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Background and Objectives: Despite superior privileges that multiphase
motors offer in comparison with their three-phase counterparts, in the field
of multiphase linear induction motors (LIMs) few studies have been reported
until now. To combine the advantages of both multiphase motors and linear
induction motors, this paper concentrates on multiphase LIM drives
considering the end effects.

Methods: The main contributions of this paper can be divided into two major
categories. First, a comparative study has been conducted about the dynamic
performance of Fuzzy Logic Controller (FLC) and Genetic-PI controller for a
seven-phase LIM drive; and second, because of the superior performance of
the FLC method revealed from the results, the harmonic pollution of the FLC
based LIM drive has been studied in the case of supplying through a five-level
Cascaded H-bridge (CHB) VSI and then compared with the traditional two-
level VSI fed one.

Results: The five-level CHB-VSI has utilized a multiband hysteresis
modulation scheme and the two-level VSI has used the traditional three-level
hysteresis modulation strategy. Note that for harmonic distortion
assessment both harmonic and interharmonic components are considered in
THD calculations.

Conclusion: The results validate the effectiveness of the proposed FLC for
seven-phase LIM drive supplied with five-level CHB-VSI and guarantee for
perfect control characteristics, lower maximum starting current, and
significant harmonic and interharmonic reduction.

©2020 JECEI. All rights reserved.

Introduction

possess additional degrees of freedom by which more

From the beginning of this century, multiphase motor than one motor can be independently controlled

drives have attracted worldwide attention due to the
significant advantages they have in comparison with
three-phase motors [1]. The predominant benefits of
using multiphase machines are greater torque density,
increase in efficiency, lower torque pulsation, higher
fault tolerance, and lower required rating per inverter
leg (which results in simpler and more reliable power
electronics devices) [2]. Furthermore, multiphase motors

Doi: 10.22061/JECEI.2020.6664.355

through a single Voltage Source Inverter (VSI) [2]-[4]. For
this purpose, the stator windings of the motors must
have an appropriate connection style [2]-[4]. The
dominant advantage of this concept is that the number
of inverter legs decreases.

Although this idea is appropriate for all types of
multiphase AC machines, until now, the most research
interests in the area of multiphase machines are
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concentrated on AC rotational machines [1]-[12].
Consequently, in this paper, an attempt is made to
provide a survey in control of multiphase LIMs with more
than three phases.

Additionally, Linear Induction Motors (LIMs) are
extensively utilized in industrial applications and high-
speed transportation systems because of the significant
privileges they offer. Nevertheless, accurate modeling of
these machines is more complicated than the rotational
induction ones due to the end effects [13]-[16].

A famous per-phase model of the LIM was proposed
by Duncan [17]. This model was extracted by appropriate
modification of the traditional rotary induction machine
model. To reflect the end effects, the magnetizing
branch was suitably modified [17]. Despite the
usefulness and simplicity of this model, it was not
directly applicable to drive applications. In [18] using
Duncan’s equivalent circuit model and regarding the end
effect phenomena, the dynamic model of the three-
phase LIM was suggested. Nevertheless, the end effect
has been just regarded in the direct-axis equivalent
circuit. The quadrature-axis equivalent circuit of the
motor has been considered the same as a RIM with no
end effect. However, it is explicit that for precise
modeling of a LIM, both direct and quadrature axes must
be affected by the end effect. Six years later, the second
author of [18] introduced another dynamic model for
three-phase LIM including the end effect in both direct
and quadrature axes of the model [19]. In [20], regarding
the end effect phenomena, the dynamic model of
multiphase LIM has been derived for more than three
phases. This model has been extracted by choosing an
arbitrary rotating reference-frame and utilizing Park’s
transformation. On the other hand, among various
control techniques accomplished on the LIM, Indirect
Field Oriented Control (IFOC) method is an approved
control strategy abundantly utilized for LIM drive
applications [19]-[23]. The principal concept behind IFOC
of a LIM is based on the alliance of the secondary flux
vector with the direct-axis, which leads to the decoupling
of flux and thrust [19]-[23]. To achieve this, the
component of secondary flux along the quadrature-axis
must be set to zero. Furthermore, the component of
secondary flux along the direct-axis must be fixed on the
nominal secondary flux value.

Moreover, in the past decade, multi-level inverters
(MLIs) have been extensively utilized due to their
particular privileges in power quality improvement [24]-
[25]. The principal preferences of MLIs are lower voltage
stress (dv/dt) on power electronic switches and reduced
voltage harmonics of the VSI.

Therefore, it would be an interesting idea to use
multilevel inverters for supplying LIM drives. An
investigation of various topologies and control methods
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for multilevel inverters is presented in [24]-[25].
Cascaded H-bridge (CHB) inverter is a well-known
multilevel structure utilized in high-power Medium-
Voltage (MV) drives. The CHB inverter, in comparison
with other multilevel inverters, has a simpler and
modular topology. In recent years, CHB-VSIs have been
extensively utilized in electrical motor drive applications
due to their prominent benefits in the reduction of
harmonic contents and power quality
enhancement [26]-[29]. A multiband hysteresis switching
scheme for current control of CHB-VSIs has been
suggested in [30]. Implementation of current control
using the hysteresis method is simple and has a fast
dynamic response [30]. Also, it shows suitable
robustness performance. Moreover, to calculate the
hysteresis bandwidth with respect to the CHB switching
frequency, a frequency-domain strategy has been
proposed [30]. As a result, the CHB multilevel inverter
has been selected in this paper for supplying the
multiphase LIM drive. According to above mentioned,
the principal scope of this paper is to investigate the
harmonic reduction of Fuzzy Logic Controlled (FLC)
multiphase LIM drive fed through a five-level CHB-VSI in
comparison with the traditional two-level VSI. The
remainder of this paper is organized as follows. In the
next section, the dynamic model for the n-phase LIM is
presented considering the end effect phenomena in the
magnetizing branch inductance. Then, the indirect field-
oriented control of n-phase LIM regarding the end effect
is demonstrated. Next, the CHB-VSI with multiband
hysteresis switching scheme is illustrated. After that, the
calculation of the Total Harmonic Distortion (THD) factor
considering harmonic and interharmonic components
will be discussed. The overall control system, the
Genetic-Pl based controller, and the fuzzy logic
controller will be introduced in the next sections,
respectively. Subsequently, the simulation results are
provided for a seven-phase LIM drive. Finally, the
conclusions are given.

Dynamic Modeling of The LIM Considering The End
Effect

The per-phase model of a LIM developed by Duncan is
depicted in Fig. 1.
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Fig. 1: The per-phase equivalent circuit model of LIM.

To take into account the end effect, a dimensionless
factor Q and a function f(Q) are defined as
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follows [17], [31]:

(1)

1-e @
f = 2
Q) 5 (2)

where D and v, are the LIM length and speed,
respectively. L, and R’, are the self-inductance and
resistance of the secondary, respectively.

Accordingly, the magnetizing branch is changed to
Lmo(l—f(Q)), in which Ly~ is the magnetizing
inductance when the LIM speed is equal to zero [17].

By applying the Park’s transformation to Duncan’s
model, the dynamic model of an n-phase LIM can be

extracted as follows [20]:
Primary voltage equations:

Vgs = Rsiqs + 445+ PAgs
Vgs = Rsids _a)ﬂqs +PAgs
Vias =Rslas + PAyss
Vyis = Rsiyls + piyls

Vos =Rslgs + PAgs (3)
Secondary voltage equations:

Vor =R'tigr +H(@— @ ) Ay, + pAgr =0

q
Var =R'rigr —(0—o )/1qr +pAg, =0
Viar = R'r i><1r + p/lxlr =0

Vyir = R'; lyar + p/lylr =0

Vor =R’ iOr + pﬂ'Or =0 (4)
Primary flux linkage equations:

ﬂ'qs = I-Isiqs +L,{l-f (Q)}(iqs +iqr)

Ags =Lysigs + Lin{l— f (Q)}(igs +igr)

ﬂ“xls = I-Isixls

/1yls = I-Is'yls

/105 :LlsiOS (5)
Secondary flux linkage equations:

iqr =L iqr +Lp{l-f (Q)}(iqs +iqr)

ﬂ“dr =L idr + Lm{l_ f (Q)}(ids +idr)

ﬂ’xlr =Ly i><1r

/1ylr =L lyar

Aor =L'irlor (6)
where p=d/dt and w, denotes the secondary angular

speed. Also, w-w, represents the slip angular frequency (

0 -0 =0y).

The LIM thrust can be expressed as [20]:

n ”(ﬂ“qridr_ﬂ'driqr) (7)

F=—-—

27

in which t represents the motor pole pitch.

Indirect Field-Oriented Control of LIM Considering
End Effects

The main idea behind the IFOC of a LIM is based on
aligning the reference frame to the secondary flux
vector, which results in the decoupling of flux and thrust.
Consequently, the component of secondary flux along
the quadrature-axis must be set to zero. In other words,
the secondary flux vector should be aligned with the
direct-axis and its value must be fixed on the nominal
secondary flux value. It follows that [20]:

Qg
qr =0 and m =0 (8)

Supposing Vqr:VerO, the slip angular frequency

A

(e

| =@, —@, ) will be calculated using (4) and (6) and

by omitting the iqr as:

11Q) | fw o

TrH-1@) | e

m

wsI:Rr

Using (4) and (6) and by omitting idr' the direct-axis

secondary flux ( A4, ) will be calculated:

Adr = .Lm (1_ f(Q)) ><ids
LR () 0 (10)
RII’
It is notable that supposing v,=0 and f(Q)=0, will
result in oy =R, Lyigs /(L' Ag)) and

ﬂdrszidS/(l-l-(L'r/R'r)p) (where L', =L"| +L,,), which
are in accordance with rotary induction motors. The LIM
thrust could be written as [20]:

Nz L-fQ) .

27 Ly+L, [1-f(Q) " ®

Cascaded H-Bridge Multilevel Inverter With
Multiband Hysteresis Switching Scheme

(11)

In Fig. 2, the basic structure of a single-phase five-
level CHB-VSI is illustrated with two cascaded H-Bridge
(HB) cells. Each of the semiconductor switching devices
S11, S13, ..., Sy, represents an IGBT with back-to-back
diode. The CHB-VSI output voltage can be written as
V=u(t)xVy, in which u(t) is the output logic signal
including five different levels. In Fig. 3 the flowchart of
five-band hysteresis switching scheme is represented. In
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this figure, the current error is defines as Ce=i5-i5*, in
which i and is* represent the actual and reference phase
currents, respectively. Also, h denotes the hysteresis
band. The modulation scheme produces five voltage
levels, i.e.u=-1,-1/2,0, +1/2, +1.

Sy H S, 4; }
Vdc _+__ 11 G 13
2 —| +
s} 54}
Ve=u() Vy

| E—,

2 —
AW 3‘22411’}

Fig. 2: Five-level CHB-VSI.

For an n-phase voltage source inverter with n-phase
balanced load, the instantaneous values of phase-to-
neutral voltages (V4 , ..., V,,) can be written as a function
of DC bus voltage Vg and logic variables (uy, ..., u,) as:

-1 -1 -1 - 17 [u |
\\2 -1 -1 -1 - -1 |,
e I I e e
Yn1 -1 -1 -« on-1l -1 Ju,,
n -1 -1 - -1 n-1f [u,

For a five-level CHB-VSI, each logic variable (u,..., u,) has
five levels of output, i.e. u; = -1, -1/2, 0, +1/2, +1,
according to the five-band hysteresis switching
flowchart.

Harmonic and Interharmonic Distortion

Generally, power quality evaluations are performed
on periodic voltages and current waveforms. The defined
criteria are wusually expressed with regard to the
harmonic and fundamental components of the
waveforms. Unfortunately, currents waveforms in many
industrial loads are not periodic. For instance, the
current waveform generated by the hysteresis
modulation possesses (except the fundamental
sinusoidal component), random and stochastic
components that are irregular and non-periodic.
Consequently, the custom power quality criteria which
are defined based on the periodicity of the signals, could
not be utilized. Nevertheless, in the past decade,
considerable research has been concentrated on solving
this issue [32]. Analyzing non-periodic loads is mostly
based on the time windows utilized for extracting
statistical data to achieve an overall characteristic. The
IEC 61000-4-30 recommends a window width of about
200ms, which corresponds to 10 cycles on 50 Hz systems
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and 12 cycles on 60 Hz systems [32].

According to the IEC 61000-4-30, considering a 200ms
time window is appropriate [32]. This window width is
10 cycles on 50 Hz systems and 12 cycles on 60 Hz
systems. The stochastic nature of controller operation
dictates that the hysteresis modulation will result in
harmonic, interharmonic, and subharmonic distortion.
Unlike harmonics which are located on multiples of the
fundamental frequency, interharmonics and
subharmonics take place at non-integer multiples of the
fundamental frequency.

| u(t)=-1 |

u(/):—%| ’ u(t)=0 ‘

u(t)=0 ‘

u(l)=+% ‘ | u(t)=+1

Fig. 3: Flowchart of the five-band hysteresis modulation.

Interharmonics and subharmonics take place at non-
integer multiples above or below the fundamental
frequency, respectively. To avoid complexity, in the
remainder of this work, interharmonics and
subharmonics are classified into a single group, called
interharmonic distortion.

It is notable that for calculating the Total Harmonic
Distortion (THD), when interharmonics exist, two
components should be considered [32]:

THD =/ TDHD 2+TIHD 2 (13)

TDHD and TIHD denote the total discrete harmonic
distortion and the total interharmonic distortion,
respectively. For a current signal, TDHD and TIHD are
written as [32]:

(14)

Mmax—

1
2
ZIRSS m,m+1 (15)

TIHD =10
Iy

where m is the harmonic order and m,,,, represents the

maximum harmonic order. /; is the fundamental value of

current waveforms. IRSS is the root sum squared value of

the current interharmonics which are located between

two consecutive harmonics m and m+1 [32]. If the LIM
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drive operates at a frequency of f;, by considering a
frequency resolution of Af, the IRSS can be determined
as [32]:

f.(md)—A f
IRSS i mia = Z IRSS En,m+l (16)
f=frm+af
Consequently, for a current waveform including

harmonics and interharmonics, the equivalent THD index
(THD.,.)) is defined as [32]:
M max Mmax Ll fi.(mi)-4f

PAEEY D l?

m=1 m=0 f=fpm+af

(17)

THD . =
Iy

where [, denotes the rms values of the current

harmonics and interharmonics. For voltage waveforms,

the equivalent THD index (THD..,) can be calculated in

the same way.

Control System

The total IFOC diagram of the n-phase LIM drive is
demonstrated in Fig. 4. The LIM is fed through CHB-VSI
based multiband hysteresis switching strategy. The end
effect is regarded in the LIM model and the controller. A
current control loop and a speed control loop are
included in the LIM drive. In this work, both genetic-PI
based controller and fuzzy Logic Controller are utilized as
regulators in the speed control loop.

In this work, both genetic-Pl based controller and

The command quadrature-axis primary current (iqs*) is
produced by the speed controller. Also, the command
direct-axis primary current (ids*) is produced according to
the nominal direct-axis secondary flux (Ad,*) and the LIM
speed. Moreover, the gains K; and K, are calculated from
(9) and (10). Note that K; and K, are dependent on f(Q)
and thus dependant on the LIM speed [33]. The
command currents (ils*, izS*, in:) are produced using
iqs* and ids* and by applying inverse Park's
transformation. The current controller produces the
firing pulses for the CHB-VSI switches. For reducing the
harmonic and interharmonic distortion of the multiphase
LIM drive, a five-level CHB-VSI (with two HB cells) has
been unutilized and compared with the conventional
two-level VSI.

The current controller produces the firing pulses for
the CHB-VSI switches. For reducing the harmonic and
interharmonic distortion of the multiphase LIM drive, a
five-level CHB-VSI (with two HB cells) has been unutilized
and compared with the conventional two-level VSI.

Genetic-Pl Based Controller [34]

Genetic Algorithm (GA) is a well-known optimization
method, inspired by the populations evolve in nature. In
this paper, GA has been utilized for optimizing the PI
gains of the speed controller.

For GA implementation, the roulette-wheel selection
function has been used. Moreover, the two-point

fuzzy Logic Controller are utilized as regulators in the  crossover with a probability of 0.80 is chosen.
speed control loop.
CHB Inverter
Multiband Hysteresis
. * i]* Modulation 4 N A
v, Speed Igs —'t(‘* y——> L |
:_ Regulator > 2 A i’o > nﬂ R » r’
Vr + ‘_ULI 1) L
= \ —> T —
N N
ins LN )
i_2‘\'
Ils
v, p [
n-phase LIM
Fig. 4: Block diagram of the proposed IFOC scheme for n-phase LIM.

To avoid local minimum answers, the adaptive objective function, as follows [34]:
feasible mutation has been selected. Furthermore, the Fobj=k1-Fobj1+k2-Fobj2+k3-Fobj3
population size is considered 200 chromosomes for each K E K. E (18)
generation. *+K4-Fobj, +Ks-Fobjg

. . . . . . . . T

The obJect.lve function, .WhICh mu:st be mlnlrmze'd, is where Fobjl: r.p
the sum of different functions. In this paper, rise time, M+
settling time, maximum overshoot, steady-state error, T .
and load change error are taken into account in the Fobj2 =——+P FobjszME +P
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E F
FObj4 =%+P Fobjsz%‘i'l_ (19)

k; to ks are the importance coefficients and are
chosen as: k; =k, =k;=k,=ks=1. Ess, M,, T, and Ts
denote the steady-state error, the overshoot, the rise
time, and the settling time, respectively. The constants
My, Mg, and M, are scaling factors. In this research, these
constants are considered as My = thna, Mg = yg, My = 1
(tina @and y4 denote the total time and the desired LIM
speed, respectively). P and L are penalty factors that
must be set to zero in case of a stable speed response.
Moreover, to minimize the effect of load variations on
the speed response, the load change error is also
considered to the objective function as

FL =Yt (full-load)-y. ,(no—load). For small load

change errors, penalty factor L is set to zero and for high
error values, it is considered 8. If the LIM speed becomes
unstable or deficient, the parameters are selected
according to Table 1 [34].

Finally, as the main goal of this paper is controlling
the LIM drive in the whole speed range, the final
objective function optimized by GA is considered as:

v, (n)

+
v, (n

Vv
FObjTotaI = Fobj (Vr =Vrated )+ I:obj (Vr :TmaX) (20)
In the Appendix, the optimized PI controller gains
obtained from GA are given. Moreover, the best
objective functions in each generation, during the GA
optimization process, are captured and demonstrated in

the Appendix.

Table 1: Parameters of the objective function in deficient and
unstable conditions [34]

Eg Ts T, M, )
Deficient ~
condition Yo “Ytga) My M+ 0 7
Unstable
condition Ya My T, Ve 10

Fuzzy Logic Controller (FLC)

In Fig. 5, the total IFOC diagram of the multiphase LIM
drive with FLC is demonstrated. The linguistic variables
of FLC are selected according to the LIM model [23]. The
speed error AV,(n) and the change of speed error Ae(n)
are considered as the inputs of the FLC. The output

variable is the command LIM force ( Fe*(n) ).

*
'I‘.v

572

*
—>Ins

Fig. 5: Block diagram of the proposed FLC for IFOC of n-phase LIM.

Correspondingly, the command quadrature-axis
current (i;s) will be produced using (11). In the next

step, the scaling factors K, K., and K; are chosen by trial-
and-error to get optimal drive performance.

For FLC implementation, the Mamdani-type fuzzy
inference approach and the center of gravity
defuzzification method are used [23].

The FLC rules, used in this work, are as follows [23]:

If AV, is PH (Positive High), then F. is PH.
If AV, is ZE (Zero) and Ae is PO (Positive), then Fe* is PL.

If AV, is ZE and Ae is NE (Negative), then Fe is NC (No
Change).
If AV, is ZE and Ae is ZE, then Fe* is NC.
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If AV, is NL (Negative Low), then Fe* is NL.

If AV, is NH (Negative High), then Fe* is NH.

The membership functions of FLC are illustrated in Fig. 6.

L NHTONLZE PL " PH
=S o5
4
0 I I
-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
I NE ZE PS
o~ 05F
< 0!
-1 -08 -06 -04 -0.2 0 02 04 06 08 1
JnH NL PL NC PM PH
|_|_EO.5*

L L : L :
-1 -08 -06 -04 -02 0 02 04 06 08 1

Fig. 6: Fuzzy logic membership functions; speed error AV,
speed error change Ae,, command LIM thrust F,, (n).
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Results and Discussion

To investigate the functionality of the proposed FLC of
LIM drive with the end effect considerations, different
tests have been performed at various operating points.
The validity of the suggested LIM model combined with
the relevant controller is evaluated by simulating a
seven-phase LIM drive. The seven-phase LIM is fed
through a five-level CHB-VSI with a five-band hysteresis
switching technique. The performance validation of the
FL controller and Genetic-Pl Based controller have been
evaluated and compared with each other. The speed and
current responses have been monitored under various
operating situations such as abrupt changes in reference
speed, step changes in load, and also at various
reference speeds and loads. The simulation of the
complete drive has been executed utilizing
Matlab/Simulink  software with the parameters
expressed in the Appendix. Furthermore, the power
quality improvement of the seven-phase LIM drive
supplied with five-level CHB-VSI is studied and compared
with the traditional two-level VSI. For this purpose, the

THD index has been evaluated for both inverter
topologies considering both harmonics  and
interharmonics. Some of the achieved results are

presented in the following paragraphs.
In the CHB-VSI, a net dc-link voltage of V=90V is

considered for each HB cell. Also, a hysteresis band of
h~0.1A is applied.

Pl Controller
Load Chang =--Command Speed

15l H —Actual Speed
Q3 I Load Change @l
g \
@
@
o
w 18
2.
0. 15

g
Y 7 SR FIF
0 3 g g 12 14
Time (sec)

Fig. 7: Command speed and actual speed of the LIM drive;

Speet&Change Load/Change

—

Pl Controller

=]

“‘, Speed Change Load Change
N
| b

[ i

M
|

Phase current, isa (A)
l\) o N J>

' f"u"""""'

| W ot ek

The FL controller gains are chosen to achieve the best
transients and dynamic responses considering the
requirement of stability. The command speed and
dynamic speed response of the LIM drive for Genetic-PI
and FL controllers are demonstrated in Figs. 7 (a)-(b),
respectively. First, the LIM is driven at 0.5 m/sec
command speed and with no external force. At t=3 sec,
the command speed is suddenly increased from 0.5 to
1.5 m/sec. At t=6 sec, a 100 N external force is applied to
the LIM. At t=9 sec, the command speed is suddenly
decreased from 1.5 to 1 m/sec while keeping constant
the external force at 100 N. The external force applied to
the motor primary is decreased at t=12 sec from 100 N
to 50 N. Despite optimum adjusting of Pl constants
utilizing GA, the FLC showed better performance from
the viewpoint of dynamic response time, overshoot, and
adaptability to external force changes.

Figs. 8 (a)-(b) illustrate the corresponding LIM primary
phase currents for Pl and FL controllers, respectively.
From these figures, the maximum starting current for Pl
and fuzzy are equal to 6.64 A and 3.96 A, respectively. As
a result, it is clear that FLC has lower starting current in
comparison with Pl controller, which increases the
motor ability and decrease the inverter rating.
Furthermore, a quantitative comparison of some
dynamic response parameters for the aforementioned
control methods is illustrated in Table 2 for a command
speed of 1.5 m/sec.

Fuzzy Logic Controller

—--Command Speed
—Actual Speed

Load Change

Load Change

LIM Speed (m/s)

05 15 1
14
5 6 7| Y7 13
0 3 6 9 12 T4
Time (sec)

(a) Genetic-PI controller and (b) Fuzzy logic controller.

Fuzzy Log|c Controller

1 Speed Change Load C\hange Speer{\change

]

‘Load Change
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I\I
| |

910 1121314

I\.)OI’\J-J>

Phase current, i (A)
sa

| T T m e m————

i | m———— . | m—p——

0 X 2 3 4\\;5 7 8
Time (sec)

H { Maximum Slartlng
5 Cuvrent 6.64 A i

——
2

0 0

2

4

2

] S |
.7 285 3 315 33||g7 8.9 9.1 9.3

0 01 02 03 04
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o

'Maxlmum Stamng
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{F

2
-2
4
2

5|
3.15 3.3||8.7 8.9 9.1 9.3

-5

0 01 02 03 04 .7 285 3

Fig. 8:

According to the results, it is obvious that in the FLC
of multilevel LIM drive, the actual LIM speed tracks the

Primary current of the LIM drive; (a) Genetic-PI controller and (b) Fuzzy Logic controller.

command speed under various loading conditions.
Moreover, it offers more accurate dynamic responses,
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which makes it suitable for high performance drive
applications.

Table 2: Dynamic response parameters of Genetic-Pl and Fuzzy
Logic Controller

Istrat Ess MP Tr
[A] (%] [%] [sec]
No-Load Genetic-PI  0.11 3% 0.06 8.98
Fuzzy 0.06 0 0.06 4.47
Genetic-PI  0.25 0.2 0.03 8.98
F=100N - oy 009 0 003 453
_ Genetic-PI 1.5 0 =0 8.98
Fi=150N Fuzzy 0.11 0 =0 4.57

In the next step, the THD index of the seven-phase
LIM drive supplied with five-level CHB-VSI with five-band
hysteresis modulation is studied and compared with the
traditional two-level VSI. THD index has been evaluated
for both topologies considering both harmonic and
interharmonic components.

Unlike power system analysis in which the power
frequency is almost considered constant (i.e. 50 Hz), in
variable speed drives the inverter frequency is variant
and dependent on the reference speed and external
loading condition. Thus, at first, the fundamental
frequency should be computed. Then, according to the
fundamental frequency, the harmonic and interharmonic
components should be extracted from the frequency
spectrum of the signal. Consequently, the THD index can
be calculated from (17). For harmonic analysis and
evaluation of the fundamental component (frequency
and amplitude), a time window equal to 10 seconds (in
steady-state operating condition) has been considered
to achieve 0.1 Hz frequency resolution. The time step of
the simulation (the data sampling time) has been
considered equal to 50 microseconds. For THD
calculations, THD parameters were calculated using time
windows with the length of 10 cycles of the fundamental
frequency (f;) according to the IEC 61000-4-30 standard
[35]. Thus, the frequency resolution will be equal to
1/TW (where TW=10/f; is time window length). In this
paper, harmonics and interharmonics were calculated
utilizing Fast Fourier Transform (FFT) on the time domain
waveforms obtained from the simulation. Total
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simulation time of 14 seconds has been considered to
have more accurate THD values with higher precision.
Afterward, the results of the first 3 seconds (from 14
seconds) were omitted to guaranty the steady-state
operation of the drive. Then, the remaining 11 seconds
have been divided into time windows (9 or 10 time
windows depending on f;). Each window length was
considered equal to 10 times of f; according to the IEC
61000-4-30 [35]. Consequently, for each waveform
different THD values related to the different time
windows have been extracted and the minimum,
maximum, and mean of THD values have been recorded.

In Fig. 9 (a), the seven-phase LIM phase current and
phase voltage supplied with five-level CHB-VSI (for h=0.5
A) at 1.5 m/s command speed and 100 N external force
are shown. Similarly, the seven-phase LIM phase current
and phase voltage supplied with the traditional two-level
VSI for the same operating conditions is presented in Fig.
9 (b). It is obvious that in LIM drive fed through the CHB-
VS|, waveforms are more sinusoidal in comparison with
the ones fed through the two-level VSI. In Addition, for
h=0.5 A, the average switching frequency (f;) of the CHB
and traditional VSI semiconductor switching devices are
computed and illustrated in these figures which are
equal to 206 Hz and 86 Hz, respectively. By decreasing
the hysteresis band, the average switching frequency will
increase. For h=0.1 A, the average switching frequency
of the CHB and traditional VSI switching devices are 1594
Hz and 290 Hz, respectively

Figs. 10 (a)-(b) display the frequency spectrums of the
LIM phase voltage for both CHB-VSI and traditional VSI.
To show more clearly the frequency spectrum, the
spectrums are depicted separately for both lower
frequency components (top figure) and higher frequency
components (bottom figure). Similarly, the frequency
spectrums of the LIM phase current for both CHB and
traditional VSI are illustrated in Figs. 11 (a)-(b). From
these figures, the LIM phase voltage THD values for CHB
and traditional VSI are equal to 28.01% and 45.90%,
respectively. Correspondingly, the phase current THD
values for CHB and traditional VSI are equal to 4.74% and
8.73%, respectively.
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Fig. 9: The LIM phase current and phase voltage; (a) five-level CHB-VSI (b) two-level voltage source inverter.
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Fig. 11: The frequency spectrum of the seven-phase LIM current; (a) five-level CHB-VSI (b) two-level voltage source inverter.

It is clear from the figures that the magnitudes of
harmonic and interharmonic components caused by the
five-level CHB-VSI are significantly reduced in
comparison with the two-level VSI. The THD indices of
the LIM phase voltages and phase currents are
computed for the CHB and the traditional VSI, different
hysteresis bands, and different external forces. The
seven-phase LIM drive was running with 0.9 m/sec
command speed. Figs. 12-13 represent the THD indices
of the LIM phase voltage and currents for The CHB and
the traditional VSI, different hysteresis bands, and
different external forces. Furthermore, the value of the
calculated THD indices (in percent) and the fundamental
component (amplitude and frequency) of the LIM phase

voltages and currents are summarized in the Appendix.
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Fig. 12: Comparison of THD values [%] of the seven-phase LIM
phase voltage supplied with five-level CHB and two-level VSI
for different hysteresis bands and different external forces.

It is perceptible from the results that harmonic and
interharmonic contents resulted from the five-level CHB-
VS| are remarkably less than the traditional two-level
VSI. Furthermore, generally by increasing the hysteresis
band and by decreasing the external forces, the THD
values will increase. It should be noted that if
interharmonics are considered in THD calculations, the
THD indices may have high values and even more than

100% in highly distorted conditions.
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Fig. 13: Comparison of THD values [%] of the seven-phase
LIM phase current supplied with five-level CHB and two-
level VSI for different hysteresis bands and different

external forces.

According to the results, it is evident that the FLC of
seven-phase LIM drive offers perfect dynamic
characteristics including fast and accurate speed
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response, which is also adaptive to the imposed external
forces. Furthermore, the application of five-level CHB-VSI
with five-band hysteresis modulation guarantees for
lower THD indices and power quality improvement of
the seven-phase LIM drive.

Conclusion

This paper presents a comparative study between the
five-level Cascaded H-bridge (CHB) inverter and the
traditional two-level VSI on the harmonic content of the
multiphase linear induction motor drive with Fuzzy Logic
Controller (FLC). Due to the existence of current a
control loop in the multiphase LIM drive controlling
diagram, the five-level CHB-VSI has utilized a multiband
hysteresis modulation scheme and the two-level VSI has
used the traditional three-level hysteresis modulation
strategy. Since current waveforms generated by the
hysteresis modulations possess random and stochastic
components (except the fundamental sinusoidal
component), the THD indices have been evaluated for
both inverters considering both harmonic and
interharmonic components. Simulation results manifest
that the proposed Fuzzy Logic controller utilized for
multiphase LIM drive presents satisfactory performance
including fast response, no overshoot, negligible steady-
state error, and lower maximum starting current.
Furthermore, the applied five-level n-phase Cascaded H-
bridge (CHB) VSI incorporating with multiband hysteresis
modulation guarantees for harmonic and interharmonic
reduction in the LIM drive.

Appendix
Fuzzy Logic controller gains: K,=0.008, K.=0.05, K=1000
Genetic-Pl controller gains: K=230.0118, K,=84.3147

Table 3: LIM parameters

Phase

240V R’ 11.78 Q
voltage
Current 5A Ly 0.42H
Power 1HP I 0.42H
Pole pairs 2 Ly 0.4H
Pole pitch 0.0465m A 0.9776 wb
secondary g5y 4.775 kg
length
R 13.2Q Damping  1kg/s
Best: 1.1881 Mean: 1.2785
175, e Best fitness|
o5 18
Fi-RP!
11}
o5 40 45 20 25 30 35 40 45 50 55

Generation
Fig. 14: The best objective functions in each generation during
the optimization of Pl gains using the genetic algorithm.
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Abbreviations

D LIM length

M Primary weight

v, LIM speed

L, Self-inductance of the secondary

R’ Resistance of the secondary

L Leakage inductance of the secondary

R Resistance of the primary

L Leakage inductance of the primary

Lmo (1-f(Q)) Magnetizing inductance of LIM

w, Secondary angular speed
Synchronous angular speed

Wy Slip angular frequency
LIM thrust

T Motor pole pitch

n Number of phases

h Hysteresis band

Ve DC bus voltage

Uy, oy Up logic variables

Vi, .., V, Phase-to-neutral voltages

THD Total Harmonic Distortion

Total discrete harmonic distortion
Total interharmonic distortion

m Harmonic order

Minax Maximum harmonic order

IRSS Root sum squared value of the
current interharmonics

fi Fundamental frequency

Af Frequency resolution

/'15*, izS*, .y ins* Command primary currents

iq: Command g-axis primary current

ids* Command d-axis primary current

)ldr* Nominal d-axis secondary flux

ki, ..., ks Importance coefficients

Ess Steady-state error
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M, Overshoot

T, Rise time

Ts Settling time

My, Mg, M, Scaling factors

PandlL Penalty factors

AV,(n) Speed error

Ae(n) Change of speed error

Fob; Objective function

Fe* Command LIM force

Ky, Ko, K; Fuzzy Logic controller gains
K;, K, Genetic-Pl controller gains
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