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Abstract: Star-connected multiphase AC drives are being considered for electromovility applications
such as electromechanical actuators (EMA), where high power density and fault tolerance is
demanded. As for three-phase systems, common-mode voltage (CMV) is an issue for multiphase
drives. CMV leads to shaft voltages between rotor and stator windings, generating bearing
currents which accelerate bearing degradation and produce high electromagnetic interferences
(EMI). CMV effects can be mitigated by using appropriate modulation techniques. Thus, this work
proposes a new Hybrid PWM algorithm that effectively reduces CMV in five-phase AC electric drives,
improving their reliability. All the mathematical background required to understand the proposal,
i.e., vector transformations, vector sequences and calculation of analytical expressions for duty
cycle determination are detailed. Additionally, practical details that simplify the implementation
of the proposal in an FPGA are also included. This technique, HAZSL5M5-PWM, extends the
linear range of the AZSL5M5-PWM modulation, providing a full linear range. Simulation results
obtained in an accurate multiphase EMA model are provided, showing the validity of the proposed
modulation approach.

Keywords: multiphase electric drives; CMV; modulation techniques; PWM

1. Introduction

AC electric drives are used in a wide variety of industrial applications such as in compressors [1],
in electric vehicle propulsion systems [2,3] and in more electric aircraft (MEA) [4], among others.
Although three-phase systems dominate the AC drive market, multiphase solutions are gaining
popularity [5–7]. Multiphase systems are preferable for applications where high fault tolerance is
required [8], such as for MEA applications, where electromechanical actuators (EMA) for control
surfaces, fuel pumps, landing gears, environmental control systems and starter-generators need to
be operated [9–11]. Apart from their intrinsic fault tolerance, other benefits of multiphase drives
include a reduced current per phase (reducing copper losses and increasing efficiency) [4], noise
and electromagnetic interference (EMI) minimization [12,13], higher power density and lower torque
ripple [14], making them attractive for transport electrification. Among the multiphase topologies
available in the scientific literature, star-connected five-phase technologies (Figure 1) can be highlighted,
as they provide a good trade-off between system complexity and fault tolerance [15,16]. Specifically,
multiphase permanent magnet synchronous machines (PMSM) are being considered for aircrafts due
to their superior power density [17,18].
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In general, AC electric drives can experience issues due to the common-mode voltage (CMV) [19]
and common mode currents (CMC) [20]. CMV variations are generated by the commutation of the
power converter devices, producing EMI [21] and bearing currents that can compromise the integrity
of the electric machine [22]. Such voltage variations create new capacitive paths through the motor
bearings, leading to premature aging. Capacitive currents, electrostatic discharge machine (EDM)
currents, circulating currents and rotor-to-ground currents can flow through the bearings [23,24]
(Figure 2), and their harmful effects depend on the type of bearing, size of the machine and how the
machine is used.
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Figure 1. CMV in a five-phase power system.
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Figure 2. Cause-and-effect chain of common mode voltage (CMV) (adapted from [25]).

Operating at higher switching frequencies can entail more severe CMV related issues (additional
EMI generation and larger number of dv/dt) [26]. As considerable efforts are being carried out
to widespread the usage of wide bandgap (WBG) devices in AC drives, much higher switching
frequencies are expected in the future, making the investigation on CMV mitigation a popular
topic [13,19,20]. Thus, a wide variety of solutions have been proposed in the literature. Such solutions
can be classified as passive or active. Passive solutions are those which mitigate or eliminate the
harmful effects generated by CMV, while active solutions are intended to reduce or totally avoid CMV
generation. Among passive solutions, Faraday shielding [27,28], ceramic and hybrid bearings [22,29],
shielded cables [23,30] and shaft grounding rings [27,31] can be highlighted. On the other hand,
modulation techniques and new inverter topologies such as multilevel inverters [32], single-phase
transformerless inverters [33,34] and three-phase inverters [35] among others [36] are the most common
active solutions. Among all these solutions, modulation algorithms can be considered for CMV
reduction in star-connected five-phase AC drives due to their ease of implementation, low cost,
and because no additional hardware is needed.
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In [37], the authors initially proposed a CMV reduction modulation technique for five-phase
inverters, named AZSL5M5-PWM. However, the proposal has been only considered for passive
loads (star-connected RL loads) and solely validated in open-loop. From the obtained results, it has
been concluded that the linear range of the original AZSL5M5-PWM is limited, which can prevent
the utilization of this technique in electric drives where operation close to the base speed (without
entering in field weakening region) is desirable, as is the case in most EMA systems. Thus, a hybrid
AZSL5M5-PWM technique (HAZSL5M5-PWM) that provides the same linear range as conventional
space vector PWM (SV-PWM) is proposed in this work, and its performance is evaluated in an
EMA system.

This manuscript is organized as follows. First of all, conventional SV-PWM for star-connected
five-phase power systems is presented, where the harmonic projection of the stator voltages into
their corresponding orthogonal subspaces by means of Clarke transformation is mathematically
justified. After that and considering the third harmonic elimination constraint, it is shown how CMV
variations are generated in the multiphase drive. Secondly, the most relevant reduced common-mode
voltage PWM (RCMV-PWM) modulation techniques are briefly described, focusing on their limitations.
After that, the proposed Hybrid AZSL5M5-PWM modulation technique is presented providing the
required tools for duty cycle calculation, and validated by means of simulation. The target of the
proposed modulation technique is to effectively reduce CMV in star connected multiphase systems,
while the hybridization is performed to cover the whole operation range of the drive. Open-loop
and detailed five-phase EMA simulations are conducted to perform the validation, where not only
CMV reduction is verified, but other figures such as total harmonic distortion (THD) and efficiency are
evaluated in order to demonstrate that the achieved CMV reduction does not significantly penalize
other relevant drive figures.

2. Influence of the SV-PWM Technique in the CMV of a Star-Connected Five-Phase AC Drive

SV-PWM is one of the most used modulation techniques in three-phase and multiphase power
systems thanks to its easy digital implementation and optimum DC bus voltage utilization. As a
star-connected five-phase system has four degrees of freedom, stator voltages and currents can be
represented into two separated two-dimensional planes, α-β and x-y, and one homopolar component
by means of the following amplitude invariant Clarke transformation [38]:

vα

vβ
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vy
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 =
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0 sin(4π/5) sin(8π/5) sin(12π/5) sin(16π/5)
1
2

1
2

1
2

1
2

1
2
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
va

vb
vc

vd
ve

 . (1)

The Clarke transformation allows us to decouple the 5-dimensional voltage vector in the abcde
reference frame into three orthogonal subspaces (α-β, x-y and 0). For a surface-mounted permanent
magnet synchronous machine (SM-PMSM), this decoupling is done through the diagonalization of the
inductance matrix L (2).

L =


L11 L12 L13 L14 L15

L21 L22 L23 L24 L25

L31 L32 L33 L34 L35

L41 L42 L43 L44 L45

L51 L52 L53 L54 L55

 . (2)

For SM-PMSMs, the elements of L can be considered invariant with respect to the rotor angular
position, as the surface placed magnets have a permeability near that the one of the air. Therefore,
a SM-PMSM behaves like a non-salient pole synchronous machine [39]. As the windings in each phase
are manufactured identically, the mutual inductances between any pair of phases separated with the
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same electrical angle are equal, i.e., L12 = L15 = L21 = L23 = L51 = Ljk (if |j− k| = 1) or L13 = L31 =

L25 = L52 = Ljk (if |j− k| = 2). Similarly, all the self-inductances are equal (L11 = L22 = · · · = L55).
This type of matrix is known as a circulant matrix, and it has some special properties [40]. For example,
it guarantees that L is orthogonally diagonalizable by a transformation represented by a 5× 5 real
matrix [41,42].

The circulant matrices are diagonalized by the Fourier Matrix [40,43]. Therefore, the Clarke
transformation decomposes the 5-dimensional vectors according to their harmonic components. In the
α-β sub-space, the h = 5(l − 1)± 1 harmonic components are projected while, in the x-y sub-space,
the h = 5(l − 1) ± 3 ones are projected, being l ∈ {1, 3, 5, ...} [41,44]. The harmonic components
of order h = 5l are projected into the zero-sequence or homopolar sub-space. In Table 1, the odd
harmonics associated with each sub-space according to the Clarke transformation of (1) are presented
for a 5-phase machine.

Table 1. Sub-space harmonics mapping for a five-phase machine.

Sub-Space Harmonics

α− β h = 1, 9, 11, 19...
x− y h = 3, 7, 13, 17...

zero-sequence h = 0, 5, 15, 25...

The number of possible switching states or space vectors is 25, where 30 are active vectors and
two are zero vectors (Figure 3). Active vectors can be classified depending on their magnitude as:

• Large vectors, where |Vl | = 4/5VDC cos(π/5), which correspond to the outer decagon of Figure 3.
• Medium vectors, where |Vm| = 2/5VDC, which correspond to the middle decagon of Figure 3.
• Small vectors, where |Vs| = 4/5VDC cos(2π/5), which correspond to the inner decagon of

Figure 3.
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Figure 3. Five-phase SV-PWM: α-β and x-y planes with their corresponding space vectors and switching
states (a ‘1’ in a switching state represents that the top switch of a given phase is activated, while a ‘0’
represents that its complementary switch is activated). (a) α-β vector plane. (b) x-y vector plane.

For an n-phase system, n − 1 active vectors must be applied at each commutation period in
order to achieve a sinusoidal output [45]. Thus, four active vectors must be used in a star-connected
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five-phase system. Although various possible active vector combinations are possible to produce a
given output voltage vector, the most common alternative consists on using two large and two medium
adjacent vectors. As an illustrative example, Figure 3 shows the vectors used to synthesize a given
reference voltage vector located in the first sector of the α-β plane, being the following the application
sequence that minimizes switching losses: 00000, 10000, 11000, 11001, 11101, 11111, 11101, 11001,
11000, 10000, 00000. If the third harmonic component needs to be eliminated, the application-time ratio
between medium and large vectors must satisfy (3), as with this ratio the sum of the applied vectors in
the x-y plane is zero (Figure 3) [46].

tlarge

tmedium
= 1.618. (3)

As a result, the maximum achievable output voltage following this modulation approach is:

Vomax =
4
5

cos
(π

5

)
cos

( π

10

)
= 0.6155VDC, (4)

and the CMV generated in the five-phase system is:

VCM(t) =
1
5
[Va0(t) + Vb0(t) + Vc0(t) + Vd0(t) + Ve0(t)] . (5)

When using SV-PWM and applying the vector sequence that corresponds to the first sector of the
α-β plane, the CMV waveform of Figure 4 is obtained. From (5), it can be deduced that all large and
short vectors generate CMV levels of ±0.3VDC, while CMV levels are of ±0.1VDC for medium vectors
and of ±0.5VDC for null vectors. When evaluating the impact of the CMV, the difference between the
maximum and minimum CMV levels (∆CMV , Figure 4) must be considered, and the number of CMV
variations for each commutation period (NCMV) must also be taken into account.
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Figure 4. CMV waveform of SV-PWM technique (adapted from [23]).
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3. RCMV-PWM Techniques

As zero vectors are responsible for generating the maximum CMV levels (Figure 4), most of the
RCMV-PWM techniques avoid the application of these vectors to reduce ∆CMV and NCMV . In [38],
an extension of the three-phase active zero state PWM (AZS-PWM) [47] modulation technique to the
five-phase scenario is proposed. This technique replaces zero vectors by applying two active vectors
with the opposite phase at the same time. In this work, this technique will be named AZSL2M2-PWM
as, apart from the active vectors that substitute zero vectors, two large (L2) and two medium (M2)
vectors are used at each modulation period. This technique shows a good harmonic performance and
DC bus utilization, being its linear range 0 ≤ m ≤ 1. However, ∆CMV is not greatly reduced, as only
±0.5VDC CMV levels are avoided (Table 2). Similarly, a modulation algorithm that employs four large
active vectors in conjunction with two active vectors with opposite phases (AZSL4-PWM) is proposed
in [38]. This technique has the same linear range as SV-PWM and AZSL2M2-PWM, and considerably
reduces ∆CMV , as only applies large vectors. Nonetheless, NCMV remains as for SV-PWM (Table 2).

M5-PWM [48] and L5-PWM [49] techniques completely eliminate ∆CMV and NCMV by only using
odd or even medium (M5-PWM), or odd or even large (L5-PWM) active vectors. However, this is
achieved at the cost of introducing additional power losses, significantly reducing the linear range up
to 0.5257 for M5-PWM (Table 2), and generating high harmonic distortion for L5-PWM, making them
inappropriate for many industrial applications. Authors in [48,49] also propose variants that use ten
medium (M10-PWM) or ten large (L10-PWM) vectors. These techniques enhance the linear range by
increasing the available vectors, but do not reduce ∆CMV and NCMV as much as with M5-PWM and
L5-PWM (Table 2).

Table 2. Summary of the most relevant features of SV-PWM and RCMV-PWM techniques.

Modulation ∆CMV [V] NCMV ∆CMV Reduction [%] NCMV Reduction [%] vCM Waveform Linear Range

SV-PWM VDC 10 - -

 0.5VDC

 -0.5VDC

 0.3VDC

 0.1VDC

 -0.1VDC

-0.3VDC

0 ≤ m ≤ 1

AZSL2M2-PWM 0.6VDC 6 −40% −40%
0.3VDC

0.1VDC

-0.1VDC

-0.3VDC

0 ≤ m ≤ 1

AZSL4-PWM 0.2VDC 10 −80% 0% 0.1VDC

-0.1VDC
0 ≤ m ≤ 1

M5-PWM 0 0 −100% −100% -0.3VDC 0 ≤ m ≤ 0.5257

M10-PWM 0.6VDC 2 −40% −80%
0.3VDC

-0.3VDC

0 ≤ m ≤ 0.618

L5-PWM 0 0 −100% −100% 0.1VDC
0 ≤ m ≤ 0.8507

L10-PWM 0.2VDC 6 −80% −40% 0.1VDC

-0.1VDC
0 ≤ m ≤ 1

AZSL5M5-PWM 0.4VDC 2 −60% −80%
0.1VDC

-0.3VDC

0 ≤ m ≤ 0.8507

Among the reviewed techniques, AZSL2M2-PWM and L10-PWM best suit for industrial
applications, as they keep the linear range with a reasonable THD while effectively reducing
∆CMV . However, NCMV reduction by means of such modulation algorithms is limited. Thus, a new
RCMV-PWM technique that further reduces NCMV while keeping an extended linear range is proposed
in the following section.
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4. Proposed RCMV-PWM Technique

4.1. Active Zero State L5M5 PWM Technique (AZSL5M5-PWM)

The main part of the proposed RCMV-PWM technique, named active zero state L5M5
PWM (AZSL5M5-PWM), is based on the AZSL2M2-PWM technique [38]. However, and unlike
AZSL2M2-PWM, the proposed scheme only uses odd or even vectors to further reduce the CMV
voltage variations. For example, if odd vectors are only considered, this leads to the sector distribution
of Figure 5a. Thus, five medium vectors and five large vectors are exclusively used to synthesize
the reference voltage (Figure 5), and CMV varies between −0.3VDC and 0.1VDC (if only even
vectors are used, CMV varies between −0.1VDC and 0.3VDC). Consequently, ∆CMV = 0.4VDC and
NCMV = 2 (Table 2).
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Figure 5. Sector distribution of AZSL5M5-PWM modulation scheme in the α-β plane. (a) AZSL5M5-PWM
implemented with odd vectors. (b) AZSL5M5-PWM implemented with even vectors.

For the sake of simplicity, all the following analyses are conducted considering the AZSL5M5-PWM
variant which exclusively uses odd vectors. The procedure is analogous for even vectors.

The application time of each vector can be easily calculated by solving the following system:
V∗α
V∗β
V∗x
V∗y

 =


Vmrα Vllα Vlrα

Vmlα

Vmrβ
Vllβ Vlrβ

Vmlβ

Vmrx Vllx Vlrx Vmlx

Vmry Vlly Vlry Vmly




δ1

δ2

δ3

δ4

 , (6)

where V∗α , V∗β , V∗x and V∗y are the reference voltage projections in the α-β and x-y planes, δ1, δ2, δ3

and δ4 are the duty cycles for each vector, and the 4× 4 matrix is composed of the magnitudes of the
vectors to be applied in each sector, where Vmr refers to the modulus of the medium vector on the
right side of the reference vector (Vre f ) (Figure 6, Â), Vml refers to the modulus of the medium vector
on the left (Figure 6, Ã), and Vll and Vlr refer to the modulus of the large vectors on both left and
right sides, respectively (Figure 6, Á and À). Consequently, a 4× 4 matrix should be defined for each
sector. In general, V∗x and V∗y are set to zero in order to cancel the voltage third harmonic. From (6),
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it is possible to explicitly determine the values of the duty cycles δ1, δ2, δ3 and δ4 with respect to the
reference voltages V∗α and V∗β :

δ1 = α1V∗α /VDC + β1V∗β /VDC = −a1sin
[

2sπ

5

]
V∗α /VDC + a1cos

[
2sπ

5

]
V∗β /VDC,

δ2 = α2V∗α /VDC + β2V∗β /VDC = −a2sin
[

2(s− 1)π
5

]
V∗α /VDC + a2cos

[
2(s− 1)π

5

]
V∗β /VDC,

δ3 = α3V∗α /VDC + β3V∗β /VDC = a2sin
[

2sπ

5

]
V∗α /VDC − a2cos

[
2sπ

5

]
V∗β /VDC,

δ4 = α4V∗α /VDC + β4V∗β /VDC = a1sin
[

2(s− 1)π
5

]
V∗α /VDC − a1cos

[
2(s− 1)π

5

]
V∗β /VDC,

(7)

where being s = {1, 2...5} the corresponding sector in the αβ plane, and being

a1 = ( − 5 +
√

5)/
√

2(5 +
√

5) and a2 =
√
(10/(5 +

√
5).

Regarding the practical implementation of the proposed technique, the 2× 4 matrix Ms can be
defined as in (8), where the elements of such matrix can be precalculated for each sector and stored
into look-up tables (LUT). In this way, the computational burden and implementation complexity of
the algorithm are greatly reduced. Table 3 summarizes the values of Ms for each sector s = {1, 2...5}.

Ms =


α1 β1

α2 β2

α3 β3

α4 β4

 . (8)

Table 3. Values of Ms depending on the αβ plane sector.

Sector 1 (M1) Sector 2 (M2) Sector 3 (M3) Sector 4 (M4) Sector 5 (M5)
0.691 −0.224

0 1.176
1.118 −0.363

0 0.726




0.427 0.588
−1.118 0.363
0.691 0.951
−0.691 0.224



−0.427 0.588
−0.691 −0.951
−0.691 0.951
−0.427 −0.588



−0.691 −0.224
0.691 −0.951
−1.118 −0.363
0.427 −0.588




0 −0.726
1.118 0.363

0 −1.176
0.691 0.224
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Figure 6. AZSL5M5-PWM modulation vector sequence (À–Å) for sector 1 when only odd vectors
are applied.

The main difference of the AZSL5M5-PWM technique over the AZSL2M2-PWM one is that,
there are no strictly phase-opposite vector pairs, as only odd/even vectors can be used (Figure 6).
To solve this problem, three active vectors (two medium and one large) are used to replace a zero vector.
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First, the large vector on the right side of the sector (Figure 6, À) is applied during t0/3, and each
medium vector (Figure 6, Ä and Å) is applied during t0/3.

Since the applied vector sequence has a great impact on the CMV and on the switching losses,
a sequence with minimum commutations has been chosen for each sector. For instance, when the
reference voltage vector lays in sector 1, the next vector sequence is applied: 11001, 11100, 10000, 01000,
00100, 00010, 01000, 10000, 11100 and 11001 (Figure 6). Odd vector variant AZSL5M5-PWM vector
sequences depending on the reference voltage sector are given in Table 4. It is important to note that,
for AZSL5M5-PWM, more than one commutation is produced at each vector change.

Table 4. AZSL5M5-PWM vector sequences (odd vectors).

AZSL5M5-PWM Vector Sequence

Sector 1 11001 11100 10000 01000 00100 00010 01000 10000 11100 11001
Sector 2 11100 01110 01000 00100 00010 00001 00100 01000 01110 11100
Sector 3 01110 00111 00100 00010 00001 10000 00010 00100 00111 01110
Sector 4 00111 10011 00010 00001 10000 01000 00001 00010 10011 00111
Sector 5 10011 11001 00001 10000 01000 00100 10000 00001 11001 10011

As the α-β plane is divided into five sectors instead of ten (Figure 5), the linear range of
AZSL5M5-PWM is slightly reduced, being the maximum achievable output voltage:

VoMAX =
4
5

cos
(π

5

)
cos

(π

5

)
= 0.5236VDC. (9)

For applications where achieving full linear range is mandatory, an hybrid modulation that
extends AZSL5M5-PWM’s linear range is proposed in the following.

4.2. Hybridization of the Proposed Modulation Algorithm

Three operation areas have been differentiated in Figure 7 to carry out the hybrid modulation
algorithm and extend the linear range of AZSL5M5-PWM. The AZSL5M5-PWM hybrid variant
(HASZL5M5-PWM) that uses odd vectors (white area) has been chosen as the main modulation
scheme. When Vre f steps over the boundaries of the white pentagon, two things may occur. On the one
hand, Vre f might remain within the shadowed boundaries. In such case, AZSL5M5-PWM with even
vectors would be applied. On the other hand, if Vre f is out of the limits of AZSL5M5-PWM with even
or odd vectors, SV-PWM can be used to fulfill the remaining area, marked with lines. This modification
extends the linear range of AZSL5M5-PWM up to 26.8%. Further variants with greater CMV reduction
could also be considered if a full range RCMV-PWM technique, such as AZSL2M2-PWM, is used
instead of SV-PWM.
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Figure 7. HAZSL5M5-PWM. White: AZSL5M5-PWM with odd vectors; shadowed: AZSL5M5-PWM
with even vectors; lines: SV-PWM.
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5. Simulation Results

In order to validate the proposal, two simulation platforms have been implemented in
Matlab/Simulink. On the one hand, an open-loop model has been created to evaluate the
HAZSL5M5-PWM technique and compare its performance with other existing ones regardless of the
influence of a control algorithm. On the other, a detailed five-phase EMA model has been implemented
to evaluate the proposal in the context of a variable speed AC drive. Without losing generality and
in order not to significantly increase the computational burden of the model, ideal switch models
that do not consider switching transients nor dead-time effects have been adopted in both simulation
platforms. The obtained results and their discussion are provided in the following.

5.1. Open-Loop Model Simulation Results

Figure 8 shows the open-loop model block diagram. SimPowerSystem blocks have been used
to model the power elements. The battery has been modeled as an ideal DC voltage source.
The power-converter block includes a two-level five-phase voltage source inverter, where each
switching device includes a detailed loss and thermal model, allowing an accurate estimation of
inverter losses. In this work, a loss model of the International Rectifier AUIRGPS4067D1 IGBT has been
implemented for each switch, whose main parameters are detailed in Table 5. The loss and thermal
model follows the same approach as the one presented by the authors in [50]. The analytical approach
used in this work to estimate the instantaneous conduction and switching losses is commonly used by
the scientific community [51] and by the industry [52]. On the other hand, the adopted 1D thermal
modeling approach has been verified by the authors in [53], where it has been compared to 3D finite
element method (FEM) simulation, obtaining almost the same results. Finally, a passive star-connected
five-phase RL load has been included. The most significant parameters of the open-loop model are
collected in Table 6.

VDC +

VDC -

VDC +

VDC -

A
B
C
D
E

A
B
C
D
E

PWM

Loss and thermal modelModulation

Star-connected RL loadFive-phase VSIBattery

Figure 8. Block diagram of the constituting parts of the open-loop Simulink model.

Table 5. Most relevant parameters of the simulated International Rectifier AUIRGPS4067D1 IGBT.

Parameter Value Unit

Nominal current per switch 120 A
Maximum blocking voltage 600 V

Typical IGBT collector-emitter voltage 1.7 V
Typical diode forward voltage 1.7 V

Typical IGBT turn-on switching loss 8.2 mJ
Typical IGBT turn-off switching loss 2.9 mJ

Typical diode reverse recovery 2.4 mJ
IGBT thermal resistance 0.2 ◦C/W
Diode thermal resistance 0.25 ◦C/W

Allowable junction temperature −55 to 175 ◦C
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Table 6. The most significant parameters of the open-loop simulation platform.

Variable Symbol Value Unit

Load resistance RLoad 0.001 Ω
Load inductance LLoad 1 mH
Battery voltage VDC 320 V

Modulator frequency fmod 50 Hz
Switching frequency fsw 10000 Hz

Figure 9 shows the THD and the efficiencies obtained for the proposed algorithm and for other
techniques for all the linear range. As it was expected, RCMV-PWM modulations show greater
harmonic content when compared to SV-PWM due to the use of phase-opposite vectors. However,
for high modulation index values, all the studied modulations produce a similar THD. On the other
hand, while AZSL2M2-PWM and SV-PWM have similar efficiencies, the HAZSL5M5-PWM has a
slightly lower efficiency, which increases for low modulation indexes.

40
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Figure 9. Total harmonic distortion (THD) and efficiency of studied modulation techniques for static
operation points. (a) THD. (b) Efficiency.

Power losses can be seen in more detail in Figure 10. As mentioned before, HAZSL5M5-PWM
requires more commutations at each vector change which entails an increase of switching losses
(Figure 10a). However, conduction losses are almost equal in all modulations (Figure 10b). On the
other hand, Figure 10c shows the load power as a function of the modulation index.

Regarding CMV mitigation, the proposed HAZSL5M5-PWM technique reduces ∆CMV and NCMV
by a 60% and 80%, respectively, when m ≤ 0.8507. These percentages are reduced while m gets close
to 1. The worst case scenario, when modulation index is 1, AZSL5M5-PWM is active 29.78% of the
simulated time while SV-PWM is active the 70.22% of the simulated time. In such a case, the ∆CMV
is reduced by 17.86% and NCMV is reduced by 23.82%. In addition, when applying the operation
condition equivalent to maximum torque (Temmax = 26 Nm) and maximum speed (ωmax = 105 rpm)
that allows this particular application (modulation index = 0.96), AZSL5M5-PWM is active 49.8%
of the simulated time while SV-PWM is active the 50.2% of the simulated time, reducing the ∆CMV
by 29.88% and NCMV by 39.84%. So, even when the most torque and speed values are considered,
HAZSL5M5-PWM reduces the NCMV as much as AZSL2M2-PWM and L10-PWM techniques.



Energies 2020, 13, 607 12 of 19

S
w

it
ch

in
g 

lo
ss

es
 [

W
]

m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

200

400

600

100

500

300

SV-PWM
AZSL2M2-PWM

HAZSL5M5-PWM
L10-PWM

(a)

C
o

n
d

u
ct

io
n

 lo
ss

es
 [

W
]

m
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

200

400

600

800

1000
SV-PWM
AZSL2M2-PWM

HAZSL5M5-PWM
L10-PWM

(b)

Po
w

e
r 

[W
]

0

2000

4000

6000

8000

10000

12000
Load power

m
0 0.1 0.2 0.3 10.4 0.5 0.6 0.7 0.8 0.9

(c)

Figure 10. Distribution of power losses for the of studied modulation techniques for static
operation points. (a) Switching losses. (b) Conduction losses. (c) Load power.

5.2. EMA Model Simulation Results

Figure 11 shows the block diagram of the implemented EMA model where, as in the open-loop
model, the same power loss model based on the International Rectifier AUIRGPS4067D1 IGBT has
been implemented. The EMA incorporates a star-connected five-phase PMSM, which third harmonic
back-EMF component is negligible. Table 7 shows the main parameters of the simulated EMA.

VDC +

VDC -

VDC +

VDC -

A
B
C
D
E

A
B
C
D
E

PWM

Loss and thermal modelModulation

EMAFive-phase VSIHVDC grid Five-phase PMSM

Controller

Speed
Reference

Figure 11. General block diagram of the electromechanical actuator (EMA) simulation platform.

The five-phase PMSM stator voltages are given by:

V = RI + L
dI
dt

+
dΨPM

dt
, (10)

where V and I are five-dimensional vectors whose element (vj and ij, j ∈ [a, b, ..., e]) are the per-phase
voltages and currents, respectively. R is a 5 × 5 diagonal matrix, where each diagonal element
represents the phase resistance. L is the 5 × 5 stator inductance matrix, where each element Lij
(i, j ∈ [a, b, ..., e]) represent the self- (i = j) and mutual-inductances (i 6= j) between phases i
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and j. Being the value of the mutual-inductances very low and magnetic saturation phenomena
negligible, mutual-inductances have been considered zero and self-inductances have been considered
constant in the implemented electric machine model. A perfectly balanced stator has been considered.
These assumptions have been done without losing generality for the evaluation of the proposed
modulation algorithm as, if any non-ideality is present in the electric drive, torque and speed loops
are responsible of their compensation, while the proposed algorithm synthesizes the commanded
reference voltages and minimizes CMV. The term ΨPM is the five-dimensional flux linkage vector
(ΨPM = [ΨPMa, ΨPMb, . . . , ΨPMe]

T) produced due to the permanent magnets.

Table 7. Most significant parameters of the simulated EMA.

Parameter Symbol Value Unit

Rated power Pnom 1.51 kW
Rated torque Tnom 12.1 Nm
Rated speed ωnom 1200 RPM

Pole-pair number Np 9 −
Stator resistance Rs 1.5 Ω

Stator self-inductance Ls 9.6 mH
PM flux linkage ΨPM 0.13 Wb

HVDC grid voltage VDC 270 V
Switching frequency fsw 10000 Hz

The torque produced by the motor is given by:

Tem = IT dΨPM
dθm

, (11)

where θm is the angular mechanical rotor position. The dynamics of the rotational movement are
given by:

Tem − Tl = J
dωm

dt
+ Bωm, (12)

where Tl is the load torque produced by the EMA, J is the total inertia moment of the rotating masses,
including EMA and motor, ωm is the rotational speed of the rotor and B is the viscous friction coefficient.

Figure 12 shows the detailed diagram of the controller. The controller consists of two control
loops. The outer one regulates the rotational speed of the motor. This loop has a proportional-integral
(PI) controller tuned in z. For this application, the damping factor has been set to ξ = 0.707, while
the settling-time has been set to Ts = 50 ms. The inner loop tracks the current references through a
vector controller [54]. Again, ξ = 0.707 for the current regulator, while Ts = 5 ms. In this particular
case, only two PI controllers are required to control the first harmonic components (id1, iq1), as there is
no third harmonic back-EMF component and the proposed PWM technique intrinsically regulates to
zero the third harmonic voltages (V∗x and V∗y are imposed to be zero). It must be taken into account
that, for this particular control approach, a conventional microcontroller sine-triangle PWM peripheral
cannot be used due to the modulation algorithm computational requirements. Thus, an FPGA should
be incorporated to implement the modulation algorithm, while implementing the speed and current
loops in a fixed-point or floating point DSP.
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Figure 12. Block diagram of the EMA speed and torque controller.

Therefore, the following abcde to d1-q1 transformation (T) is used in the controller:

T = 2
5

[
cos(θe) cos(θe − 2π/5) cos(θe − 4π/5) cos(θe − 6π/5) cos(θe − 8π/5)
−sin(θe) −sin(θe − 2π/5) −sin(θe − 4π/5) −sin(θe − 6π/5) −sin(θe − 8π/5)

]
, (13)

this being the matrix product of the transformation in (1) with the following rotational matrix:

R =

[
cos(θe) sin(θe) 0 0 0
−sin(θe) cos(θe) 0 0 0

]
, (14)

where θe is the electrical rotor position of the motor, being θe = Npθm.
Once the inner loop PI controllers provide the voltage references (v∗d1, v∗q1), such references are

transformed into the αβ frame by applying the R−1 (pseudo-inverse of R) matrix and fed to the PWM
block. Matrix R−1 is the classical counter-clockwise rotation transformation [42]:

R−1 =

[
cos(θe) −sin(θe)

sin(θe) cos(θe)

]
, (15)

Several simulations have been performed for various torque and speed conditions that cover the
whole operation range of the EMA in order to evaluate the figures of the HAZSL5M5-PWM algorithm
compared to other techniques.

Figures 13a–c show the efficiency results and the distribution between conduction and switching
losses. Similar results as in open-loop simulations have been obtained for the EMA platform.
As expected, switching losses increase when applying HAZSL5M5-PWM. However, such losses
are not linear since hybrid AZSL5M5-PWM also includes SV-PWM algorithm and, when high
modulation indexes are required, SV-PWM and HAZSL5M5-PWM techniques operate together
reducing commutation losses. In terms of overall system efficiency, it is only reduced for about
1% when compared HAZSL5M5-PWM to SV-PWM. However, ∆CMV and NCMV are significantly
reduced thanks to the proposed technique. In addition, in this particular application, AZSL5M5-PWM
is operating all the time in all the simulated operation points except the one described in the previous
section (Tem = 26 Nm and ω = 105 rpm). Consequently, the benefits of the AZSL5M5-PWM are fully
exploited in the vast majority of the operation points of this application.
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Figure 13. Power losses and efficiency of the proposed HAZSL5M5-PWM algorithm compared to other
modulation techniques. (a) EMA switching losses for the studied modulation techniques. (b) EMA
conduction losses for the studied modulation techniques. (c) EMA system efficiency with for the
studied modulation techniques.

6. Conclusions

This paper introduces the CMV issue in multiphase electric drives and, more precisely, in EMA
drives for MEA applications. In this context, the HAZSL5M5-PWM modulation technique is proposed.
The basis of this technique merges the usage of phase-opposite vectors and the use of only odd or
even active vectors to further reduce the CMV. The THD and efficiency characteristics of the proposed
RCMV-PWM algorithm are evaluated and compared with SV-PWM and other RCMV-PWM techniques
in an open-loop and in an EMA drive Simulink models. It is shown that the proposed algorithm
achieves better THD performance when high modulation indexes are required. In addition, this
technique reduces CMV variations (NCMV) up to 80% when compared to SV-PWM, which directly
implies a reduction in the leakage currents that affect the bearings. Therefore, the EMA reliability is
improved. In exchange, with the proposed modulation the system efficiency slightly decreases. Thus,
the investigation of other hybridization alternatives for the HAZSL5M5-PWM modulation technique
that also consider THD and efficiency can be considered for future research.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating current
AZS-PWM Active Zero-State Pulse Width Modulation
AZSL2M2-PWM Active Zero-State Two Large Two Medium
AZSL4-PWM Active Zero-State Four Large
AZSL5M5-PWM Active Zero-State Five Large Five Medium
CMC Common mode current
CMV Common mode voltage
DC Direct current
EDM Electric discharge machining
EMA Electromechanical actuator
EMI Electromagnetic interferences
FEM Finite element method
GaN Gallium nitride
HVDC High-voltage direct current
IGBT Insulated gate bipolar transistor
L5-PWM Five Large Pulse Width Modulation
L10-PWM Ten Large Pulse Width Modulation
M5-PWM Five Medium Pulse Width Modulation
M10-PWM Ten Medium Pulse Width Modulation
MEA More Electric Aircrafts
PI Proportional Integral
PMSM Permanent Magnet Synchronous Machine
PWM Pulse Width Modulation
RCMV-PWM Reduced Common Mode Voltage Pulse Width Modulation
SiC Silicon Carbide
SV-PWM Space Vector Pulse Width Modulation
THD Total Harmonic Distortion
VSI Voltage Source Inverter
WBG Wide Bandgap
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