SPWM considering the number of diodes, inductors, capaci-
tors, total inductance during charging and discharging states,
average duty cycle, boosting factor, and voltage gain, respec-
tively, as listed in Table 5. Obviously, the conventional SSI
structure shows reduced diodes and input passive components
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number, however, it offers a reduced boosting factor com-
pared to the SL-SSI. In addition, the inductance of the SSI
input inductor is higher than that of the SL-SSI, which
reduces the inverter footprint. The numerical comparison
between the SSI and SL-SSI structures considering the same
power ratings (10-kW) is portrayed in Table 6. Ultimately, the
former comparison confirms the efficacy of the single-stage,
3, SL-SSI structure for high boosting factor and small-size
applications.

VI. CONCLUSION
This paper introduces an analytical study and compari-
son of the split source and Switched-inductor split source
inverter structures (SSI & SL-SSI). Hence, it compares the
former structures considering the rated power of 10 kW sys-
tems and using sinusoidal pulse-width modulation (SPWM).
In addition, this paper studied the design procedures of both
inverters, mathematical modelling, and loss modelling of
both structures considering the same power rating. Moreover,
the former systems have been implemented using Opal-RT
OP4510 and the results coincide with the theoretical and pre-
dicted calculations. The comparison shows that the SL-SSI
offers a comparatively higher voltage boosting capability,
and enhanced power quality operation compared to the SSI.
On the other side, the SSI structure shows a reduced passive
elements number and reduced ripple in the total input current
compared to the SL-SSI.
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