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To satisfy the requirements of electric traction, the direct torque control
(DTC) strategy for permanent magnet synchronous motor (PMSM) drives
is the best candidate for high performance control. However, high torque
and flux ripples can be observed because of an included switching table, and
there are some of its drawbacks. To achieve a fast and reliable torque
response and overcome these limitations, the basic DTC strategy based on
fuzzy logic control (FLC) which integrated a space vector pulse width
modulation (SVPWM) algorithm is proposed. The modified scheme uses the
stator flux and the torque errors through two fuzzy logic controllers to
generate a voltage space vector to provide the inverter switching states. To
support the research, theoretical development and simulation results using
the conventional and enhanced DTC are provided and compared.
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1. INTRODUCTION

These traction motors used in electric vehicles typically need
frequent starts, stops, rapid acceleration, rapid deceleration, high
torque low-speed hill climbing, and low torque and high-speed
cruising. Furthermore, the traction motors must possess two
crucial qualities: a low torque ripple that must not exceed 2% to
prevent uncomfortable mechanical vibrations and vehicle noise,
and a fast and robust torque response that is required in a wide
speed range to meet the driver's instantaneous torque demand.
Nowadays, PMSMs are expected to be applied to propulsion
systems of electric vehicles for their high power and torque
density, high efficiency, large constant power operation region,
robust mechanical construction, and cost-effectiveness. However,
their large torque ripple is an obstacle in the practical applications
of PMSMs. The torque ripple reduction of PMSM for vehicle
traction applications has also received great attention because
large torque ripple can create uncomfortable vibrations and
mechanical damage and even lead to vehicle instability.

The direct torque control (DTC) was proposed by Takahashi
[1] in the mid-1980s, and it is known as an effective technique of
control in a wide variety of electric power systems [2].

Recently, the DTC scheme for PMSM drives has received
enormous attention in industrial motor drive applications due to
its potential advantages and practicality in embedded systems.
Unluckily, the major drawback of DTC is the high torque ripple,

which is due to the presence of hysteresis controllers and the
limited number of available voltage vectors.

Several academic studies have been realized to improve this
classical control method by integrating new techniques; such as
artificial intelligence (Al) more developed in the last decades [3-
6, 8-9].

In 1997, a study on fuzzy logic control (FLC) with DTC have
been proposed [3], and the artificial neural network (ANN) was
also proposed in 2001 by using Neural Networks in DTC of a
three-level inverter [4]. These two approaches to intelligent
techniques applied for induction motors have been compared with
conventional DTC in 2007 [5].

Recently between 2011 and 2021, the studies [6-10] have
remarkably reduced the torque ripples by using an adaptive FLC
[11] or by using ANN based on a DTC PMSM drive.

This paper describes the conventional DTC blocs with the
three-level inverter and the PMSM motor model in section two.
The proposed FL-DTC is developed with space vector pulse with
modulation SVPWM algorithm in section three. Section four is
dedicated to the simulation and summarizes the results and the
discussion of compiled previous studies for AI-DTC and the
comparison of DTC with the proposed FL-DTC. Finally, a
general conclusion is drawn.

¢ Initial version of this paper was selected from the proceedings of International Conference on Advanced Engineering Technologies (ICADET 2022) which was held
on September 28-30, 2022, in Bayburt, TURKEY; and was subjected to peer-review process before its publication.
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2. PRINCIPAL OF THE DIRECT TORQUE CONTROL

Its principle is to control directly the torque and stator flux of the
motor, it includes two estimators, two hysteresis controllers, and a
switching table. In our case, this control is applied for a PMSM, powered
by the 3-level Inverter, and proportional-integral (P1) regulator to control
the motor speed. The scheme is presented in Figure 1.

2. 1. Modeling of the PMSM
The PMSM electric circuit equations with Concordia’s
transformation, based on Faraday’s law, can be written as follows:

dDgy

dt
d(DSﬁ

dt
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Vsﬁ = RSiSﬁ +

where @, and ., are the a, -axis flux linkage, which can be
defined as follows:
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Fig. 1. Block diagram of the direct torque controller.

The motor’s dynamic equations can be written as follows:
 Mechanical equation:
]d::—tm‘l'cfzcem_cr
« Stator flux and torque estimation:
The amplitude of stator flux and position 64, can be estimated by:

R R

@)

) @
Ops = tan™?! ((D—Sﬁ)
Where:
{q)sa = fot(vsa — Rigq)dt (5)
t .
CDSﬁ = fO (USB - Rslsﬁ)dt

Figure 2 represents the different position possibilities of the
position fq,, Over a 2z interval, in the case of subdivision into 12
sectors.
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The developed output torque expression can be estimated by:
3 . .
Cem = EP(q)salsB - CDS,B lsa) (6)

Fig. 2. Sectors subdivision.

2. 2. Hysteresis Controllers

The 3-level hysteresis comparators are used to control the
stator flux. The value of the output signal 7 is depending on the
error eq as follows in Equation (7):

Eop < Acp Tp = +1
{—A¢< Eop < ACD d { Tp = 0 (7)
Eop > Acp Tp = —

And a 5-level for the torque with two upper bands (Acmax, Acmaxz)
and two lower bands (Acmini, Acminz). The value of the output signal = is
depending on the error ¢ as follows in Equation (8):

& < ACmirLZ (Tc = +2
ACmin2S & < ACminl ITC =+1
QACminlS & < Acmax1  — 4 7. =0 (8)
IACminlS & < DAemaxz ITC =-1
k & > DAemanz T =—2

2.3. Switching Table

To provide the necessary commands to increase or decrease
the flux and the torque, a switching table Table 1 is employed to
determine the correct voltage vector, depending on the sector
number (from 1 to 12) and on the signals produced by the two-
hysteresis controller.

Table 1. Switching table of PMSM DTC 3-Level NPC inverter.

w | Stator Flux Sector
1 2 3 4 5 6 7 8 9 | 10| 11 | 12
+2 I_/:z ‘73 174 ]75 176 I77 ‘78 ]79 I710 I711 ‘712 ‘71
+1 I_/:z 1715 174 ]717 176 I719 ‘78 I721 I710 I723 ‘712 ‘713
+1]1 0 ‘725 l725 17'27 ]725 ‘725 1727 1725 1725 I727 I7zs ‘725 ‘727
-1 ‘712 1713 ‘72 1715 174 ]717 ‘75 I7'19 ]73 I721 ‘710 ‘723
-2 ‘712 ‘71 ‘72 ]73 174 I7s ‘75 177 ]73 ‘79 ‘710 ‘711
+2 124 ?5 ‘Za 177 IZs ‘Zg 12'10 I2'11 I212 21 ‘Zz 123
+1 Y4 K17 Ya I1'19 l/s l/g Km Ku I1'12 l/1 l/z l/s
0 0 Kzs Kza I127 Iizs Vjs 1i27 Ijzs Kza I/;27 Ijzs ‘/;25 K27
-1 Km K23 Ku ]és Kz ]és Iﬁo I/;17 Ka V;19 Ks le
2 | Vig | Vg [Vip (V3 (Vo [ Vs (V) [ Vs [ Ve |V | Vs | Vs
+2 ?5 ‘Ze 177 ]Zs Yq ]Zw ‘Zn I2'12 171 ‘Zz 173 ‘24
+1 K17 Ye Kw l/s Kz1 Kw I123 Ku I1'13 l/z K15 Y4
110 Kzs Kza I:'27 Iizs Kza 1@7 Kzs Véa I1'27 I/Lzs Kza ‘/;27
-1 Vfl Kw I123 Klz VP Kz I/;15 K4 I/;17 Kﬁ ‘ﬁs Ks
2| Vo [ Vig | Viy (Vi | Vi [V (Vs [V, [ Vs [V | V; |V
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2.4. Speed Regulator

To keep the speed constant, a proportional integral PI
regulator is inserted into the speed loop as shown in Figure 3,
which enables the reference torque to be determined.

The relationship between the speed and the electromagnetic
torque is given by the open-loop transfer function of Equation (9):

km
F(S) - 1+Tm,ms (9)
where, kn= (P/f) and 7 n= (J/f). P: pole pairs number J: the
moment of inertia and f.: friction coefficient. C;: resistive torque.
The ki and k, are the integral and proportional gains of the
regulator are thus obtained:

kp _ 28wNTm—1
km
(10)

2
k__(’-’NTm
LT kmk

m=tp

where { is the damping ratio of the system and wN is the
undamped natural frequency of the control loop.
C,

Fig. 3. Block diagram of the PI speed regulator.

2.5. Three-level Inverter
The model of the inverter as shown in Figure 4 can be

represented as follows:
K J|';' i
il _I‘\_

L _ NANACKA
- y X%
= i |A
e P U
_II/_ _II/_ M
K K

Fig. 4. Three-level-inverter diagré)m.

Vo [2-1-1[F - Fo
Vp| = g[—l 2 —1l F2y = F3o | Vac (11)
ve —1-121F) - F3,

The T switch connection function is F=1/0, and the switching
state of the three arms is simplified by the following relation:

Sa Ff — Ff
[Sb = sz1 - szo (12)
Se F3b1 - F3bo

where: S, = F5 — F}, x=a,b, c,i=1, 2, 3.
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3. DTC BASED ON FUZZY LOGIC CONTROL

To improve the performances of the conventional DTC, the
flux and torque hysteresis controllers and the switching table are
replaced by a fuzzy logic controller in Figure 5.

With the conventional DTC, it is not possible to keep the stator
flux amplitude constant, since only two vectors of fixed voltages
allow the stator flux to remain around its reference value during
the duration of each sector of the hexagon as seen in Figure 6.

In addition, the amplitude of the voltage vector always takes
the maximum value, which leads to important variations in the
flux’s position and the value of the torque [13]. Therefore, strong
ripples will be generated.

o ol L 8. PMSM
- >R . 8o kH_ o
-K Fuzzy logic 8g S|z e F‘—
- S e | =
& _|controller |7 |e3 [S.|3 2
> S8 ™ =
n =
A
e
vé'ﬂ'
<«
Fluxand [ "/
Torque DT .
H I
Estimators : i ahde€ b L Q,
<

[’IU 1
Fig. 6. Vector diagram of a three-phase three-level inverter.

To approach the reference values for the flux and the torque,
fuzzy logic generates the angle and the voltage vectors, which are
then used by SVPWM to control the state of the 3-level inverter
switches.

3.1. Fuzzy Logic Controllers Conception

The torque and the stator flux errors are used as the two (02)
inputs of the FLC as shown in Figure 8, which consist of two types
of fuzzy controllers (FLC1 and FLC2).

» The FLC1: To select voltage vector position:

It is the Sugeno type, and the position of the voltage vector is
chosen to keep the flux and the torque around their reference value
according to their standard errors the values of the angle & is
chosen, which are summarized in Table 2.
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Table 2. Selected angle 6.
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The input variables are chosen for the normalized flux error in
the range [-0.1, 0.1] and in the range [-1, 1] for the normalized
torque error, represented respectively by Figure 7 (a, b), with
triangular and trapezoidal membership functions.

* The FLC2: To select the voltage vector magnitude:

It is a Mamdani type, designed to select the modulus of the

voltage vector, to minimize flux and torque errors.
With the same method as FLC1, the triangular and the trapezoidal
membership functions were chosen for the input and output
variables of the controller in the range [-0.1, 0.1] for the
normalized flux error, [-1, 1] for the normalized torque error,
respectively, by Figure 8. Table 3 summarizes the fuzzy rules.

h
Zz

A

h
z

P P

Y

0

(a) (b)
Fig. 7. Membership functions for the FLC1, (a) flux error,
(b) torque error.

0,1

Table 3. Fuzzy rules table FLC2.

iy, NG |[NM | NP | EZ | PP | PM | PG
éqp | 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
)
A
IR L N MN SN g2 SP MP  LP
A A /=
/ A“ ‘ /
[ \
| .‘ \ /
AN @ /
} \
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0,1 0,1 1 0| 3 =
(b)

©
Fig. 8. Membership functions for the FLC2, (a) flux error (b)
torque error (c) reference voltage.
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3. 2. Three-Level SVPWM Algorithm

The three-level inverter can generate 27 vectors by switching
states Sa, Sp, and S¢, which can be divided into four groups as
shown in Figure 6, in the first sector (0<6<n/3): (Vo) is the zero
voltage vector, (Vi3 and Vis) are the small voltage vectors, (Va) is
the middle voltage vector and (V1 and V3) are the large voltage
vectors.

Identically to the two-level SVPWM [12], the sector is divided
into four regions as seen in Figure 9 to select three adjacent
voltage vectors Vi1, Vi, and Vya.

i
>

Vi

¢
Fig. 9. The reference voltage vector’s belonging region.

a

3.3. Three-Level SVPWM Algorithm

Depending on the reference voltage vector Vi (angle and
amplitude) three adjacent voltage vectors Vi1, Vi, and Vi3 are
selected. The duration of each voltage vector can be obtained by
the time averaging principle as follows Equation [12]:

VrefTs = Vrltl + Vr2t2 + Vr3t3 (13)

where Ts is the sampling time Ts=t;+t,+ts.
The region of the reference voltage vector can be identified by
the following algorithm [12]:

if Vo < &V, <X & V, 4V, < T8>V, : Region |
it V, <8 g v, <8 & v, +V, > 5 T, Region 2
if Va>%—) Vs:Region?»
if Vb>%évszRegion4

The selected voltage vectors for all sectors corresponding to
the adjacent voltage vectors Vy1, Vi, and Vs are summarized in
Table 4.

4. SIMULATION RESULTS AND DISCUSSION

The mathematical models of all blocks (PMSM, inverter,
hysteresis controllers...) of conventional DTC, fuzzy logic
controllers (FLC1, FLC2), and the SVPWM 3-level algorithms
were established by MATLAB/Simulink software as shown in
Figure 10 to simulate the same conditions and using the same
parameters summarized in Table 5.

To make a comparison, we started with conventional - DTC
simulation followed by FL-DTC simulation.

For the starting process, 600 rpm was set as a motor speed
reference, and 40 N.m as a nominal load, a step torque load C; of
20 N.m was applied at 0.8 seconds and removed at 1.4 seconds.
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Table 4. Relations between the adjacent voltage vectors and the selected voltage vectors in all sectors.

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6
- T T T T T T T T T T T T T T T T T T
Reglon Vrl Vr2 Vr3 Vrl Vr2 Vr3 Vrl Vr2 Vr3 Vrl Vr2 Vr3 Vrl Vr2 Vr3 Vrl Vr2 Vr3
] T T ] T T ] T T T ] T T ] T T T T
1 V, V, V, [V, V, V, |V, V, V, |V, V, V. |V, V. V, |V, V, V,
T T T T T T T T T T T T T T T T T T
2 Vl V15 V21 V2 V16 V22 V3 V17 V23 V4 V18 V24 V5 V19 V25 V6 VZO V26
T T T T T T T T T T T T T T T T T T
3 Vl V21 V2 V2 V22 V3 V3 V23 V4 V4 V24 V5 V5 V25 V6 V6 V26 Vl
T T T T T T T T T T T T T T T T T T
4 V2 V16 V21 VS Vl7 V22 V4 VlS V23 V5 V19 V24 VG VZO VZS Vl V15 VZG
L bl [=1%3]
Ideal trajectory J ﬁ ) L
N = L —
'_| -
O m N | = I
B ] e OO ,
= N wll bt B I »
@ = i3 Lalt] I"E
IP_cantroller ‘J -P@—»am Deata— G ) N z I Z : i H::: J_E :
speed oam *  Fuzmycontroller 4 SVPWM Iverter L I_’E g 1=tn Ii‘ld »
s PMSM Ia
= @ e
I Conc
|—_>=.\m= Cam am ]
Vv waohs o F“::i
] et m A
Primn [ cancordia Flux/Torque Btimatnﬂ | |
— I
Fig. 10. The reference voltage vector’s belonging region.
Table 5. Simulation parameters. We notice the same pace for the two methods which follow
Symbol Parameter Value the reference value of 600 rpm, due to the PI regulator, which also
P, Nominal power 30 kW offers robustness against the applied load. With FL-DTC we
T Maximal torque 145 Nm pbs_erve an improvement in the rise time response, its value is
) ) indicated in Table 6.
Vs Line to line voltage 230V The torque and the flux are the two most important
R Stator resistance 0.03 parameters, in the curves illustrated respectively in Figure 12 and
L, Stator inductance 0.2 mH Ffi?urtg 1|3. Ndotic%d th_at:] tthhe rliZFl)_pIS?r gf these _tv;/IO p;arir;etfrs are
. effectively reduced, wi e FL- , especially for the torque.
D
! Permanent magnet.flux linkage 0.08 Wb These values are also shown in Table 6.
p Number of pole pairs 4
Ki~ Integral galr|1 _ 25 Table 6. Comparative simulation results.
GK"_ 'F:’rLogort!OI}? gain 0'3755 Parameters  Conventional DTC  Fuzzy DTC
G Phi FLo 92:2 toL:Xue A Max torque ripple 7.04 3.58
Cem g 9 Max flux ripple 0.0012 0.0011
Rise time at 5% 0.097 0.094

To compare the conventional-DTC and FL-DTC, the results
of these two methods were merged into the same curves to ease
the comparison and are summarized in Table 6. The first
simulated parameters are the speed curves illustrated in Figure 11.

In addition, the results of some previous studies compiled in
Table 7 prove the improvement of the DTC-PMSM by the
introduction of additional techniques such as; ANN, FL.
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Table 7. Previous studies results.

Method | ANN-Based DTC | Fuzzy DTC of PMSM based on | DTC Based on ANN of a Five- | DTC based on Adaptive FL Control
Driver for PMSM [6] space vector modulation(SVM) [7] | Phase PMSM Drive [8] and Optimization of a PMSM [11]
Results | o A torque ripples o Areduction of the Torque and | e Torque ripples are o A reduction of the Torque
are reducing flux ripples. significantly reduced in ripples.
remarkably in a ¢ A reduction of the switching a steady state. e High: dynamic response.
steady state. losses (in the inverter and | e Fast and better response. | e A reduction of the switching
harmonics). frequency.
700 0.1 .
Conv-DTC
600 - Lo 0.08 Fuzzy-DTC
; 0.06
= 500 : 0.04
= 6207 | — -
= Z 002
= 400 = -
o 600 m 0
oy 300 —\/ § 0 07.
E Ry 1 12 e = oot
=] [ - N f : i By, -
2 200! : | _ 0.04
I : ! : reference -0.06:
100} —— - Conv-DTC -0.08'
; FUZZy'DTC -0 b I L i i
0 : 0.1 -0.08-0.06-0.04-
b 02 04 06 08 1 12 14 16 L8 2 .1 -0.08-0.06-0.04 0.92 0 0.020.04 0.06 0.08 0.
Time [s] Flux A[Wb]
Fig. 11. Motor speed. Fig. 13. Stator flux trajectory.
140 T r r 250 B .
130 conv-DTC - 200 Conv-DTC |
120 . Fuzzy-DTC - _ — Fuzzy-DTC
45 —— T < 150 ' '
110 il
= 100 5
z 90 Z
o 80 g
=2 -
g :
Z 60 g
2 50 51
= g
= 40 =
30 =
20
10
0 : - -250 : : : : :
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

Time [s]
Fig. 12. Electromagnetic torque response.

5. CONCLUSION

The research proposes a new fuzzy logic control FLC
technique based on space vector pulse width modulation SVPWM
algorithm for permanent magnet synchronous motor PMSM to
enhance the dynamic performance of direct torque control DTC
and reduce torque ripple. The suggested DTC technique generates
a voltage space vector by operating on both the amplitude and the
angle of its components to generate the inverter switching states.
It does this by using the stator flux amplitude and the
electromagnetic torque errors through two fuzzy logic controllers.
Simulated comparisons with conventional DTC have been
developed. The results demonstrated that the suggested DTC
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Time [s]
Fig. 14. Stator’s current response.

minimizes torque and flux ripples while maintaining a robust
dynamic torque response, which is a characteristic of DTC
performance.
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