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ABSTRACT

Direct Torque Control with Multilevel Inverter (DTFBILI) has emerged recently in high dynamics AC
drives fields for induction machines or permaneagmet machines application. In this paper, a revinwa
variety of techniques and concepts of direct torguetrol of multilevel inverter-fed induction maakeis is
presented. The techniques and concept involvedlassified as follows: Look-up table hysteresisdzh
DTC-MLI, DTC-MLI with space vector modulation, prietlve control strategy of DTC-MLI, hybrid
modulation and hybrid inverter strategy of DTC-Mdnhd DTC-MLI with fuzzy logic controller. From this
review, the properties of the discussed contrédlehniques together with advantages and disadvesitg
presented.

Keywords. Direct Torque Control (DTC), multilevel invertempdk-up table, Space Vector Modulation
(SVM), predictive, Fuzzy Logic Controller (FLC)

1. INTRODUCTION T, = gp Sy x GTS (5)
Induction Machines (IMs) have been widely used

in the industry due to the fact that it is maintere _,da

free, simple in terms of construction, reliable and Te-T = d P dt

rugged. In contrast to the commutation DC motors, wherevs, s, yr, isandi; are the stator voltage,

induction machines can be used in an explosivgiaior fiux, rotor flux, stator current and rotor
corrosive or any harsh environment. This is

because the latter has no problem with spark ar%wrent vectprs respectivelypy an_d ®Om are 'ghe )
corrosion which is due to the commutator and thE®" speed in rad/s and mechanical speed In rpm;
brushes as in the former. Despite these advantages, L+ @hdLm are the stator, rotor and magnetizing
IM however, suffers from control problems wheninductancesTe, Ti,J andP are the electromagnetic
used in high performance Adjustable Speed Driviorque, load torque, system inertia and the number
(ASD) applications. Based on the commonlyof pole pairs, respectively. These space phasor
adopted space phasor dynamics model [1-3fjuantities are expressed in the general reference
equations related to the dynamics modeling of affiame which rotates at a general spe@d, The

m _ Jda, (6)

IM are :- super-script ‘G’ denotes that the quantities are in
o the general reference frame.
§:F§§+d ‘//sﬂ-%@ (1) Controlling IM is considerably more complex
s S dt ® than that of DC machines. There are several ways

of controlling IM. It can be classified into two
dGT/,Ur,( e @) general control methods;Scalar and Vector
g\« @)%, Control. In scalar control, only the magnitude and
frequency, which is based on the steady state model
Sw. =L Si.+L 50 ©) of IM of a space vector variable such as current,
° voltage and flux linkage, are controlled. Contrgril
Gi — . in vector control, the torque developed in the moto
go=L 7+ LT (4) together with the magnitude and frequency of space
vectors of three-phase motor variables are
manipulated in the control algorithm. These space

0=R 5, +
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vectors represent the instantaneous values of the such level of operation. Multilevel inverterear
corresponding three-phase variables which ad@own to offer several advantages such as very low
based on an IM dynamic model. harmonic distortion, lowdv/dt no output filter
Various methods have been discovered teequirement etc. [10]. Due to the continuously
implement vector control for IM. One of the well- evolving industrial applications that need high
known vector control method is Field Orientedpower and voltage operating level as well as high
Control (FOC) that has been proposed by Fperformance of machines applications, researchers
Blaschke [4] and K. Hasse [5] This type of controhave proposed to extend or adapt the traditional
is rotor-flux oriented based which means the rotddTC scheme to multilevel inverter topologies. This
flux vector is the orienting vector of the contesll means that the multilevel inverters are replachey t
This method enables IM to emulate the separatefonventional three-phase inverters that have been
excited DC machines and gives it high dynamigreviously wused in the traditional DTC
performance. In FOC, the position sensor isonfiguration to supply the stator voltage for the
employed for coordinate transformation of the IMIM.
equations. FOC can be divided into two types

Direct and Indirect. This paper presents a review on the development

and improvement of DTC with multilevel inverter

In the case of Direct FOC (flux-feedbackcontrol techniques for IM. The basic concept of
control), the rotor flux linkage vector is determih conventional DTC and DTC-MLI are given in
by direct measurement of the air-gap flux. It is th Section 2. Various techniques and concepts of
only parameter that can be measured directly froMTC-MLI such as look-up table strategy space
the motor (using a Two Hall sensor or search coilgector modulation strategy, predictive strategy,
or tapped stator windings of the machine [2]hybrid strategy and fuzzy logic strategy are
together with the stator current and calculatediscussed from sections 3 to 7 respectively, before
directly by a so-called flux model. For Indirectforwarding the conclusion of the review.
FOC (flux-feedforward control), the rotor flux
linkage vector is determined indirectly by utiligin
the monitored stator current and rotor speed. THe DTC BASIC CONCEPT
rotor flux linkage angle that is used in the
coordinate transformation is obtained as a sum of Fig. 1 shows the general DTC block diagram.
the rotor angular position that is measured by @he instantaneous values of flux and torque are
shaft position sensor and the slip angular position calculated from the measured variables of the IM

Other than rotor-flux oriented based, FOC can b@nq directly controlleq by selecting an optimgm
controlled based on stator-flux orientation whish i SWitching state of the inverter so that the require

known as Stator Flux Oriented Control (SFOC) [6].

In contrast to the rotor-flux FOC, SFOC does not T + pers —
require the knowledge of rotor speed. Instead, onl' :/\, Yeaor i
. - electio nverter
the stator resistance, voltage and current valtes a T nTable » 1™

required. Therefore it is more robust to paramete
variations and easier to implement [7].

Hysterssi
Cantraoller

In early 1980s, an innovation on FOC has beel By
made by Isao Takahashi and Noguchi [8] anc E—
Depenrbrock [9] in which case the coordinate Stator A
transformation block is omitted. The block is Bt
replaced with the bang-bang or hysteresis controlle ) ,
[1] for the developed torque and stator flux. In Fig. 1. General DTC block diagram
addition, the approach in ContrO”ing the inveriter optimum V0|tage vector is genera’[ed_

clearly different from that of FOC. This control

strategy is referred to as Direct Torque Control |n stationary reference frame, the stator voltage
(DTC). DTC has been experiencing continuousector as in (1), can be written as,

improvement and further development by many

other researchers throughout the years. The 1990s _ — dy.

sees the emergence of technologies that require VS=R5i5+TI5 (@)

higher level of power and voltage. Multilevel
inverters have then been highlighted as the saiutio
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If it is assumed for over a small period of timethree-phase IM, a three-phase multilevel inverer i
and the voltage drop across the stator resistaamte aequired. The three-phase multilevel inverter is

be neglected, (7) can be rewritten as, composed of three multilevel inverter legs.
. There are three prominent multilevel inverter
v = AY ®) topologies: Diode-clamped multilevel inverter
s At (DCMI) or neutral-point clamped (NPC) inverter,

Flying Capacitor multilevel inverter (FCMI), and
which clearly shows that the variation of statofCascaded H-Bridge multilevel inverter (CHMI).
voltage vector is directly affected by the stdtox Fig. 2 (a), (b), and (c) show one of the three
linkage vector. Thus the stator flux locus can benultilevel inverter legs that are required in fewgli
controlled by selecting the appropriate voltage three-phase IM.
vector. In DTC scheme, the radius of the locu

which is also known as the stator flux magnitude i = | _
forced to follow a circular path by limiting its %.E —
magnitude within the hysteresis band. When th 1 e w4
stator flux touches the upper or the lower hystsres | f - wr -8
band, an appropriate voltage vector is selecte @ s |7 5
either to decrease or increase the stator flL ™ n-—[ = M wieted ’w
magnitude, respectively. Contrarily, variation bét {{o s :.;;g; »
stator voltage over the rotor flux linkage is fikd vz i ]
by the rotor and stator leakage inductance: = .
Therefore over a small period of time, the rotaxfl o "Eg‘ [
is assumed to have a slower rotation compared - I m‘
the stator flux. For that reason when the voltag j
vector is applied, the stator flux will have a duic “ o
movement. Hence the angle between both flu I e
vectors, 05, will increase and that will cause an Al ’F
increase in the electromagnetic torquke, The ”’"“
relations between the stator-rotor flux angle dred t -
electromagnetic torque can be expressed as T 7
3 _ 3 . 9 Osuz“'] "l V. [C]
Te :EPI/ISXIS :EP‘I/’usr‘S'anr ( ) :_mm
wT I
wf i ]
where ¥ and| y,| are the magnitude of stator flux —t—
linkage and the magnitude of rotor flux linkage "
4

respectively and this expression is in the statipna
reference frame. In other words, the variationhef t
stator voltage will affect both stator flux andtera  Fig. 2. Multilevel inverter leg for single phaga)
rotor angle movement. This principle is used ir Neutral-point Clamped (NPC) topology (b) Flying
DTC to achieve the desired torque response and Capacitor (FCMI) topology (c) Cascaded H-Bridge
correct the flux trajectory of the induction
machines. In Fig. 3 the general block diagram of a three-
phase IM fed by a three-phase multilevel inverser i
shown. The control strategy block generates the
A. DTC with Multilevel Inverter (DTC-MLI) appropriate voltage vector in order to keep the
reference (torque, speed or position) at the right
When a multilevel inverter is used in the DTCvalues. Fig. 4 (a), (b), and (c) show a set ofagst
configuration to feed the IM, the number ofspace vectors that can be generated by an NPC
available voltage space vectors is increasedverter, FCMI, and CHMI respectively. By
proportionally to the voltage levels of the inverte injecting the required value of the voltage vedtor
By having this extra flexibility in selecting the the inverter control block, the switching state is
optimum voltage vector, a more precise control ofenerated accordingly for each multilevel inverter
both torque and flux can be obtained. To feed k&gs.
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Several control strategies have been proposed fi
DTC-MLI such as look-up table strategy (LUT),
space vector modulation strategy (SVM), predictive
control strategy, fuzzy logic control strategy (FLC
and hybrid control strategy. The details of these
controllers are described in the following section.

Phasz A

45 44 43 42 41
multilevel Inverter 46 25\ 24 23 22 30
Control Strategy :
47 26 % ° 9 21 _ 390
!:.:ﬁ?gt:?et; - ag _ %7 5 / g 720 _as
49 28 _ 13_ & W~ 1 7 19 _ 37
Fig. 3. General block diagram of three-phabé | \
fed by three-phase multilevel inverter 504, \ N e
14
517 30% /1) i\ 3 9
3. LOOK-UPTABLE STRATEGY OF DTC- 16
MLI (LUT-DTC) obaf [¥ | Y\ Y
A general block diagram for DTC with Look-up 537 54 55 56 57
Table (LUT-DTC) is shown in Fig. 5.
(b)

b

“oltage 2-Phme
Wedor Mlultiledel | 11
Lookup "1 Inverter
Table

By l:
Hysterss
Hystersts ¥

Controller

Contraoller

I L

IR
-_.‘O -+ Torque &
+ -

Stator Aux

4.O= - Estimator
+ T

Fig. 5. General block diagram for DTC with
look-up table strategy (DTC-LUT) ©

The stator fluxys* and torqueTe* reference is  Fig. 4. Set of voltage vector that can be generate
compared to stator fluys and torqueT, by using by multilevel inverter topology. (a) 3-level Neutra
the flux and torque hysteresis controller, point Clamped (NPC) topology (b) 5-level Flying
respectively. In the classical DTC which uses &Capacitor (FCMI) topoloay (c)-level Cascaded -
conventional three-phase inverter, the d-q flux
plane is divided into 6 sectors. The flux and terqu

L]}
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hysteresis controller consist of two- and threeelev sectors with the mechanical rotor speed taken into
comparator respectively that generate the digitizetbnsideration in the voltage vector selection.

output signal which can be defined as, Therefore, four switching tables are used. Each
table corresponds to the specific range of rotor
Yeorw =0 fOor y:-y_ > H 4 upper speed. When the speed is lower, low amplitude
y =1 for y'-y. <H voltage vector is selected while at higher speed,
error s s ¢ \Lower high amplitude of voltage vector is selected. lis th
switching table, flux and torque are identifiedngsi
for flux and 3 different states; ‘0’ means the flux and torgse i

within the limits of the hysteresis controller, ‘1’
Toww = -1 fOr 1 -7 >H T, upper means the values are greater than the upper limits;
T =0 for 1° _ and ‘-1’ means the values are smaller than the
error Te_Te_O imi
) lower limits.
Tewor =1 for 17 -T <H

Te,Lower
4. SPACE VECTOR MODULATION
for torque, wherayeno and Teyo IS the stator flux STRATEGY OF DTC-MLI (DTC-SVM)
and electromagnetic torque errét, ypoer » Hy,Lowen
Hr.uppes Hrlowes are the flux and torque hysteresis The use of a hysteresis comparator in classical
upper and lower band, respectively. DTC is known to cause variations in switching

However when DTC is adapted or extended tfrequency that is undesirable since it can lead to
the multilevel inverter, the hysteresis controlledynamics resonance excitement in the load and
need to be modified to suite the multilevel invertehence constitute a serious drawback to DTC. This is
topology. Adaptation of DTC on a FCMI or NPCbecause; the switching frequency is a function of
inverter is presented in [11] and [12]. In bothesss motor speed, stator and rotor fluxes, and stator
the d-q flux plane is divided into 12 sectors. Buwoltage which always vary with time. In addition
when it comes to selecting the appropriate voltagie inverter switching capability is not fully txéd
vector to correct the actual flux and torqueand also results in current and torque distortioa d
different approaches have been proposed. to sector change [14, 15].

In [11], balancing of the neutral-point voltage A combination of DTC and Space Vector
needs to be taken into account when selecting tiodulation (SVM) avoids the use of look-up tables
voltage vector. Therefore the virtual vectordn selecting the voltage vector. SVM is used to
concept which employs an optimum look-up tableynthesize a required voltage vector that has been
for a switching strategy has been adopted inalculated by the controller in the DTC scheme. By
selecting the suitable voltage while at the sameti using a space vector modulator, the torque ripple i
the neutral-point voltage is remained balanced. Ireduced and the switching frequency of the
the virtual vectors concept, a similar hysteresisomponent is constant. When extending the classic
control as the classical DTC is employed. DTC-SVM scheme to the multilevel inverter, some
. On the contrary, in [12], the flux control is modifications have been made since the inverter is
composed of a two-level hysteresis comparator thagipable of generating more available voltage
is defined in three regions; Negative Flux erroryectors proportional to its voltage levels.

Zero Flux error, and Positive Flux error. As foe th
torque control, it employs a five-level hysteresis i
comparator that is defined in five regions; NegativA' Phase-Shifting SVM Strategy of DTC-MLI

Large Torque error, Negative Small Torque error, N

Zero Torque error, Positive Small Torque error, and | the Phase-Shifting SVM (PSSVM) strategy as

Positive Large Torque error. For the switching’roposed in [16], a CHMI has been employed. An

strategies, two different approaches have bed¥-cell cascaded H-bridge multilevel inverter

proposed. Thus, based on12 sectors in the d-q fli&HMI) generally has 2N arm vectors per phase

plane, two types of switching table where by eacWith N left arm vectors and N right arm vectors.

of it holds one approach are deve'oped_ The Output V0|tage VeCtorU, of the inverter is
Similar to the NPC inverter, the switchingdefined as,

strategy in an FCMI as presented in [13] must be

capable of balancing the capacitor voltage and the Ui = UL - Ui (10)

required voltage levels. In the FCMI switching

strategy, the d-q flux plane is divided into 12
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whereU,; and Ug; are the total left and right arm torque controller is synthesized by choosing the

voltage vectors of phase(i = a, b, c) respectively. nearest voltage vector that can be delivered by the

As for the N-cell CHMI,U,; andUg; are defined as, multilevel inverter. There are two types of nearest
voltage vector strategy. The first one is the nstare

Ui = U + U + Ugi +....+ Ul (12) voltage vector that is determined by means of
calculating the minimum distance of the voltage
Uri = Urti+ Ugoi + Ugsi +.....+ Uri (12) vector that can be generated by the multilevel

The vectordJ; and Ug; for each cell are generatedinverter, which in this case the NPC inverter is
based on the SVM strategy of traditional two-levelused. This strategy has been proposed by X. del
inverters. This SVM strategy decomposes th&oro Gracia et al [17].The second strategy is
desired generated vector into two vectors with thdetermining the closest or nearest voltage level
same amplitude but different phase. By assuminigstead of the nearest voltage vector. This siyate
the sampling period of the SVM g, if four-part has been proposed by Kouro et al [18] and an
of modulating strategy is adopted, the phasasymmetry CHMI has been used. In this strategy,
shifting time of each cell i34N, and if seven-part the reference voltage vector is transformed into a
of modulating strategy is adopted, the phasthree-phase voltage reference in time domain using
shifting of each cell iF4J2N. The effecting time of a three-phase coordinate transformation. Then by
the left arm or the right arm vector of each cell iusing theround{x} function, wherex is the voltage
the same as the sampling time. Therefore the phasderence, the voltage reference is rounded to the
shifting time as mentioned earlier is the phasaearest integer. In this case the nearest intsgéei
difference between the H-bridge vectors. Tmearest voltage level that can be delivered by the
calculate the vector amplitude, the phase diffezenanultilevel inverter.

can be neglected since the sampling time period is

commonly short. Hence the amplitude of every 5. PREDICTIVE CONTROL STRATEGY OF

}_”_H_“_‘_ DTC-MLI

Cascacked
MLl

A predictive controller is one of the control
algorithms that uses the foreknowledge of a system
to predict the next state of a system which issthe
called one-step ahead prediction [19]. In eleckrica
drives point of view, predictive control is based o
the fact that the switching behavior of an inverter
can be predicted. In addition, mathematical
N equations can be used to express the responses of
Ih the drive to determine a certain switching state.
Hence the cascaded structure of the controlldnén t
previous DTC control schemes can be eliminated as
all of the measured system variables can be
considered in one controller. Therefore the

&

Torgue &

Flux

A

Estimator

Encoder

Fig. 6. DTC block diagram with PSSVM strategy

vector can be expressed as, predictive controller offers a better dynamic
performance and a better representation of a non-
Uy|=Ual= L‘U | (13) linear system.
2N There are a numbers of papers that report the

) ) application of predictive control in DTC with
Fig. 6 shows the block diagram of the PSSVM-  myltilevel inverter schemes. Different predictive

DTC. algorithms have been introduced in meeting
specifications of reduced torque ripple and corstan
B. Nearest Voltage Vector Strategy of DTC- switching frequency.
MLI

A. DTC-MLI with Imposed Switching
The Nearest Voltage Vector strategy is another Frequency Strategy
further modification of the SVM technique. This
approach is close to DTC-SVM with closed-loop | the literature, three types of multilevel

flux and torque control. In this strategy, the desi jnyerters have been used in DTC with Imposed
voltage that has been generated by the flux and
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Switching Frequency strategy; FCMI [20], CHMI (2 T (t.)oLl, (14)
[21], and asymmetry/hybrid CHMI [22]. In general, &i(ti) =arcsi ETW YRS
the switching frequency imposition strategy is PEn# (o) 2

performed by taking into account the instantaneous . .

values of torque and flux and their derivatives foyvherey,* and T* are the stator flux and torque

the selection of space vector. A predictive model ireferencz respe?t_lvglyl;l, L, and Ly _a;ie stato(;,
determined by deriving the estimated values dptor, anl rrllutua f'n uctancegespefcnvl yp, an d
torque and flux, which are calculated from the”2 are leakage factor, number of pole pairs an

measured values of IM variables. versus time[otor flux referred to the stationary referencarfea

Considering at the sampling instatt, the actual respec:lltlvgly. Jhps,d thef (|)|UIpUt of the dead-beat
space vector position @ By using the knowledge CONtrolier is obtained as follows.

w T,‘ Switching MM_ Aglz(tk):612(tk+1)_612(tk) (15)
9 ¢ \:‘,Zlct;g: Frequency N U-Leve
wl oy : selection || Imposition Cascaded By using the knowledge of a variation angle of
.’ i rotor flux, A8, as a feed-forward [23], which can be
A & M } calculated by using a measured value of the
LT [t machine, and the slip angle variation, the stdtoe f
Torque &Flux [ variation angle is determined by the following
Estimator f equation.
Encoder I Agl(tk) :Aglz(tk)+A62(tk) (16)

Fig. 7. General DTC block diagram with imposed ~ Finally the appropriate stator voltage space
switching frequency strategy phasor can be obtained by using the knowledge on

the stator flux variation angle and the estimated

and flux and their derivatives, the next point lné t stator flux linkage. Th's voltag_e space phasor _then
) ) need to be synthesized to switching states using a
space vector positiorQ""" can be obtained. In the : . i
P . . modulator in order to ensure the multilevel inverte
same sampling instant; the commutation tim : .
) roduces the appropriate voltage output. As in,[23]
comthat will ensure the zero torque and flux error or} . o
. . . +1 this predictive control strategy for DTC has been
the next sampling time is calculated. T IS dapted to the CHMI topolo Hence the space
applied att“ ., Fig. 7 shows the general block P pology. P

diagram of DTC with imposed  switching phashor .modhulatolr (SPM) hashbeen considered to
frequency. synthesize the voltage space phasor.

C. Output Regulation Subspace (ORS) based of
Switching Control for DTC-MLI Schemes

on the actual positiorQ¥, and also from the torque

B. DTC-MLI with Pl and Dead-beat Controller

— The use of the Output Regulation Subspace
The combination of a PI controller and a dead—ORS) concent which introduces a hvperplane that
beat controller has been shown to improve bot‘1 P yperp

steady state and dynamic behavior of DTC_MLParutlons the input space and a quadratic criterio

[23]. The difference between the reference torqu'és one of the further improvements of the predetiv

and the estimated torque is the input for the quntrol concept. The Incorporation of theS(_a
. : o concepts has been shown to assist in the reduction
controller to obtain the slip angle variation (stat

and rotor flux angle differenceds, As the Pl of the computational load [24]. Adapting a claskica

. DTC scheme with the controller concept as
controller can only offer a moderate dynamic

: entioned earlier, avoids the use of look-up table,
performance, a dead-beat controller is employed {0 .
. ) L ; uarantees the regulation task and reduces the
give a faster dynamic response. This is possible

L . L : rque ripple. In the middle of 2003, this method
{)hrgd'?gpe %égi:“?o?ggf V::atgi)\?el:f'nt?yth((al\;?mzngas been adapted to DTC with an NPC inverter in

preloading the Pl controller part in the nextselel(.:tm:q the vo:jta?e vectors [.Zi]' I.In ﬂ;]'s
sampling time. app ication, ORS efines two straight ines that

divide the vector space (input space) plane intw fo
qguadrants corresponding to different combination

of signs for torque and flux time derivatives. Both
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ORSs (torque and flux) are perpendicular antésser switching losses in producing it. Fig. 8veho
intersect each other at the origin. Therefore it ia hybrid modulation operating principle for a 3lcel
found to reduce the space where the vectors aasymmetric CHMI
selected. In other words, the search of suitable As proposed in [27], a modified three-phase
voltage vector is restricted to a certain quadrantascaded of two inverters has been used in DTC
Hence it reduces the mathematical computatioimplementation. Fig. 9 shows the configuration of a
while evaluating them in energy function. modified three-phase inverter in cascaded topology.
The new inverter topology as in Fig. 9 can produce
6. HYBRID MODULATION AND HYBRID a maximum of 9 levels or 11 levels of output
INVERTER CONFIGURATION STRATEGY voltage depending on the correlation between the
OF DTC-MLI voltage of isolated sourcebly, Ug1, Ugp, and Ugs.

The development in the improvement of DTC
performance not only focuses on seeking for new
solutions in the multilevel inverter switching
control strategy but also in the configuration loé t
multilevel inverter itself. In [26], a hybrid
modulation strategy has been proposed for DTC
with asymmetric CHMI. The DTC scheme is
accomplished by using a torque error (the
difference between the reference torque and thi
estimated torque) to generate a reference loa
angle,8’, which is necessary to correct the torque
behavior. Then the desired load angle is used
produce an appropriate stator flux reference whi
is determined by,

Fig. 8. Hybrid modulation operating principle 1
3 cell asymmetric cascaded multilevel inve

l/’;=‘w;‘cos(5*+6r)+j‘w;‘sin(5*+5r) (17)

where y¢*| is the stator flux reference amplitude
andé, is the rotor flux vector angleBy subtracting
the stator flux reference with the estimated stat
flux, a variation of stator flux Ays) is obtained.
Then the appropriate voltage vector is determin
as follows,

Vde1

v =LY (18) "
TS
The appropriate voltage vector is the Fig. 9. Modified three-phase inverter

synthesized by the hybrid modulation strategy ..
produce a switching state for the multileve
inverter. This type of modulation strategy helps 1
reduce switching losses and improve the conver
efficiency since the highest power cell needs @nly
commutations per reference cycle, which mea . - -
that the switches turn ON and OFF only onc [‘“_]_, Flux & torque
during a half cycle. The un-modulated part left b o' estimator with
the square shape of the highest power cell ougpou % ﬂ predictive model
then modulated by the next power cell and so « -

until the final un-modulated part of the refereige Encoder M
modulated by the smallest power cell at hig

switching frequency using PWM. This modulatioi  Fig. 10. DTC system fed by modified multilevel
strategy then produces a multilevel steppe inverter block diagram

waveform with a high frequency component buin this case, a DTC scheme is performed by using a

Inverter
Control

Iodified
9-level WS1
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predictive model of IM together with the flux anc [ 1orque
torque estimator to obtain an optimal stator vata(| Error
vector as a function of torque and stator flux, Y/

and Vg, in o andp plane respectively. From this
optimal voltage vector, the closest voltage vect
that may be delivered by the modified multileve At
inverter is chosen through the switching functio 1™
algorithm in an inverter control block. Fig. 1C
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shows a DTC system fed by the modifiel r—
multilevel inverter as proposed in [27]. Flux o o Flux Error
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7. DTC-MLIWITH FUZZY LOGIC * _LI }_’
CONTROLLER
Fig. 12. Hysteresis Controller with additional ayz
The employment of Fuzzy Logic Controllet controller
(FLC) in DTC has provided some improvements i ]
torque and stator flux control and switching h.@_, Fuzzy Three-
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Fig. 13. Block diagram for thBTC scheme with fuz
n logic controller

M
(-) conventional hysteresis controller. Fig. 12
Fig. 11. Block diagram for the DTC scheme with illustrates the modification of DTC hysteresis
FLC at the outer speed loop controller.

) i In [30], the hysteresis controller and the look-up
frequency [28]. In the literature, FLC can be eitheigple has been replaced by FLC. The switching
added to one part of the DTC-SVM scheme [29] Ogiate  selections were done by FLC. Some
replacing the hysteresis controller and the look-Ugqgification has been made to the look-up table in
table used in DTC-LUT ([30] for switching order to suite it with the FLC rules. By using this
synthesization and neutral-point-voltage balanc§cheme, the DTC performances are enhanced in
since a 3-level NPC inverter is used. As in [30& t (orms of reducing flux and torque ripples, and

FLC is located at the outer speed loop and somgmonic distortion. Fig. 13 shows the block
modification has been made in vector selectiogiagram of DTC system with FLC.

such as introducing 2 types of DTC with FLC
algorithm in one system in order to suite it witie t CONCL USION
SVM method. Fig. 11 shows the block diagram o?'

the DTC scheme with FLC at the outer speed loop. |, this paper, a theoretical review on DTC

strategies with multilevel inverter for induction

. machines has been presented. DTC is a viable
hysteresis controller and the torque and statot. flu ;i rnative solution to FOC in AC drive. It is

By using this modification, the hysteresis cycl§,on to offer a simple configuration of DTC due
becomes wider. It provides a more precise selectiqg e apsence of coordinate transformation block.
of the voltage vector, hence enhancing thg 5 450 capable of performing with both fast
performance of torque and stator flux control in 0,6 response and harmonics reduction. However

DTC and neutral-point-balance in the NPC invertefyic’ classic DTC scheme has some disadvantages
Fig. 12 illustrates the modification of the DTCg ., as high torque ripple, variable switching

As in [29], the FLC is added to both the
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frequency and harmonic losses which are stilB]
considered as high. Adapting DTC to multilevel
inverters is one of the improvements that can be
made for fast torque response during transien[tg]
torque ripple reduction, constant switching
frequency operation and lower harmonics losses.
This is because a multilevel inverter offers a hear
sinusoidal voltage output, lowedv/dt and extra [10]
degrees of freedom in voltage vector selection in
order to ensure the minimization of torque and flux
ripple.

DTC strategies with multilevel inverters have
been divided into five groups: switching tablel11]
(look-up table) strategy of DTC-MLI, space vector
modulation strategy of DTC-MLI, predictive [12]
control strategy of DTC-MLI, Hybrid modulation
and hybrid inverter configuration strategy of DTC-
MLI and FLC strategy of DTC-MLI. The basic
principle, advantages and limitation of each
strategy has been systematically presented. Al$b3]
their latest progress and the application fieldgeha
been indicated. As a conclusion, it is believed tha
the research on DTC strategy with multilevel
inverters will continue to develop in line with the [14]
continuous search for a high performance motion-
sensorless AC drives for induction machines.
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