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Abstract

In this article, we present the strategy of the direct Torque control (DTC) of the permanent magnets synchronous machine
(PMSM) with fuzzy comparator in controlled by the technique SVM (Space Vector Modulation). This method of control allows
reducing the fluctuations of the torque and of the flux also in the low speed contrary with control of the classical DTC where the
frequency of switching is incontrollable. Simulations results obtained allow demonstrate the performances of this command
especially in the behavior of the couple and the flux.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

DTC (Direct torque control) was proposed by TAKAHASHI Depenbrock and for the conduct of induction
machines [1,2]. Subsequently many research works have been developed in this area [3.4,5] to improve the
performance of this technique and compete vector control [6]. The current trend is to replace the asynchronous
motor by the synchronous permanent magnet motor which is low cost and relative inertia torque much more
important [7]. DTC control is based on a suitable choice of the carrier voltage applied by the inverter to develop the
required torque. It has several advantages over conventional techniques [8,9]. Fast dynamic torque, robustness with
respect to parameter variations, a control simple low-cost computing without Park transformation and control of
torque independent of flow. In return, the switching frequency is variable and difficult to control due to the use of
hysteresis controllers. To this end, high undulations appear on the torque and flux [10]. This has created a vast field
of research and therefore, several studies have been developed to improve the harmonic distortion of the output
waveform of the voltage inverter. They led to a significant change in the design of the control of the inverter. It is in
this spirit that developed the sampled PWM technology, so that the control of the power converter is, too,
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synthesized digitally. As part this activity, and in order to control the switching frequency, we are interested to
vector modulation, usually called SVM (Space Vector Modulation) with fuzzy controllers torque and flux. This
method allows generating the voltage vector whose position and modulus are selected so as to drive the stator flux
vector and the electromagnetic torque to their reference optimally [12, 13, 14].

2. Classic DTC
2.1- Modeling MSAP
the MSAP model without shocks, in reference Parck, shall consider the following simplifying assumptions: an
unsaturated operating regime without losses and distribution of magnetic sine wave is defined by the following
equations:

a- Electrical equations

do
V,=RI,+—%—@
d std dt <Dq

M
V. =RI + d& +oe,
ot dr
b- Flux equation
¢, =L, +o,
¢q =L, .
c- Equation of electromagnetic torque
C,,=p(L,—L),1,+popl, ©)
d- mechanical Equation
jdzr +2 =C, -C, (4)

2.2 Principle of DTC

The direct torque control of a permanent magnet synchronous machine is based on the appropriate selection of a
voltage vector from a selection table to deliver the stator voltage vector. . In this selection, we use hysteresis
comparators whose function is to monitor the status of the system, ie here the amplitude of the stator flux and
electromagnetic torque [12,13]. The general structure of conventional DTC illustrated by the following figure:
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Fig.1 The general structure of conventional DTC

The supply voltage is supplied by a voltage inverter, that state switches, supposedly perfect, is represented by three
Boolean control variables

v, = \EUO[SQ 85,6773 15l 3] (5)

Figure 2 represents the in the complex plane (a, ) the eight voltage vectors that can generate the inverter

V6 (101)

Fig.2 Voltage space vector

From the simplified model of the PMSM in a mark (a,f) connected to the stator, the stator flux is defined by the
following equation:

t
0,() = [V, = RI,)dt 6)
0
Assuming the voltage drop due to the negligible resistance against the stator voltage Vs are:
t
Py (t) R Qs T J. Vsdt @)
0

During a sampling period, the voltage vector applied to the machine remains constant, thus:
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Ap, = VI, (8)

This relation shows that if the sampling period is fixed, Ags is proportional to the voltage vector applied to the
motor. In the case of the PMSM, the stator flux change even if one applies a zero voltage when the magnets rotate
with the rotor. Therefore, the zero vectors are not used in the flow control/

b. Torque control
The electromagnetic torque can be estimated from the estimated values of the stream (psa, ¢sf) and current
calculated quantities (isq, iSp)

3 . .
Ce‘m = 5 p(wsalsﬁ - (Dsﬂlsa) ©)
On the other hand, for the PMSM, the electromagnetic torque can be expressed as follows:
3 P .
Cem == ¢S ¢r’51n7/ (10)
2L, 7

Where vy is the angle between the stator and rotor flux vectors. From this expression, if it remains constant stator
flux can be controlled torque from the y angle.

c. Selection of voltage vectors
When the flux vector is in a numbered box 'i', flow control and torque is provided by selecting one of the four non-
zero or zero vectors of the two vectors [1, 2, 3, 4]. The role of the selected voltage vector is depicted in Figure3.

Fig.3 Selection of voltage vectors

It develops the table of the control structure as a function of the outputs of the hysteresis of the flow controller

Table 1: switching table for classical DTC

Torque Flux N=1 N=2 N=3 N=4 N=5 N=6
Cf:l Vz V3 V4 V5 Vé Vl
Cr=1
Cf:O V3 V4 V5 V6 V] Vz
Cr=1 Vs Vi Vs V3 V4 Vs
Cr=0
Cr=0 Vs Vs Vi Vs V3 V4
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III. Principle of fuzzy direct torque control

The strategy of fuzzy direct torque control with PWM vector of a PMSM is presented in figure (4), this strategy is

based on the replacement of the hysteresis comparator and switching table by two fuzzy controllers that generates
the module and the voltage vector angle in order to bring the stator flux and the electromagnetic torque to references

optimally, [11,12,14]. This vector is used by a PWM control vector to generate the pulses for the control of the
switches of the inverter.

PSPM
9
>
J v r
s s, |s
SVM

sa Vsb 1sb I
\ 4

A\ A 4 v
C
abc
ap
X }
7 VS(aﬁ ) IS(aﬁ )
s s Yo Y ¥ vV
o _ Estimator of
Flux and torque
C, :
Fuzzy contol T 9,

em

Fig.4 Control structure of DTC-fuzzy

3.1 Selecting the position of the voltage vector

The angle of the reference voltage vector relative to the stator flux vector should be selected so as to maintain
the stator flux and the torque in a band in an optimum error band around their reference value. well-defined
hysteresis. The errors of torque and flux are multiplied by "scales factors" to obtain standardized sizes and functions
USING trapezoidal and triangular membership (fig. 5). These values are used by the fuzzification block to be
transformed into fuzzy values. These are used by the block Sugeno type fuzzy control rules for the value to be
added to the angle of the stator flux. Table 2 shows the table suggested for the selection of the angle &

Table 2 : Increment angle of voltage vector

N
€y P z
e, |l Pl z| NP |z |N P |z | N
T T T T T 3 3
sl=>lol-=|ZZ|-Z|=1|~ |-
4 4 2 2 2 4 4
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Fig 5: Membership functions for fuzzy controller input variables (FLC 1)

3.2 Selection of the voltage vector magnitude

The voltage vector module must be selected to minimize the error of torque and flux. A fuzzy logic controller is
designed to generate the appropriate voltage vector magnitude (FLC 2), Figure 6 shows the membership functions
for the input variables and outputs of the controller [11, 12, 13]

NG 'NM NP EZ PP PM | PG

u( LN‘V\ )

M(EC em )

0.8

IR

0.4

0z

a

-1 0.5 0 05 1
Fig .6 Membership tunctions tor entree and output ot the tuzzy controller (FLC 2)
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Ecem
N NG |[NM|NP | EZ | PP | PM | PG
€,
NG PG |[pm| PP | PP | PP | PM | PG
NM PG |[pm | PP | PP | PP | PM | PG
NP PG [pm| PP | Ez | PP | PM | PG
EZ PG |[pm | PP | Ez | PP | PM | PG
PP PG |[pm| PP | Ez | PP | PM | PG
PM PG [pm| PP | PP | PP | PM | PG
PG PG [pm | PP | PP | PP | PM | PG

Table 3: fuzzy decision rules

3.3 Generation States of the switches of the inverter

The voltage vector obtained from the characteristic comes to the vector modulation ‘VS‘ = f(&g,,) which in turn

generates the states, and switches usingV/ , Vp, the following algorithm [10,11]:

a) Calculate the biphasic components of the desired voltage vector using the following equations:

V., =V, cos(@,)
Vy =V, sin(0,) (11)

b) Calculation of the area where the desired voltage vector is.
¢) Get the switching vectors and their operating cycle and then .Calculer the operation of the zero vector

switching cycle (£, =1—1¢, —1,).

d) Calculation of the relative position of the clock (PRH) in the sampling time by using the following equations:
PRH = Rem(t/Ts)/Ts (12)

Value PRH provides the components and the switching S, S, S¢ vector according to the following routine:

e Otherwise,if PRH <t /4+1t,/2 then the swiching vectoris SV

e Otherwise,if PRH <t,/4+(t, +¢,)/2 then the swiching vectoris SV,

e Otherwise,if PRH <3t /4+(t, +,)/2 then the swiching vectoris V; =(1 1 1)
e Otherwise,if PRH <3t,/4+t,/2+1, then the swiching vectoris SV,

e Otherwise,if si PRH <3t /44t +1¢, then the swiching vectoris
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Fig. 7: Simulation results of the DTC control applied to PMSM
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4. Results of simulation

Simulation results of the DTC control applied to PMSM are illustrated in figure 7 (a: DTC-classic, b: fuzzy DTC-
SVM). This simulation was constructed using Matlab m-files,and Simulink blocs. We noticed a considerable
reduction of torque ripples and flows. Less current distortion by using the Vector PWM .On the other hand, the
fuzzy SVM-DTC shape has a constant switching frequency with a response time of torque and slower flow than
conventional DTC.

5. Conclusion

In this article, we presented the strategy of direct torque control based on fuzzy vector PWM. This technique is
characterized by a constant switching frequency reduces the switching losses in the inverter and harmonics reduced
torque and flux.by analyzing the torque and flux wave forms, it shows those torque, and flux ripples can be reduced
by the selected output voltage vector in one sampling period . The simulation results verify that the fuzzy SVM-
DTC achieves a reduction of torque and flux ripples.

References

[1] M.Depenbrock, "Direct self-control DSC of divert fed induction machine," IEEE Trans. Power electronics, vol 3, N 4, pp 420-429, oct 1988.
[2] Takahashi and Y.Ohmori, "High performance direct torque control of an induction motors, " IEEE Trans, Ind Applicat, vol 25, N° 2, pp 257-
264, March /april/1989
[3] Yen-shin lai, Wen-ke wang and Yen-chang chen, "Novel switching techniques for reducing the speed ripple of AC drives with Direct Torque
Control, " IEEE trans, on Ind, electronics, vol 51, N° 4, pp 768-775, August 2004,
[4] Cristian lascu, Ion boldea and Fede Blaabjerg, "A modified Direct Torque Control for induction motors sensorless drive, " IEEE Trans, Ind
Applicat, vol 26, N’ 1, pp 112-130, January /February/2000
[5] Manuele Bertoluuzzo, Giuseppe Buja and Roberte Menis, " Direct Torque Control of an induction motor using a single current sensor, "
IEEE Trans, Ind ,electronics, vol 55, N° 3, pp 778-784, jun 2006
[6] D. CASADEI=, G. SERRA, A. TANI, and L. ZARRI ZARRI "Assessment of direct torque control for induction motor drives ", bulletin of
the polish academy of sciences technical sciences vol. 54, no. 3, 2006
[7]1 L.Zhono, M.F, Rahman, W.Y .Hu and K.W. Lin "Analysis of Direct Torque Control in permanent magnet synchronous motor drivers” /[EEE
Trans, on Power Electronic, vol 12, pp 528-536, May 1997.
[8]Y.A.Chapuis,D.Roye et Courtine, " Commande Directe du couple d’une machine asynchrone par le contrdle direct de son flux
statorique, "J.phys. 3 France 5, pp 863-880, June 1995.
[9] P.Xas " Sensorler vector and Direct Torque Control,” Oxford, U-K.ooxford univ press 1998.
[10] J.Kang and S.Sul " Torque ripple minimization strategy for Direct Torque Control of induction motor "IEEE Trans, IAZ 98, oct 1998, pp
546-551, St Louis, US4 1998.
[11]M. NOUR ,"Commande Floue Directe du Couple Electromagnétique d’une Machine Asynchrone ," mémoire de magister ENSET-Oran,
2007
[12] A. MILOUD], "Etude Et Conception De Régulateurs Robustes Dans Différentes Stratégies De Commandes D’un Moteur Asynchrone, "
thése de Doctorat, U.S.T.O, Oran, Algérie, Juin 2006.
[13] K. HARTANI, "Contribution a la stabilit¢ du véhicule électrique a l'aide du controle des systémes anti-patinage , " thése de Doctorat,
U.S.T.O, Oran, Algérie, Juin 2007.
[14]A. AMEUR "Commande sans capteur de vitesse par DTC d'un moteur synchrone a aimants permanents en utilisant des techniques
intelligence artificielle " thése de Doctorat, Université Batna, Algérie, Mai 2012.



