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Abstract: Due to their many advantages over their counterparts, such as Z-source inverters (ZSIs),
split-source inverters (SSIs) have recently received much attention as single-stage boost inverters.
This paper discusses a multiphase version of the SSI topology for the first time. Among multiphase
systems undergoing a revolution in the research area, five-phase motor drives are a relatively practical
selection in industrial applications. Therefore, this paper focuses on a five-phase SSI as an example.
The topology, operating principles, modulation techniques, and performance analysis of the analyzed
topology are introduced. A modified space-vector modulation (MSVM) scheme is developed to
eliminate low-frequency ripples in the input current. There is also a detailed analysis and graphical
evaluation of the output currents ripples using the space-vector approach. It is evident that multiphase
SSI is suitable for motor drives, especially when a high-output voltage gain is required. In addition
to having a nearly identical ripple in output current to a conventional VSI, it has the benefit of
performing the boosting action in a single stage with fewer passive components and a low ripple in
input current. Finally, the simulation and experimental results have been conducted to demonstrate
the viability of the multiphase SSI studied in the theoretical study and analysis.

Keywords: split-source inverter; multiphase systems; five-phase inverters; modified space-vector
modulation; DC and AC ripples analysis

1. Introduction

Recently, multiphase (more than three-phase) machines have begun to replace their
conventional AC counterparts because of their high reliability, inherent torque ripple
reduction, and resulting reduced power electronic devices required for operation [1]. As a
result of these advantages, they are great candidates for a variety of critical applications,
including variable speed drives (VSDs), wind energy, and ship propulsion [1,2]. Amongst
multiphase machines, the five-phase motor may produce the lowest copper loss and total
loss [3]. In most cases, voltage source (VSIs) or current source inverters (CSIs), along with
matrix converters (MCs), are employed as power supplies for five-phase motor drives, as
shown in Figure 1 [4–6].

As VSIs and matrix converters only operate in bucking mode, additional circuits
are required to increase voltage gain [4,6]. As a result, these circuits increase the cost of
the system and reduce its overall efficiency [5]. CSIs operate in boosting mode, but this
is complex to implement and requires more passive components [5]. As a result of their
superior performance in terms of system complexity, size, weight, and the ability to perform
both bucking and boosting actions, single-stage topologies have replaced conventional
architectures. Five-phase Z- and quasi-Z-source inverters (ZSI/qZSI), shown in Figure 2,
have been gaining increasing attention in recent years [7,8]. This overcomes the conceptual
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and theoretical shortcomings of the traditional VSIs and CSIs. Compared to VSD systems
that are based on VSIs and CSIs, the ZSI offers additional advantages [9,10]:

- Regardless of the input voltage, the voltage gain, G, can be improved by producing
any desired AC output voltage, even that greater than the line voltage.

- No additional circuits are needed to provide ride-through during voltage sags.
- This reduces the line’s common-mode voltage and harmonic current while improving

the power factor.
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Figure 1. Basic power converters for five-phase drives. (a) Five-phase voltage-source inverter
(VSI) [4]. (b) Five-phase current-source inverter (CSI) [5]. (c) Three-phase to five-phase matrix
converter (MC) [6].

Many publications discuss the modulation techniques of ZSIs for the different number
of phases and different applications [11–14]. It can be mainly classified into three methods:
(1) simple-boost (SB), (2) maximum-constant-boost (MCB), and (3) maximum-boost (MB)
control methods. The SB control scheme produces lower voltage gains than the MB control
scheme. Meanwhile, the MB method requires more passive elements in the impedance
network because the shoot-through (ST) duty ratio periodically varies. Furthermore,
this variation increases the peak inductor current and capacitor voltage. An improved
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maximum-constant boost (MCB) modulation method obtains constant ST variation with
a higher boosting factor than SB modulation. Despite the merits of multiphase ZSIs,
their output voltage magnitude varies accurately in a narrow range by controlling the
shoot-through (ST) duty ratio.
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Figure 2. Z-source topologies for five-phase drives. (a) Basic five-phase Z-source inverter [7].
(b) Five-phase quasi-Z-source inverter [8].

Recently, the split-source inverter (SSI) represents an alternative to the basic ZSI and
qZSI topologies. It has been first invented by [15] for a single-phase system and developed
in [16] for the three-phase topology, as shown in Figure 3. The potential advantages of SSI
over ZSI can be summarized as follows [9]:

# It has a continuous input current and DC-link voltage.
# It has lower voltage stresses across the switches for high-voltage gains.
# It requires a lower passive component count.
# It uses the same switching states as the VSI, which uses a different state for ST.
# Compared with the two-stage architecture, no additional active switch is required in

the SSI.
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Several topologies have been developed with the idea of the basic SSI to achieve
higher boosting capabilities [17–19], multilevel technologies [20–22], and multiport output
inverters [23,24]. Although the reduction in the number of switch counts and passive
elements in these architectures leads to a reduction in the volume and weight of the
inverters, it suffers from some demerits, such as rapid commutations for the input diodes
and higher current stresses for the lower switches [16,19]. The authors of this paper,
however, have not conducted any extensive research to explore and extend the concept
of basic SSI to multiphase systems based on their best knowledge. Therefore, this paper
aims to fill this gap in the multiphase drive architecture by extending the basic SSI to
n-phase designs. A five-phase SSI topology is fully explored in this paper by analytical,
simulation, and experimental studies. Moreover, a modified space-vector modulation
(MSVM) scheme is proposed to ensure a boosting action with sinusoidal output voltages
and to improve the switching characteristic of both the input and output sides of the
SSI. The proposed MSVM scheme produces constant charging and discharging intervals
for certain modulation indexes to minimize the input current ripples. Accordingly, the
required passive elements (inductor and capacitor) 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 the switching frequency, the motor torque ripple, the
load current total harmonic distortion (THD), and the insulation breakdown. It should be
minimized to improve the drive-system efficiency and lifetime [12].

2. Review of Three-Phase Split-Source Inverters
2.1. Topology

The three-phase SSI topology is shown in Figure 3b [16]. This topology is acquired
by combining a DC–DC boost converter into the VSI bridge (B6). This can be done by
connecting a boost inductor, L, to the midpoint of each leg of the inverter (a, b, and c) via
the forward diodes (D1–D3).

2.2. Operation

Since the three-phase SSI utilizes the B6 bridge of the standard VSI, it uses the same
switching vectors (Vo −V7), shown in Figure 4. The inductor, L, and the diodes of Figure 3
are used to boost the supply voltage to the desired DC-link voltage at the capacitor, Cdc. It
is important to note that the three-phase SSI uses the switching vectors Vo −V6 to charge
the input inductor, while the remaining zero vector V7 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 Figure 5.

(1) Inductive Charging Mode: The charging mode can be obtained by switching ON at least
one of the lower switches in the B6 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 Figure 5a. As a
result, the inductor L is charged during an interval of Tch.

(2) Inductive Discharging Mode: The discharging mode occurs when all of the upper
switches in the B6 bridge are turned ON (i.e., V7{111}). In this case, the inductor L will
release its energy in the capacitor C via the antiparallel diodes of the upper switches
during an interval of ddis, where Tdis = T7 = Ts − Tch, Ts is the sampling time. Hence,
the voltage at the DC side equals the capacitor voltage (i.e., vinv = vdc), as shown in
Figure 5b.
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Figure 5. Mode of operation of three-phase SSI [14]. (a) Basic SSI topology (for states V0–V6).
(b) Inductive discharging (for state V7).

2.3. DC Boosting Factor

The DC-boosting factor, β, which represents the ratio between the DC-link voltage, vdc
(that is, the capacitor voltage), to the supply voltage, β, can be expressed as follows [16]:

β = 1
(1−Dav)

(1)

where Dav is the average value of the charging duty cycle (dch = Tch/Ts), it can be deter-
mined from Dav = 1/Ts

∫ Ts
0 Tchdt.

2.4. Modulation

Several modulation schemes have been presented with the idea of level shifting to
obtain the boosting and inversion processes for three-phase SSIs [16–19]. The level shifting
leads to wider boosting capabilities [19]. The commonly used schemes for SSI are reviewed
and compared in this section. The schemes are level-shifted sinusoidal PWM (SM), third-
harmonic injection PWM (THM), symmetrical PWM (SYM), and modified space-vector
PWM (MSVM), which are fully discussed in [16,25].

(1) Mathematical Relations: Considering the linear modulation operating mode, a
general representation of the modulating signals, u∗k , for all of the schemes using the
carrier-based PWM modulators is governed by

u∗k = uk + uzss (2)
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where uzss is the zero-sequence signal that gives us the degree of freedom to obtain the
different modulation schemes; k ε {a, b, c} and uk are the basic sinusoidal three-phase
modulating signals, and they can be derived from

uk =

ua
ub
uc

 = M

 sin(ϑ)
sin(ϑ− 2π/3)
sin(ϑ + 2π/3)

 (3)

where ϑ = ωt is the fundamental angular frequency, and M is the modulation index, which
can be determined from

M = µV̂o/Vdc ∀ 0 < M < 1 (4)

where V̂o is the maximum value of the fundamental component of the output-phase voltage,
Vdc is the average DC-link voltage (capacitor voltage), and µ is a modulation coefficient,
which equals 2 for SM and

√
3 for THM, SYM, and MSVM schemes.

The duty cycles of the reference modulating signal, d∗k , which are compared with the
up–down carrier wave to obtain the gating pulses of the SSI, can be determined from

d∗k = 1/2
(
1 + u∗k

)
& 0 ≤ d∗k ≤ 1. (5)

Figure 6 shows the duty cycles d∗k of the selected modulation schemes. It can be
observed that the charging duty cycle, dch, is time-variant in the SM and SYM schemes,
while it is fixed during the switching period in the MSVM and RSVM schemes. As a result,
ripples with low-order harmonics will appear in the DC-link voltage and inductor current
when SM and SYM are employed. So, from the point of view of the input current and
DC-link voltage ripples, the MSVM and RSVM schemes are the best choices for SSIs.
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2.5. Design Procedure

The inductor current and capacitor voltage ripples (∆IL, ∆Vdc) are crucial factors in the
design procedure. When using MSVM and RSVM schemes, there is only a high-switching
ripple based on the switching frequency, and the value of L and C are determined from [19]

L = dchE
fsw∆IL

& C = (1−dch)IL
fsw∆Vdc

(6)

where fsw is the switching frequency.
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It is worth noting that the value of the required passive elements L and C are increased
in the case of SM and SYM schemes to mitigate the effect of low-order harmonics and
obtain the same current ripples.

After reviewing the three-phase SSI, in the next sections, this paper extends the
concept of the basic three-phase SSI to the five-phase case as an example of the n-phase
SSI topologies.

3. Proposed Five-Phase Split-Source Inverters

The five-phase SSI topology is shown in Figure 1. In this case, five forward diodes are
used to combine the DC-boosting inductance into the multiphase inverter bridge, as shown
in Figure 7. The multiphase SSI topology is used here to supply a star-connected balanced
inductive load, as shown in Figure 7. The circuit is supplied by a DC-supply voltage e,
which is supposed to be almost constant (e ≈ E).
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Figure 7. Five-phase SSI topology.

As known, there are 32 (2n, n = 5) switching action combinations (Vo −V31) for the
5-phase VSI, from which two are the zero vectors (Vo and V31) and the remaining are active,
as shown in Figure 8. In the presented SSI topology, the switching vectors Vo −V30 are used
for inductive charging, while the remaining zero vector V31 is used to release inductive
energy. The equivalent circuits of inductive charging and discharging modes are shown in
Figure 9a,b.
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Figure 8. Space-vector model five-phase SSI. (a) α− β subspace. (b) x− y subspace.
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Figure 9. Operating modes of five-phase SSI. (a) Inductive charging (for states 0–30). (b) Inductive
discharging (for state 31).

Among the best-known and reviewed PWM schemes of the 3-phase SSI is the MSVM
scheme, which is developed here to control the operation of the 5-phase SSI. The modulating
signals for the case of five-phase SSI can be mathematically represented as

vj = v∗j + vzss (7)

where vj is the duty cycles of the modulating signals, and j = a, b, . . . , e and v∗j are the
sinusoidal reference signals, which are shifted by 2πn/5 as given in (4)

v∗j = k2M cos
(

ωt− 2πn
5

)
, n ∈ {0− 4} (8)

where k2 is a constant equal to 1/(2 sin(2π/5)) and ω is the line frequency in rad/s, while
vzss in (7) 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 cos ωt ∀ FHM
Dav − 1

2 k2(vmax + vmin) ∀ SYM
Dav − k2vmin ∀MSVM

(9)

where vmax and vmin are the maximum and minimum envelop of all the sinusoidal reference
signals of (9), respectively, while M is the modulation index. 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, Figure 10 shows the duty cycles of the modulating
signals of the MSVM scheme of five-phase SSI, which is governed by (7)–(9) for M = 0.75.
As observed in the first sector of Figure 10, va > vb > ve > vc > vd. Therefore, the
minimum voltage is vd. Thus, the five-phase duty cycles are given by

va = k2
(
v∗a − v∗d

)
+ 1−M

vb = k2
(
v∗b − v∗d

)
+ 1−M

vc = k2
(
v∗c − v∗d

)
+ 1−M

vd = 1−M
ve = k2

(
v∗e − v∗d

)
+ 1−M

(10)



Energies 2022, 15, 8411 9 of 20Energies 2022, 15, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 10. Duty cycles of the modulating signals of 5-phase SSI for M = 0.75 for one complete period 
and inductor current and voltage waveforms for sector 1. 

Figure 10 also 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 resulting active (𝛿ଵ଺, 𝛿ଶସ, 𝛿ଶହ, and 𝛿ଶଽ) and zero vectors, 𝛿௭  (𝛿଴ and 𝛿ଷଵ) in this switching pattern can be determined based on the volt-second 
balance concept by (11). Figure 11 shows the variations of these duty cycles for sector 1. 

⎩⎪⎪
⎨⎪
⎪⎧𝛿଴ = 𝑀(1 − sin(𝜔𝑡 + 2𝜋 5⁄ ))𝛿ଵ଺ = 𝑘ଶ𝐿𝑀 sin(𝜋 5⁄ − 𝜔𝑡)𝛿ଶସ = 𝑀 sin(𝜔𝑡)𝛿ଶହ = 𝑀 sin(𝜋/5 − 𝜔𝑡)𝛿ଶଽ = 𝑘ଶ𝐿𝑀 sin(𝜔𝑡)𝛿ଷଵ = 1 − 𝑀𝛿௭ = 𝛿଴ + 𝛿ଷଵ

 (11)

Figure 10. Duty cycles of the modulating signals of 5-phase SSI for M = 0.75 for one complete period
and inductor current and voltage waveforms for sector 1.

Figure 10 also 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 resulting active (δ16, δ24, δ25, and δ29) and zero vectors, δz
(δ0 and δ31) in this switching pattern can be determined based on the volt-second balance
concept by (11). Figure 11 shows the variations of these duty cycles for sector 1.

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

(11)
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It is worth seeing from (11) and Figure 10 that the duty cycle of the discharging mode,
δ31, is constant during the sector. This will also lead to obtain a constant 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. (12)

Hence,
Dav = D = M. (13)

From (13), the DC-boosting and AC inverter gain are

β = 1
1−M & G = M

2 sin(2π/5)(1−M) (14)

Figure 12 shows a graphical correlation between the modulation index and the 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 relation-
ship between the gain and modulation index, i.e., a higher modulation index leads to
greater gains. Having a lower THD of the output is one of the significant advantages
of this inverter.
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4. 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.

4.1. 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 Figure 9a, the inductor current is given by

i1 =
E
L
·t + I1 (15)

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 Figure 10.

The inductor current during the discharging mode of Figure 9b is given by

i2 =
(E− vdc)

L
·t + I2, (16)

where I2 is the initial current in the discharging mode. For a stable operation, the inductor
current must fall, and therefore the inductor voltage goes to a negative value, as shown in
Figure 10.

Assuming the high-frequency switching operation, the peak-to-peak inductor current
ripple, and the DC-link capacitor voltage ripples as follows:{

∆IL = I2 − I1 = E
L

Dav
fs

= E
L

M
fs

,

∆VC = Idc
1−Dav

C fs
= Idc

1−M
C fs

.
(17)

It can be observed from (17) that the inductor current and the capacitor voltage ripples
are inversely proportional to their respective (L/C) values and the switching frequency.

4.2. AC Current Ripple

The AC ripples can be evaluated using both the time domain and the space-vector do-
main [26,27]. In the time-domain analysis, the output current ripple, ∆io, is determined from

∆io(t) = io(t)− io1(t) (18)

where io is the actual output current and io1 is the fundamental component of the sinusoidal
output current. Figure 13 shows the graphical waveforms of these currents.
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On the other hand, the analysis of the peak current ripples in this paper is based on the
space-vector approach, which gives a quantitative evaluation of the current ripple [4,26,27].
Due to symmetry, only the first sector in the αβ plane is examined. Figure 14a,b show
how the error-voltage vectors between the reference v∗ and the actual space vectors, vk
(k is the vector number), are generated in both αβ and xy subspaces. It should be noticed
that a zero-reference space vector is assumed in the xy plane to eliminate the low-order
harmonics from the output voltage waveform. Additionally, it can be observed that the
error vectors depend on the index, M, and the angle θ and are defined as [4]

∆vk(M, θ) = vk − v∗(M, θ) (19)
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Figure 14. Generation of error voltage vector and harmonic-flux trajectory during the half of the
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M = 0.75, θ = 18◦ in αβ plane. (d) Harmonic-flux trajectory for M = 0.75, θ = 18◦ xy plane.

In this approach, the output current ripple, ∆io, is evaluated from the harmonic
distortion flux (HDF), ∆λ, as follows [4]

∆io = (1/Lσ)∆λ (20)

where Lσ is the equivalent motor inductance, which can be determined in the case of
induction motor drives from the stator leakage inductance, L1; the rotor leakage inductance,
L2; and the magnetization inductance, Lm, as follows [26]:

Lσ = L1 +
L2Lm

L2 + Lm
(21)

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

∆λj = ∆vk(M, θ)·∆t (22)
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where ∆t is the switching period and v∗, v are the reference and actual switching space
vectors, respectively. It is worth noting that ∆λ 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 conditions for the harmonic flux at the beginning of the switch-
ing period, Figure 14c,d show the harmonic-flux trajectory in both subspaces for M = 0.75
and θ = 18◦. To give a fair comparison, Figure 15 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 conven-
tional SVM, while SSI is modulated by the MSVM scheme. Based on (22), the mean-square
value of the HDF in the αβ and xy planes over a sampling interval (0 ≤ t ≤ Ts) is

∆λ
2
abcde−MS(M, θ) =

∫ Ts

0
∆λ

2
j dt (23)

Energies 2022, 15, x FOR PEER REVIEW 13 of 20 
 

 

Assuming zero initial conditions for the harmonic flux at the beginning of the switch-

ing period, Figure 14c,d show the harmonic-flux trajectory in both subspaces for M = 0.75 

and 𝜃 = 18𝑜. To give a fair comparison, Figure 15 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 (22), the mean-

square value of the HDF in the 𝛼𝛽 and 𝑥𝑦 planes over a sampling interval (0 ≤ 𝑡 ≤ 𝑇𝑠) 

is 

Δ𝜆̅𝑎𝑏𝑐𝑑𝑒−𝑀𝑆
2 (𝑀, 𝜃) = ∫ Δ𝜆̅𝑗

2 𝑑𝑡
Ts

0

 (23) 

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

Δ𝜆𝑎𝑏𝑐𝑑𝑒−𝑀𝑆𝑓
2 (𝑀) =

5

𝜋
∫ Δ𝜆𝑎𝑏𝑐𝑑𝑒−𝑀𝑆

2  𝑑𝜃
𝜋/5

0

. (24) 

The HDF for both the five-phase VSI and SSI topologies is shown in Figure 16. The 

HDF is highly affected by the modulation index and modulation scheme. Based on Fig-

ures 15 and 16, the following conclusions can be drawn: 

o 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 Figure 

15a–c, while there are some asymmetries in the MSVM for SSI because of the level 

shift approach, as shown in Figure 15d–f. However, the same trajectories are obtained 

in the 𝑥𝑦 plane, as shown in Figure 15g–l. This is owed to the zero references on this 

plane. 

o As shown in Figure 16a,b, the HDF is significantly greater for SSI than for VSI in the 

𝛼𝛽-plane, particularly for low-modulation indices. However, in the 𝑥𝑦-plane, the 

HDF is the same. 

o Due to the elimination of the level shift effect on SSI modulating waveforms at M = 

1, both VSI and SSI have approximately equal HDFs, as shown in Figure 16c. 

o The SSI produces higher current ripples than the traditional VSI, but since the SSI 

also boosts the voltage, it does not require an additional DC booster. 

                                     ⏞            
M=0.5

                                     ⏞            
M=0.75

                                     ⏞            
M=0.95

 

5-
p

h
as

e 
V

S
I 

   

 (a) (b) (c) 

5-
p

h
as

e 
S

S
I 

   

 (d) (e) (f) 

Energies 2022, 15, x FOR PEER REVIEW 14 of 20 
 

 

5-
p

h
as

e 
V

S
I 

   

 (g) (h) (i) 

5-
p

h
as

e 
S

S
I 

   

 (j) (k) (l) 

Figure 15. Error-voltage vector and harmonic-flux trajectory during the half of the switching cycle 

for VSI and SSI [26]. 

   

(a) (b) (c) 

Figure 16. Harmonic distortion flux for both five-phase VSI and SSI [26]. (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. 

5. Simulation and Experimental Results 

Based on the analysis, a PLECS simulation model has been developed for a five-phase 

SSI topology. The topology is powered by a fixed DC source of 45 V and loaded by a five-

phase inductive load. Firstly, the simulation study aims to prove the concept of five-phase 

SSI by showing the input and output waveforms of the voltages and currents. The param-

eters of the simulation are listed in Table 1. 

Table 1. Simulation parameters for five-phase SSI. 

Parameters Values Parameters Values 

Input voltage 45 V Input inductance 1.28 mH 

DC-link capacitor 480 μF RL-load 4.7 Ω, 5 mH 

Modulation index 0.5 Switching frequency 15 kHz 

Figure 15. Error-voltage vector and harmonic-flux trajectory during the half of the switching cycle
for VSI and SSI [26].



Energies 2022, 15, 8411 14 of 20

Hence, the per-fundamental cycle HDF, ∆λ2
abcde−MS f , is

∆λ2
abcde−MS f (M) =

5
π

∫ π/5

0
∆λ2

abcde−MS dθ. (24)

The HDF for both the five-phase VSI and SSI topologies is shown in Figure 16. The
HDF is highly affected by the modulation index and modulation scheme. Based on
Figures 15 and 16, the following conclusions can be drawn:

# 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 Figure 15a–c,
while there are some asymmetries in the MSVM for SSI because of the level shift
approach, as shown in Figure 15d–f. However, the same trajectories are obtained in the
xy plane, as shown in Figure 15g–l. This is owed to the zero references on this plane.

# As shown in Figure 16a,b, the HDF is significantly greater for SSI than for VSI in the
αβ-plane, particularly for low-modulation indices. However, in the xy-plane, the HDF
is the same.

# Due to the elimination of the level shift effect on SSI modulating waveforms at M = 1,
both VSI and SSI have approximately equal HDFs, as shown in Figure 16c.

# The SSI produces higher current ripples than the traditional VSI, but since the SSI also
boosts the voltage, it does not require an additional DC booster.
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5. Simulation and Experimental Results

Based on the analysis, a PLECS simulation model has been developed for a five-phase
SSI topology. The topology is powered by a fixed DC source of 45 V and loaded by a
five-phase inductive load. Firstly, the simulation study aims to prove the concept of five-
phase SSI by showing the input and output waveforms of the voltages and currents. The
parameters of the simulation are listed in Table 1.

Table 1. Simulation parameters for five-phase SSI.

Parameters Values Parameters Values

Input voltage 45 V Input inductance 1.28 mH
DC-link capacitor 480 µF RL-load 4.7 Ω, 5 mH
Modulation index 0.5 Switching frequency 15 kHz

Figure 17 shows the output-phase voltage, output currents, DC-link voltage, and
inductor current waveforms for the case study. Additionally, the zoom window of Figure 17
illustrates these results from a microscopic perspective to illustrate the concept and the
inductor current and capacitor voltage ripples.
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Figure 17. Simulated voltages and current waveforms of the five-phase SSI under the case study
using PLECS.

Based on the simulation results, it can be observed that

• The simulated waveforms and measured values from PLECS for the five-phase SSI
show good agreement with that estimated from the analysis. For example, the average
DC-link voltage is 90V, and the input current ripple 1.2 A agrees with that calculated
from (13) and (16), respectively, at the given condition of the case study.

• The output-phase currents are sinusoidal waves, and the input current is completely
free from the low-order harmonics. Moreover, the DC-link capacitor voltage exhibits
near-constant value.

Furthermore, the proposed five-phase SSI is compared with the standard two-stage
five-phase inverter shown in Figure 18, which is composed of a boost converter followed by
a five-phase VSI. To obtain a fair comparison, it is important to provide the same DC-link
voltage to the inverter bridge for both topologies. Therefore, the voltage supplied to VSI is
determined by the expected average voltage of the DC-link capacitor in the 5-phase SSI
(Vdc = βE). In this case, the modulation index is set to 0.5 for both topologies, and the
duty cycle for the boost converter stage in the conventional architecture is set to 0.5. An
evaluation in terms of phase voltage and current ripples is introduced in Figure 19. As
expected from the current ripple analysis of Section 4, the conventional VSI has a lower
current ripple at M < 1 than the proposed SSI. However, the conventional VSI needs an
extra converter stage.

Energies 2022, 15, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 18. Evaluation of AC output current ripple using the time-domain analysis. 

  

(a) (b) 

Figure 19. The simulation waveform of output-phase voltage, error voltage, and the corresponding 

current ripples for both VSI and SSI topologies. (a) Boost-converter followed by five-phase VSI. (b) 

Proposed five-phase SSI. 

6. Experimental Results 

This section describes the experimental results conducted on the laboratory proto-

type, shown in Figure 20a, which is designed according to the presented procedure. A 

five-phase star-connected inductive load of 4.7 ohms and 5 mH is connected to the inverter 

output terminals. The whole experimental setup is shown in Figure 20b. During this 

study, a low-cost LaunchPad Delfino development kit (F28379D) was utilized to imple-

ment the modulation technique. To generate symmetrical triangular signals, the kit was 

programmed using the PLECS coder with a UP/DOWN counter at 15 kHz, while modu-

lation signals have a modulation index of 0.5 and a frequency of 50 Hz. 

   

 

  

   

 

  

                            
     

    

    

        

   
 

    

  
 

  
 

  
 

      

   

 

  

   

 

  

                            

     

    

    

        

    

    

  
 

  
 

   

      

Figure 18. Evaluation of AC output current ripple using the time-domain analysis.



Energies 2022, 15, 8411 16 of 20

Energies 2022, 15, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 18. Evaluation of AC output current ripple using the time-domain analysis. 

  

(a) (b) 

Figure 19. The simulation waveform of output-phase voltage, error voltage, and the corresponding 

current ripples for both VSI and SSI topologies. (a) Boost-converter followed by five-phase VSI. (b) 

Proposed five-phase SSI. 

6. Experimental Results 

This section describes the experimental results conducted on the laboratory proto-

type, shown in Figure 20a, which is designed according to the presented procedure. A 

five-phase star-connected inductive load of 4.7 ohms and 5 mH is connected to the inverter 

output terminals. The whole experimental setup is shown in Figure 20b. During this 

study, a low-cost LaunchPad Delfino development kit (F28379D) was utilized to imple-

ment the modulation technique. To generate symmetrical triangular signals, the kit was 

programmed using the PLECS coder with a UP/DOWN counter at 15 kHz, while modu-

lation signals have a modulation index of 0.5 and a frequency of 50 Hz. 

   

 

  

   

 

  

                            
     

    

    

        

   
 

    

  
 

  
 

  
 

      

   

 

  

   

 

  

                            

     

    

    

        

    

    

  
 

  
 

   

      

Figure 19. The simulation waveform of output-phase voltage, error voltage, and the corresponding
current ripples for both VSI and SSI topologies. (a) Boost-converter followed by five-phase VSI.
(b) Proposed five-phase SSI.

6. Experimental Results

This section describes the experimental results conducted on the laboratory prototype,
shown in Figure 20a, which is designed according to the presented procedure. A five-phase
star-connected inductive load of 4.7 ohms and 5 mH is connected to the inverter output
terminals. The whole experimental setup is shown in Figure 20b. During this study, a
low-cost LaunchPad Delfino development kit (F28379D) was utilized to implement the
modulation technique. To generate symmetrical triangular signals, the kit was programmed
using the PLECS coder with a UP/DOWN counter at 15 kHz, while modulation signals
have a modulation index of 0.5 and a frequency of 50 Hz.
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The measured voltage and current waveforms are recorded via a multi-channel digital
oscilloscope from ROHDE&SCHWARZ (R&S RTM3004) [28] and shown in Figures 21–23.
The upper trace of Figure 21 shows the output voltage, output current, and supply cur-
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rent waveforms for the case study, while the lower trace shows a zoom of the measured
waveforms. Moreover, Figure 22 shows the DC-link or capacitor-voltage waveform. In
addition, the inductor voltage and the current stress on one of the forward diodes are
shown in the upper trace of Figure 23; moreover, a zoom of the inductor voltage is shown
in the down trace.
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Figure 23. Five-phase SSI prototype.

From these results, the following observation can be made:

• Based on Figure 21, the waveforms of the output currents are near sinusoidal wave-
forms with low distortion and displaced by 2π/5. These results are close to the
simulation results. As can be observed, the pulse width modulated output voltage is
chopped according to the proposed scheme with a frequency, fc, of 15 kHz.

• From the inductor (supply) current waveform shown in Figure 21, it is worth noting
that the inductor current is free from the low-order harmonics with the proposed
PWM scheme. This is owed to utilizing fixed charging and discharging duty cycles in
the proposed MSVM scheme. As you can see, the inductor current is continuous, with
an average value of 5.3 A.

• The measured average voltage at the DC link from Figure 22 is 89 V. It agrees with the
simulation and the mathematical analysis.

• Moreover, it can be observed from Figure 23 that the average voltage across the
inductor is zero due, which proves the volt-second balance concept.

From the analytical, simulation, and experimental studies presented in this paper, the
proposed five-phase split-source inverter possesses all of the advantages of the basic three-
phase topology, and it is promising for applications involving five-phase motor drives,
particularly if a high-output voltage gain is required. It presents a good alternative to the
counterparts of the boosting inverters.

7. Conclusions

A five-phase split-source inverter topology is presented in this paper as an example of
the multiphase architecture of the basic split-source inverter. This topology shows 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 paper discusses in detail
the operating principles and modulation technique of the proposed topology. Furthermore,
a detailed analysis of the ripples in the input and output currents is presented along with
graphical representations. In addition, the results of the theoretical study are verified and
validated through a simulation study using PLECS. An experimental prototype is built
to validate the theoretical analysis. Simulation and experimental results are clearly in
agreement, and experimental differences can be attributed to deadtime parasitic effects.
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To conclude the findings behind this work, the five-phase SSI topology has some
merits over its counterparts, which are used particularly if a high-output voltage gain is
required. In summary, these merits are as follows:

(a) It has a continuous input current free of low-order harmonics;
(b) The AC-output ripple is like that of the conventional space vector modulated five-

phase VSIs; therefore, these ripples are smaller than those of Z-source inverters.
(c) The boosting action is performed in a single stage, with fewer passive elements than

Z-source inverters and without active switches as in two-stage inverters.
(d) In addition, it uses the same standard modulation schemes as the five-phase inverter

and there is no need for additional shoot-through pulses.

Moreover, it is also possible to apply the same concept of this study to the other
multiphase SSI topologies such as six-phase, seven-phase, and nine-phase architectures,
and the same conclusions can be drawn.
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