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Preface

This book covers the proceedings of the 6th International Conference on Engineering
Research and Application 2023 (ICERA 2023) that was organized by Thai Nguyen
University of Technology (TNUT), Vietnam, and cooperated with Ilmenau University
of Technology, Germany. In 2018, the first conference was held. Thus far, the conference
has attracted a lot of contributions from researchers of many different universities around
the world.

This conference aims to bring together researchers from many fields related to engi-
neering research and applications, theories, and practices. This volume covers the follow-
ing subjects: Mechanical Engineering, Materials and Mechanics of Materials, Mecha-
tronics and Micromechatronics, Automotive Engineering, Electrical and Electronics
Engineering, and Information and Communication Technology.

The up-to-date contributions reported in this bookwere carefully reviewed by experts
and also approved by editors for the last review. All 103 accepted papers were presented
and discussed on ICERA 2023, held in Thai Nguyen City, Vietnam, on December 1–2,
2023. The total papers sent to this conference are 232 papers. As a result of the two-stage
review process, only 103 excellent contributions were selected for the presentation at the
conference and publication in this book. The readers will find here representative sam-
ples of the most modern techniques available nowadays for the solution of challenging
problems arising in engineering research and application.

We extend our sincere gratitude to the writers for their insightful articles that they
contributed to the conference. Also, we sincerely appreciate the reviewers’ assessments
and suggestions for raising the caliber of the chosen papers. Moreover, we would like
to specially thank to our Keynote speakers, Prof. Kai-Uwe Sattler (Ilmenau Univer-
sity of Technology, Germany), Prof. Tuan Le Anh (Ha Noi University of Sciences and
Technology, Vietnam), Prof. S.A. Sherif (University of Florida, USA), Prof. Roger A.
Sauer (RWTH Aachen University, Germany/Gdansk University of Technology), and
Prof. Minh T. Nguyen (Thai Nguyen University of Technology, Vietnam), for their valu-
able and inspiring contributions to scientists, researchers, and listeners. We also thank to
the members of the Organizing Committee of ICERA 2023 for their excellent technical
and editorial support.

Last but not least, we would like to deeply thank to Springer Publishers and its Editor
staff for helping us in the publication of the proceeding volume of this book.

December 2023 Duy Cuong Nguyen
Do Trung Hai
Ngoc Pi Vu

Banh Tien Long
Horst Puta

Kai-Uwe Sattler
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Experimental Study for Superheated Steam
Drying of Apple Slice

Thi Thu Hang Tran1, Tien Cong Do1, Thi Hanh Nguyen2, Thi Hang Bui3,
and Kieu Hiep Le1(B)

1 School of Mechanical Engineering,
Hanoi University of Science and Technology, Hanoi, Vietnam

hiep.lekieu@hust.edu.vn
2 School of Chemistry and Life Sciences,

Hanoi University of Science and Technology, Hanoi, Vietnam
3 Thermal Refrigeration Engineering,

Hanoi College of Electronics and Refrigeration, Hanoi, Vietnam

Abstract. Superheated steamdrying is an advanced drying technology in the food
processing field. In this study, experimental studies at different drying conditions
of superheated steam drying for apple slice are presented. It is observed that the
evaporation is faster at higher temperature and higher gas velocity but the effects of
temperature are smoother at fast gas velocity. One empirical model is built based
on Page’s model; this model enables to calculate the average moisture content
versus time. The validation results show that the model yields high calculation so
this can be applied to simulate the whole drying system. Product quality is also
tested in terms of color change, sugar content and acid content to evaluate the
application ability of superheated steam drying. Acid content and sugar content
lost maximum at 130 °C and 140 °C, respectively.

Keywords: drying · apple · superheated steam · product quality · drying kinetic

1 Introduction

Drying technology is one of heat treatments that are widely applied in agriculture,
especially in the post-harvest preservation field [1]. Due to the huge energy consumption
of drying process so the continuous improvement of drying in terms of energy efficient
and product quality have been received much attention [2]. Using super - heated steam
replaces for air to avoid the oxidation and combustion reaction [2]. Thus, super – heated
steam drying is the potential drying method to improve the dried product quality. Super-
heated steam drying (SSD) has been applied for wide range of product likes paddy,
wood, soybean, durian, pork, banana, potato, milk, etc. [3–7].

Drying is also the common method to process apples, in which there are several
applied dry methods likes hot air drying, freeze drying, hot air drying combined with
puffing drying [2].While hot air drying (HAD) causes negative effects on the apple slice,
othermethods are complicated and high energy consumption. To evaluate the application

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
D. C. Nguyen et al. (Eds.): ICERA 2023, LNNS 944, pp. 1–8, 2024.
https://doi.org/10.1007/978-3-031-62235-9_1
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ability of SSD for apple slice in terms of drying kinetic and quality, the experiment
work will be carried out for small drying sample at different drying conditions. The
evaporation speed and product appearance are examined then one empirical model is
built and validated. Additionally, dried products are also collected to analyze the quality
in terms of appearance, acid content and sugar content. The study results will contribute
to evaluate the application ability of SSD for apple slice.

2 Experiment Description

2.1 Experiment System

The experiment system is built for studying of drying kinetic of small fruit samples are
shown in Fig. 1. The main part is one drying chamber which is insulated to prevent the
heat loss. Drying sample is put one a tray containing big holes which allow gas flows on
both sides of sample. Evaporation is monitored by the decrease of sample mass which is
displayed by the sensitive balance 5. The feed water is pumped from (1) to the evaporator
(2) then the dry vapor blows to the heater to be heated up to the setup temperature. This
superheated steam flows to dry the sample in the dryer then one part blows to the heater
to reheat up to the setup temperature and other part is released to the ambience.

Experiment is conducted for apple slice in range of temperature from 110 °C–150 °C
and gas velocity from 3 m/s–6 m/s. In this work, the sample thickness is kept constant.
Apple is the Breeze New Zealand kind which is bought from local Vinmart, Hanoi.

Fig. 1. Diagram of drying system: (1): feed water pump, (2): evaporator, (3): centrifugal fan, (4):
electrical heater, (5): balance, (6): sample tray, (7): drying chamber, (8): insulated layer

2.2 Experiment Procedure

Each experiment is conducted for at least three times to make sure the accuracy of data.
Experiments are done by seven following:
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– Material preparation: Breeze New Zealand apple is chosen from Vinmart, Hanoi. It
is cleaned and cut into 2 mm thickness slice.

– Drying system is setup, after drying conditions are reached to the stable status, 1
apple slice is put on the tray.

– Mass of sample is recorded continuously during the drying process until it is almost
constant.

– Drying product is collected to analyze the product quality. The total acid content is
determined by titration method [8], total sugar and reducing sugar contents are found
by Graxianop method.

– Experiment is also conducted parallelly with the drying experiment to predict the
initial water content. Several apple slices are checked the mass then they are put into
one thermo-plus device for a long time at high temperature to get the solid mass.
From the initial mass mi and solid mass ms, the initial water content is calculated as:

Xi = mi − ms

ms
(1)

2.3 Data Evaluation

Evaporation
Moisture ratio is a dimensionless function which is expressed as:

MR = Xt − Xe

Xi − Xe
(2)

WhereXi, Xt, Xe are the initial, temporary and equilibriumwater contents, kgw/kgs. The
equilibrium water content Xe is the final water content of experiment so this is extracted
corresponding to the particular experiment. The initial water content Xin is 6.7 kgw/kgs.

Color Change
Color change is evaluated based on the lightness, green and red indices of fresh apple
and dried apple taken photo by Canon camera. Total difference of dried sample and fresh
sample are determined by:

�E =
√(

ci,r − cex,r
)2 + (

ci,g − cex,g
)2 + (

ci,w − cex
)2 (3)

In which, ci,r , ci,g, ci,w are red, green, lightness indices of initial samples. cex,r , cex,g,
cex,w are initial red, green, lightness indices of dried samples.

3 Result

3.1 Effect of Drying Conditions on the Evaporation

Changes of moisture rate over time at different temperature and gas velocity are shown
in Figs. 2, 3, 4 and 5. For all cases, drying time is about 18–57 min, there are no constant
drying period. In one hand, at all gas velocity, evaporation is faster at higher temperature
but this effect is significant only at low velocity. In case of 3 m/s, drying time is 30 min at
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temperature of 110 °Cwhile this time is about 12min at temperature of 150 °C.However,
at 6 m/s, drying time at 110 °C and 150 °C is 22 min and 11 min respectively. On the
other hand, at the same temperature, drying is faster at higher gas velocity. The effect of
gas velocity at high temperature is weaker than that at low temperature. These results are
because the evaporation is the result of heat and mass transfer between sample surface
and bulk vapor. At high temperature results in high temperature difference between
sample and bulk gas so the temperature controls this heat and mass transfer. In case of
fast velocity, the high gas velocity gives the high heat and mass transfer coefficient so
the gas velocity dominates the evaporation in this case.

Fig. 2. Evaporation of apple slice at gas velocity of
vg = 3 m/s

Fig. 3. Evaporation of apple slice at gas
velocity of vg = 5 m/s

Fig. 4. Evaporation of apple slice at gas
velocity of vg = 5.5 m/s

Fig. 5. Evaporation of apple slice at gas
velocity of vg = 6 m/s

3.2 Empirical Model

In this section, Page’s model is applied to describe the drying kinetic as [9]:

MR = exp(−ktn) (4)
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Where a, b, k, n are parameters determined by fitting MR and experiment data based
on square error R2. Results show that Page model is the most accurate and the simplest
model. The obtained parameters k and n of Page model at individual drying condition
are listed as Table 1.

Table 1. Parameters of the empirical model

vg Tg k n R2

3 110 0.02407 1.491 0.9982

3 120 0.04754 1.375 0.9991

3 130 0.05412 1.454 0.9989

3 140 0.09464 1.397 0.9992

3 150 0.1054 1.421 0.9997

5 110 0.03737 1.411 0.9967

5 120 0.0532 1.407 0.999

5 130 0.05141 1.443 0.999

5 140 0.08457 1.422 0.9996

5 150 0.08369 1.452 0.9992

5.5 110 0.04005 1.418 0.9977

5.5 120 0.0493 1.424 0.9984

5.5 130 0.05663 1.423 0.999

5.5 140 0.06092 1.478 0.999

5.5 150 0.09816 1.445 0.9993

6 110 0.0443 1.449 0.998

6 120 0.06186 1.449 0.9992

6 130 0.07855 1.432 0.9993

6 140 0.1034 1.404 0.9996

6 150 0.1098 1.478 0.9998

Comparison of experiment and model is shown in Fig. 6 for selective drying condi-
tions. It is observed that there is much good agreement so the established model is an
accurate model and it can be applied for the simulation of the drying system.

3.3 Product Quality

Color Change
Pictures and color change of dried product compared with fresh sample are presented
in Table 2 and Fig. 7. It can be observed that at temperature above 130 °C products
are burned with the very high color difference. At lower temperatures, the difference
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Fig. 6. Comparison of experimental data and simulation

between fresh sample and dried product increases with the increase in temperature but
these changes are few. Thus, gas temperature below 130 °C is recommended for drying.

Table 2. Pictures of fresh slice and dried product

Fresh sample Tg = 110
o
C Tg = 120

o
C

Tg = 130
o
C Tg = 140

o
C Tg = 150

o
C



Experimental Study for Superheated Steam Drying of Apple Slice 7

Marlic Acid Content and Reducing Sugar Content
Mass of marlic acid contained in 100 g basis solid is shown in Table 3. In the super-
heated steam drying, effects of drying temperature on the marlic acid and reducing sugar
contents are significant but not much. The maximum acid content reduction occurs at
130 °C with 30.2% and this content reduces minimum at 110 °C with 18.9%. For the
reducing sugar content, the maximum content reduction is at 140 °C with 27.4% and the
sugar content decreases at least at 120 °C with 6.7%.

Fig. 7. Color change of product

Table 3. Product quality contents

Gas temperature Acid content
g/100g dried basis

Sugar content
g/100 g dried basis

Fresh 2.96 59.41

110 °C 2.43 51.26

120 °C 2.25 55.31

130 °C 2.06 53.17

140 °C 2.39 43.08

150 °C 2.28 50.63

4 Conclusion

Experimental studies of apple slice dried in super-heated steam are presented in terms
of evaporation kinetic and product quality. Results show that evaporation speed is faster
at higher gas velocity and gas temperature. However, the effect of velocity on the drying
kinetic reduces at higher temperature. The empirical model is simple and it gives high
accuracy in comparedwith experiment data. Regarding to product quality, at temperature
below 130 °C, color changes not much. Besides, the effects of temperature on the acid
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content and sugar contents are not clear. Acid content reduced most at 130 °C while
the remained sugar content reaches the minimum value at 140 °C. In next step, the
theoretical model should be developed to study the spatial distributions of moisture and
temperature inside the sample. The morphology of dried product is also necessary to
evaluate in order to find the optimization drying conditions.Besides, the sample thickness
is also the important parameter which may prolong the drying time; so, this parameter
should be also concerned.
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Training under grant number B2022-BKA-11.
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Abstract. This paper presents a novel control scheme using thewell-known field-
oriented control (FOC) technique and a simple adaptive linear neuron (Adaline)
to obtain smooth torque with a five-phase open-end winding non-sinusoidal per-
manent magnet synchronous machine (PMSM). For a given supply voltage value,
the open-end winding structure results in higher allowable phase voltages, leading
to a higher maximum rotating speed. Compared to a sinusoidal back electromo-
tive force (back-EMF), a non-sinusoidal back-EMF leads to lower manufacturing
costs and higher torque density. Nevertheless, unexpected current harmonics and
torque ripples are consequently generated by the harmonics in back-EMFs, reduc-
ing control quality of the electric drive. In this study, the Adaline-FOC-based
control scheme is proposed to eliminate the unwanted current harmonics and
especially the torque ripples for a high-quality torque machine drive. Numerical
results are presented to prove the effectiveness of the proposed scheme.

Keywords: Multiphase machine · non-sinusoidal back-EMF · torque ripple
elimination · adaptive linear neuron

1 Introduction

With high functional reliability, multiphase drives have been a suitable choice in many
applications such as transportation, submarine, and wind turbines [1]. Compared to
the conventional three-phase topology, multiphase one (the number of phases n > 3)
has more degrees of freedom for machine design and control. Accordingly, several
advantages of the multiphase structure can be listed as fault tolerance, low power per
phase rating, and smooth torque [2, 3].

Themulti-reference-frame theory is a base to analyze an electric machine, especially
multiphase ones [4]. For example, a machine with n phases is characterized by (n − 1)/2
(n is odd) and (n − 2)/2 (n is even) two-dimensional planes (reference frames). One
plane is associated with a harmonic group. Ideally, in each plane, there is only one
harmonic of back-EMF (or current). In this case, constant torque is perfectly generated
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by constant dq currents, facilitating popular proportional-integral (PI) controllers [5]. An
increase in n leads to having more reference frames and more harmonics are allowable
in back-EMFs. This characteristic cannot be found in a three-phase machine with only
one two-dimensional frame, requiring sinusoidal back-EMFs and currents. Therefore,
the multiphase topology has fewer constraints on design than a three-phase counterpart.

Nevertheless, the machine manufacturing could unprecedentedly generate more har-
monics (>1 harmonic per frame), conflicting the multi-reference-frame theory. Possible
impacts of these unexpected harmonics on current control have been discussed and
solved in several recent studies. Indeed, one of the negative impacts is the appearance of
unwanted current harmonics appear, resulting in time-variant dq currents. The approach
in [6] for a high-speed three-phase machine drive, or in [7, 8] for five- and seven-phase
machines could eliminate unwanted current harmonics, improving current control qual-
ity. However, in this case, torque pulsation still exists due to the interaction between the
desired current harmonics and unwanted back-EMF harmonics.

Maximum torque per ampere (MTPA) in [9] applied for arbitrarywaveforms of back-
EMFs has been used to theoretically obtain the constant torque.However, varying current
references for control in [9] require high bandwidth controllers but not PI controllers
such as hysteresis controllers with high switching losses. Study [10] presents another
approach but its results and those of [9] are similar. Several control techniques, such
as model predictive control [11, 12] or pulse width modulation (PWM) carrier phase
shift [13], have been applied to reduce torque ripples. However, torque ripples caused by
unexpected back-EMF harmonics cannot be eliminated. Notably, in [14], an Adaline has
been applied to eliminate torque ripples caused by unwanted back-EMF harmonics for
a seven-phase star-connected winding machine without the use of Adalines for current
harmonic eliminations.

In this study, an adaptive control scheme is introduced to derive smooth torque
under the existence of plenty of harmonics in back-EMFs. Besides five Adalines used
to eliminate unwanted current harmonics as proposed in [6–8], an additional Adaline is
used for torque ripple eliminations. The conventional FOC technique and the Adaline
are properly combined. Knowledge of machines such as harmonic components is used
to optimize the Adaline, avoiding the calculation burden. The proposed Adaline-FOC-
based scheme is validated with numerical results on a five-phase open-end winding
non-sinusoidal PMSM drive.

This paper is organized as follows. Section 2 presents the mathematical modeling
of a five-phase open-end winding PMSM; a solution to eliminate current harmonics is
discussed in Sect. 3. Section 4 proposes a control scheme to obtain high quality torque.
Finally, Sect. 5 presents numerical results.

2 Modeling of a Five-Phase Open-End Winding PMSM

A five-phase PMSM with non-sinusoidal back-EMF and equally shifted phases in the
open-end winding configuration is considered in this study. Hypotheses for the back-
EMF are described as follows: 3rd harmonic has the second highest proportion after 1st

harmonic; the unwanted harmonics (5th, 7th, 9th, and 15th) have modest proportions.
The schematic diagram of the considered drive is presented in Fig. 1. One DC-

bus voltage supplies two inverters VSI1 and VSI2. Notably, each leg in VSI1 and its
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Fig. 1. Schematic diagram of a five-phase open-end winding PMSM supplied by two VSIs.

corresponding leg in VSI2 are used to feed one phase of the machine, representing the
open-end winding structure. The maximum allowable voltage of one machine phase is
VDC that is two times higher than the star connection.

In general, the voltages applied to the machine phases can be written as

v = [
vA vB vC vD vE

]T = [
vA1N vB1N vC1N vD1N vE1N

]T

−[
vA2N vB2N vC2N vD2N vE2N

]T (1)

where v is the 5-dimensional vector referring to five phase voltages of the machine;
(vA1N , ..., vE1N ) and (vA2N , ..., vE2N ) are leg voltages of VSI1 and VSI2 compared to the
neutral point N, respectively.

The calculation of phase voltages and electromagnetic torque can be expressed as

v = Ri+[L]
di

dt
+ e (2)

Tem = eT i (3)

where i and e are the 5-dimensional vectors of phase currents and back-EMFs, respec-
tively; R is the resistance of one phase; [L] is a 5 by 5 stator inductance matrix; Tem is
the electromagnetic torque.

Table 1. Fictitious machines and odd harmonics of a five-phase machine.

Fictitious machine dq frame Associated harmonic in natural frame (m ∈ N0)

The first machine (FM1) d1–q1 1, 9, 11, …, 5m ± 1

The second machine (FM2) d3–q3 3, 7, 13, …, 5m ± 2

Zero-sequence machine (ZM) z 5, 15, …, 5m

With the FOC technique, Clarke [Clarke] and Park [Park] matrices [8] are applied to
convert parameters of the machine from natural frame into rotating frames (dq frames).
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The transformation for phase currents is presented as

[
id1 iq1 id3 iq3 iz

]T = [Park][Clarke]
[
iA iB iC iD iE

]T
. (4)

In dq frames, the machine can be represented by two fictitious 2-phase machines
FM1 (with frame d1–q1) and FM2 (with frame d3–q3), and one zero-sequence machine
ZM (with axis z). Each fictitious machine is associated with a group of harmonics in
natural frame as presented in Table 1 [4]. The subscripts “1” and “3” in dq frames (d1–
q1 and d3–q3) refer to the ranks of main harmonics in these frames. Notably, values of
machine parameters, such as currents and back-EMFs, are expected to be constant in
dq frames to facilitate current control as well as to obtain high quality torque. In other
words, there are no harmonics in dq frames.

3 Elimination of Current Harmonics

According to [6–8], the low-frequency current harmonics in dq frames are generated by
the unwanted back-EMF harmonics (5th, 7th, 9th, and 15th) and the inverter nonlinearity
(dead-time voltages). These current harmonics have frequencies of 10θ (for id1, iq1, id3,
iq3), 5θ and 15θ (for iz) in dq frames as described in Table 2 where θ is the electrical
position of the machine. Current harmonic amplitudes depend on several parameters
such as the harmonic distribution in back-EMF, rotating speed, switching period, inverter
dead time, and DC-bus voltage. Due to the complication of the real-time drive systems,
these parameters need to be automatically identified in real time to correctly eliminate
the current harmonics. Therefore, five Adalines have been proposed in [6] for five dq
currents in three frames (d1–q1), (d3–q3), and z. The combination between the five
Adalines and back-EMF harmonics can effectively eliminate current harmonics.

Table 2. Unwanted current harmonics of a non-sinusoidal five-phase machine.

Fictitious machine dq frame Current harmonics by
unwanted back-EMFs

Current harmonics by
dead-time voltages

FM1 d1–q1 10θ 10θ

FM2 d3–q3 10θ 10θ

ZM z 5θ, 15θ 0

From [8], the iq1 current control scheme with current harmonic eliminations is
described in Fig. 2a with the Adaline for current in Fig. 2b. Current iq1 is controlled by
a PI controller. An adaptive compensating voltage vq1_com generated by the Adaline and
the estimated q1-axis back-EMF Eq. 1_com are used to eliminate a harmonic of 10θ in
dq frame. In a five-phase open-end winding machine, there are five dq currents, leading
to five Adalines for current harmonic eliminations.

However, the elimination of current harmonics in [6–8] cannot guarantee a constant
torque because the interaction between the main harmonics of currents (1st and 3rd)
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(a)

(b)

Fig. 2. Current harmonic elimination: (a) Control scheme of one of five dq currents, (b) Adaline
structure.

and the unwanted back-EMF harmonics (5th, 7th, 9th, and 15th), causing the torque
harmonic of 10θ. Table 3 describes the rank of torque ripples generated by the imposed
current harmonics and unwanted back-EMF harmonics. Figure 3 shows the elimination
of current harmonics (iq1 and phase current iA from 0.015 s) and the existence of torque
ripples with harmonic 10θ (about 18%) even when the current harmonics in dq frames
have been eliminated [8].

Table 3. Torque ripples generated by unwanted back-EMF harmonics in fictitious machines.

Fictitious machine Current harmonics after
compensation

Unwanted back-EMF
harmonics

Torque harmonics

ZM1 1θ 9θ 10θ

ZM2 3θ 7θ 10θ

ZM 0 5θ, 15θ 0

4 Eliminations of Torque Ripples

The proposedAdaline-FOC-based control scheme is described in Fig. 4 with theAdaline
for torque described in Fig. 5. The purpose of the Adaline for torque in the control
scheme is to determine compensating torque Temcom. Then, the compensating currents
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Fig. 3. Elimination of harmonics in iq1, phase-A current, and torque at 60 rad/s.

icom (idqcom) can be calculated form Temcom by using Maximum Torque Per Ampere
(MTPA) [14]. However, only main harmonics (1st and 3rd) of the speed normalized
back-EMF are considered to calculate currents, the original MTPA becomes simplified
MTPA in this study. Finally, the error between Tem and its reference value Temref is
minimized. The desired compensating torque can be expressed as

T ∗
emcom = Temref − Tem = μ∗

0 + μ∗
1 cos(10θ) + μ∗

2 sin(10θ) (5)

where μ∗ is the constant term of the compensating torque; (μ∗
1, μ∗

2) are respectively
coefficients representing torque harmonics 10θ. Therefore, the compensating torque
T ∗
emcom is expressed by three coefficients (μ∗

0, μ
∗
1, μ

∗
2).

The output of the Adaline in Fig. 5 is given by

y = μ0 + [μ1 cos(10θ) + μ2 sin(10θ)] (6)

where θ is the electrical position; (μ0, μ1, μ2) are three weights corresponding to the
three coefficients of the desired compensating torque in (5).

TheAdaline weights are updated by LeastMean Square rule [14, 15] at each sampled
time k. An example for weight updating with μ1 is expressed by

μ1(k + 1) = μ1(k) + η
[
Temref − Tem(k)

]
cos(10θ) = μ1(k) + ηTerror(k) cos(10θ)

(7)

where η is the learning rate; Terror is the error between reference torque Temref and total
torque Tem; Tem is derived from phase currents and estimated back-EMFs in “Torque
estimation” block in Fig. 4 using (3).



High Quality Torque 15

e

Fig. 4. The proposed Adaline-FOC-based control structure to eliminate torque ripples.

Fig. 5. Adaline structure to eliminate torque ripples.

Learning rate η needs be properly chosen and within [0, 1] to guarantee the system
stability. Its value mainly depends on the sample time, amplitudes and phases of har-
monics of the learned signal (Temcom). The Adaline weights are updated to converge to
the desired coefficients of the compensating torque in (5) as follows

(8)

Finally, the torque ripples are eliminated by the proposed control scheme.
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5 Numerical Results

Numerical results to verify the effectiveness of the Adaline-FOC-based scheme (Fig. 4)
are obtained with MATLAB Simulink. Parameters of the studied drive are described
in Table 4. Two VSIs are controlled with the 3-level double modulation PWM (at
15 kHz). Five dq currents are controlled by five PI controllers and five Adalines for
current harmonic eliminations as described in [6].

As previously assumed, six back-EMF harmonics (1st, 3rd, 5th, 7th, 9th, 15th) with
the proportions in Fig. 6 are used to model the 5-phase machine. The reference torque
Temref of 10 N.m (rated torque) is imposed at 750 r/min to verify the proposed scheme.

Table 4. Electrical parameters of the studied five-phase PMSM drive.

Parameter Unit Value

Stator resistance R m� 9.1

Self-inductance L mH 0.09

Mutual inductance M1 mH 0.02

Mutual inductance M2 mH −0.01

1st harmonic of speed-normalized back-EMF V/rad/s 0.1358

Number of pole pairs p 7

Rated torque N.m 10

DC-bus voltage VDC V 48

PWM switching frequency kHz 15

Learning rate of Adaline for torque η 0.00001

Fig. 6. Speed-normalized back-EMF and harmonic components of the studied five-phase PMSM.

The numerical results are shown in Fig. 7 including the electromagnetic torque,
weights of Adaline for torque, dq currents, phase-A current. “No comp.” means that
there are no compensations for both unwanted current harmonics and torque ripples.
“EMF comp. for current” implies that only estimated back-EMFs are used to eliminate
unwanted current harmonics. “EMF+Adalines comp. for current” expresses that both



High Quality Torque 17

8

10

12

To
rq
ue

(N
.m

)

-6

0

6

Cu
rre

nt
(A

)

42

46

50

Cu
rre

nt
(A

)

-10
-5
0
5

10

Cu
rre

nt
(A

)

-5
0
5

10

Cu
rre

nt
(A

)

-0.1

0.5

W
eig

ht
s

0 0.015 0.03 0.045 0.06 0.075 0.09 0.105 0.12
Time (s)

-40
-20
0

20
40

Cu
rre

nt
(A

)

-4
-2
0
2
4

Cu
rre

nt
(A

)

Fig. 7. Numerical results with the electromagnetic torque, weights of Adaline for torque, dq
currents, and a phase current at 750 r/min.

estimated back-EMFs and five Adalines are applied to current harmonic eliminations.
These first three stages have been discussed in [6]. The last stage presents the addition
of the Adaline for torque in the proposed Adaline-FOC-based scheme.

Specifically, the torque ripple can be effectively reduced from 21 to 12% after using
the Adaline for torque. The ripple of 12% almost comes from the switching-frequency
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zero-sequence components of the open-end winding structure. If the high-frequency
components are filtered, the torque ripple is equal to only 2.4%. The convergence time
of theAdaline weights is 0.075 s. Compared to the third stage, only the reference value of
iq1 becomes time-variant to generate constant torque in the last stage. Current of phase A
is presented in the bottom of Fig. 7. By using Adalines for unwanted current harmonics
from the second stage to the last stage, the phase current waveform becomes smoother
without unexpected current harmonics.

6 Conclusions

The Adaline-FOC-based control scheme for five-phase non-sinusoidal back-EMF
machine drives has been proposed and validated in this study. Smooth torque has been
generated with a low-cost machine having undesired back-EMFs. Only knowledge of
torque harmonics enables the Adaline to be optimized, reducing the calculation bur-
den. The combination of Adalines for current and Adaline for torque not only guar-
antees pure phase currents but also smooth torque. With the simplicity of Adaline, the
Adaline-FOC-based scheme can be effectively used in industry.
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