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Abstract: - In this article is proposed the Direct Torque Control (DTC) with Space Vector Modulation (SVM)
based on Self-Tuning Fuzzy Logic(STFL) controller. This controller determines dynamically the load angle
between stator and rotor flux vectors and in conseguence the el ectromagnetic torque necessary to supply the
motor load. The rule base for STFL controller is defined in function of the error e and the change of the error
Ae of the torque using a most natural and unbiased membership functions (MF). Constant switching frequency
and low torque ripple are obtained using SVM. Performance of the proposed DTC-SVM with STFL are
compared with the performance of the same scheme but using Pl controller in terms of severa performance
measures such as settling time, rise time and integral-of-time multiplied by the absolute magnitude of the error
index (ITAE). The simulation results show that the proposed scheme can ensure fast torque response and low
torque ripple in comparison with DTC-SVM with PI controller.
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1 Introduction

The three-phase induction motors (IM) are used in a
wide variety of industrial applications due to its
simple construction, reliability, robustness and low
cost. In the last years DTC has become a popular
technique for three-phase IM drives as it provides a
fast dynamic torque response and robustness under
machine parameter variations without the use of
current regulators, e.g., voltage-vector selection
using switching tablgfl] and direct self-
control[2],however, nowadays exist some other
dternative DTC schemes to reduce the torque
ripples using the Space Vector Modulation (SVM)
technique 3][4].

In [5]it is presented a simple one step stator
flux control agorithm which avoids coordinate
rotation and predictive controllers. However, this
scheme needs a good adjustment of the Pl torque
controller parameters to achieve a good
performance.In general the use of fuzzy control does
not require the accurate mathematic model of the
process to be controlled. Instead, it uses the
experience and knowledge of the involved
professionals to construct its control rule base.

Fuzzy logic has been proved to be powerful
in the motor control area, e.g., in [6] the Pl and
Fuzzy Logic Controllers (FLC) are used to control
the load angle which simplifies the IM drive system.
In [7]the FLC is used to obtain the reference voltage
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vector dynamically in terms of torque error, stator
flux error and stator flux angle. In this case both
torque and sator flux ripples are remarkably
reduced. Another paper on fuzzy logic applicationin
DTC-SVM shows that the fuzzy Pl (or Pl-type
fuzzy) speed controller has a better response for a
wide range of motor speed [8]. Different type of
adaptive FLC such as sdf-tuning and self-
organizing controllers has also been developed and
implemented [9].

In [10]it was used a self-tuning Pl-type
fuzzy controller to control a second-order linear and
marginally stable system. This method requires
three scaling factors (SF) or gains. The performance
analysis of this controller was compared to the
regular Pl controller and the results were very
encouraging. The same was done in [11] where the
self-tuning Pl-type fuzzy controller was used in an
industrial  weigh belt feeder control process
successfully. In both cases only the output scaling
factor was adjusted online depending on the process
trend.

In this paper it was designed a STFL for a
DTC-SVM three-phase IM based in [5], where only
the output controller gain (output SF) was adjusted
continuously with the help of fuzzy rules
considering that it is equivalent to the controller
gain. It has been given the highest priority to the
output SF tuning due to its strong influence on the
performance and stability of the system.
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In our scheme, the STFLgenerates

corrective control actions based on the red torque
trend only. This controller was tuned dynamically
online during the control operation by adjusting its
output SF by a gain updating factor a. The value of
a is determined from a fuzzy rule base defined in
function of the control error e and in the variations
of the control error Ae as shown in the tables
provided in the paper body and derived from the
knowledge of the control process.
According to the torque error e and to the change of
torque error Ae, the required load angle is provided
by a STFL. With this angle thereference stator flux
is calculated and the stator voltage vector necessary
for tracking the reference torqueis synthesized.

The simulation results show that the

proposed STFL controller for the DTC-SVM three-
phase IM outperforms the same scheme with
conventional PI [5].
The paper is organized as follows. In section 2 the
basic control principles of the three-phase induction
motor DTC is presented. In section 3 the topology
of the proposed control scheme is analyzed and in
section 4 the proposed STFL is described in details
mentioning differentaspectsofitsdesign
consideration.

Section 5 presents the simulations results of
STFL controller performance in comparison with
the conventional Pl controller. Both controllers were
applied to three-phase induction motor DTC-SVM
scheme. Finally, conclusion is given in Section 6.

2 Basic Control Principles

2.1 Dynamic Equations of the Three-Phase
Induction Motor

By utilizing the definitions of the fluxes,
currents and voltages space vectors, the dynamic
equations of the three-phase IM in dsationary
reference frame can be put into the following
mathematical form [12]:

l/)s

=R 1
lS dt ( )
-> dlp . -
0 =Rty +?_1wrlpr (2)
lz_;)s = Ls?s + mer 3)
Y, = Lr?r + Lmi)s €))

Where 1iis the stator voltage space vector,
7, and 1, are the stator and rotor current space

vectors, respectively, i and 1, are the stator and
rotor flux space vectors, isthe rotor angular speed,

E-ISSN: 2224-350X

166

José Luis Azcue, Alfeu J. Sguarezi Filho, Ernesto Ruppert

R, and R, are the stator and rotor resistances, L,
L.and L,, ae the dtator, rotor and mutual
inductance, respectively.

The electromagnetic torque is expressed in
terms of the cross product of the stator and the rotor
flux space vectors.

te lps

=1y X (5)

(6)

2LL

te = 2 LL |l/)r||l[)5|Sln()/)

Where y is the load angle between stator
and rotor flux space vectors, P isthe number of pole
pairs of the motor and o = 1 — L2, /(L,L,)is the
dispersion factor.

2.2 Threephase Induction Motor Direct
Torque Control

In the direct torque control if the sample
time is short enough, such that the stator voltage
space vector is imposed to the motor keeping the
stator flux constant at the reference vaue, the rotor
flux can be considered constant because it changes
sower than the stator flux. The electromagnetic
torque(6) can be quickly changed by changing the
angle y in the desired direction. This angle y can be
easily changed when choosing the appropriate stator
voltage space vector.

For simplicity, let us assume that the stator
phase ohmic drop could be neglected in (1).

Thereforedy, /dt = @;. During a shorttimeAt,
when the voltage space vector is applied, it has:

Mg ~ Ty - At 7)

Thus the stator flux space vector moves

byAzﬁsin the direction of the stator voltage space
vector at a speed which is proportional to the
magnitude of the stator voltage space vector. By
selecting step-by-step the appropriate stator voltage
vector, it is possible to change the stator flux in the
required direction.
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|
cos(Lth +77)

vi = 17
Fig.1. Load angle y* between reference stator flux
¥z and rotor flux ,. in stationary reference frame.

3 Direct Torque Control with Space
Vector Modulation

Fuzzy logic control has been proved to be
powerful and able to solve many IM control
problems. In Fig. 2 we show the block diagram for
the Direct Torque Control with Space Vector
Modulation scheme andSTFL controller, this
scheme is an dternative to the classica DTC
schemes presented in[1], [2] and [3]. In this scheme,
the next load angley* is not prefixed but it is
determinate by the STFL controller. The equation
(6) shows that the angleydetermines the
electromagnetic torque which is necessary to supply
the load. The proposed STFL determines the load
angle from the torque error e and the change of
torque error Ae. Details about this controller are
going to be presented in the next section.

In Fig. 3, it can be seen the scheme of the
power eectronics drive used in our simulation. The
control signals for the three-phase with two-level
inverter are generated by the proposed DTC-SVM

scheme shown in Fig. 2.
Link
DC

Three-Phase

Control

signals

Induction

Braking

Three-Phase
diode

rectifier

Fig.3. Power electronics drive scheme.

motor
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3.1 ReferenceStator Flux Calculation

As shown in Fig. 1, in stationary reference
frame, the stator flux reference zﬁ;can be
decomposed in two perpendicular components ¢
and g,. The addition of the angley™, which is the
output of the STFL, with theestimated rotor flux
angle 4y, permits to estimate the next value
ofreference stator flux angle.

In this paper, the magnitude of reference
stator flux is considered constant (|1/7;*

rated flux). Ituses the relation presented in (8) to
calculate the reference stator fluxvector[5].

sin(y* + £,

Wi = |z| cos(y* + a3y + j| s
(8

With the application of the stator voltage
1 during a short time Atit is possible to reproduce a

flux variationAzZs. Notice that the stator flux
variation is nearly proportional to the stator voltage
space vector as seen in the equation (7).

3.2 Stator Voltage Calculation

The stator voltage space vector is in
function of the DC link voltage (U,;:) and the
inverter switch state (S, Sp,, S¢)-

The stator voltage vector i is determined as in
[13]by:

V3

2 Sy+S.. A3
) +]7(Sb _Sc) Udc (9)

ﬁ5=5(5a+ 2

3.3 Space Vector Modulation Technique

In this work is used the
spacevectormodulation(SVM) technique with the
am to reduce the
torquerippleandtotalharmonicdistortion  of  the
current,isthereforenecessary to understandthe
operationandfundamentals thatgoverningtheir
behavior. This concept was discussed in

publications such as [14], [15] and [16]. For our
purpose the basic ideas are summarized.

In Fig. 4 is shown the three-phase two level
inverter diagram, where the state of the switches
followthe following logic.

1, the switch Syy; is turn ON and Syy; is turn OFF

i = { v
Wt 710, the switch Sy; is turn OFF and Sy is turn ON
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Wherei = a, b, c.
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Fig.2. Self-tuning fuzzy logic direct torque control block diagram.
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Fig.4. Three-phase two level inverter with load.

Where the switch S, is the complement of S,
then is possible to resume all the combinations only
considering the top switchesasis shown in Table 1.

Ty liA
35(101)

Fig.5. Relations between voltage and switching
vectors.
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Where Sy, S, S,, S5, S, Ss, Sqand S, are switching
vectors. Between these switching vectors we have
six active voltage vectors (U, Uy, Us, Uy, UsandUy)
and two zero voltage vectors (UyandU,)as is shown
inFig. 5.

The generalized expression to calculate the active
and zero vectorsis:

2 . m
U. = §\/§Udc ’ e](Zn—l)g

Un n=1,..,6 (10)
0 ,n=0,7
Table 1. Switching vectors

Vector | Sya | Swp | Swe
S, 0 0 0
S, 1 0 0
S, 1 1 0
S, 0 1 0
S, 0 1 1
Se 0 0 1
S 1 0 1
S, 1 1 1

In Fig. 5 the hexagon is divided in six sectors, and
any reference voltage vector is represented as
combination of adjacent active vectors and zero
vectors, e.g. the voltage vector U* is localized in
sector | between active vectorsU; andU,, as is
shown in Fig. 6, and considering a enough short
switching period, it is:

L T LT

z z

The timesT; and T, are caculated using
trigonometric projections asisshownin Fig. 6, itis:

Issue 4, Volume 8, October 2013



WSEAS TRANSACTIONS on POWER SYSTEMS

T 1z T, : (12)
' |0,| © Sin(%n)
|U*| . sin(¢)
T, = _,—T 13
© ]G] sinéE (1%

Where T; and T,are the times of application of the
active vectors in a switching period,T, is the
switching period, ¢ is the angle between the
reference voltage vector and adjacent active vector
(U1).

If the sum of timesT; and T, is minor of the
switching period, the rest of the time is apply the
zero vectors, it is:

To=T,=T,—T,—T, (14)
Where T, and T, are the times of applications of
zero vectorsin a switching period.

The next step is to follow a specific switching
sequence, this one depends if the reference vector is
locdized in an even or odd sector, eg. in Fig. 8 is
observed the optimum switching sequence for odd

sector (S, S, S,ands,), however for even sector the
switching sequence is contrary to the case for odd
sector.

In Fig. 8 is observed the pulse pattern when the
reference voltage vector is localized in an odd
sector, this pattern is knowledge as symmetrical
pattern.
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Fig.7. Switching sequence for odd sector.
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Fig.8. Pulse pattern of space vector modulation for
odd sector.

3.4 Torqueand Stator Flux Estimation

The electromagnetic torque and the stator flux are

estimated using the stator voltage and the stator

current space vectors, therefore:
l/_))s = f (s — R,lg)dt (15)

On the other hand, the rotor flux depends on the

stator flux estimated and stator current space

vectors. The rotor flux space vector can be
estimated from equations (3) and(4), it is:

LsLy
Lm

- LT'_’
Yy :mq"s_

ol (16)

With the components of zﬁrwe can obtain the angle
of the rotor flux:

4y, = tan~? (h)

l/)rd (1 7)

Issue 4, Volume 8, October 2013



WSEAS TRANSACTIONS on POWER SYSTEMS

The stator and rotor fluxes given by the equations
(15) and(16) respectively are substituted in (5) to
estimate the motor electromagnetic torque.

4 Design of sdf-tuning fuzzy logic
controller

The STFL controller proposed which is depicted in
Fig. 9 is composed by a Pl-type fuzzy (PIF)
controller and gain tuning fuzzy (GTF) controller, as
well as two input scae factors (G.,Gpe)and oOne
output scale factor (G,+). Findly it has the saturation

block to limit the outpui.

The STFL controller has only a single input
variable, which is the torque error e, and one output
variable which is the motor load angle y* given by:

y (k) =y*(k—1) + Ay*(k)

In (18), k is the sampling time and
Ay*(k)represents the incremental change of the
controller output. It is emphasized here that the
accumulationof the controller output takes place out
of the fuzzy part of the controller and it does not
influences the fuzzy rules.

(18)

Pl-type
Fuzzy (FIF)

Gain tuning
Fuzzy (GTF)

Fig.9. Self-tuning fuzzy logic controller
4.1 Member ship Functions

The membership functions for PIF controller are
shown in Fig. 10, these membership functions
(MF's) arethe same for input variables ey andAey,
and output variable Ay, . Observe that the universe
of discourse of these fuzzy setsis normalized in the
closed interval [-1,1].

The MF's for GTF controller are shown in
Fig. 10 and Fig. 11 for the input and output
variables respectively. The universe of discourse for
the input variables (eyandAey) are defined in the
closed interval [-1,1] and for the output variable ()
are defined in the closed interval [0,1].

The great part of the MF's have triangular
shapes as is shown in Fig. 10 and in Fig. 11 with
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50% overlapping neighbor functions, except the
extremes which are trapezoidal MF's. The linguistic
variables are referred to as. NL-Negative Large,
NM-Negative Medium, NS-Negative Small, ZE-
Zero, PS-Positive Small, PM-Positive Medium, PL-
Positive Large for the Fig. 10and as ZE-Zero, VS
Very Small, S - Small, SL - Small Large, ML -
Medium Large, L — Large and VL -Very Large for
theFig. 11.

N L L L L L L L L
-1 -0.8 -0.6 0.4 -0.2 o 02 0.4 06 0.3

Fig.10. Membership functions for ey, Aey and Ayy.

Degrea of membership

[}

I L L ' i L L '
a 0.1 0z 03 0.4 05 08 o 0e EE]

Fig.11. Membership functions for a output
4.2 Scaling Factors

It is adopted two Scaling Factors (SF's) for the
inputs with fixed values (G, and G,.),and one SF
for the output (G,-) as is shown in Fig. 12. The
output SF value can be adjusted dynamically
through updating the « factor, this factor is
computed online by using a model independent
fuzzy rules defined in terms of ey andAey. The
relationship between the SF's and the input/output
variables of the STFL controller are shown below:

ey =G,-e (19)

Aey = Gpp - € (20)
Ay* = (a-Gy-)-Ayy (21)
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[EAVANCHN, . GoyGap o] AYN mas e Gaye o1
e,Ae . || - ey, Aen Avy o . ’l . Ay
e Ae = e AN i R

min

Fig.12. Input and output scaling factors.
4.3 The Rule Bases

The incrementa change in the PIF controller output
(Ayy)is determined by the rules of the form:

R,:ifeyis E and deyis AE then Ayyis Ay (22)

WhereAE = FE = Aly =

{NL,NM, NS, ZE, PS,PM, PL}.The output « for the
GTF controller is determined by the rules of the
form:

R,:ifeyis E andAeyisAE then a isA(23)
WhereE = AE = {NL,NM, NS, ZE, PS, PM, PL}and
A={ZE,VS,S,SL,ML,L,VL}. The rule bases to

calculate Ayyand aare shown in Table 2 and in
Table 3 respectively.

Table 2. Fuzzy rules for computation of Ayy

Aeyley | NL [NM | NS | ZE | PS | PM | PL

NL NL | NL | NL [NM | NS| NS | ZE

NM NL [ NM |NM | NM | NS | ZE | PS

NS NL |NM | NS|NS|ZE| PS | PM

ZE NL [NM | NS|ZE | PS|PM | PL

PS NM|NS|ZE| PS|PS|PM|PL

PM NS| ZE | PS | PM |PM | PM | PL

PL ZE| PS| PS|PM | PL|PL|PL

Table 3. Fuzzy rules for computation of «

Aeyley | NL |[NM | NS | ZE | PS | PM | PL

NL VL VL |VL| L |SL| S |ZE

NM VL | VL | L L |[ML| S |VS

NS VLI ML| L [VL|VS| S |VS

ZE S|S. |ML|ZE|ML|SL | S

PS VS VS|VL| L | ML |VL

S
PM VS| S |ML | L L | VL | VL
PL ZE| S |SL | L |VL|VL |VL
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4.4 Gain Tuning Fuzzy Controller

The target of the GTF controller is online
continuous update the value of ain every sample
time. Theavalue is necessary to control the
percentage of the output SF (G, +)that will be apply
toAyy and finaly calculate the new Ay ™, therefore:

Ay* =(a-G,)- Ay (24)

The GTF controller rule base is based on the
knowledge about the three-phase IM control, using a
DTC type control according to the scheme proposed
in[5], in order to avoid large overshoot and
undershoot, e.g., in Fig. 13is observed a step
response of the electromagnetic torque,when e and
Ae have different signs, it means that the torque
estimatedt, is approaching to the reference torque
te, then the output SF G, -must be reduced to asmall
value by «a, for instance, if eis PM and Ae is NM
thena isS.

On the other hand, when eand Ae have the same
sign, it means that the estimated torque t,is moving
away from the reference torquet;, the output SFG,, -«
must be increased to a large value by « in order to
correct the torgque direction quickly and avoid that
the torque departs from the reference torque, for
instance, if e isPM and Ae isPM then a isVL, asis
observed in Table 3.

The control surfaces of the PIF controller and GTF
controller are shown in Fig. 14 and Fig. 15
respectively. In Fig. 14 is shown the nonlinear
relationship between the inputs and output variables
(e,Ae andAyy) and in Fig. 15 is shown the
nonlinear relationship between e and Ae inputs, and
a output, the Fig. 16 shows the same control surface
of Fig. 15 but rotated in order to better observe the
details of this surface.

Torque

.....
.t "
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Fig.13. Step response of the electromagnetic torque.

output controller (/\T;,)

error (g) Change of error (Ae)

Fig.14. Control surface of self-tuning fuzzy logic
controller output (Ayy).

o o o
'S o o

gain updating factor (o)

o
r

error (8) -1 -1 Change of error (Ae)

Fig.15. Control surface of gain tuning fuzzy
controller output ().

gain updating factor (cr)
o o o
- w
L

w
L

12 2
SN
/

error (e)

Change of error (Ae)

Fig.16. Control surface of gain tuning fuzzy
controller output («) (rotated).
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The inference method used in thisarticle is the
Mamdani's implication based on max-min
aggregation and center of area method is used for
defuzzification.

5 Simulation Results

The simulations were performed using
MATLAB environment with Simulink blocksets
and fuzzy logic toolbox. The switching frequency
considered for the three-phase two level inverter
was 10kHz. The three-phase induction motor
parameters are given in Table 5 and the
referencestator flux considered was 0.47 Wb which
isthe rated stator flux of thisIM.

In order to investigate the effectiveness of
the proposed control system and in order to check
the closed-loop stability of the complete system, it
was performed several tests.

It was used different dynamic operating
conditions such as step change in the motor, no load
sudden change in the reference speed and finally
was applied a specific load torque profile.

The Fig. 17 and Fig.18 show similar
behaviors of the torgque, current and the motor speed
when it is imposed a no-load reference speed step
change from 0.5 pu to -0.5 pu in the DTC-SVM
scheme with STFL and Pl controllers respectively.
The sinusoidal shape of the current shows that this
control technique leads aso a good current control,
in other words this means that the current control is
inherent to the algorithm control presented in this
work.

The Fig. 19 presents the results when the
same torque profile is imposed to DTC-SVM
scheme with STFL and with the Pl controller, this
test was made when the motor is operating a 90
percent of rated speed. In both cases the controllers
follow the reference torque.

The Fig. 20 illustrates that the DTC-SVM
scheme with PI controller and the proposed scheme
have similar dynamic response to step change in the
motor load. In Table 4 it can be seen that the rise
time t,., the settling time t; and the integral of time
multiplied by the absolute magnitude of the error
index (ITAE) were relatively smaller in the
proposed scheme when compared to the scheme
with Pl controller, very well adjusted. It could be
seen that the DTC-SVM scheme with STFL
controller is faster than the DTC-SVM scheme with
PI controller.

The simulation results show that the
proposed STFL controller for the DTC-SVM three-
phase IM outperforms the same scheme with
conventional PI [5], validatingthe proposed scheme.
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©  speed

speed (rad/s)
>
(=] o

(N.m)

T
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Fig.17. Step change in the reference speed for DTC-
SVM with STFL controller.
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Fig.18. Step change in the reference speed for DTC-
SVM with PI controller

toaus rated

. :HSTP\[: R

(Nm)

T
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0.8 1 11 12 1.3 14 1.5 1.6 17 18
time(s)

Fig.19. Torque profile for DTC-SVM with STFL
and PI controller.
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T, (Nm)

reference .

-4}

1.005 1.01 1.015 1.02 1.025 1.03
time(s)

0.98 0.985 099 0995 1

Fig.20. Step change in torque for DTC-SVM
scheme with STFL and Pl controller.

Table 4. Performance measures

t,(ms) | t;(ms) | ITAE
DTC-SVM PI 9,53 16,0 212,8
DTC-SVM STFL 5,49 12,0 199,5
Table5. Induction motor parameterg[17]
Rated voltage (V) 220/60 Hz
Rated power (HP) 3
Rated torque (N.m) 11,9
Rated speed (rad/s) 179
R, R, (Q) 0,435; 0,816
Lyg, Ly (H) 0,002; 0,002
L, (H) 0,0693
J(Ky;m?) 0,089
P (pair of poles) 2

6 Conclusion

In this paper it was presented the DTC-SVM
scheme to control a three-phase IMusing a STFL
controller. This scheme was used in order to
determinate dynamically and online the load angle
between stator and rotor flux space vectors. This
load angle and the rotor flux angleestimated
determine the reference stator flux and in
consequence it was synthesize the stator voltage
space vector necessary to track the reference torque.

Simulations a  different  operating
conditions have been carried out. The simulation
results verify that the proposed DTC-SVM scheme
with STFL controller achieves a fast torque
response and low torgue ripple, in comparison to the
DTC-SVM scheme with Pl controller, in a wide
range of operating condition such as sudden change
in the command speed, reverse operation and step
change of the load.
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