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ABSTRACT This paper proposes a new and straightforward method to extend the modulation range
of the six-phase cascaded current source inverter (CSI). The proposed technique employs vector space
decomposition (VSD) to mitigate the inverter current harmonics and extend the linear modulation region
by about 8%. For motor drive applications, increasing the fundamental output component can reflect higher
torque production capability for the same drive size, given that thermal limits are not exceeded. The extension
can be realized by injecting optimized xy harmonics while keeping the amplitude of the resulting phase
currents under the maximum value. The method utilizes a look-up table of optimized values of the injected
harmonics to extend the modulation range. The output filter capacitor effects are also studied in this paper,
and a selection approach is introduced. Finally, the experimental results of a C-CSI laboratory prototype are
presented and discussed to verify the feasibility of the proposed modulation technique.

INDEX TERMS Multiphase systems, current-source inverters (CSI), space vector modulation (SVM), power
quality.

I. INTRODUCTION
Current-source inverter (CSI) is one of the attractive candi-
dates for medium-voltage high-power motor drive applica-
tions [1] due to its tolerance for short-circuit faults compared
to voltage-source inverters (VSI). For instance, an offshore
wind farmwith high-voltage DC transmission (HVDC) based
on the CSI topology has been discussed [2], [3]. Other indus-
trial applications such as aerospace applications [4], electric
vehicle applications [5], [6], [7], [8], and industrial motor
drives [9] are prominent candidates for using CSI technology
as well. In addition to fault-tolerance, another advantage of
CSI is the mitigation of the dv/dt problem that occurs at
switching transitions. This can help to avoid the deterioration
of the bearing ofmotors, failure in the insulation of thewiring,
and high acoustic noise while operating [10]. The output
voltages and currents of a CSI are motor-friendly, thanks to
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the capacitive filtering stage. The bulky dc-link electrolytic
capacitor banks are also removed in CSIs, which can help to
improve the reliability of the overall system [11]. Moreover,
CSI can control the output phase currents directly without the
need to control the output voltages to produce the reference
currents [12].

Multiphase drives have great potential for several industry
applications [13], [14], such as electric ship propulsion [15],
more electric aircraft [16], and high-power traction applica-
tions [17]. Six-phase systems are prevalent amongmultiphase
systems for their inherent two three-phase structure. Distinc-
tive features arise from the change of the displacement angle
between the two three-phase winding sets in six-phase drives.
The arrangement with a 30◦ phase shift is called the asymmet-
rical six-phase or dual three-phase machine. In contrast, a dis-
placement of 60◦ results in a symmetrical six-phase system.
The symmetrical machines outmatch the asymmetrical ones
in the post-fault torque range [18]. However, asymmetrical
machines have a better distribution of airgap magneto force
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FIGURE 1. The cascaded six-phase CSI (C-CSI) topology for 2N
configuration.

(MMF) [19]. Hence the latter is considered in this context.
If the phases are connected in a star-shaped connection, every
three-phase group set will have a neutral point, and they can
be either connected to form a single-neutral point (1N ) or
disconnected from each other and form two-isolated neutral
points (2N ).

For a CSI-based six-phase system, a cascaded CSI (C-
CSI) topology is introduced in [20] and shown in Fig. 1. The
cascaded connection of the two three-phase CSIs is imple-
mented to simultaneously supply each group set of the load.
Another configuration of the six-phase CSI can be achieved
by connecting the two three-phase CSIs in parallel (P-CSI).
However, only one three-phase CSI is allowed to work at a
time in P-CSI [20]. The main advantage of the C-CSI topol-
ogy is the capability to double the dc-link current utilization
compared to P-CSI because both three-phase inverters can
operate simultaneously. Formodeling, a six-phase system can
be considered a double three-phase system called the double-
dq method. In this method, the variables of each group set
can be transferred to a three-dimensional space; two axes
represent an equivalent in-quadrature two-phase system, and
the third one represents one zero-sequence axis. The C-CSI
modulation technique [20] is based on the double-dq model-
ingmethod. However, the most usedmethod to simplify mod-
eling a multiphase system is the vector space decomposition
(VSD) introduced in [21] and well-established for VSIs.

The development of space vector modulation (SVM) tech-
niques to utilize the features of such systems is one of the
attractive research topics in multiphase inverters. Using VSD
modeling, the SVM method can control the harmonics in
different subspaces [22], [23], [24]. Ordinarily, reducing the
harmonics is the main target of most techniques to increase
the system’s efficiency and maintain thermal limits [25].

Moreover, in two-level VSI multiphase inverters, the mod-
ulation range can be extended linearly using the additional
degrees of freedom [26], [27]. The penalty of such a fea-
ture is the increased harmonic content in the output volt-
age waveform, which implicates increased losses and lower
efficiency. This topic is exciting since the trade-off can

achieve beneficial gains outweighing the drawbacks by opti-
mizing the harmonic content required to achieve the exten-
sion. This approach has been investigated for five-phase
systems [28] and six-phase ones [29], [30], [31]. In these
methods, an objective function is defined based on the har-
monic content in the extra subspaces, and the optimization
process aims to achieve the desired modulation index in the
fundamental subplane with the minimum possible harmonic
content in the other subplanes.

The SVM based on the VSD method has been discussed
for five-phase CSI [11], [32]. In both works, an extension
method of the dc-link current utilization is achieved by using
the same ratio between the large and medium vectors in [32]
or injecting a third harmonic component in the additional
subspace [11]. C-CSI modulation has been discussed in [20]
based on the double-dq method. However, to the best of the
authors’ knowledge, a realization of SVM based on VSD
for C-CSI and extension of dc-link utilization has not been
investigated. In this paper, the VSD modeling method is
proposed and developed for asymmetrical six-phase C-CSI
to offer:

• The proposed method adopts the two large two medium
vectors modulation scheme to control the modula-
tion index linearly from zero to the maximum. Mini-
mized harmonic content is achieved using zero-average
Ampere-second balance per switching sampling period
by using the VSI and CSI systems analogy.

• Extension of the modulation index range by around 8%
with minimum injected harmonics in the xy using a new
proposed approach based on stored, operating points in
a look-up table (LUT) for fast and easy implementation
of the scheme.

The work presented in this paper is distinguished from the
VSD-based for VSIs in devising the modulation in the exten-
sion region. In the proposed method, a backward approach
is developed. The desired output after harmonic injection is
shaped, and the ability of C-CSI is checked to produce such
a reference. Then, the operating points are stored in a LUT to
recall while needed to achieve a desired modulation index in
the extension range. On the contrary, in the previous methods
for VSI, the possible inverter states are studied in the exten-
sion region, and the schemes are based on optimizing all the
possible solutions based on the geometry of the selected vec-
tors. The proposed method can also be generalized easily to
other multiphase CSIs based on each case’s available degrees
of freedom. Another advantage of the proposedmethod is that
the dwell time calculation remains the same over the whole
modulation range, unlike the previous extension works for
VSIs. The proposal mimics the harmonic injection methods
used for torque density improvement, such as in [33], [34],
only using SVM rather than tuning several proportional-
resonant controllers as in VSI-based systems.

This paper is organized as follows: Section II discusses the
system model, and the inverter outputs are mapped into the
equivalent subspaces using the VSD method. The details of
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TABLE 1. Categories of current vectors based on the states of C-CSI.

the proposed SVM technique are illustrated in Section III, and
the optimization problem is to minimize the harmonics con-
tent while realizing the maximum linear modulation index.
The effects of the filtering capacitors are also discussed in
this section. The experimental results with discussions are
presented in Section V.

II. MODELING OF A SIX-PHASE C-CSI
A. OPERATION OF A SIX-PHASE C-CSI
The structure of a six-phase cascaded CSI is shown in Fig. 1.
The C-CSI comprises two three-phase CSIs connected in
series. The dc-link current Idc passes from one inverter to
the other one, as shown in Fig. 1. This structure allows the
modulation of the two inverters separately, which means full
utilization of the dc-link current.

Two conditions of operation must be followed to operate
CSIs properly. The first condition is that the Idc must be
continuous without any interruption. The second condition
is to produce a predefined output current waveform. This
condition allows only two out of the six switches to be turned
on simultaneously in each three-phase inverter. It should be
noted that the only valid neutral point configuration that
can be applied here is the 2N configuration. There are nine
possible switching states for each three-phase CSI [33], [34],
and thus in total, there are 81 possible switching states for
the six-phase C-CSI. The output currents produced by the
possible switching state can be calculated using (1):

where Ts is the switching period. t1 to t4 are the dwell times
of the selected active vectors per sector I1 to I4, respectively.
In Eq. TABLE 1 the current components Iγg , γ ∈ {α, β, x, y}
refers to the axis of synthetization of the component, and
g ∈ {1, 2, 3, 4} refers to the order of the selected vector to
represent a sector of modulation. Meanwhile iγr refers to the
decoupled reference current components.

ia1
ib1
ic1
ia2
ib2
ic2

 =


S1 − S2
S3 − S4
S5 − S6
S7 − S8
S9 − S10
S11 − S12

 Idc (1)

where Sj, j= {1, 2, . . . 12} is the state of the inverter switch
and ia1 to ic2 are the phase currents.

B. VECTOR SPACE DECOMPOSITION (VSD)
The VSD method decomposes machine variables (voltage,
current, and flux) into three two-dimensional subspaces.
The three subspaces are orthogonal to each other; hence
decoupled variables are mapped to each subspace. The first
subspace is called the αβ subspace. As in the Clarke trans-
formation, the αβ subspace represents all the harmonics of
the order l= 12h ± 1, h = (1, 2, 3, . . .) which impact the
electromechanical conversion process (i.e., torque-producing
harmonics). The second subspace is called xy subspace, and
harmonics of the order l= 6h±1, h = (1, 3, 5, . . .) are
mapped to it and considered as loss components. The final
subspace is the representation of the triplen harmonics or
the zero-sequence harmonics l= 3h, h = (1, 3, 5, . . .) and
is referred to as the 0+0− subspace. The xy and the 0+0−

subspaces do not contribute to the torque production process,
and they are losses harmonics.

A transformation matrix is deduced mathematically in [21]
to transfer six-phase currents into the three subspaces. This
transformation is based on the phase shift angle between the
two-three phase group sets and the angles between the phases
in each group and is given in (2):

iα
iβ
ix
iy
i0+
i0−



=
1

√
3



1 −
1
2 −

1
2

√
3
2 −

√
3
2 0

0
√
3
2 −

√
3
2

1
2

1
2 −1

1 −
1
2 −

1
2 −

√
3
2

√
3
2 0

0 −

√
3
2

√
3
2

1
2

1
2 −1

1 1 1 0 0 0

0 0 0 1 1 1




ia1
ib1
ic1
ia2
ib2
ic2



(2)

The new variables are decoupled and can be controlled
to achieve the desired performance, such as desired power
transfer and power factor control for grid-tied applications or
the torque-speed references for motor drive applications.

C. MAPPING OF THE CURRENT COMPONENTS
The VSD method can help to map the output current vectors
into the three-decoupled subspaces using all the possible
switching states. Since the load is connected in the 2N config-
uration, the current components in the 0+0− subspace are all
nullified. The current components are shown in Fig. 2. These
output currents components are the result of applying all
possible switching states and can be determined by using Eq.
(1) and (2). Each vector is referred to as Ip as p ∈ {1, 2, .., 81}.
The mapped components are classified in this context

based on their magnitude in the αβ subspace, shown in
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FIGURE 2. Projection of possible output states of the C-CSI structure using the VSD method.

TABLE 1. The group IL has the largest αβ components and
the smallest xy components. The classified components as
IM1 have equal magnitudes in both αβ and the xy subspaces.
It is worth noting that the two groups IL and IM1 have com-
ponents that are out of phase in the xy subspace, which can
be exploited in the modulation scheme. The vectors from the
other groups have lower magnitudes compared to the others.

III. THE PROPOSED MODULATION TECHNIQUE
In this paper, the proposed approach introduces two regions
for the modulation index. The first region (Region I) covers
from zero to the highest modulation index. In this region,
the VSD-based SVM technique is employed to diminish the
unwanted xy harmonics and obtain sinusoidal output cur-
rents. The second region (Region II) is the extension region,
in which the proposed method is applied to achieve the
highest possible modulation index (1.08) while minimizing
harmonic components.

A. PROPOSED VSD-BASEDt SVM TECHNIQUE FOR C-CSI
The αβ subspace can be divided into twelve sectors. The
numbering of the sectors is shown from I to XII in Fig. 2(a).
When a reference vector is in each sector, the reference vector
can be synthesized by selecting four active vectors and one
null vector. In the proposed approach, a five-segment switch-
ing sequence cycle is also considered. The method is based
on the analogy between VSI and CSI. Hence, two vectors are
chosen from the large group (IL), and the other two vectors
are chosen from the (IM1) group as in [31]. The large and
medium vectors are selected such that each large vector is in
the same direction as the medium vector in the αβ subspace.
Meanwhile, they are out of phase in the xy subspace. One
example in Sector I is shown in Fig. 3.
The calculation of the dwell times is given TABLE 1 in

the same manner as the six-phase VSI [35]. The calculation

FIGURE 3. The selected vectors for sector I.

method is based on synthesizing the selected vectors and the
reference into their respective α, β, x, y components:

t1
t2
t3
t4
t0

 =


Iα1 Iα2 Iα3 Iα4 0
Iβ1 Iβ2 Iβ3 Iβ4 0
I x1 I x2 I x3 I x4 0
I y1 I y2 I y3 I y4 0
1 1 1 1 1


−1

︸ ︷︷ ︸
c


iαr
iβr
ixr
iyr
1

Ts (3)

Since the aim of this paper is to apply VSD modeling to
extend the maximum modulation index in C-CSI, only vec-
tors from the IL and IM1 groups are considered in the follow-
ing discussions.

B. REGIONS OF OPERATION
Two regions of operation for the proposed scheme are defined
and studied. This categorization is based on the designated
level of harmonics allowed in the output currents of the
C-CSI. The following subsections define the set limits of the
output harmonics for each region, and it is explained how to
modulate the scheme accordingly:
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1) REGION I (MINIMUM HARMONICS REGION)
Undoubtedly, lower harmonic content in the output current
can lead to higher efficiency and better system thermal per-
formance. However, the harmonics could contribute to the
output power or torque production [36], [37]. In Region I, the
goal is to linearly change the modulation range from zero to
maximumwith the low content of the xy subplane harmonics.
This can be done by setting the references ixr , i

y
r to zero in the

dwell times calculations in Eq. TABLE 1.
The modulation index (m) is defined as the ratio between

the amplitude of the fundamental component of the reference
inverter currents

∣∣∣iinvf1,max ∣∣∣ and the dc-link current Idc. Hence,

the six-phase reference currents vector, iinvr can be realized
using Eq. (4):

[
iinvr

]
=


ia1
ib1
ic1
ia2
ib2
ic2

 = mIdc


cos (θ)

cos (θ − 120◦)

cos (θ − 240◦)

cos (θ − 30◦)

cos (θ − 150◦)

cos (θ − 270◦)

 (4)

Based on the fundamentals of pulse width modulation,
as the modulation index increases, the null time decreases.
Hence, the maximum modulation index in Region I

(
mReg.Imax

)
can be determined by determining the equation to calculate
the null time (to). Since the dwell times of the inverter are
periodically repeated in every sector, studying one sector of
modulation is enough to calculate t0.
For instance, the following procedure obtains the null time

equation in sector I. To determine the t0 first, all the compo-
nents on the right-hand side in TABLE 1must be defined. The
components Iγg of the selected active vectors (I61, I37, I7, I55)
in sector I should be substituted in (3).

Then, by using the VSD transformation given in (2), the
reference currents can be mapped into the decoupled refer-
ence current components iγr shown in (5):

iαr =
√
3 mIdc cos (θ)

iβr =
√
3 mIdc sin (θ)

ixr = iyr = 0

i0+

r = i0−

r = 0

(5)

The 0+0− References are physically realized because of
the neutral connection applied in the C-CSI. Consequently,
there is no need to include the last branch of Eq. (5) in the
following calculations. The reference output currents iγr given
in (5) should be substituted in TABLE 1 to determine the null
time equation in sector I, and it is described in (6).

t0,sectorI = Ts (1 − m cos (θ)) (6)

To achieve mReg.Imax , two variables in Eq. (6) must be deter-
mined; the values of θ and t0,sectorI. The angle that represents
the minimum null time value is θ = 0◦ which makes the
cosine term in Eq. (6) becomes maximum. By substituting

FIGURE 4. Null time at the maximum modulation index.

for θ , Eq. (6) becomes as III-B2.

(t0,sectorI)min
∣∣
θ=0 = Ts

(
1 −

(
mReg.Imax

))
(7)

The null time t0,sectorI at m
Reg.I
max reaches zero, which is the

minimum realizable null time. By equating III-B2 to zero, the
mReg.Imax deduced is equal to one. That means the ability of the
six-phase C-CSI to realize the maximum fundamental output
currents (

∣∣∣iinvf1,max ∣∣∣) with zero-average xy harmonic currents.
Fig. 4 shows the null time over two sectors at the maximum
modulation index inside Region I. It is worth mentioning that
applying a zero-average Ampere balance does not guaran-
tee the total elimination of the harmonic currents in the xy
subplane. However, a minimized harmonic content can be
achieved by using such a technique [21].

2) REGION II (EXTENDED REGION)
In Region II, the target of the proposed SVM is to take
advantage of the C-CSI system and achieve the full dc-link
utilization linearly. The proposal is to calculate and inject
appropriate harmonic content in the xy to produce a higher
fundamental component than Region I. The dwell time cal-
culations in TABLE 1 can be used without changes. Unlike
the triplen harmonics, the xy harmonics can flow without any
hardware reconfiguration [38].

The harmonics mapped to the xy subspace are of the order
l= 6h±1, h = (1, 3, 5, . . .) as mentioned in the VSD section.
The general formula of the output current waveform after
injecting the xy harmonics is shown in (8):

io = Idc

mcos (θ)+

 ∞∑
h=1,3,5,...

k6h−1 cos ((6h−1) θ+ϕ6h−1)

+ k6h+1 cos ((6h+ 1) θ + ϕ6h+1)


(8)

where k is the per-unit (p.u.) value of the injected harmonics
and ϕ is the phase-shifting angles of the waveforms.

To obtain the form of the xy current components in the ref-
erence, every reference phase current in the reference vector[
iinvr

]
stated in (4) should be modified to include the injected

currents as in (8). Then, by applying VSD transformation and
simplifying the formulas, the current references injected in
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the xy subspace are shown in (9):[
ixr
iyr

]
=

√
3 Idc

∞∑
h=1,3,5,...

k6h−1

[
cos ((6h− 1) θ + ϕ6h−1)

sin ((6h− 1) θ + ϕ6h−1)

]
+ k6h+1

[
cos ((6h+ 1) θ + ϕ6h+1)

− sin ((6h+ 1) θ + ϕ6h+1)

]
(9)

The next step is to determine the optimum values of the
coefficients k . An optimization process is developed here
to find these coefficients. The optimization aims to find
the minimum harmonic content to be injected to extend the
modulation range into Region II. The objective function (obj)
is defined in (10), and it consists of the summation of the
squared values of the coefficients. The optimization problem
is to find the minimum of obj for each modulation index in
Region II. The constraint is also illustrated in (11), represent-
ing the feasibility of applying the dwell times. These times
calculated by TABLE 1 must be greater than or equal to zero
at the values of k selected by the optimization process. The
optimization problem can be solved using MATLAB soft-
ware by deploying the fmincon() function with the MultiStart
option.

obj =

√√√√ ∞∑
h=1,3,5,...

(k6h−1)
2
+ (k6h+1)

2 (10)

subjected to[t1 t2 t3 t4 t0]|calculated at the selectedk ′s

≥ [ 0 0 0 0 0 ] (11)

Since the formula in (9) is infinite, an algorithm is applied
to determine a finite number of essential harmonics to get
an applicable solution. The algorithm starts with h = 1
and attempts to solve the optimization with the modulation
indexes beyond the limit of Region I. The optimization algo-
rithm increases the values of m until no feasible solution can
be found. This approach determines the maximum modula-
tion index in Region II

(
mReg.IImax

)
while applying a certain h.

The algorithm stops at h = 3 and achieves mReg.IImax = 1.0773.
The h = 3 means that the essential harmonics to be injected
are the 5th, 7th, 17th, and 19th to ensure a feasible modu-
lation. It is worth mentioning that considering cases with
h > 3 would increase the accuracy of implementation and
reduce the harmonic content. However, a trade-off is made
to stop at h = 3 because of increased problems with higher
harmonics regarding the implementation. The selection of the
filtering capacitors and switching frequency are othermotives
to stop at h = 3. The optimum values of all coefficients are
shown in Fig. 6 when the modulation index changes from 1 to
1.0773 in Region II.

As shown in Fig. 6, the amplitudes of the optimal injected
harmonics are not linearly increasing with the modulation
index in Region II. The SVM method can be easily imple-
mented in Region II by storing the coefficients of the har-
monics in the digital controller memory and recalling them
when needed.

FIGURE 5. The flowchart of the optimization process to select the
amplitudes and angles of the injected xy harmonics.

FIGURE 6. The results of the optimization process with injection.

FIGURE 7. Feasible modulation regions.

Based on the deduced maximum modulation indexes in
each region, the limits of the two regions can be illustrated
geometrically in Fig. 7. The two arcs in Fig. 7 mark the
end of the two regions. Region I realizes the references of
magnitude up to

√
3 Idc. Region II ends at the outer circle

with a perimeter equal to 1.0773
√
3 Idc.
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FIGURE 8. Dwell times as ratios of the sampling time over section II
based on the optimized coefficients for the injected harmonics.

All the coefficients are calculated over the modulation
range in Region II to check that the optimization problem
results are feasible. Sector II is chosen to execute the check
for feasibility since the dwell times are periodical, and one
sector is enough for the check. The calculated dwell times
are shown in Fig. 8. Since all the times are positive, it can be
concluded that the C-CSI can realize the selected harmonics
for injection.

C. EFFECT OF FILTERING CAPACITORS
A critical CSI output phenomenon is the resonance between
the filtering capacitors and the load inductance. In this
section, the per-phase equivalent circuit is studied to deter-
mine the relationship between the output current of the
inverter Iinv and the load current Iload after the filtering stage,
the main reason is to get a deeper understanding of the system
to avoid the resonance effect. Another reason is to avoid
amplifying or shifting the injected harmonics in the proposed
extension method. The equivalent circuit of the filter capac-
itor and the load is shown in Fig. 9. The transfer function
between the inverter output and the load in the s-domain is

FIGURE 9. Per-phase equivalent circuit of the load and filtering stages.

FIGURE 10. Bode plot of the magnitude of the transfer function G.

FIGURE 11. The angle of the transfer function G.

FIGURE 12. The experimental setup to test the proposed scheme with R-L
Load.

described in (12) for the case of R− L loads. For steady state
analysis, one can substitute s = jω to get the magnitude and
angle of the transfer function G to analyze the filtering stage:

G (s) =
Iload
Iinv

=
1

1 + RC .s+ LC .s2
(12)

For discussion and clarification, a system running at the
parameters specified in TABLE 2 is illustrated as an exam-
ple. Given that the system under study is a medium-power
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TABLE 2. Parameters of the resistive-inductive load for filter selection
study.

load, selecting the switching frequency of the CSI around the
5-10kHz range is suitable for such applications [5]. Using
(13), three values of the filtering capacitorCf are chosen such
that the resonance frequency fres would be at the (25th, 30th,
35th) harmonics.

Cf =
1

(2π fres)2 L
(13)

The magnitude of G vs. a frequency range up to 50 kHz
is presented in Fig. 10 using a bode plot. Meanwhile, the
transfer function G angle is shown in Fig. 11. It can be
noticed from Fig. 10 that the resonant frequency is at the
selected harmonics, and the frequency span can be divided
into three sections. The first one stretches from the beginning
of the range of frequencies up to the resonance phenomenon.
The second section is the resonance bandwidth, which is
estimated at around 70.7% of the maximum value of |G|. The
third section is the filtering section, where the high frequen-
cies get attenuated, such as the band around the switching
frequency. From Fig. 11, it can be deduced that the angles
of the injected harmonics are barely changed, which makes
the proposed SVM with the harmonic injection method more
powerful to be used for C-CSI topology.

Selecting the filtering capacitor must ensure the following
point based on the previous discussion. The fres must be
placed between the significant harmonics and the switching
frequency harmonics. In addition, the high the value of fres,
leads to selecting small filtering capacitors, as seen in (13).
This approach can reduce the size of capacitors and thus
improve the system’s overall lifetime. A simple solution to
compensate for the filter effect on the magnitude and angle
of the current is to employ an observer, which is introduced
in [39] for motor drive applications.

IV. EXPERIMENTAL RESULTS
A. EXPERIMENTAL SETUP
A scaled-down prototype is used for the experimental test
as illustrated in Fig. 12 to verify the feasibility of the pro-
posed modulation scheme. The parameters of the experimen-
tal setup are summarized in TABLE 3. A six-phase C-CSI
is implemented by six half-bridges SKM50GB12V IGBT
modules connected to SKHI 22 A/B H4 gate drivers from
Semikron. The reverse blocking is achieved by connecting

TABLE 3. Parameters of the experimental setup under study.

each half-bridge to a DSEI 2 × 31.06C diode module one
diode to clamp each IGBT to the positive and negative rails.

The firing signals are generated by a LAUNCHXL-
F28379D digital signal processor. A programmable dc supply
is used in current-control mode to provide constant current.
A six-phase load consisting of R − L combination is used.
The filtering capacitors are selected to place the fres at the 13th

harmonic. The fundamental frequency of the system is 60 Hz,
and the setup runs at different modulation indexes in both
modulation regions mentioned earlier.

B. EXPERIMENTAL RESULTS
The tests performed in this section include:

1) Running the inverter at m = 1.
2) Running the inverter at m = 1.0773.
3) A step change from m = 0.8 to m = 1.0773.
4) Comparison between the xy harmonic content (injected

and measured) in the inverter output currents.

The experimental results of running the setup at m= 1 are
shown in Fig. 13. This test shows the performance of the
proposed scheme in Region I of the modulation. The wave-
forms shown are the load currents in Fig. 13(a) where phase
currents (A1,B1,A2, and B2) appear on the 4-channel scope
measured using hall-effect current sensors. The currents are
sinusoidal and the harmonic spectrum of iA1 is shown in
Fig. 13(b) using the Fast Fourier Transform function in MAT-
LAB. As expected, the spectrum shows low harmonic content
as the operation is in Region I of the modulation.

The inverter output current is illustrated in Fig. 13(c) which
also shows the dc-link current fed from the supply to the
inverter which appears steady with small ripples. The spec-
trum of the inverter current is demonstrated in Fig. 13(d) and
it is clear of harmonics since the xy harmonics are nullified
in this region. The spectrum of the load and inverter currents
are almost identical for the harmonics below the band of the
switching frequency. This band of harmonics is diminished
by the effect of the filtering capacitors. The load phase voltage
is demonstrated in Fig. 13(e) and its spectrum is in Fig. 13(f).
For R-L loads, the higher the harmonic understudy the higher
the value of the reactance XL, and the higher the voltage
harmonic component that would appear. This is a drawback
of using small filtering capacitors, however, this selection is
necessary for operation in Region II.
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FIGURE 13. Experimental results of running the setup at m= 1.
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FIGURE 14. Experimental results of running the setup at m= 1.0773.
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TABLE 4. THD comparison between region I and II.

The capacitor current is shown in Fig. 13(g). It represents
the filtered harmonics from the inverter output current as
excepted.

The supply voltage Vdc and the inverter input voltage Vinv
are shown in Fig. 13(h). From the inverter structure in Fig. 1,
the inverter voltage is the summation of the two input voltages
of the two three-phase inverters. Each input voltage is equal
to the line voltage between the two activated phases due to
the switching state applied to the inverter. The programmable
supply applies a constant voltage at the required level to
regulate the current and keep it at the set value. The cur-
rents and voltages of the series diode used to implement
the C-CSI are shown in Fig. 13(i) and the purpose of the
diode can be seen as it protects the IGBT/anti-parallel diode
from reverse conducting due to negative voltages that might
appear because of the nature of the load. The current and
voltages of the switch are shown in Fig. 13(j) and it shows
that the switch conducts pulsations between zero and the dc-
link current values. The voltage on the other hand is subject
to the loading condition and capacitor selection. It is expected
to have higher instantaneous voltages because of the selection
of small capacitors and that should be noted in the selection
of the rating switches. The results of the C-CSI running in
Region II are illustrated in Fig. 14. The waveforms of the
output currents have a flat-top shape because of the injection
as in Fig. 14(a). The cost of extending the modulation index
appears in the harmonic spectrum of the load and inverter
currents as in Fig. 14(b), (d).

The 5th and 7th harmonics are a bit higher in the load
currents since the capacitor selected resonates with the load
inductance at the 13th harmonic. However, the 17th and 19th
harmonics are diminished because of that selection. The load
voltage is shown in Fig. 14(e) and it can be noticed that
the harmonics showing in the load current are amplified
in the voltage spectrum in Fig. 14(f). Consequently, this
phenomenon affects both the voltages before and after the
inductor Vdc and Vinv as shown in Fig. 14(g), and the switches
and diodes selection since higher voltage peaks are expected
in addition to the increased voltage due to the extension in the
first place as shown in Fig. 14(i) and (j).

The harmonics of the currents in Region II are analyzed by
MATLAB to process the recorded data points of the wave-
forms. The formula for calculating the THD of the measured
currents is defined in (14). The THD of the currents and volt-
age waveforms are illustrated in TABLE 4. As can be noticed,

the m= 1.0773 case has higher THD values compared to the
m = 1 case.

THD =
1
If1

√√√√ 30∑
l=2

(
Ifl

)2 (14)

where Il is the harmonic current of the order l and I1 is the
fundamental current component.

V. CONCLUSION
This paper presents a new modulation scheme to control a
six-phase C-CSI withminimized harmonic contents. The pro-
posed method can also increase the modulation index range
by about 8% which is attractive for motor drive applications
that can lead to improving the torque density. The modulation
index range is classified into two regions and the calculation
of the dwell times is the same for the full range which can
help with simple implementation. The experimental results
show that the method is effective in eliminating the low-order
harmonic in Region I where the degrees of freedom allow
this feature. The extension of the modulation range is verified
experimentally as well at the cost of an increase in the asym-
metries harmonic content. The C-CSI topology combined
with the proposed method is utilized to produce the output
currents with unavoidable, yet minimized, harmonic content
in the extension region with a near flat-top waveform. This
feature is also required in motor drive applications to avoid
iron saturation and exceeding designed current stresses for
the converter semiconductors. The simplicity of the method
promotes it for application to other multiphase systems easily
based on their respective asymmetry subspaces.
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