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ABSTRACT

Most of machine-operated industrial processes imptg electric machinery as their work sources,
implying the necessary improvement of control téghes and power electronics drivers. Many yearghav
passed since the control conflicts related to itidacmotors have been overcome through torque-flux
control techniques so their advantages over doeaent motors have made them to be the most common
electric actuator found behind industrial automatim fact, induction motors can be easily operaisidg a
Direct Torque Control (DTC). Since, it is based amysteresis control of the torque and flux errdss,
performance is characterized by a quick reachintp@fset point, but also a high ripple on both tiergnd
flux. In order to enhance that technique, this gtidroduces a novel hybrid fuzzy controller withificial
hydrocarbon networks (FMC) that is used in a Spéaetor Pulse Width Modulation (SVPWM) technique,
so-called FMC-SVPWM-DTC. In fact, this study debes the proposal and its design method.
Experimental results over a velocity-torque casdagelogy proved that the proposed FMC-SVPWM-DTC
responses highly effective almost suppressing irigph torque and flux. It also performed a fastpeed
response than in a conventional DTC. In that setise proposed FMC-SVPWM-DTC can be used an
alternative approach for controlling induction nmsto

Keywords: Direct Torque Control, Spatial Vector PWM, Artitat Hydrocarbon Networks

1. INTRODUCTION currents highly contaminated by harmonics and
damaging the machine. So reducing the ripple in
Since the Direct Torque Control (DTC) was torque and flux becomes paramount for an improved
proposed in the 1980's by Takahashi and Noguchiharmless direct control technique.
(1986) it has been widely used as it offers a dised In order to enhance the way the voltage is deliere
simple way to control the stator's flux and to the machine, a modulation technique is placed
electromagnetic torque of Alternating Current (AC) instead the hysteresis bands, calculating the VSI
machines, using only phase voltage and currentosens combination needed through Proportional-Integrd) (P
to estimate the pertinent variables. As it is based controllers and executing it with a Space Vectolsu
hysterical control of the torque and flux errorss i Width Modulation (SVPWM) technique. This topology
performance is characterized by a quick reachinthef  provides great performance as shown in literature
set point but also a high ripple on both magnitudes (Wahab and Sanusi, 2008) and is commonly named for
Having such a high ripple in torque and flux is due short as SVPWM-DTC.
to the pulsed characteristic of the phase voltages Different approaches has been applied to the same
delivered by a Voltage Source Inverter (VSI) withou principle and research has been made to pursuit the
modulation, thus applying discontinuous phase same objective related to ripple reduction, somekao
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proposes to hold the DTC almost unchanged butspread among diverse applications of electric drive
improves the way the hysteresis band is calculated due to their advantages like improvement of energy
in (Sanila, 2012) or includes a zero voltage state efficiency and low maintenance requirements,
modulate the time each VSI combination is applied nevertheless, their speed is related with (but not
like in (Ab Aziz and Ab Rahman, 2010). Different |imjted to) the AC fed frequency so its control dam
works pretend to improve the control applied soythe geepn as complicated when compared to that of DC
add dyna_mical adaptation capabilities to Pl cotersl motors which can be directly modified by means of
through inferences over torque error ano_l C“”entyschanging the input voltage. This detail made its e
gqoalgor;nuodreus(\e/\'/sagjgezty a::l(.),ntfglliln;stgg(ejn(?f-vlgleg)naell.(;iI be restricted to constant speed applications antiby
o It (zhony o, 2011, Aoele o, 2010, 19 415 MRt ey was fonc, mosty v
ﬁzliwgiglg?ngﬂdz?)ig;ow, 2007; Azceeal., 2011; Generally speaking, a power inverter is a device
Truth is SVP,WM-D'I"C has become a foundation in which can convert from a DC input tp an AC outp.ut
) X i . through the commutation of two semiconductors with
automatic control of electric machines becausgosd o of their terminals connected to the same outpde
results and simplicity and its capability to emb@&v  ohq the other to the positive and negative terrainfthe
and different techniques to present remarkablepc jnput respectively. In order to drive three-ghas
improvements in direct torque and cascade speedoton  glectric machines, three pairs of electronic deviaee
Some application examples of the technique itself 0 pneeded (one per phase) to connect cyclically e&theo
with little variations can be found in (Singhal., 2012; machine’s terminals to a varying voltage. If all
Wahab and Sanusi, 2008; Che and Qu, 2011). semiconductors were schematically represented as
In the present work, a novel hybrid fuzzy controlle switches, a VSI connected to a motor would look li&s
which implements Artificial Hydrocarbon Networks Fig. 2 (Singhet al., 2012).
(AHN) as a mean of defuzzification is presentedaas It is easy to see that the whole three-phase V8! wi
replacement of PI controllers for voltage vectdeston have eight possible combinations from which six can
to be sent to the SVPWM modulator achieving good drive current to the motor while the remaining two
results. Thus, the study is organized as follovestisn 2 ~ connects its three terminals to the same node;asy e
presents an overview of the conventional DTC using Way to address these combinations is by three ihata
space vector pulse width modulation techniquejee@  Numbers which represent the state of each inverteg:
briefly reviews artificial hydrocarbon networks, cgien If the number is 1, then the high semiconductarased
4 presents the proposed fuzzy controller using A4tiy ~ @nd the low opened and the related phase is cathect
its design method. Then, section 5 describes theitee ~ With the positive DC terminal, if it is 0 the low

fth d SVPWM with the f troll : semiconductor_ is closed and _the high one opene_thSO
o Ihe propose W © Itzzy Conrofernt! related phase is connected with the negative Di@itex

AHN qnd ohscusses th_e proposed controll_er n (Fig. 2 shows a (100) combination). Notice that both
comparison with a conventional DTC controller. Hina . /
transistors of a particular leg can never be closed

section 6 concludes the study. together as the DC source would become short-tédui
1.1.Overview of the Conventional DTC Using a If the semiconductors of the VSI are switched veéith
SVPWM Technique particular sequence and they energize the motor's
, , ) , windings properly, it will rotate. The proper sequoe
. This section presents a review of the conven'uqnalchoSen to power the machine can be executed ateiff
Direct Torque Control (DTC) firstly proposed in (5165 thus, modifying the frequency at which ities
(Takahashi and Noguchi, 1986) using a Space Vectoyng solving the speed control conflict. Using th&1V
Pulse Width Modulation (SVPWM), also named compinations themselves, an emulation of a sinasoid
SVPWM-DTC, as shown ifig. 1. wave can be delivered to the motor as showfin 3,
1.2. Voltage Source Inverter and the d-q the waveform generated in this way is called sepsis
Transformation it is based on those six VSI combinations which can
deliver power to the machine.
Three-phase AC machines has replaced Direct Magnitudes related with electric machinery operatio
Current (DC) ones and have quickly and widely can be easily understood as rotating vectors, ditage
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sequence applied, the consequent current and theombinations which applies voltage only to one ghas
generated stator's magnetic flux are some of thoseare A-100, B-010 and C-001 (Notice combinations
variables. If the motor is seen transversally figsrfront 111 and 000 are mapped as O vectors). This
plate, the electric contribution of all three prmsan be  representation is consistent with the sinusoidal
seen as a two-dimensioned vector, in this way, aémulation shown before ifrig. 3 considering the

transformation is used to map from a three-dimeresio  'otation of the vector representation to be
value to a planar representation, this mappingaled ~ Counterclockwise (CCW). _ _

Park transformation Equation 1: If VSI combinations are delivered to the motor in
the way described above the frequency of the
emulated sinusoidal signal can be modified as ddsir

1 1 . . .
X > 1 R XA nevertheless, its magnitude cannot. A different
4= 3 NNE Xg (1) problem arises considering the applied voltage is
Xd 0 - 3 V3 Xc delivered in squared steps so the current harmamics
2 2

the motor’'s phases would be high. Both described

o problems are due to the un-modulated nature of the
If the VSI combinations are mapped through (1) vs| combinations (Wahab and Sanusi, 2008),

and can be represented in a plane denominated d'%VPWM is a modulation technique that allows a VSI

frame, shown inFig. 4 (Takahashi and Noguchi, . . .
1986). From this representation it is evident tre L0 d€liver an arbitrary voltage vector by combining

machine phases are electrically distributed ragiat \_/SI voltage and zero vectors in regulated periofls o
the stator separated equally by 120° as thelime (Sanila, 2012).
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Fig. 1. Block diagram of the conventional SVPWM-DTC
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Fig. 5. Comparison of a symmetric PWM

Table 1. Sector distribution of VSI representation

Sector VSI combinations

(001)-(101)
(101)-(100)
(100)-(110)
(110)-(010)
(010)-(011)
(011)-(001)

OO WNE

1.3. SYPWM Technique

A conventional way to emulate the phase shifted

sinusoidal waves is to generate any desired vecto

(within the VSI representation) through the
combination of VSI ones (Sanila, 2012), this ishtid
(101) for a certain time and (100) for another, ingk
possible to represent any vector between 30-90°
moreover, if a different voltage magnitude is wahte
(000) and (111) vectors can also be used to reduce
So the total PWM period is formed by three diffdren
ones bww = TotT1+T,, where the subscript represent

the VSI combination involved and O represents (000)

and (111) combinations.

For the combinations proposed above, A-leg would
remain high for the entire PWM period unless a cedu
voltage vector magnitude is desired, in that céoe,

states should be added to it. On the other hand thel2 =

opposite should be done for B-leg that is normiaNy for
the entire operation. After analyzing C-leg, it Wbhave

a high state for a time;and a low one for JI so reducing
vector's magnitude could be done by changing soigie h
states of T with low ones and some low states from T
with high ones. So ¢I'should be divided in two equal
parts, one for each zero voltage VSI combination.

simultaneously at the beginning of TPWM, in order t
avoid this undesired effect, a symmetrical PWM sedi
like the one shown iifrig. 5, a symmetrical perspective
would also make clearer the addition of zero vatag
vectors through Jlike shown inFig. 6.

Figure 6 shows a generalized commutation scheme
of SVPWM technique (Sing# al., 2012), notice that A-
leg is normally high, B-leg is a combination of lhignd
low states and C-leg is normally low. This ordering
would be appropriate for an arbitrary vector deline
between (110) and (100) combinations, so the state
rassigned to each phase for a particular time period
depends on the actual position of the desired dutpu
vector. The VSI vector representation could be ddidi
in sectors as iffable 1.

Depending on the sector the desired vector is, the
'states will be assigned to the different phases,
nevertheless, the times can be calculated in theesa
way for all the sectors like in (2) depending oalythe
angle o defined inside each sector [0-60°] with
reference to the lower closest VSI vector and on V
which is the desired vector magnitude Equation 2:

T; =\ 2Tow V] coga + 3¢°)
V2Tpwm | V] cosr

To = Tewm - (Tl + Tz)

()

Each sector is then limited by an Upper Boundary
(UB) and a lower one (LB), (001) is the LB of thesf
sector, (101) is the LB of the second one and so on
Depending on the sector de desired vector jsyill be

If the phase outputs were to be delivered with aassigned to the LB and, To the UB if the sector number

traditional PWM, all legs of the VSI would change
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Fig. 6. SVPWM commutation scheme
1.4. Conventional Direct Torque Control separation of stator and rotor’s fluxes, so assgmin

rotor’s flux will follow the stator’s one, usingltage

Direct ctjorque ,co?ltrol enabllez the _d;]rect. lelr.“rOI of vector which takes the stator’s flux vector furtirethe
torque and stator's flux magnitudes with quick Is®It — qegjraqg direction would make the torque to increase
times and improved computational performance, &s it (Takahashi and Noguchi, 1986)

based in hysteresis bands comparison techniqueaand
constant-table that assigns a VSI vector depenalinidpe
torque and flux errors conditions (Takahashi and
Noguchi, 1986). This technique strictly needs two
current sensors to work properly and the magnitoide

stator's resistance, making its application easyl an _
straightforward to follow. the torque but decrease the flux for vector B. Théans

Park transformation (1) can be used for voltages an that the application of the VSI voltage vectors efefs
currents to map both magnitudes on the d-q frarse, a©n the flux vector's actual position, making neeeggo
shown before. The d-q representation is congruatht w define itin terms of sectors as shownible 2. _
the electrical distribution of the motor so thetatss flux So the voltage vectors to be sent to the machine
can be calculated as (3), integrating the voltagegnt at ~ depend on both the torque and the flux errors aed t
the inductive part of the phase winding. On thepttand, ~ Sector in which the actual stator’s flux vector #s.
torque can be calculated as (4); where, its magmiand ~ single hysteresis band processes the flux magnitude

direction are subjected to the phase-shift of tiewipusly ~ error so it needs a set point and a band gap, wihich
calculated components Equation 3 and 4: will establish the positive and negative limits fibre

flux error so a decision about increasing or desirga
it could be taken. Torque is processed through a
double hysteresis band as long as its set pointbean
positive or negative (a band gap must also be ddjin
T=Wiig-Yiq 4) if pqsitive, the set _point will Work_ as the _highw_iiit fqr

a single hysteresis band and if negative, it widl b
taken as the lower limit of another single band as
shown inFig. 8.

Consider two different stator’s flux vectors A aBd
shown inFig. 7, if the torque is assumed to be positive in
the CCW direction, then applying a (110) combinatio
would highly augment the torque and slightly incea
the flux magnitude for vector A while it would imgpre

Waq :J.(Vd,q—Ri 0t 3)

If a voltage vector is applied to the machine, el
VSI combination (100), the magnetic flux of the oot . L
will increase along the g axis direction due topitysical For a positive torque set point, |f_the palcula_ﬂzadije
phases’ distribution, this implies that the staffux exceeds the reference (marked with circlesFig. 8)
vector's angle and magnitude will be modified then a reduction action must be applied to decréase
congruently with the angle and magnitude of the torque until it drops below the lower boundary (kear
applied voltage vector, so a way to control thécsta ~ With crosses). As the flux set point is always pesj the
flux is revealed. Torque control can be achievedain limits of the hysteresis band will be those of trend
similar way considering that it proceeds from the gap surrounding the set point.
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Fig. 7. Flux and VSI-voltage vectors representations
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Fig. 8. Double hysteresis band representation for torguéral

Table 2. Sector definition for a DTC application

Sector Boundaries (°)

0-60
60-120
120-180
180-240
240-300
300-0

OO~ WNE

Based on the above information, the VSI voltage
vectors can be now chosen so that the stator’sghd
torque characteristics can be modified as showiralrie
3. The vector selection will be made after acquirarg
estimating voltage and current variables and piogs
the necessary operations to compute (3) and (4 Th
implies the VSI vector will be able to change after

Table 3 and considering the described hysteresis flux
band, a diagram showing the execution of the DTC
algorithm over the flux vector of a certain mota i
presented irFig. 9, while a block diagram of the whole
technique is shown iRig. 10.

Using the traditional DTC technique shown Rig.

10 would vyield to some known problems related with
current harmonics (Sanila, 2012) and torque and flu
ripples. There is another common issue with torque
stability when the flux vector is close to the sedimits;

if the VSI vectors are applied as indicated able 3, the

flux vector behavior will be different depending on
which zone inside every sector it is, besides this be
noticed fromFig. 9 a closer view is offered ifig. 11
where the effect of being close to the sector chang
becomes evident if taking the same amount of time
periods around the sector limit (marked as a, b @nd
Notice that the contribution to torque for peri@and c

is much higher than the one of period b. The effect
disparity of a certain vector’s position, the evitleépple
due to the hysteresis bands, the execution timthef
algorithm and the exclusive use of six-step continna

are the reasons why the DTC, besides being a quidk
easy direct control technique, delivers a poor
performance for most of the applications.

If a modulation technique is used to generate the
proper voltage vector based on a desired angle and
magnitude, then the problems mentioned above can be
eliminated (Wahab and Sanusi, 2008), neverthefass i
hysteresis bands are used, more complex control
topologies are needed and the overall techniquerbes
complicated and more computational applicant.

15. SVPWM-DTC

The SVPWM-DTC topology differs from the
conventional DTC in two main aspects: It uses PI
controllers instead of hysteresis bands and a SVPWM
modulation technique to replace the table with the
predefined VSI voltage vectors. The block diagram
shown inFig. 1 shows those changes compared to that
on Fig. 9. In this controller, it is important to know the
angle of the stator’s flux vector instead of thetsg so
the voltage vector sent to the motor compensategi¢o
and flux magnitude errors effectively.

The response of the system will be time execution
dependent just like in the DTC technique. Nevee$glas
the controllers are subjected to the same time, the
compensation is made adequately. The flux vector
response will be given as a soft curve insteaddifidual
vectors combination, that will obviously improveeth

certain amount of time in equal intervals. Based onripple and the current harmonics.
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Table 3. VSI voltage vector selection table

S1 S2 S3 sS4 S5  S6
tF T (100) (110) (010) (011) (001) (101)
-T (000) (111) (000) (111) (000)  (111)
IT (001) (101) (100) (110) (010) (011)
IF 1T (110) (010) (011) (001) (101) (100)
-T (111) (000) (111) (000) (111) (00O)
IT (011) (001) (101) (100) (110) (010)

Symbols mean? increase,| decrease and — hold (positive
torque is assumed to be CCW)

Sector limit

\ Torque

~
Al
» Al
~ 1 \
v 1
h: \

Flux hysteresis
band

Fig. 9. DTC operation over stator’s flux vector
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Fig. 10. Block diagram of the conventional DTC
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Sector limit

Fig. 11. Sector change known issues in torque degeneration

/ Sector limit

Response of YA
stator flux CR

Flux reference ! 3 |

Fig. 12. Normal operation of the SVPWM-DTC

The normal SVPWM-DTC operation is shownHig.
12. Notice how the response is sector independenthand
overshooting can be regulated to be lower thanotie
generated by the hysteresis band, as the torqueitudeg
is controlled in a similar way. The problem abawftie
degeneration on sector limits is also corrected.

1.6. Review of Artificial Hydrocar bon Networks

First, this section presents a brief review of #aial
Organic Networks (AON), a class of learning alduris
inspired on organic compounds firstly proposed by
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Ponce and Ponce (2011) and then it describes thenolecules with weights so-called stoichiometric
particular Artificial Hydrocarbon Networks (AHN) coefficients. On the other hand, the two interatdio
algorithm derived from AON and inspired on chemical among components are covalent bonds and chemical
hydrocarbon compounds. balance interaction. Covalent bonds are relatigsshi
e . between two atoms and are of two types. Polar
1.7. Artificial Organic Networks covalent bonds refer to the interaction of two &mi
Chemical organic compounds are the most stableatoms, while nonpolar covalent bonds refer to the
ones in nature. Its inner structure reveals impdrta interaction of two different atoms. In addition,echical
information that can be used as inspiration. For balance interaction refers to find the proper valoé
example, molecules can be seen as units of padfaginstoichiometric coefficients in mixtures in order to
information; that combined in specific arrangements satisfy constrains of artificial organic networks.
can determine a nonlinear interaction of data. In e
addition, molecules can be related to encapsulation]"&Art”CICIaI Hydrocarbon Networks
and potential inheritance of information, e.g., Artificial Hydrocarbon Networks (AHN) is a
functional groups. Also, these chemical organic supervised learning algorithm based on artificial
compounds are stable due to the strength of carbonorganic networks that implements notions of cheinica
carbon bonds and the hierarchical strategy ofhydrocarbon compounds in order to infer and clgssif
organization. For example, at first basic moleces  data from a given unknown system (Poneteal.,
formed in order to minimize energy in the structufe  2014; Ponce and Ponce, 2012). Also, artificial
atoms in molecules can accept more bonding atomshydrocarbon networks define proper components and
then complex molecules are formed. At last, if thes jnteractions under the AON technique. As a learning

complex molecules cannot perform a desired action,a|gorithm, AHN proposes two steps: Training and
mixtures of them can be made. Thus artificial oilgan reasoning procedures.

networks take advantage of this knowledge, ingpiidn )
class of computational algorithms that can infed an 1.9. Componentsand Interactions
classify information based on stability and cheinicées Artificial hydrocarbon networks only considers

that allow formation o_f molecules (Ponegal., 2014). In _two types of atoms: Hydrogen atoms H each one with
that sense, AON define four components and twochasi ;¢ degree of freedom and carbon atoms C each one
interactions among them, as follows (Poetel., 2014; with up to four degrees of freedom (Poneeal.

Ponce and Ponce, 2012). _ 2014; Ponce and Ponce, 2012).
On one hand, the four components are: AlOMS,  rho pagic unit of information is called CH-
molecules, compounds and mixtures. Atoms are the

) : X _ e molecule and it is shown ifig. 13. These kinds of
basic units with structure. No information is adlya
molecules are structurally made of hydrogen antiarar
stored. The number of degrees of freedom ca

n .
differentiate two atoms. If they have equal numbegr atoms following th? so-called octet rule (Ponce and

. . Ponce, 2012). For instance, let bk the structure of a
atoms, they are similar atoms and different atoms

otherwise. In terminology, the degree of freedom is mr?leculecand(pil belthe b:hawor Olf th?t rEoIr:ECL!Ie.
the number of valence electrons in an atom thawall Then, a CHmolecule ¥, has a molecular behavior

it linking among others. Molecules are made of o ~ ®cv defined as (5); where, hi is a complex vector
more atoms and represent the basic unit ofcalled hydrogen .value, cvis a_real _vector called
information with structural and behavioral propesti ~ €arbon value, x is any normalized input value that
Structurally, they conform the basis of an orgadize €Xcites the molecule, d is the number of hydrogen
structure while behaviorally they can contain atoms (up to four) attached to a carbon atom aadch
nonlinear information. Compounds are a special typem are the dimensionality of the input and outputada
of molecules made of two or more basic molecules,respectively (Poncet al., 2014). In addition, three
arising complex molecules. Notice that compounds inbasic CH-molecules, called CHprimitive molecules,
AON is slightly different from a chemical point of are defined as (6). Note that these molecules are
view. Lastly, mixtures are linear combinations of directly derived from (5) limiting the number of
molecules and/or compounds forming a basis ofhydrogen atoms d in a CH-molecule Equation 5 and 6:
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n d
ben j(x) = hi ). j=1,....,
chj(x chrz_:‘l:ll( )Jl m
x=(x0) ©)

[

(Vc 1.V, m)

dchi(x) =v C,ji(xr - hlr)

r=1

¢CH2(X):Vc,jzn:(xr‘hu)(xr‘hzr) (6)
r=1

dcHalX) :VC,ji(Xr _hlr)(xr_ h2r)(xr_ h3r)

r=1

é B "r"/—(momic units

C OCZD{:/\CZ}Q ?cpd

Nonpolar T

Furthermore, let (be a compound formed with a set
of p CH-primitive molecules. Then, its behavi®r can
be expressed like (7); wherg, are the behaviors of the

PreEs ¢ > i ovalent bonds . C. E
CH-primitive molecules and is the behavior of nonpolar L e W e : /Q Lo
covalent bonds that relates molecules between them | O@@é‘ Ol Oém
(Ponceet al., 2014; Poncet al., 2013a) Equation 7: - i o =% .

0

X, ok

Polar

Wi =0, 0) oty A = Lo @) L T covalentbonds é ______

Finally, a mixture of molecules (or compounds) S
is expressed as a linear combination of them, (&e

where, ai is a set of stoichiometric coefficients Then, an artificial hydrocarbon network has to tear
representing the ratio of molecules in the mixture this setX using the training procedure summarized in
(Ponceet al., 2014) Equation 8: Algorithm 1 (AHN-algorithm); which it receives the
training setx, the maximum number of CH-primitive
p molecules p and the number of compounds c.At last,
S (X)=zai,j%j (x),j=1,..m the AHN-algorithm outputs the structure of the
i (8) mixture, the set of hydrogen values and the set of
stoichiometric coefficients (Ponatal., 2014):

Fig. 14. A simple artificial hydrocarbon network

a; :(Gi’l,...,ai’m) o
e Initialize a compound

. . ¢ Build the structure of the compound
_To this end, artificial hydroca}rbon networks are Optimize and train the compound
mixtures of molecules, as shown king. 14. In order to :

. * If the enthalpy rule failed, go to (Abda#tal., 2010)
create these mixtures of molecules that learn from L .

If the tolerance condition failed

observed data, a training procedure, the AHN-allyo;j . .
was depicted in (Poncenegl.?2014). b Recalculate the residue and go to (Ab Aziz and
Ab Rahman, 2010)

1.10. The AHN-Algorithm « Create a mixture of compounds

Consider a set of observed data in the form of Return the mixture

inputoutput pair& = (x,y), called the training set. Algorithm 1. The pseudocode of the AHN-algorithm.
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Roughly speaking, the AHN-algorithm approximates £>0 is reached, defined as (12); whergisRcalculated as
the training set by creating and connecting CH-itirin (13) after (12) is evaluated, y represents the wauiplue
molecules. At the beginning, two molecules are gmes  of the training set and; @ the i-th compound (Ponce and

However, if the training set is not well approxietthen Ponce, 2012; Ponatal., 2014) Equation 12 and 13:
more CH-primitive molecules are added in a strifig o

molecules (i.e., a compound), until an enthalpyedasile

condition is reached (Poncet al., 2014). This rule HRi -G HSS‘Pi i (12)
measures the energy of both the training set anddtual
compound and compares them in a ratio like (9);rehe R =R_ -G ,R =y (13)

AH; is the enthalpy (energy) of a set f and)fi{x the i-th

output value of f. The rule is reached when m &s ler More detailed information about the AHN-algorithm

equal than 1 Equation 9: be found in (Poncet al., 2014).
, :
= AH; AH, :sz(Xi )H ©) 1.11. Reasoning Step
AHc i Once the training is done, an artificial hydrocarbo

network can be used for reasoning. In that semsesiader
While a compound is forming, the set of hydrogen an input value x The artificial hydrocarbon network
values and carbon values of each CH-primitive mdé&ec  AHN can be evaluated inyxising (14) in order to find an
are calculated using a Least Square Estimates (LSEinferred output valueqy where, S is the behavior of the
method that compares a subset of the training seith artificial hydrocarbon network, H is the set ofyldrogen
one molecular behavior. Actually, p subsets oftthming atoms in the structure) is the set of stoichiometric
set are calculated using a modified covalent bomeeth  coefficients, R is the set of all intermoleculastdnces
algorithm originally reported in (Poneeal., 2013a). between molecules and V are the set of all carladmes
For instance, consider an intermolecular distahae t (Ponceet al., 2014) Equation 14:
defines the length between the positions of two
molecules. Actually, the algorithm randomly initzgs Yo =S(Xo|HAR,V) (14)
the positions of molecules and iteratively updaltesset
of intermolecular distances to define the besttims of ~ 1.12. Description of the Proposed Fuzzy-
molecules in the input domain space using the @pdat Molecular Controller
rule (10); where, r represents the intermoleculstadce This section introduces and describes a novel

between two molecules Mand M, B, and E; are the  gypwM strategy for a DTC controller based on a fiybr
square errors of each molecule and€kis the step size  fuzzy inference system using artificial hydrocarbon

or the learning rate Equation 10: networks, named Fuzzy-Molecular Controller (FMC for
short). In a nutshell, the proposed SVPWM-DTC using
=06 ~NE1-E2) =0 ] s | (10) fuzzy-molecular controllers replaces the Pl cotérsl

from the conventional SVPWM-DTC topology Big. 1,
At each iteration, the intermolecular distances areWith two FMC that determine the optimal voltage toec

i i - d in magnitude and angle) that has tefets
updated; and fixing the first molecule of the connpad (separate X ;
to a reference in the input domain, e.g,, iLis possible the SVPWM, resuling in the FMC-SVPWM-DTC

to determine the positions of all the moleculeshat topology shown irfig. 15.

d. usi - wh . hetioosi In order to understand the proposed topology, the
compound, using (11); where, Li represents thetioosi ;5 _molecular controller is introduced below, &sll

of the i-th molecule and.y, is the intermolecular 55 the design method of this FMC for implementing
distance between molecules Mind M Equation 11: resultant FMC-SVPWM-DTC topology.

Li=Lig +4, (11) 1.13. Fuzzy-Molecular Controller

The fuzzy-molecular controller is based on the
To this end, a compound approximates the traingtg s original hybrid Fuzzy Inference System using Aciti
In order to maximize the accuracy of the approxiomt  Hydrocarbon Networks (FIS-AHN) (Poncet al.,
more compounds can be added by using the sameQ13b), but the proposed FMC is a particularizatién
methodology as before, until a tolerance-basedittond  the FISAHN, subjected to work as a controller.
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Fig. 15. Block diagram of the proposed FMC-SVPWM-DTC

The block diagram of the fuzzy-molecular controller g {if xisAjand...andy isA ,theny isM (16)
is shown inFig. 16. As noted, fc has three steps: !

fuzzification, fuzzy inference engine and defuzzfion Different techniques can be used for evaluating the

and it also assumes a knowledge base. antecedents, like the min-operation (Poetcal., 2013b).

1.14. Fuzzification Step In that sense, the eyaluation of the consequenieval
can be computed using the fuzzy rule of the forr(il&3

This is the first step of theyk that receives a set of and the min-operation, as expressed in (17); whgre,

crisp inputs (e.g., an error signal) and maps & et of  represents the behavior of moleculgBduation 17:

fuzzy values, each one in the range [0,1]; which it

represents the degree of membership that an inpait h vy, :¢j(min{uA1(x1),...,uAk (&}) a7)

over a fuzzy set. This mapping occurs using a fussty

Ai and its corresponding membership functiohi like 1.16. Defuzzification Step

(15); where, x represents a crisp input Equatian 15 ) .
The last step in the fuzzy-molecular controlleths

Mai (X):x [0, (15) defuzzification step. It calculates a crisp outpalue vy,
e.g., the correction signal. Considering n fuzzyesu

m different fuzzy sets {4, such as: “very negative” or the min-operation) can be expressed as (18). Timen,

“positive”. Common membership functions can be thun ©Output value y can be computed with the centeravity
in literature so as in (Poneeal., 2013b). method as shown in (19); where vyi is the i-th coneat

value calculated using (17) Equation 18 and 19:
1.15. Fuzzy Inference Engine Step

The second step in the FMC is the fuzzy inference ™ (%)= mm{“Al 09 )+ Hak ()‘(} (18)

engine in which a set of fuzzy ruleséXpressed as (16) are N
evaluated so that an inference process is dong trgnset 2“' (x % J ¥
of fuzzy values already calculated in the fuzzifma step, A '

also known as the antecedents of the fuzzy ruleticé\that y= I_ln (19)
(16) associates the behavior of a CH-primitive malke M Zp.i (Xq seeen X )
as the consequent valueEgjuation 16: =
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Fig. 16. Block diagram of the fuzzy-molecular controller

In general, the fuzzy-molecular controller restittie Table 4. Proposed knowledge base for the FMC of magnitude

usage of a single artificial hydrocarbon compouratien of the voltage vector

of a set of s different CH-primitive molecules fdr all Er |V|-molecule
=1, ..., s. As proved in (Pona# al., 2013b), usinga N My

fuzzy inference system with artificial hydrocarbon z My

networks allows to fuzzy partition the output domai P Mp
linguistic-molecular units like: “Positive”, “zerg”

“negative”. Also, this hybrid approach allows degli It is easy to check that the error Between the
with noisy and uncertain data, for example, pedtidns  magnitude of the stator’s flux set point |F|* ahd actual
in SVPWM-DTC controller. magnitude of the stator's flux |F|, is proportiotal the
1.17. K nowledge Base magnitude of the voltage vector |V|. For exampl&eiis

positive, |V| has to increase; while i& negative, |[V| has to
The knowledge base collects and summarizes thejecrease. In that sense, a FMC for the magnitud@eof
fuzzy rules used in the FMC. It is a table witheh of K voltage vector proposes to enclose the above gésari
columns representing the crisp inputs in the adetts  into the fuzzy knowledge base depictedTiable 4. For
of the rules and a column representing the moleald  jnstance, E is fuzzy partitoned into three fuzzy sets:
of thg consequent value. An example of a knowledgeuNegativeu (N), “Zero” (Z) and “Positive” (P). Alsothe
base is shown ifiable 4. output |V| is fuzzy represented into three diffetieguistic-
1.18. Design of the FM C for SYPWM-DTC molecular units: “Negative” (M), “zero” (Mz) and

o “positive” (Mg). Notice that more than three fuzzy partitions
As shown inFig. 15, the proposed FMC-SVPWMDTC i, the input and output domains might be done.

is based on two fuzzy-molecular controllers, orsoeisted
to the torque and the other to the stator’s flaxparticular, ~ 1.20. FMC of Angle of the Voltage Vector
the proposal considers to regulate the magnitudéhef
voltage vector |V| using the errorr Ebetween the
magnitude of the stator’s flux set point |F|* ahd actual

On the other hand, doing a similar analysis as
described in section 2, the angle of the voltagetore

. , 0y can be also modified using the error lietween the
magnitude of the stator’s flux |F| and to reguthteangle torque set point T* and the actual torque T andiragid

of the voltage vectoV using both the error{Ebetween  ihis value to the actual angle of the stator's flux It
L X X
the torque set point T* and the actual torque T 8@l eang that, if ET increases, then the change of the
integral in error I(E), lastly adding this quantity to the angle of the voltage vectaxd, will increase, while if
actual angle of the stator’s fliix. These fuzzy-molecular T gecreases them6, will decrease. Table 5
controllers are explained below. summarizes the above observations. Normally, the
1.19. FMC of Magnitude of the Voltage Vector actual torque T remains behind T*, arising largeasly-
state error values in ET. Then, other strategike li
Consider the regulation of stator’s flux in the wafy ~ using the integral of ET, I(ET) for short, can lzken
the six-step as depicted iRig. 7 and 9. As said into account when designing controllers. In thaisse
previously in section 2, the idea is to control #tator’s the proposed FMC for the angle of the voltage vecto
flux by modifying the magnitude of the voltage wagt  proposes to use both ET and {(Elike the fuzzy
like the SVPWM-DTC shown ifig. 12. knowledge base depicted Trable 5.
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Table5. Proposed knowledge base for the FMC of angle®f th
voltage vector

Er I(Ey) Aby -molecule
N N My
N z My
N P My
Z N Mp
z V4 Mz
z P My
P N Mo
P z Mo
P P M

For instance, both input values ET and{)(Ere
fuzzy partitioned into three fuzzy sets: “Negatiy@),
“Zero” (Z) and “Positive” (P). Also, the outputby, is
fuzzy represented into three different linguistic-
molecular units: “Negative” (M), “zero” (Mz) and
“positive” (Mp). Again, both inputs and output might
have more than three fuzzy partitions. Finally, the
updated angléV can be computed using (20):

6, =16, +6,

2.RESULTS

induction motor used in the experiment are sumredria
Table 6. A constant load-torque of 5 Nm with a constant
stator’s flux magnitude set point of 1.5 Wb andoastant
velocity set point of 50rad/s were considered.

For comparison purposes, a conventional DTC
technique was implemented using the topology shimwn
Fig. 1. In that sense, the hysteresis band associattt to
stator’s flux is |0.0K E- and the hysteresis band associated
to the torque is |08E+. Additionally, for both the proposed
FMC-SVPWM-DTC and the conventional DTC based
topologies, the PI controller associated to theedpe
controller has gains= 15 and K= 1.

2.2. Performance of the Conventional DTC

The conventional DTC controller was implemented
and run, in order to regulate the speed of therriotthe
induction motor described ifable 6. In that senserig.

18 reports the response of the stator’s flux in teofniss
magnitude,Fig. 19 shows the response of the torque,
Fig. 20 shows the response of the rotor’'s speed and the
three-phase currents of the AC motor are showhidgn

21. As noted, the stator’s flux rippled over the peint

but tiny attenuations (white spaces) are observed.
torque, the transient and steady states are well

This section introduces the results of the proposedPerformed. Interms of speed, it reached the set poa
FMC-SVPWM-DTC over a speed-torque cascade topo|0gy_settllng time of 0.043s inside the 5% of the barmlad

It also compares the proposal with a conventionaCD
strategy in order to evaluate its performance.

2.1. Description of the Experiment

Torque itself is not a variable whose control can b
effectively used in industrial applications, besidbere
are particular needs of variable torque controliensch
are most of the times inside another control togplike
speed regulation or optimal control. This means tha
torque control is usually found as the center pdrt
cascade controllers, i.e., inside speed loops.

the set point and in a settling time of 0.051sdasihe
2% of the band. Lastly, notice that the currentsspnt
rippling too.Table 7 summarizes the results.

In the next section, the description of the propose
FMC-SVPWM-DTC is presented in order to improve the
response of the conventional DTC controller.

2.3. Description of the FMC-SVPWM-DTC

The proposed FMC-SVPWM-DTC requires setting
all fuzzy sets for the fuzzification step and aiguistic
molecular units for the defuzzification step atthizzy

To evaluate the performance of the proposedmolecular controllers. For this experiment, both &M
FMCSVPWM- DTC, a speed-torque cascade controllerreélated to the magnitude and the angle of the gelta

was implemented, as shown iRig. 17, where the
proposed FMC-SVPWM-DTC conforms the inner
control loop and another PI controller offers aqtee set
point from the evaluation of the speed error. Iis th
application, the stator’'s flux magnitude is set ke
constant for the whole operation.

In particular, the speed-torque cascade topologyedis

as the performance of both the proposed FMCSVPWM-

DTC and
implemented

the conventional DTC topologies, was
in  Simulink®. The parameters of the
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vector use fuzzy knowledge bases like the onesctipi
in Table 4 and 5, respectively. Thus, three fuzzy
partitions of each input variable for both FMC are:
“Negative”, “zero” and “positive”, as depicted Fig. 22.

In addition, both FMC use a proposed compound of
three linguistic-molecular units like the one shown
Fig. 23 with linguistic meanings: “Negative”, “zero” and
“positive” (already discussed in section 4.2). Hina
consider an output gain of 0.07 for the magnitud &5

for the change in angle of the voltage vector.
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Fig. 17. Block diagram of the speed-torque cascade topalsig the proposed FMC-SVPWM-DTC
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Fig. 31. Torque ripple under simple DTC operation

Table 6. Parameters of the induction motor

Description Value
Nominal power 37300VA
Voltage (line-line) 460Vrms
Frequency 60Hz
Stator resistance 0.088
Stator inductance 0.0008H
Mutual inductance 0.03039H
Inertia 0.089kgm2
Friction factor 0.021Nms
Pole pairs 2
Table 7. Comparison between controllers

Conventional FMC-
Description DTC SVPWMDTC
Stator’s flux response
Overshooting (%) 0.0 0.0
Steady-error:
mean error (Wb) 0.0078 0.0012
std. error (Wb) 0.0102 0.0013
Torque response
Steady-error:
mean error (Nm) 1.9718 2.9652
std. error (Nm) 1.3944 1.9282
Rotor’s speed response
Overshooting (%) 1.24 1.06

0.043 (5%)
0.051 (2%)

0.041 (5%)

Settling time (s) 0.049 (2%)

2.4, Performance of the FMC-SVPWM-DTC

smooth ripple in steady-state operation with a mann
absolute error of 7.78Nm. Moreover, the responséhef
rotor's speed shown inFig. 26 present maximum
overshooting of 1.06%, it has a settling time 0Ddithin a
5% error-band and it has a settling time 0.049kimve 2%
error-band, lastly it presents an absolute stetadg-srror of
0.7rad/s related to V*. Finally, currents presemt kipple
after the transient state as shownFiy. 27. Table 7
summarizes the above results.

As shown inTable 7, the comparison between the
conventional DTC and the proposed FMC-SVPWMDTC
reveals that the proposed controller improves the
performance of the conventional DTC. In a detailieiv
of stator’s flux in the steady state as depicteBim 28,
it can be seen the proposed FMC-SVPWM-DTC
controller decreases rippling and reduces the giead
white spaces in the response. In additi6ig, 29 shows
a comparison in terms of the torque in steady stde
noted the performance is similar in both contrgller
Lastly, Fig. 30 shows a comparison in terms of the
currents in steady state. Notice that the currents
associated to the conventional DTC contains more
rippling than the proposed controller. It is renable to
say that the proposed FMC-SVPWM-DTC reduces
current peaks at the initial transient stafeég( 21) in
comparison with the conventional DTEi§. 27). To this
end, the above results proved that the proposed-FMC
SVPWM-DTC improve the performance of the
conventional DTC, highlighting the reduction ofpiing

The proposed FMC-SVPWM-DTC was run and the that prevents damage or overheating in inductiotorso

following results were obtainedrigure 24 shows the
response of the stator’s flux. Notice that theoswtflux is
well reached at the set point 1.5Wb with an absadutor in
|[F| of 0.004Wb and small rippling is present. Iulitoh,

3. DISCUSSION

As shown in previous section, the proposed FMC-

Fig. 25 shows the response of the torque. It reports aSVPWM-DTC technique can deal with uncertainties
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and nonlinearities. This behavior is also reporied
Ponceet al. (2013b). In fact, the proposed technique
can deal with different operation points because th
fuzzy-molecular controller can model a wide
operational range. In contrast, conventional DTGhwi
PID-based controllers cannot deal with different
operation points. In that sense, if high perturdnaiare
introduced, the conventional DTC will fall out of
operational range, implying bad response and plessib
failures (Wahab and Sanusi, 2008; Sanila, 2012).

In terms of analysis easiness, DTC offers many
drawbacks as it implements a frequency-varyingagmt
signal whose effect over the overall torque pertomoe
depends on the actual angular position of the fiestor
towards the sector limits. These characteristickentbe
torque ripple (thus the speed variations) impossiblbe
precisely described in terms of commutation fregyen
DC Bus magnitude, or voltage vector direction asnsh
in Fig. 31 (Wahab and Sanusi, 2008; Ab Aziz and Ab
Rahman, 2010; Sing#&t al., 2012; Che and Qu, 2011).
To this end, this work proposes the integrationaof
modulation technique to improve the previous
complications and an intelligent controller whicbutd
be able to absorb uncertainties and non-linariers/eld
from the motor and the DTC performance.

4. CONCLUSION

This study presented a novel space vector pulsthwid
modulation strategy using fuzzy-molecular contrslim a
direct torque controller for induction motors, sdled
FMC-SVPWM-DTC. As shown in the experimental results
the stator’'s flux, torque and speed presented $moot
responses with fewer ripples than in a conventi@eC
topology. As discussed, it is important becauseidtidn
motors are prevented for damage or overheating.

As noted in the previous section, the implementatio
of the proposed FMC-SVPWM-DTC can be easily done
without actually known all specifications of indigst
motors, in comparison with other techniques like PI
controllers. In addition, the implementation of the
proposed technique requires more computation than t
conventional DTC; however, as shownTable 7, the
proposed technique improves DTC in rippling,
overshooting and steady state responses. For @gstan
consider the response of stator flux. In steadte sthe
conventional DTC has an absolute error of
0.0078+0.0102Wb while the proposed controller has a
absolute error of 0.0012+0.0013Whb. Statisticalllye t

////4 Science Publications 809

response in the proposed method is significantlyebe
than in the conventional DTC. In terms of the rewsmo
in rotor's speed, the overshooting is also improwith
the proposed method (1.06% in contrast with 1.24% i
the conventional DTC). AlsoFig. 30 shows that the
proposed FMC-SVPWM-DTC reduces more rippling in
currents than the conventional DTC.

Notice that the proposed FMC-SVPWM-DTC has
practical limitations in terms of the design stagevhich
tuning all phases of the fuzzy-molecular infereagstem
consumes more time and effort than PID-based
controllers. But in comparison with the conventioDaC
based on PID controllers, FMC-SVPWM-DTC is much
more efficient highlighting the reduction of rippdj that
prevents damage or overheating in induction motors.

In that sense, the proposed FMC-SVPWM-DTC
technique can be used as an alternative contrédler
induction motors at industrial applications.

Future research considers the implementation of
the proposed FMC-SVPWM-DTC technique in Field
Programmable Gate Arrays (FPGA) hardware to
improve its performance.
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