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Abstract—Split-source inverters (SSIs) have recently gained 

much attention as single-stage boost inverters due to their 

advantages compared with their other counterparts, such as the 

Z-source inverters (ZSIs). This paper extends the topology of the 

basic SSI to multiphase systems. It focuses on a five-phase 

topology as an application to a five-phase drive system. The 

power circuit and operating principles of the analyzed topology 

are introduced. Moreover, a modified space vector modulation 

(MSVM) scheme is developed to eliminate the low-frequency 

ripples in the input current. In addition, detailed analysis and 

graphical evaluations of input and output current ripples are 

presented. Finally, simulation results based on PLECS have 

been conducted to show the viability of the presented analysis 

and theoretical study of the five-phase SSI. 

Keywords—Split-source inverter, multiphase machines, pulse 

width modulation. 

I. INTRODUCTION  

Multiphase machines have thrived recently as a 
replacement for their three-phase counterpart due to their high 
reliability, inherent torque ripple reduction, and the resultant 
reduction in the power electronic devices required for their 
operations [1]. These advantages make them perfect 
candidates for critical system applications like variable speed 
drives (VSD), wind energy, and ship propulsion [1]-[3]. Most 
of the studies in VSD focus on utilizing the voltage source or 
current source inverters (VSI/CSI), in addition to matrix 
converter (MC) as power supplies for these machines [4]. The 
VSI and matrix converter operate only in a bucking mode, 
Therefore, we need to use additional circuits to increase the 
voltage gain. These circuits increase the system cost and 
reduce overall efficiency [5]. On the other hand, the CSI 
operates in the boosting mode, but it is complex in 
implementation and needs more passive elements [6].  

Recently, single-stage topologies have been developed to 
replace the conventional architectures due to their superior 
features in terms of the overall system complicity, size, 
weight, and the capability to perform both bucking and 
boosting actions. In the last few years, the multiphase Z-
source inverter (ZSI) has been gaining increasing attention 
[7],[8]. It offers additional advantages compared with the 
conventional VSI and CSI. Although the multiphase ZSI 
works as a buck-boost inverter, its output voltage magnitude 
varies accurately in a narrow range by controlling the shoot-
through duty ratio [7]. An alternative topology to the ZSI is 
proposed in the last few years; the Split-source inverter (SSI). 
The SSI topology offers potential superior features compared 
with ZSI, which can be summarized as follows [9]: 

• It has continuous input current and dc-link voltage. 
• It has lower voltage stresses across the switches for high 

voltage gains (i.e., for low input voltage sources). 
• It requires a lower passive component count. 
• It uses the same switching states as the standard VSI, 

which uses a different state for shoot-through. 

Compared with the two-stage architecture, no additional 
active switch is required in the SSI. However, the SSI suffers 
from some demerits, such as rapid commutations for the input 
diodes, and higher current stresses for the lower switches [10], 
[11]. 

This paper introduces a five-phase SSI topology with a 
modified space vector modulation (MSVM) scheme. In the 
proposed MSVM scheme, different distribution of the zero 
vectors than that of conventional SVM for five-phase VSI is 
utilized. Accordingly, the input current ripple and the required 
passive elements for the boosting action are reduced. This 
paper also assesses the quality of output current waveforms 
due to the MSVM scheme and compares it with the classical 
VSI. It is important to note that the output current ripple 
affects the motor copper losses at switching frequency, motor 
torque ripple, the motor current total harmonic distortion 
(THD), and insulation breakdown. It should be minimized to 
improve the drive system efficiency [12]. 

The rest of this paper is organized as follows: the topology 
and mode of operation of the five-phase SSI are presented in 
section II. The PWM technique is introduced in section III. 
Section IV presents the ripple analysis. Finally, simulation 
results are explained in section V. 

II. FIVE-PHASE SPLIT-SOURCE INVERTERS 

A. Topology 

The five-phase SSI topology is shown in Fig. 1. This 
topology is acquired by combining a dc-dc boost converter 
into the VSI bridge (B10). This can be done by connecting a 
boost inductor, 𝐿 to the midpoint of each leg of the inverter 
(𝑎, 𝑏, … and 𝑒) via the forward diodes (𝐷1-𝐷5).  

B. Operation 

Since the five-phase SSI uses the five-phase VSI bridge, 
therefore, it utilizes the same switching vectors (𝑉𝑜 − 𝑉31), 
shown in Fig. 2 [13]-[16]. The inductor, 𝐿, and the diodes of 
Fig. 1 are used to boost the supply voltage to the desired dc-
link voltage at the capacitor, 𝐶.  

  

Fig. 1.  Five-Phase SSI topology. 
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 It is important to note that the five-phase SSI uses the 
switching vectors 𝑉𝑜 − 𝑉30 to charge the input inductor, while 
the remaining zero vector 𝑉31  is used to discharge the 
inductive energy to the dc-link capacitor. The equivalent 
circuits of both inductive charging and discharging modes are 
shown in Fig. 3(a) and (b). 

1) Inductive Charging Mode: The charging mode can be 

obtained by switching ON at least one of the lower switches 

in the B10 bridge. In this case, the voltage at the output of the 

dc-side is zero (i.e.  𝑣𝑖𝑛𝑣 = 0 ) due to the short-circuit, as 

shown in Fig. 3(a). As a result, the inductor 𝐿 is charged.  

2) Inductive Discharging Mode: The discharging mode 

only occurs when all the upper switches in the B10 bridge are 

turned ON. In this case, the inductor 𝐿  will discharge its 

energy in the capacitor 𝐶 via the antiparallel diodes of the 

upper switches. Hence, the voltage at the dc-side equals the 

capacitor voltage (i.e. 𝑣𝑖𝑛𝑣 = 𝑉𝑐), as shown in Fig. 3(b). 

C. Boosting Factor and AC Voltage Gain 

As in the basic SSI topology, the ratio between the dc-link 
voltage, 𝑉𝑑𝑐 (capacitor voltage) to the supply voltage, 𝐸 in the 
analyzed five-phase SSI is defined as the dc-boosting factor 
𝛽, which can be expressed as follows [9] 

𝛽 =
1

1 − 𝐷𝑎𝑣
 (1) 

where 𝐷𝑎𝑣  is the average dc-boosting duty cycle of the 
inductive charging interval during the complete switching 
period, 𝑇𝑠.  

Finally, the output ac voltage gain (G) is governed by  

𝐺 =
�̂�1
𝐸
=

𝛽𝑀

2 sin(𝜋 5⁄ )
=

𝑀

2 sin(𝜋 5⁄ ) (1 − 𝐷𝑎𝑣)
 (2) 

where �̂�1 is the peak value of the fundamental component of 

the output phase voltage, and 𝑀 is the modulation index. 

III. PROPOSED PWM TECHNIQUES FOR FIVE-PHASE SSI 

The five-phase SSI can be modulated via any of the modulation 

schemes of the five-phase VSI, which include the switching 

zero vector, 𝑉31 ,  necessary for the discharging mode of 

operation in this topology. However, a regulated approach is 

applied in this paper to give a decoupled relation between the 

dc-boosting duty cycle, 𝐷, and ac-side modulation index, 𝑀.  

The SVM modulating signals for the five-phase SSI can be 

mathematically represented as [13] 

 𝑣𝑗 = 𝑣𝑗
∗ + 𝑣𝑧𝑠𝑠 (3) 

where 𝑣𝑗  is the duty cycles of the modulating signals, 𝑗 =

𝑎, 𝑏, … , 𝑒  and 𝑣𝑗
∗  are the sinusoidal reference signals, which 

are shifted by 2𝜋𝑛/5 as given in (4), 

 𝑣𝑗
∗ = 𝑘2𝑀 cos(𝜔𝑡 − 2𝜋𝑛 5⁄ ) , 𝑛 ∈ {0 − 4} (4) 

where 𝑘2  is a constant equal 1/(2 sin(2𝜋/5)), and 𝜔 is the 

line frequency in rad/sec, while 𝑣𝑧𝑠𝑠 in (3) denotes the zero-

sequence signal (ZSS) that is selected to obtain different SVM 

schemes, such as Sinusoidal Modulation (SM), Fifth Harmonic 

injection Modulation (FHM), Symmetrical SVM (SYM), and 

MSVM. The ZSS, in each case, is governed by 

 𝑣𝑧𝑠𝑠 =

{
 
 

 
 
𝐷𝑎𝑣 ∀ SM

𝐷𝑎𝑣 − 𝑘2𝑀 cos𝜔𝑡 ∀ FHM

𝐷𝑎𝑣 −
1

2
𝑘2(𝑣min + 𝑣min) ∀ SYM

𝐷𝑎𝑣 − 𝑘2𝑣min ∀ MSVM

 (5) 

where 𝑣𝑚𝑎𝑥 and 𝑣𝑚𝑖𝑛 are maximum and minimum envelop of 

all the sinusoidal reference signals of (4), respectively. It is 

worth noting that the modulation index of any modulation 

technique should be limited by one. 

This paper focuses on the MSVM scheme, which leads to a 
constant dc-side current ripple. For the sake of illustration, 
Fig. 4 shows the duty cycles of the modulating signals of the 
MSVM scheme of five-phase SSI, which is governed by (3) 
for 𝑀=0.75. The generation of the switching pattern for the 
first sector of the five-phase SSI is shown in Fig. 4. As 
observed from Figs. 5 and 6 in the first sector, 𝑣𝑎 > 𝑣𝑏 >
𝑣𝑒 > 𝑣𝑐 > 𝑣𝑑. Therefore, the minimum voltage is 𝑣𝑑. Thus, 
the five-phase duty cycles are given by 

 

{
 
 

 
 
𝑣𝑎 = 𝑘2(𝑣𝑎

∗ − 𝑣𝑑
∗) + 1 − 𝑀

𝑣𝑏 = 𝑘2(𝑣𝑏
∗ − 𝑣𝑑

∗) + 1 −𝑀

𝑣𝑐 = 𝑘2(𝑣𝑐
∗ − 𝑣𝑑

∗) + 1 −𝑀
𝑣𝑑 = 1 −𝑀

𝑣𝑒 = 𝑘2(𝑣𝑒
∗ − 𝑣𝑑

∗) + 1 − 𝑀

 (6) 

Fig. 5 shows the generation mechanism of the switching 
pattern in sector-1 of the five-phase SSI. Due to the symmetry, 
only the first half of the switching period is explained. The 
duty cycles of the resulted active (𝛿16, 𝛿24, 𝛿25, 𝛿29) and zero 
vectors, 𝛿𝑧  (𝛿0  and 𝛿31 ) in this switching pattern can be 
determined based on the volt-second balance concept by   

 

  

 

 

 (a) Inductive charging (for states 0-30). 

 

 

(a) 𝛼 − 𝛽 subspace. (b) 𝑥 − 𝑦 subspace.  (b) Inductive discharging (for state 31). 

  Fig. 2.  Space Vector Model Five-phase SSI [14].   Fig. 3.  Operating Modes of Five-phase SSI.  
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Fig. 4.  Duty cycles of the modulating signals of 5-phase SSI for M=0.75 
for one complete period.  

 

 

 

{
 
 
 

 
 
 
𝛿0 = 𝑀(1 − sin(𝜔𝑡 + 2𝜋 5⁄ ))

𝛿16 = 𝑘2𝐿𝑀 sin(𝜋 5⁄ − 𝜔𝑡)

𝛿24 = 𝑀 sin(𝜔𝑡)

𝛿25 = 𝑀 sin(𝜋/5 − 𝜔𝑡)

𝛿29 = 𝑘2𝐿𝑀 sin(𝜔𝑡)

𝛿31 = 1 −𝑀
𝛿𝑧 = 𝛿0 + 𝛿31

 (7) 

Fig. 6 shows the variations of these duty cycles for sector 1. 

 

Fig. 5.  Generation of the switching pattern in sector-1 of the MSVM 

scheme for the five-phase SSI. 

 
Fig. 6.  The duty cycles variations during sector -1 for M=0.5. 

It’s worth seeing from (7) and Fig. 6 that the duty cycle of 
the discharging mode, 𝛿31 is constant during the sector. This 
will lead also to fixing the duty cycle of the charging, 𝐷, which 
is equal to the sum of all remaining duty cycles in a switching 
period and can be determined by 

𝐷 = 𝛿0 + 𝛿16 + 𝛿24 + 𝛿25 + 𝛿29 = 1 − 𝛿31. (8) 

Hence  

𝐷𝑎𝑣 = 𝐷 = 𝑀. (9) 

From (1), (2), and (9), the dc-boosting and ac inverter gain are 

𝛽 =
1

1 − 𝑀
& 𝐺 =

𝑀

2 sin(𝜋 5⁄ ) (1 − 𝑀)
 (10) 

Fig. 7 shows a graphical correlation between the modulation 
index and dc-boosting factor for the same voltage gains.  

It can be observed that the five-phase SSI will operate at a 
wide range of modulation indices and has a directly 
proportional relationship between the gain and modulation 
index. i.e., a higher modulation index leads to higher gains. It 
represents one of the significant merits of this inverter 
because, at a higher modulation index, a lower THD of the 
output is achieved. 

IV. CURRENT RIPPLE ANALYSIS OF FIVE-PHASE SSI 

This section introduces an analytical analysis of the dc-
input current ripple, error voltage vector, and output Harmonic 
Distortion Flux (HDF) which is related to the output current 
ripple of five-phase SSI based on the MSVM scheme.  

A. DC Ripple and Design of Passive Components  

The inductor currents ripple of the five-phase SSI topology 
can be evaluated as in the basic dc-dc boost-converter. This is 
owed to fixing the charging and discharging intervals (𝑇1 and 
𝑇2 ) of a given modulation index, which is obtained by 
applying the MSVM scheme.  

During the inductive charging mode of Fig. 3(a), the inductor 
current is given by 

 𝑖1 = 𝐸 𝐿⁄ ∙ 𝑡 + 𝐼1 (11) 

where 𝐼1 is the initial current in charging mode. During this 
mode, the inductor current rises, and the inductor voltage will 
be positive, as shown in Fig. 5. 

The inductor current during the discharging mode of Fig. 3(b) 
is given by 

 𝑖2 = (𝐸 − 𝑣𝑑𝑐) 𝐿⁄ ∙ 𝑡 + 𝐼2, (12) 

where 𝐼2 is the initial current in discharging mode. For a stable 
operation, the inductor current must fall and therefore the 
inductor voltage goes to a negative value, as shown in Fig. 5. 

 
Fig. 7.  Modulation index and boosting factor versus the ac-gain of the 
MSVM scheme for the five-phase SSI. 
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Assuming high-frequency switching operation, the peak-to-
peak inductor current ripple and the dc-link capacitor voltage 
ripples as follows 

 

{
 

 Δ𝐼𝐿 = 𝐼2 − 𝐼1 =
𝐸

𝐿

𝐷𝑎𝑣
𝑓𝑠

=
𝐸

𝐿

𝑀

𝑓𝑠
,

Δ𝑉𝐶 = 𝐼𝑑𝑐
1 − 𝐷𝑎𝑣
𝐶𝑓𝑠

= 𝐼𝑑𝑐
1 −𝑀

𝐶𝑓𝑠
.

 (13) 

It can be observed from (13) that, the inductor current and 
capacitor voltage ripples are inversely proportional to their 
respective (L/C) values and the switching frequency. 

B. AC Current Ripple 

The analysis of the peak current ripples in this paper is based 
on the space vector approach [14]-[16]. Due to symmetry, 
only the first sector in 𝛼𝛽 plane is examined. Fig. 8(a) shows 
how the error voltage vectors between the reference �̅�∗ and 
the actual space vectors, �̅�𝑘  (𝑘  is the vector number) are 
generated. The same approach can be used for the 𝑥𝑦 plane. 
However, a zero-reference space vector is assumed in this 
case. It can be observed that the error vectors depend on the 
modulation index,  and the angle  and are defined as [14] 

 Δ�̅�𝑘(𝑀, 𝜃) = �̅�𝑘 − �̅�
∗(𝑀, 𝜃) (14) 

In this approach, the output current ripple, Δ𝑖𝑜  is evaluated 

from the Harmonic Distortion Flux (HDF), Δ𝜆̅, as follows [13] 

 Δ𝑖𝑜 = (1 𝐿𝜎⁄ )Δ𝜆̅ (15) 

where 𝐿𝜎  is the equivalent motor inductance, which can be 
determined in the case of induction motor drives from the 
stator leakage inductance 𝐿1, rotor leakage inductance 𝐿2, and 
magnetization inductance, 𝐿𝑚 as follows [14] 

 𝐿𝜎 = 𝐿1 +
𝐿2𝐿𝑚
𝐿2 + 𝐿𝑚

 (16) 

The HDF, Δ𝜆̅ is defined as the error vector between reference 
and actual space vectors during one switching period. It can 
be also called harmonic flux trajectory and is determined from 

 Δ𝜆�̅� = Δ�̅�𝑘(𝑀, 𝜃) ∙ Δ𝑡 (17) 

here Δ𝑡 is the switching period and �̅�∗, �̅� are the reference and 
actual switching space vectors, respectively.  

It is worth noting that, Δ𝜆̅  is time-dependent and it is a 
function of 𝑀, and 𝜃. In the case of five-phase inverters, the 
HDF should be calculated for both 𝛼𝛽 and 𝑥𝑦 subspaces. 

Assuming zero initial condition for the harmonic flux at the 
beginning of the switching period, Figs. 8(b) and 8(c) show 
the harmonic flux trajectory in both subspaces for M=0.75 and 
𝜃 = 18𝑜 . To give a fair comparison, Fig. 9 shows the 
trajectory of the harmonic flux for both five-phase VSI and 

SSI. It is worth noting that the VSI is modulated by the 
conventional SVM, while SSI is modulated by the MSVM 
scheme. Based on (17), the mean-square value of the HDF in 
𝛼𝛽 and 𝑥𝑦 planes over a sampling interval (0 ≤ 𝑡 ≤ 𝑇𝑠) is 

 
Δ𝜆̅𝑎𝑏𝑐𝑑𝑒−𝑀𝑆

2 (𝑀, 𝜃) = ∫ Δ𝜆�̅�
2 𝑑𝑡

Ts

0

 (18); 

Hence the per-fundamental cycle HDF, Δ𝜆𝑎𝑏𝑐𝑑𝑒−𝑀𝑆𝑓
2  is  

 
Δ𝜆𝑎𝑏𝑐𝑑𝑒−𝑀𝑆𝑓

2 (𝑀) =
5

𝜋
∫ Δ𝜆𝑎𝑏𝑐𝑑𝑒−𝑀𝑆

2  𝑑𝜃
𝜋/5

0

. (19) 

Fig. 10 shows the total HDF for both five-phase VSI and SSI 
topologies. The HDF is highly affected by the modulation 
index and modulation scheme. From Figs. 9 and 10 the 
following conclusions can be made: 

• Due to the symmetrical distribution of the zero vectors in 
the classical SVM of VSI, symmetrical harmonic flux 
trajectories are observed from the 𝛼𝛽 plane of Fig. 9(a)-
(c), while there are some asymmetries in the MSVM for 
SSI because of the level shift approach, as shown in Fig.9 
(d)-(f). However, the same trajectories are obtained in the 
𝑥𝑦 plane, as shown in Fig. 9(g)-(l). This is owed to the zero 
references on this plane. 

• The HDF for SSI is significantly higher than that of the 
VSI in 𝛼𝛽-plane, especially for the low modulation index, 
but it is the same in the 𝑥𝑦-plane due to the zero reference, 
as shown in Fig. 10(a), and (b). 

• The HDF is approximately equal for both VSI and SSI at 
M=1, as can be seen from Fig. 10(c). This is owed to the 
elimination of the level shift effect on the modulating 
waveforms of SSI topology. 

• Even though higher current ripples are obtained in the SSI 
than in the traditional VSI, the SSI performs a boosting 
action in addition to the dc-ac inversion and therefore, no 
need for an additional dc-boosting stage. 

V. SIMULATION RESULTS  

Based on the aforementioned analysis, a PLECS 
simulation model has been implemented for a 1-kVA five-
phase SSI topology. The inverter is loaded by a five-phase 
inductive load and supplied from a constant dc-source. The 
simulation study aims to give a comparative assessment with 
VSI to prove the superior performance of the SSI with the 
proposed scheme. Table I lists the simulation parameters. 

Fig. 11 shows the waveforms of the output phase voltage 
and the corresponding voltage and current ripples. On the 
other hand, Fig. 12 shows the input dc-current drawn from the 
supply.  

 

  
(a) Generated error voltage vectors in 𝛼𝛽 

subspace 
(b) harmonic flux trajectory for M=0.75, 𝜃 =

18𝑜 in 𝛼𝛽 plane 
(c) harmonic flux trajectory for M=0.75, 𝜃 =

18𝑜 𝑥𝑦 plane 

Fig. 8. Generation of Error voltage vector and harmonic flux trajectory during the half of the switching cycle of five-phase SSI using MSVM scheme. 
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       Fig. 9. Error voltage vector and harmonic flux trajectory during the half of the switching cycle for both five-phase VSI and SSI. 
 

  
 

(a) HDF in 𝛼𝛽 plane for both VSI and SSI (b) HDF in 𝑥𝑦 plane for both VSI and SSI (c) total HDF for both VSI and SSI 

Fig. 10. Harmonic Distortion Flux for both five-phase VSI and SSI. 

 

 



TABLE I.  SIMULATION PARAMETERS FOR 1-KVA VSI AND SSI 

Parameters Values  Parameters Values  

Input voltage 100 V Input voltage of VSI  691.78V 

Phase voltage 220 V/50Hz RL-Load  242Ω, 20mH 

Modulation ndex 0.8554 Switching frequency  10 kHz 
 

 
(a) Five-phase VSI 

 
(b) Five-phase SSI 

Fig. 11.  The simulation waveform of output phase voltage, error voltage, 

and the corresponding current ripples for both VSI and SSI topologies. 

 
 

Fig. 12.  The input current waveforms for 1-kVA five-phase SSI with L= 

2.85mH and C=120 F for 30% ripples in the input current. 

 
It is worth noting that the output current ripple of the SSI 

is slightly more than that of the VSI (4.4%), as can be 
evaluated from the results of Fig. 11. Moreover, the input 
current is free from low-frequency ripple due to utilizing fixed 
charging and charging duty cycles in the MSVM scheme as 
shown in Fig. 12. 

VI. CONCLUSIONS 

This paper analyses the five-phase split-source inverter 
topology. This topology presents a good alternative for the 
low voltage supplied five-phase drive system, which is based 
on the basic two-stage dc-dc-ac converter and Z-source 
inverters. The operating principles and the modulation 

technique of the proposed topology are introduced in detail in 
this paper. Moreover, detailed analysis with graphical 
representations of the input and output current ripples are 
presented. Finally, a simulation study is conducted to verify 
and validate the theoretical findings. It can be concluded that 
the five-phase SSI topology is promising for the five-phase 
motor drives application, especially if a high output voltage 
gain is required. It has a similar ac-output current ripple as the 
conventional SVM five-phase VSI but has the additional 
advantage of performing the boosting action in a single stage 
with minimum passive elements and low dc-input current 
ripple. 
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