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ABSTRACT This paper presents a detailed analysis of the use of a novel Harmonic Mitigation algorithm for
Cascaded H-Bridge Multilevel Inverter in electrical drives for the transportation field. For this purpose, an
enhanced mathematical model of Interior Permanent Magnet Synchronous Motor (IPMSM), that takes into
account simultaneously saturation, cross-coupling, spatial harmonics, and iron loss effects, has been used.
In detail, this model allows estimating accurately the efficiency and the torque ripple of the IPMSM, crucial
parameters for transportation applications. Moreover, two traditional pulse width modulation strategies, Sinu-
soidal Phase-Shifted and Switching Frequency Optimal Phase-Shifted have been considered for comparison
purposes with an optimized harmonic mitigation algorithm. Thus, this work provides a deep analysis of
IPMSM drive performance fed by CHBMI, paying attention to various aspects such as the IPMSM efficiency,
torque ripple, current, and voltage total harmonic distortion (THD). Finally, experimental investigations have
been carried out to validate the analysis conducted.

INDEX TERMS Cascaded H-bridge multilevel inverter (CHBMI), efficiency, interior permanent magnet

synchronous machine (IPMSM), selective harmonic mitigation algorithm, torque ripple.

I. INTRODUCTION
Multilevel inverters are a promising technology that results at-
tractive for several kinds of applications such as medium volt-
age grid-connected PV systems[1]-[3], medium-high power
transmission applications [4], medium-high power motor
drives [5]-[7], and low-power low-voltage applications [8].
Compared to the traditional two-level inverters, multilevel
converters present lower voltage stress, lower switching fre-
quency, consequently smaller switching losses, lower dv/dt,
and lower harmonic content in the output voltage wave-
forms. According to [9], the main multilevel inverter topolog-
ical structures are Neutral-Point-Clamped Multilevel Inverter
(NPCMI), Flying Capacitor Multilevel Inverter (FCMI), and
Cascaded H-Bridges Multilevel Inverter (CHBMI). In partic-
ular, the CHBMI presents a modular structure, that allows
easy expansion of the voltage levels by using fewer power

devices concerning the other topology structures. Therefore,
this topology can be successfully used in transportation appli-
cations such as automotive and aircraft where modular energy
sources such as batteries and supercapacitors are employed.
Indeed, the modularity feature allows improving the manage-
ment and efficiency of the battery packages. Changing the
point of view, there is also an improvement in terms of safety
due to the voltage amplitude reduction of different levels of
the converter.

In the transportation field, two key requirements are energy
savings and the torque ripple that is the main source of noise
and vibrations, as suggested in [10]-[11]. In this field, the
permanent magnet synchronous machine (PMSM) is the most
employed due to it is peculiar features such as high efficiency,
high torque density, and wide operating speed range
[12]-[14]. In literature, there are a huge amount of studies
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concerning the benefits deriving by the use of multilevel
inverters on PMSM electrical drives [15]-[19]. In detail, many
control techniques have been proposed. The main control
techniques discussed are direct torque control (DTC), model
predictive control (MPC), and field-oriented control (FOC).
The DTC presents the advantages of simplicity and robustness
but presents the drawback of variable switching frequency and
high torque ripple [15]-[16]. The MPC allows to obtain a very
high dynamic performance but the implementation is complex
and requires a large amount of calculation [17]-[18]. The
FOC is a control technique where the electromagnetic torque
and the air-gap flux control are carried out by controlling the
stator currents amplitudes and their phase shift. However, the
performances of the electric drive, are not only a function of
the aforementioned control techniques but also of the modula-
tion technique employed especially when a multilevel inverter
is adopted [19]. The main control techniques and modulation
strategies for multilevel inverters in traction applications
have been discussed in [20]. More in detail, through a set of
selection criteria based on traction systems requirements the
control and modulation schemes, have been compared.

Regarding the modulation strategies, a large number of
studies that analyze the benefits of the use of a multilevel
converter, for different fields of applications, are reported
in the literature [21], [22]. In high-power medium voltage
applications, the device switching losses are predominant in
respect of the conduction losses. Therefore, to obtain high
converter efficiency, high device utilization, and reduced cool-
ing requirements, the low-switching frequency modulation
strategies such as Selective Harmonic Elimination (SHE) and
Selective Harmonic Mitigation (SHM) algorithms have been
adopted [23]-[24]. The SHE and SHM algorithms allow to
eliminate or mitigate low-order voltage harmonics by using
a set of non-linear transcendental equations system in which
the order depends on the number of the voltage levels of
the converter. Therefore, the evaluation of the control an-
gles through the resolution of the non-linear transcendental
equation system is the key issue of these methods. Thus, in
literature, different approaches and innovative ways have been
investigated to overcome and simplify the applications of SHE
and SHM algorithms [25]-[29]. Regarding electrical drives
fed by two-level inverters, different interesting studies focused
on different aspects such as minimization of the torque ripple
by using SHE algorithms [30]-[31] and the comparison of
Space Vector and SHE PWM [32], are reported in the liter-
ature. From these studies, it is clear that performance can be
improved by using multilevel technologies.

Other studies proposed the NPCMI topology structure
as a conversion system for electrical drive applications. In
particular, an interesting harmonic investigation by using a
SHE-PWM for induction motor has been presented in [33].
In [34]-[35], a performance comparison between two-level
and five-level NPCMI in electrical drive with FOC strategy
and IPMSM motor has been presented, whereas five-level
and seven-level NPCMI performances have been compared in
[36]. In these studies, interesting results by using multilevel
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technology have been demonstrated. Nevertheless, the
NPCMI has lower reliability due to the absence of modularity
in the topology structure.

A five-level CHBMI topology structure for E-transportation
has been proposed in [37], in which an interesting analysis
that has taken into account state of charge, Total Harmonic
Distortion (THD%), torque ripple, and switching losses has
been carried out. Similar studies are reported in [38]-[39],
where the performance of seven-level and nine-level CHBMI
converters are presented, respectively. Although numerous
studies about multilevel structures in different traction appli-
cations proposed them as a promising substitute, the world-
wide markets have not used these topologies yet [20].

However, the scientific literature includes very few studies
on the performance of PMSM electric drives fed by CHBMI
with SHM modulation algorithms. Most of the studies focus
the attention on PMSM electric drive performance by the
use of Space Vector Pulse Width Modulation (SVPWM) both
with traditional two-level inverters and with multilevel invert-
ers [6], [15]-[16], [19], [32], [37]-[40]. For this reason, the
main purpose of this work is to investigate the performance
of IPMSM electric drives fed by five-level CHBMI with the
SHM algorithm.

The goal of this work is to incentive the technological
transition from traditional two-level inverters to multilevel
technologies especially in the field of traction applications.
For this purpose, this study investigates the performance of
an electrical drive system in terms of overall efficiency and
torque ripple through a detailed technical comparative anal-
ysis. In particular, this work has been carried out by using
an enhanced mathematical model of an IPMSM to accurately
estimate the motor losses (iron and copper losses) and torque
ripple. In order to consider the impact on the system perfor-
mances due to the multilevel converter employment, including
the converter efficiency (switching and conduction losses),
two PWM modulation strategies, commonly used in elec-
trical drive applications, have been analyzed and compared.
Moreover, the analysis has been completed by evaluating the
IPMSM performance with FOC control by using an innova-
tive harmonic mitigation algorithm. The current and voltage
THD, obtained respectively with each modulation strategy,
have been analyzed compared and discussed. Finally, the anal-
ysis carried out in the simulation environment has been vali-
dated with several experimental investigations on CHBMI and
IPMSM prototypes that present the same features of CHBMI
and IPMSM simulated.

This paper is organized into the following sections:
Section II describes the considered electric drive system,
compares the IPMSM finite element model with the en-
hanced mathematical model adopted for the study; Section III
presents the conversion system based on the cascaded in-
verter topology, introduces two commonly used PWM tech-
niques, the harmonic mitigation algorithm developed by au-
thors in the previous work and the converter losses; Section IV
describes objectives of the multiresolution performance anal-
ysis on IPMSM drive; Section V presents a discussion on the
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FIGURE 1. Field-oriented control block diagram of IPMSM drive system.

multiresolution study of the performances of IPMSM electric
drive fed by the CHBMI by varying modulation strategies;
finally, Section VI present the experimental analysis carried
out.

Il. ELECTRIC DRIVE SYSTEM
The FOC control strategy of the IPMSM drive fed by CHBMI
is reported schematically in Fig. 1.

The control scheme presents a close-loop of the mechanical
speed and close-loops of dg-axes current components. The
speed and current errors are processed by PI controllers in
order to obtain the reference dg-axis voltage values. Through
inverse Park transformation, the reference dg-axis voltage
components are reported in the three-phase reference frame
and modulated by the modulation scheme block to obtain the
switching signals for the CHBMI. The impact of the proposed
SHM and the other modulation strategies on the IPMSM has
been carried out in the Matlab/Simulink simulation environ-
ment. In detail, an enhanced mathematical model of IPMSM
is considered for the accurate evaluation of torque ripple and
efficiency. Below, it is described the IPMSM mathematical
model adopted and the features of the IPMSM simulated.

A. IPMSM ENHANCED MATHEMATICAL MODEL

In literature, several studies propose an enhanced modelling
approach of IPMSM [40]-[45]. A non-linear IPMSM math-
ematical model is defined and built by Xiao Chen et all in
[40]-[41]. The modelling approach proposed the definition
of the dg-axes flux linkage as a function of dg-axes currents
and mechanical position to take into account the non-linear
behavior of IPMSM and it is based on dg-axes currents ver-
sus dg-axes flux linkages inverse solution defined by look-up
tables. An interesting comparative analysis of the proposed
IPMSM modelling approach performance with respect to the
experimental results is shown and discussed. In this modelling
approach, the torque and voltage equations are not deeply
investigated. In [42], the dg-axes flux linkages are defined
as a function of the dg-axes currents and the temperature
to improve the expression of the electromagnetic torque and
detect more accurately the maximum torque per ampere tra-
jectory of the IPMSM. In [44], the authors investigate the
impact of harmonic components of MMF in the computation
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of the torque. Respect to the previous modelling approaches,
the electromagnetic torque expression is computed by means
coenergy approach and presents a torque component that is a
function of the magnetic coenergy derivative with respect to
the mechanical position. In [45], the authors present a mod-
elling approach of IPMSM where the voltage equations are
deeply investigated, discussed and the mathematical expres-
sion of electromagnetic torque obtained is similar with respect
to described in [44]. The modelling approach is experimen-
tally validated and predicts the electromagnetic behavior of
the IPMSM but does not consider the iron losses and it cannot
be used for accurate efficiency estimation of the machine.

In this study, an enhanced mathematical model of IPMSM,
that considers saturation, cross-coupling, spatial harmonics,
and iron loss effects, has been employed. In detail, the pro-
posed mathematical model of IPMSM is defined starting from
a previous study [46] where a mathematical model of IPMSM
considering the saturation, cross-coupling, and spatial har-
monics effects are described and discussed. This modelling
approach is based on the definition of dg-axes flux linkage
Ad» Ag as a function of dg-axes current components iy, iy, and
mechanical position ,,. The IPMSM voltage equations that
take into account the saturation, cross-coupling, and spatial
harmonics effects are:

. di .
04 () = Rig (6) + L (ia- ig2 On) - = + L (ia- g, )
diz  Ag (id, ig, Gm)
—— " Wy — W,
dr 30m
X [L9P7 (iavig> 0n) - ig + 2grm G, 0,0)] (1)
. inc (: did inc (:
vy (t) = Riy (t) + qu (ld, ig, Qm) I + qu (ld, lg, 9m)
dig g (ig,ig, 6
dig | O (ia: ig. Om) O + @

dt 00,
x [LEP (ia.ig, Om) - ia + apm (0, iq. 6m)] ()

where vy, v, are the dg-axes voltage components, iy, i, are
the dg-axes current components, w,, is the mechanical angu-
lar speed, w, is the electrical angular speed, Agpy, Agpm are
the dg-axes permanent magnet flux linkages, L;" and L;"*¢
represent the self and mutual incremental inductances com-
ponents, LyP and L,“P are the dg-axes non-coupled appar-
ent inductances that including both self and cross-saturation
effects [45]-[46]. Generally, the flux linkage A,4py can be
neglected since it presents a very low value.

The electromagnetic torque is derived from the power rela-
tionship and its expression is defined by:

3
Tem = Ep[)‘d (id’ g, Qm) g = Ag (idv g, em) 'id]
3| O (iasiqyOm) . 0hg (id.ig. Om)
+§|:T'ld+T'lq
=1em1 + Tem2 (3)
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where T,,,; represents the main torque component that con-
tains the alignment torque and the reluctance torque com-
ponents, whereas T2 represents an additional ripple torque
component.

For the analysis purpose of the CHBMI impact on the
IPMSM performance, the IPMSM mathematical model has
been improved considering the iron losses and the additional
torque component function of the magnetic coenergy variation
with the mechanical position. In detail, to evaluate the impact
of the iron loss on electromagnetic behavior, the iron losses
mathematical model described in [40] has been adopted. This
modelling approach separates the iron losses into two loss
components, one associated with the main magnetizing flux
linkage and another one associated with the demagnetizing
flux linkage that occurs during field weakening operations.
This iron losses model tries to take into account the field
weakening current effects that produce a stator reaction field
component that opposes the main PM excitation field. There-
fore, during the field weakening operations, the resultant flux
linkage with the stator winding is thus reduced. The mathe-
matical model is described by the following relationships:

®)

= Tem1 + TemZ

E
oc m
= dap :
Pre 27 hapm (0, ig, Op)
E 2 E 1.5
27 apm (0, lg, Om) 27 dapm (0, lgs Om)
(6)
E
SC d
Prg =bn ,
P 2 apm (0, g, )
2 1.5
E
27 2apm(0, ig, Om) 27 hapm (0, ig, Om)
(7N

where the iron loss coefficient (aj, de, ay) and (by, b, by)
are the hysteresis, eddy current, and excess coefficients of
the iron loss estimated by FEA open circuit simulations and
of the iron loss estimated by FEA short circuit simulation,
respectively. The total iron loss for a given IPMSM operating
condition can be calculated as the sum of the two iron losses
components. The expressions of the induced stator voltage E,,
and of induced voltage due to the armature reaction of the
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FIGURE 2. Dq axes circuit models with iron loss components.

d-axis current E; are:

®)
€))
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In order to take into account, the iron losses effects in
the dg-axes modelling approach of IPMSM, it is possible to
consider equivalent currents (.4, ic4) that generate losses in
equivalent fictitious resistors (R.4, Rcq) positioned across the
d- and g-axis induced voltages as shown in Fig 2.

For this purpose, the iron loss can be decomposed in the
components associated with the dg-axes flux linkage, as ex-
pressed by:

)\2
d oc sC
- + 10
PFE_d /\§+A(21 Pre T PFE (10)
)\‘2
q oc
= —> . 11
PFE_q ) +)‘Z PFE (11)

The corresponding iron loss dg-axes currents components
can be derived through the following relationships:

PFE_d

ed = ———— 12
led V) — Riy (12)
. PFE_gq

leg = o0 (13)
‘v, — Ri,

Therefore, below the relationships of the IPMSM enhanced
mathematical model is described:

. e . diyg c di
Ud(t) = Rld(t) + inn; (lda lg, Om) dt + lenqc (lda lg, Qm) d;q
g (ia, iq, 0 o .
+ %wm — We I:LZPP (lds lg, em) log + )\qPMjI
m
(14)
Uq(l‘) = qu(l‘) + LZ’ZC (ld, lg, Qm) 7 + L;’;C (ld, g, Qm) d_(l)‘q
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The torque expression has been improved including the
magnetic energy variation with the mechanical position ac-
cording to the magnetic coenergy approach described in [44]-

[45]:

(16)

3
Tem = 51’ [)‘d (idv lq, Gm) “log = Aq (id’ Iq» em) ’ iod]
L3 [axd (i ig» Om) s g (ids iqs Om)

2 a6y, a6y,

W (ig. iq, Om)
36,

where T3 is correlated to the magnetic energy variation with
mechanical position (dW/99,,) and represents another torque
ripple component and, with zero current excitation, it repre-
sents the cogging torque of IPMSM. Compared with equation
(3), torque equation (16) contains more ripple components and
can be used for more accurate detection of electromagnetic
torque. The authors in [44]-[45] demonstrate the high fidelity
of this torque modelling approach both with FEA and experi-
mental results.

= Tom1 + Tem2 + Toms

B. IPMSM UNDERSTUDY AND MATHEMATICAL MODEL
VALIDATION

For the analysis purpose of the CHBMI impact on the IPMSM
performance, a three-phase IPMSM with rotor tangentially
magnetization is considered and simulated in FEA software.
The cross-sectional view of the IPMSM is shown in Fig. 3
and the main electrical, mechanical and geometrical data are
reported in Table I. The iron pack magnetic material is a
0.5 mm wide laminated sheet of type M330-50A, whereas
the PMs are made by SMCo-18 MGOe whose B-H curves
are shown in Fig. 4. In detail, the simulated IPMSM is a
prototype present at the SDESLAB (Sustainable Development
and Energy Saving Laboratory) of the University of Palermo
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TABLE I Main Electrical and Mechanical Data of IPMSM

Quantity Value
Power [kW] 0.8
Rated current [A] 3.6
Nominal Speed [rpm] 4000
Maximum Speed [rpm] 6000
Nr. of pole pairs 3
Nr. of phases 3
Nominal torque [Nm] 2
Peak torque [Nm] 9.2
Nir. of stator slot 27
Axial stator length [mm] 59
External stator diameter
81
[mm]
Inner stator diameter [mm] 49.6
External rotor diameter
48
[mm]
Inner rotor diameter [mm] 19
PERMEANCE COEFFICIENT (P=B/H)
1 1. 15 2 345 10
09 / I 1o
08 | sc Tl 100 10 10
07 A =49 109
_> \g--- ZZNACS -'-?é::i =B los
s [T T AT
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Eio —% i o
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H
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DEMAGNETIZING FORCE ~H (kA/m)

FIGURE 4. B-G curves of SMCo-18 MGOe PMs.

which will be shown subsequently in Section VI. Although
the IPMSM analyzed is a low power machine, the results
obtainable on this type of machine can also be extended to
medium/high power IPMSM.

The electromagnetic quantities necessary for the use of
the enhanced mathematical model of IPMSM, are obtained
in Ansys Maxwell environment by 23250 magnetostatic sim-
ulations. In detail, each simulation is defined by fixing the
dqg-axes currents ig, iy, and electrical rotor position 6, in the
range [—7.5 A-7.5 A], [0 A-7.5 A] and [0°-360°], respectively.
Negative values of the g-axis current i, are not considered
because only motor operations have been investigated. The
derived electromagnetic quantities are shown and discussed
in [46]. Furthermore, several transient simulations have been
performed to determine the quantities necessary for the defi-
nition of the iron loss model.

The proposed IPMSM mathematical model has been
implemented in Matlab/Simulink environment and its
schematic diagram is reported in Fig. 5. Moreover, the
mechanical equation has been included in the schematic
representation where J is the inertia moment, 77 is the
load torque and F is the viscous friction coefficient. All the
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electromagnetic quantities of interest, such as the dg-axes
non-coupled apparent inductances, the dg-axes incremental
inductances, the dg-axes flux linkage produced by the PMs,
the dg-axes flux linkages derivative terms, and magnetic
energy derivative term, obtained by the characterization
carried out in FEA environment, are implemented as lookup
tables. A high number of representative operating points with
different speed and load conditions have been investigated for
validation purposes. In detail, a field-oriented control strategy
has been adopted to drive the proposed IPMSM enhanced
mathematical model for each working point of interest and the
current waveforms are extracted and used as input quantities
in the current FE model at the same speed condition.

In order to appreciate the benefits deriving by the proposed
enhanced mathematical model of IPMSM, the same operating
point analyzed in [46] has been considered, where the IPMSM
operates at 4000 rpm, 2.31 Nm, and d- and g-axis current
mean values equal to —3 A and 5 A. The comparison between
the electromagnetic torque waveforms and the input dg-axes
voltages waveforms predicted with the proposed Simulink
model and the FE model are reported in Figs. 6-8. Compared
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FIGURE 8. Q-axis voltages comparison at 4000 rpm, 2.31 Nm.

to the results reported in [46], it is possible to detect a
more accurate fidelity of the proposed enhanced mathematical
model of IPMSM with respect to FEM results. Therefore, the
proposed IPMSM enhanced mathematical model can be used
to investigate the electromagnetic behavior of the IPMSM, es-
pecially in terms of efficiency and torque ripple and thus also
the effectiveness of the new harmonic mitigation algorithm
used to control the CHBMI.
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1Il. CONVERSION SYSTEM

In this section, the converter topology, the PWM modulation
strategies, the harmonic mitigation algorithm, and the con-
verter losses model have been described and discussed.

A. CONVERTER TOPOLOGY

This work aims to compare the performance of the IPMSM
drive feds by a multilevel inverter. For this reason, in this sub-
section, the main features of the multilevel conversion system
are discussed.

Traditional electrical drive systems are based on a three-
phase Voltage Source Inverter (VSI). As well known, the VSI
presents a simple topology structure with a single DC source.
Nevertheless, this converter has several operative limits due
to the power components technologies and high harmonic
content on the output voltages. In terms of efficiency and
torque ripple, these features generate performance degrada-
tion of the electrical drive systems. Multilevel power convert-
ers represent an innovation in the field of electrical drives for
transportation applications. In particular, Cascaded H-Bridge
Multilevel Inverter (CHBMI) thanks to their features (e.g.
Modularity, low harmonic content, reduced voltage stress on
the power components, and intrinsically fault-tolerant capa-
bility) are a promising solution. Fig. 9 shows a three-phase
five-level CHBMI topology, starting from six different DC
sources.

In respect of VSI, the three-phase five-level CHBMI
presents a greater circuit complexity due to the high number of
power components. In particular, it is composed of 2 H-Bridge
modules in series connected for each phase. Thus, there are
24 power components Sy;; (phase X=A ...C; module i=1 ...2;
and component j=/...4). Nevertheless, the modularity pro-
vides an intrinsic fault rejection in terms of continuity of oper-
ation, without adding other components, in respect to the other
multilevel topology structures. Moreover, the separated DC
sources allow improving the management and the efficiency
of the battery packages on board in electrical vehicles, also by
choosing the source that best suits the multilevel profile based
on the state of charge.
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FIGURE 10 Modulation schemes: (a) Sinusoidal PS PWM and (b) SFO PS
PWM for three-phase five-level CHBMI.

B. COMMON PWM MODULATION SCHEMES

Pulse Width Modulation (PWM) schemes are commonly used
in different fields of applications due to their features (e.g.
simple implementation in electronic devices and good re-
sponse in terms of the harmonic content). Nevertheless, the
PWM modulation schemes generate high-frequency voltage
harmonics that increase the iron losses on the machine. To
provide a complete analysis, the main PWM modulation
schemes, adopted for three-phase five-level CHBMI, are dis-
cussed in this section.

Multicarrier PWM modulation schemes for multilevel con-
verters represent an extension of the strategies for the two-
level converter. Indeed, in literature are available several
PWM modulation strategies based on the different disposi-
tions of the triangular carrier signals like Level Shifted (LS)
and Phase Shifted (PS), as discussed in [20] and [47]. In
respect to the LS, the main feature of the PS is that the
line-voltage harmonics are centered at a frequency fj,, defined
as:

fa=m—Dk- fpwum (17)

where fpwys is the switching frequency, m is the number of
the voltage levels, & is the harmonic order and k is an integer
number. Moreover, the PS modulation schemes allow to con-
trol of each H-Bridge module as a single-phase converter and
allow to uniform the power absorption for each DC source.
For these reasons, the PS modulation schemes are chosen. In
particular, the Sinusoidal PS PWM (Fig. 10a) and Switching
Frequency Optimal (SFO) PS PWM (Fig. 10b) have been used
in this work.

According to [48], the SFO modulation signals allow to
obtain the same overall harmonic content of a Space Vector
(SV) modulation PWM and it is possible to extend the range
of the modulation index up to 1.15 inside the linear range. The
SFO signals can be expressed as in (18) in which v,, v, and v,
are the traditional sinusoidal signals and v, is offset signal
expressed as in (19).

v: = Va — Vof fset
U; = VUp — Voffset (18)
U;;k = VUc — Vof fset
max (Va, Vp, Vc) + min (vg, vp, ve)
Vof fset = ) (19)
N \/§4VDC
Viam = — [cos (er) 4 cos (B)] (20)
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27% < Vi.um < 46%

Py = —0.005283V} + 0.546467V2 — 18.850946V;
+303.954944

Pgi = +0.007458V,} — 0.779991V? + 25.679520V;
—213.613595

N

6% < Vium < 61%

Py = —0.937848V) + 119.636393
Pgy = —0.384619V; + 64.520958

[@))

1% < Vigy < 80%

P,z = —0.003094V} + 0.615244V2 — 40.935430V;
+971.599070

Pg3 = +0.006572V,} — 1.357658V % + 91.500486V;
—1979.841849

80% < Vi.um < 97.5%

Pys = —0.001483V} + 0.352683V — 29.201203V;
+888.028336

Pgs = —0.007426V} + 1.946315V? — 170.526122V,
+5007.178491

2n

The main difference between SPS and SFOPS modulation
schemes regards the amplitude of the first voltage harmonic
that can be extended with SFO modulation signals. For a
five-level converter, it is possible to evaluate the peak value
of the first voltage harmonic, inside the linear region of the
modulation index, by the expression:

Vi = 2MVpc (22)

where M is the modulation index and Vpc is the amplitude of
the DC voltage equal supposed for each voltage level. Thus,
it is evident an increase of the first voltage harmonic equal to
15% for modulation index equal to 1.15.

In terms of the overall voltage harmonics, both SPS and
SFOPS present the same harmonics with a similar distribu-
tion in the magnitude spectra. By considering a switching
frequency equal to 10 kHz, for a five-level converter, the first
voltage harmonics are centered at 40 kHz both for SPS and
SFOPS, according to equation (17). Thus, good response in
terms of the current harmonic filter capability by the motor
is expected. Moreover, thanks to this feature a lower torque
ripple value is presumed.

Another interesting consideration regards the simple imple-
mentation in common electronic control unit devices. For a
five-level converter, are necessary only four up-down digital
counters to generate the carrier signals. Subsequently, in order
to generate the gate signals are necessary twelve comparator
circuits to compare modulation signals with carrier signals.

C. HARMONICS MITIGATION ALGORITHM

As described above, PWM modulation schemes introduce
high voltage harmonics that generate a performance
degradation in terms of the efficiency of the electrical drive.
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FIGURE 11. Staircase voltage pattern [29].
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FIGURE 12. Approximation of the control angles trend in a range of the
fundamental amplitude from 27% to 97.5% [29].

This phenomenon is greater in high-power electrical drive
systems. The performance of the system can be improved
by using low-switching modulation strategies, based on SHE
or SHM algorithms specially designed for electrical drive
applications. Nevertheless, the direct application of these
algorithms presents high computational costs to evaluate the
control angles.

According to [29], the authors have reduced computational
costs and simplified the implementation by using an inno-
vative Harmonic Mitigation (HM) algorithm to reduce fifth,
seventh, and eleventh harmonics for three-phase five-level
CHBMI, based on the traditional staircase voltage pattern
(Fig. 11). In particular, by using an especially distortion in-
dex, it is possible to individuate control angle trends, called
« and B, in the function of the fundamental amplitude (eq.
20) in a range from 27% to 97.5%. Subsequently, the con-
trol angle trends to control each level of the converter have
been approximated by using low-order polynomial equations,
as shown in Fig. 12. From the simulation analysis, it has
been demonstrated that the control angles trends o and B
have been approximated by using four low order polynomial
equations (21). Through experimental tests, the effectiveness
of the harmonic mitigation algorithm has been validated and
compared with the simulation results by using Total Harmonic
Distortion (THD), as shown in Fig. 13.

As described by the authors [29], the experimental tests
have been carried out by using a FPGA-based control board
(Altera Cyclone IITI). The HM algorithm overall execution
time is 610 ns and, to generate the gate signals are necessary
three up-down digital counters. Thus, it has been demon-
strated that are not necessarily high hardware resources to
implement the HM algorithm.

In terms of the harmonic content, the presence of low order
voltage harmonics generates low order current harmonics that
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FIGURE 13. THD% comparison between simulation and experimental
results [29].

TABLE Il Maximum Values of the First Voltage Harmonics

SPS SFOPS

=2V, Voo =2.3Vpe

1,max I,max

HM
=248V,

v,

1,max

cannot be filtered by the motor. For this reason, an increment
of the torque ripple is expected. Anyhow, the absence of
high-frequency harmonics should ensure a reduction in the
iron losses in the motor.

Another difference, with respect to the SPS and SFOPS
schemes, is about the DC power absorption. In this case, the
DC power absorption is not uniform between the DC sources
of a phase of the converter. Thus, in the design process of the
DC sources, it is necessary to take into account this feature.

By using the HM algorithm, it is possible to increase the
amplitude of the peak value of the first harmonic voltage,
with respect to the SPS and SFOPS schemes. In Table II
maximum values of the first harmonic voltage as a function of
the amplitude of DC voltages, obtainable with SPS, SFOPS
and HM algorithm, are reported.

As reported in Table II, it should be noted that the HM
algorithm allows increasing the first voltage harmonics up to
24% with respect to the traditional SPS scheme.

D. CONVERTER LOSSES MODEL

In high-power electric drive applications, the efficiency of the
converter system plays a key role. In particular, the converter
losses can affect the overall efficiency of the system. The con-
verter efficiency depends on the different variables as topol-
ogy structure, modulation strategy, and power components
technology.

By taking into account the topology structure of the H-
Bridge module, depicted in Fig. 9, the current trends in each
power component (e.g. mosfet) can be expressed in function
of the current load and the switching states, as:

isatl = [Sat1 A (Sa1a V Sa13)] A (izoaa > 0)
isa12 = [Sa2 A (Sa13 V Sa1a)] A (ioaa < 0)
isa13 = [Sa13 A (Sat1 V Sa12)] A (iLoaa < 0)
isa14 = [Sa14 A (Sa11 V Sa12)] A (GiLoaa > 0)

(23)

where igs; is the mosfet current (j=1...4), Sa;; is the generic
switching state (called with the same name of the correspond-
ing power component) and iz, is the current load. Similarly,
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the diode currents are expressed as:

ipa11 = (Sa11 A Sa13) A (iroaa < 0)
ipa12 = (Sa12 A Sa14) A (iroaa > 0)
ipa13 = (Sa13 A Sa11) A (iroaa > 0)
ipa14 = (Sa14 A Sa12) A (ipoaa < 0)

(24)

where ipsj; is the diode current. Thus, by using the current
trends (23) and (24) of each power component the conduction
losses and the switching losses have been estimated by using
the datasheet parameters.

The conduction losses in the power mosfets Peonq(mos) have
been estimated by considering the Drain-Source On-state Re-
sistance Rps(on), expressed as:

T
1 .
Peond(mos) = T / RDS(ON)R%,‘; (t)dt (25)
0

where T is the period of the fundamental amplitude of the
current and ig;; is the current mosfet. The conduction losses
of the body-diode P ond(diode) have been estimated by consid-
ering the diode forward voltage Vsp, expressed as:

T
1 .
Peond(diode) = T / Vpsipij (t)dt (26)
0

where ip;; is the diode current.

The MOSFET switching losses Py, have been estimated
by considering turn-on delay time 4on), rise-time f,, turn-off
delay time t40FF), and fall-time #. Thus, the switching losses
are expressed as:

N

1 . .
Py = T I;Vdc [lkSij(On)ton + lkSij(Off)IOff]

27)

where k is the k-th commutation, N is the number of com-
mutations in a period of the fundamental current, ixs;jion) 1S
the instantaneous load current through the switch in a turn-on,
isij(ofp 18 the instantaneous load current through the switch in
turn-off, #,, is the overall turn-on time (740n)+1,) and tog is
the overall turn-off time (4o +1p).

The overall losses of the converter can be estimated by
considering the contribution of all H-Bridge modules.

In the next section, a brief description and the mathematical
expressions of the tools, used in this work for the analysis
purpose, have been reported.

IV. ANALYSIS TOOLS OF IPMSM DRIVE PERFORMANCE
As described above, the main purpose of this work is to inves-
tigate the overall performances of IPMSM electric drives fed
by five-level CHBMIL. In particular, the analysis has been fo-
cused on the performance comparison among PWM modula-
tion strategies, SPS and SFO PS, and the harmonic mitigation
algorithm, previously discussed in Section III.

Thanks to the advanced mathematical model, described in
Section II, the analysis has been carried out by considering the
following quantities:
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- Power losses (P;r);

- Efficiency (1¢,);

- Torque ripple (Trippies);

- Torque harmonics components (7, %);

- Voltages and currents harmonics.

In the overall power losses, the copper losses P, and iron-
losses P, components have been considered, as:

Pt = Peu + Pfe (28)

As well known, the power converters are harmonics genera-
tors. Thus, the presence of harmonics in the electric quantities
generates additional losses with respect to the sinusoidal sup-
ply. The IPMSM mathematical model adopted allows evalu-
ating accurately the contribution of current and voltage har-
monic components not only on the electromagnetic torque
but also on copper and iron losses components. In detail, to
consider the contributions of the different harmonic compo-
nents, the instantaneous trends of copper and iron losses have
been investigated and the average values of the copper and
iron losses, in a period of the fundamental current, have been
evaluated as:

T
1
Pey = ?/pcu(t)dt (29)
0
1 N
Pew = Peun=0) + 2 ’ (Z thcu> (30)
h=1

where pc,(t) and pg(t) are the instantaneous values of the
copper and iron losses, respectively.

The overall efficiency of the system has been evaluated in
percent as:

Pm+Pcu+Pfe+Pconv

1% 100 3D
where P, is the overall converter losses, P,, is the mechan-
ical power calculated starting electromagnetic torque T, and

speed w,, values, as:

Py = Tow - wpy. (32)
The torque ripple Tjppie has been evaluated as:
max (7,;,) — min (7,
Tyipple = X (Tem) in (Tem) 100 (33)

Tuvg

where T, is the average torque value. Furthermore, the elec-
tromagnetic torque 7, can be decoupled into the dc and
harmonics components:

Tom = Tuvg + Y Temn €08 (h0 — @p) (34)
h

where T, represents the amplitude of h™ harmonic com-
ponent and ¢y represents the phase angle of 4#™ harmonic
component. Therefore, the main torque harmonic components
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TABLE Ill DC Voltage Amplitudes

Topology Modulation
structure strategies DC voltage [V]
SPS PWM 75 (for each
voltage level)
Three-phase five- 65 (for each
level CHBMI SFOPS PWM voltage level)
SHM algorithm 60 (for ach

voltage level)

Temn have been investigated and compared for further analy-
sis, expressed in percent of the torque average value (35).

1y

Thi% = —— - 100

(35)

avg

The used tool to compare the harmonic components in
voltages and currents is the Total harmonic Distortion — THD,
expressed as:

(36)

where Vs is the root mean square value of the voltage (or
current) and Vi, s is the root mean square value of the first-
harmonic of the voltage (or current).

V. IPMSM DRIVE PERFORMANCE WITH HM ALGORITHM
This section aims to present the results obtained in this work.
The analysis has been carried out in different conditions in
terms of speed and load torque. In particular, the speed has
changed in a range from 1500 rpm to 4000 rpm, while the
load torque has been changed in the range from 0.5 Nm to 2
Nm.

To optimize the DC voltage utilization, in order to work in-
side the linear region of the modulation index, the DC voltage
amplitudes have been chosen by considering the features of
each modulation strategy. In this way, the DC voltage ampli-
tudes used in this analysis are summarized in Table III. It is
interesting to note that the voltage amplitudes are different for
each modulation strategy considered. This result highlights
the importance of the modulation technique in the design of
the battery pack in electrical vehicle applications.

For the converter efficiency evaluation, the authors con-
sidered the power component parameters of a three-phase
five-level CHBMI prototype, present at the SDESLAB of the
University of Palermo, that is experimentally tested in previ-
ous works [29], [47] and which will be shown subsequently
in Section VI. In particular, the main features of the power
components are summarized in Table I'V.

The following results have been obtained through simula-
tion analysis in MATLAB/Simulink environment in which the
advanced mathematical model, presented in Section II, and
the mathematical model of a five-level three-phase CHBMI
have been implemented.

VOLUME 2, 2021



IEEE Open Journal of

Industry Applications

TABLE IV Power Components Parameters w0 w=1500rpm " w=2000rpm @ w=2500rpm
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E60 E'60 / E60 :
Productor International Rectifier g g / ¢ /
: 5] d Q A <3
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. . 5 5 5
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As previously described, in the first step the analysis has
been focused on the evaluation of the iron-losses, copper-
losses, and the overall efficiency. In all figures, the blue curves
are the results obtained with the SPS algorithm, the red curves
are the results obtained with the SFO PS algorithm and the
yellow curves are the results obtained with the HM algorithm.

Fig. 14 shows the iron-losses trends evaluated for each
value of speed and load-torque considered. It is interesting
to note that in each case the lower iron losses have been
obtained with the HM algorithm. This result confirms the
benefits introduced by the HM algorithm thanks to the lower
harmonic components in the voltages. Also, it is interesting
the behavior of the iron-losses trends obtained with SPS and
SFOPS schemes. In particular, for lower values of speed, from
1500 rpm to 2000 rpm, the worst results have been obtained
with the SPS modulation scheme. From 3000 rpm to 3500rpm
of speed, the worst results have been obtained with SFOPS.
Instead, the results are similar between SPS and SFO PS for
2500 and 4000 rpm of speed.

Fig. 15 shows the power copper-losses for each mechanical
(speed and torque) condition considered. As well known, the
copper losses are mainly generated by the fundamental com-
ponents of the current that allows the generation of the average
torque. Indeed, in all cases, copper loss trends are overlapped
for each modulation schemes taken into account.

Fig. 16 shows the converter losses trend in which emerged
the benefit introduced by the HM algorithm. In particular,
it is interesting to note that the differences, between PWM
schemes and the HM algorithm, increase with the speed. This
result can be explained by studying the current distribution
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FIGURE 16. Comparison of the converter losses.
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FIGURE 17. Comparison of overall efficiency trends.

among the power components in the H-Bridge as a function
of the control angles trend shown in Fig. 12. In particular, in
the H-Bridge modules driven with « control angle, the con-
duction losses of the body diode are predominant in respect
to the conduction losses of the MOSFET. By increasing the
speed, the contribution of the body diode conduction losses is
reduced generating a reduction in the overall converter losses.

Although the copper losses represent the predominant con-
tribution in the IPMSM efficiency, the reduction of the iron
losses and the converter losses, produced by the HM al-
gorithm, increases the overall efficiency of the IPMSM, as
shown in Fig. 17. The efficiency improvement detected, due
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FIGURE 18. Comparison of torque ripple trends.
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FIGURE 19. Main harmonics torque with HM algorithm.

to the HM algorithm, is on average similar in all speed-torque
conditions considered. In detail, for the low power system
considered in this work, efficiency gains of up to 2% have
been obtained. Thus, greater efficiency results are expected
for high power electrical drive systems.

As described above, thanks to the advanced model of
IPMSM, a detailed analysis of the electromagnetic torque
was carried out. Fig. 18 shows the torque ripple trends for
each condition considered. The torque ripple is the result of
electromagnetic interaction of different sources, especially,
the harmonics in the magnet flux, the cogging torque, and
current harmonics due to inverter nonlinearity. In terms of the
torque ripple, the HM algorithm presents the highest values
among the modulation schemes considered.

More in detail, the torque ripple is due to the presence of
low-order harmonics in the torque, as shown in Fig. 19 for
the HM algorithm. From the harmonic analysis on the torque
is emerged that the odd-harmonics in the current generate
harmonics in the torque but of even-order. In particular, it
is possible to demonstrate that each torque harmonic order A
multiples of six results from the electromagnetic interaction of
the odd-harmonics h=£1 in the currents, as shown in Fig. 22,
with the permanent magnet flux and the machine anisotropy
[49]. For example, the 6™ torque harmonic is generated from
the presence of the 5™ and 7™ current harmonics. Neverthe-
less, good harmonic mitigation of the torque harmonics has
been obtained for high values of the speed and load torque.
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FIGURE 21. Comparison of current THD%.

Moreover, there are some operation points where the torque
ripple is similar and in particular, the differences are lower for
higher values of the speed and load torque. Therefore, from
these results, it is possible to claim that the HM algorithm
introduces interesting benefits in terms of efficiency although
with an increase in the torque ripple values for low speed and
load torque values.

The performance of the system has been analyzed by com-
paring the THD% among the voltage and currents for further
studies.

Figs. 20 and 21 show the comparison of THD%, among
SPS, SFOPS, and HM, of voltages and currents, respectively.
It should be noted that the HM algorithm allows obtaining the
lower values of THD% in the voltage. Instead, in terms of the
THD% in the currents, the worst results have been obtained
with the HM algorithm. Nevertheless, the THD% trend of the
current decreases for high speed and torque values.

VI. EXPERIMENTAL ANALYSIS

In order to validate the analysis carried out in the Mat-
lab/Simulink environment, several experimental investiga-
tions have been conducted. For this purpose, a three-phase
five-level CHBMI prototype composed of six power H-
bridges MOSFET-based, whose technical data are the same as
simulation analysis (Table IV), has been used. The experimen-
tal investigations are focused both on CHBMI performance
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FIGURE 22. Current harmonic components with HM algorithm.

and both on electrical drive performance when each modu-
lation control strategy, previously discussed, is employed. In
this regard, an experimental analysis of the CHBMI perfor-
mance when supplying a passive load is first presented below,
followed by the experimental analysis of the electric drive
performance equipped with an IPMSM prototype.

A. CHBMI PERFORMANCE WITH PASSIVE THREE-PHASE
LOAD

The experimental analysis has been carried out on a laboratory
test bench, shown in Fig. 23.

In detail, the control modulation strategies have been im-
plemented on a prototype of FPGA-based (Altera Cyclone
IIT) control board where the mathematical operations are man-
aged by a digital clock signal with a frequency equal to 100
MHz. Each CHBMI H-bridge is powered by DC RSP-2400
sources with 48 V of rated voltage and the CHBMI sup-
ply a three-phase passive RL load with resistance R=20
and inductance L=3 mH. The CHBMI input power is mea-
sured by two Yokogawa power meters model WT130 and
WT330, respectively. The CHBMI voltage and current output
quantities are sensed by the use of two Yokogawa 700924
voltage differential probes and the use of two Yokogawa
701933 current probes, respectively. Moreover, these electri-
cal quantities are acquired by the use of the Teledyne LeCroy
WaveRunner 640Zi oscilloscope with a sampling frequency
equal to 10 MS/s. This choice is fundamental for accurate
analysis in the frequency domain of electrical quantities and
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FIGURE 23. Test bench with passive three-phase load.

accurate CHBMI output power measurement. The CHBMI
performance in terms of THD, power losses and efficiency
have been investigated for different values of fundamental
harmonic voltage frequency equal to 50 Hz, 100 Hz, 150 Hz
and 200 Hz and for fixed switching frequency value equal to
10 kHz.

Fig. 24 shows the voltage THD% trend of the CHBMI as a
function of fundamental harmonic voltage amplitude obtained
with each modulation strategy. As expected, the best CHBMI
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performances in terms of THD% are obtained with HM mod-
ulation strategy validating the results obtained in simulation
analysis. Moreover, the experimental investigations highlight
that the CHBMI performance in terms of harmonic content
is not a function of fundamental voltage frequency for each
modulation strategy and, therefore, the THD values is pretty
much similar for fixed fundamental voltage amplitude.

Fig. 25 shows the trend of CHBMI power losses as a
function of output AC power obtained with each modulation
strategy. Also in this analysis, an improvement of CHBMI per-
formance in terms of power losses reduction has been detected
with the use of the HM control strategy. These power losses
reductions result in an improvement of the CHBMI efficiency
that is shown in Fig. 26. In detail, a significant improvement
of CHBMI efficiency is obtained for low values of AC output
power. Instead, for higher values of AC output power, the
CHBMI efficiency obtained with HM modulation strategy
is about 1-2% higher with respect to the CHBMI efficiency
obtained with the other two modulation strategy considered.

B. IPMSM DRIVE PERFORMANCE FED BY CHBMI

The experimental investigations have been carried out on
a three-phase IPMSM with rotor tangentially magnetization
that presents the same electrical and mechanical features of
IPMSM simulated (Table I). The IPMSM prototype is con-
trolled by the FOC strategy, described in Section II and shown
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FIGURE 26. Experimental comparison of CHBMI efficiency.

TABLE V Peak Values of the Phase Volatges

SPS
=96V

SFOPS
vV =1104V

1,max

HM
Ve =119.041

4

1,max

in Fig. 1. The test bench set-up is the same employed for
CHBMI performance analysis and it is shown in Fig. 27.
The IPMSM shaft is connected to a Magtrol hysteresis brake
(Model HD-715-8NA) which is used as mechanical load. The
hysteresis brake can be programmed in real-time by the dy-
namometer Magtrol DSP 6001 which allows the application
of several torque load values.

The IPMSM drive performance have been investigated for
several working points defined in terms of mechanical speed
and load torque. For the investigation purpose, five mechani-
cal speed values from 1500 rpm to 3500 rpm with a step of
500 rpm and four load torque from 0.5 Nm to 2 Nm with
a step of 0.5 Nm have been considered, respectively. The
working points defined are the same as those considered for
the investigations carried out in simulation except the working
points at 4000 rpm. These working points have been excluded
from the experimental investigations because IPMSM opera-
tions at 4000 rpm result in CHBMI overmodulation operations
when the SPS modulation technique is used. Therefore, the
IPMSM drive performance obtained with the SPS modula-
tion technique can not be compared with those obtained with
the other two modulation techniques at 4000 rpm. Indeed,
the maximum voltage amplitude (peak value) obtainable with
SPS scheme, with a DC voltage amplitude equal to 48 V for
each voltage level, is lower than the rated voltage of the motor
(110 V peak value at 4000 rpm), as reported in Table V. Over
these values, the converter works in overmodulation region.

Since the CHBMI performance have been analyzed in the
previous section with a passive RL load, the comparative
performance analysis is focused on IPMSM performance and
overall drive performance. In detail, in Fig. 28 and Fig. 29 the
motor efficiency trends and overall drive efficiency trends as a
function of mechanical speed for each load torque value are
reported, respectively.

VOLUME 2, 2021



IEEE Open Journal of

Industry Applications

FIGURE 27. Test bench of IPMSM drive fed by CHBMI.
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Regarding the motor efficiency, in almost all IPMSM work-
ing points, the motor performance, obtained with HM mod-
ulation strategy, are higher with respect to the motor per-
formance, obtained with the SFOPS modulation strategy. In
detail, an improvement of up to about 1.5% in the motor
efficiency with the HM modulation strategy has been de-
tected with respect to the motor efficiency obtained with
the SFOPS modulation strategy. Furthermore, the motor effi-
ciency trend detected with HM modulation strategy is com-
parable with respect to the motor efficiency trend detected
with SPS modulation strategy only for low mechanical load,
or rather load torque equal to 0.5 Nm and mechanical speed
equal to 1500 rpm and 2000 rpm. In this case, an improvement
of up to about 1.2% in the efficiency with the HM modula-
tion strategy has been detected. The efficiency improvement
detected, due to the HM algorithm operations, is due to a
substantial reduction in iron losses since the fifth, seventh
and eleventh voltage harmonic components are mitigated and
the high-frequency voltage harmonic components are absent.
Copper losses are a function of the absorbed current or the
applied load torque and, therefore, do not affect the motor
efficiency as the modulation technique used varies.

Regarding the overall drive efficiency, in all [IPMSM work-
ing points, the drive performance are significantly better by
the use of HM modulation strategy with respect to those
obtained with SFO and SPS modulation strategies. In detail,
improvements in drive efficiency greater than 2% have been
identified by the use of HM modulation strategy. This be-
haviour can be attributed to the CHBMI efficiency improve-
ment which, when calculating the efficiency of the drive,
amplifies the efficiency gain obtained on the motor. The re-
sults obtained confirm the analysis carried out in a simulation
environment.

Another quantity of interest in these experimental investi-
gations is the torque ripple which, unfortunately, could not be
estimated directly because the torque sensor of the Magtrol
hysteresis brake presents a limited frequency bandwidth.

VOLUME 2, 2021

Torque [Nm]

Torque [Nm] Torque [Nm]

However, the torque ripple is a function of the current har-
monic components and, therefore, the latter have been inves-
tigated and analyzed. Some acquisitions performed during the
experimental investigations with the Oscilloscope Teledyne
Lecroy 640Zi and the relative current frequency spectrum are
reported in Fig. 30 when the IPMSM is driven by the HM
modulation strategy. In detail, the fifth, seventh, eleventh and
thirteenth current harmonic components present not negligi-
ble amplitude, especially for low load torque. In particular,
for low mechanical load values, mechanical speed less than
1000 rpm and torque loads less than or equal to 0.5 Nm, the
torque oscillations present generate audible vibrations. For
higher mechanical loads, significant and audible vibrations
were not detected, resulting comparable to those generated by
the SPS and SFO modulation strategies. This result can also
be deduced from the analysis of the current THDs reported in
Fig. 31. In this analysis, the difference in amplitude between
current THD values obtained by the use of HM modulation
strategy and current THD values obtained with the other two
modulation strategies is higher for low mechanical loads.
Whereas, for high mechanical load values, this difference is
significantly reduced. This analysis is also in agreement with
the results obtained from the analysis carried out in a simula-
tion environment.

VII. CONCLUSION

In this article, an evaluation impact of HM on IPMSM drive
performance, fed by CHBMI, has been proposed and inves-
tigated. For this purpose, other two traditional pulse width
modulation (PWM) strategies, sinusoidal phase-shifted (SPS)
and Switching frequency optimal phase-shifted (SFOPS) have
been considered and used for comparison analysis. In detail,
the performance analysis of the IPMSM drive has been car-
ried out first in a simulation environment through the use
of an enhanced modelling approach of IPMSM and subse-
quently through experimental investigations. The comparison
has been carried out by a field-oriented control of low power
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IPMSM, and, the electric drive overall efficiency, torque rip-
ple, voltage and current THD have been evaluated for each
modulation strategy. The study conducted has shown an in-
crease in the IPMSM drive overall efficiency by the use of
the proposed HM with respect to the other two modulation
strategies (even greater than 2% in some work points). The
increase in the IPMSM drive overall efficiency obtained by
the use of HM is justified by the voltage THD or the har-
monic content of the supply voltages that result in iron losses
and converter losses reduction. Instead, better IPMSM drive
performance in terms of torque ripple has been detected by the
use of traditional PWM strategies that respect the proposed
HM, especially for low speed and load torque values, far
from nominal values. Comparable results in terms of torque
ripple have been obtained for high speed and load torque
values. This result can also be detected in the current harmonic
analysis or current THD trend. Although the use of IPMSM
drive fed by CHBMI presents several advantages in terms
of control flexibility, modular structure, electrical safety, the
use of the proposed HM allows obtaining promising results in
terms IPMSM drive overall efficiency increase, which is very
interesting for transportation applications where efficiency is
a crucial parameter for increase the travel autonomy.
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