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Abstract
Direct torque control based on space vector modulation (SVM-DTC) protects the DTC transient merits. Furthermore, it creates
better quality steady-state performance in a wide speed range. The modified method of DTC using SVM improves the electrical
magnitudes of asynchronous machines, such as minimizing the stator current distortions, the stator flux with electromagnetic torque
without ripple, the fast response of the rotor speed, and the constant switching frequency. In this paper, the proposed method is based
on two new control strategies for direct torque control with space vector modulation. First, fuzzy logic control is used instead of the
PI torque and a PI flux controller to minimizing the torque error and to achieve a constant switching frequency. The voltages in the

direct and quadratic reference frame (7, Vq ) are achieved by fuzzy logic control. In this scheme, the switching capability of the

inverter is fully utilized, which improves the system performance. Second, the close loop of stator flux estimation based on the
voltage model and a low pass filter is used to counteract the drawbacks in the open loop of the stator flux such as the problems
saturation and dc drift. The response of this new control strategy is compared with DTC-SVM. The experimental and simulation
results demonstrate that the proposed control topology outperforms the conventional DTC-SVM in terms of system robustness and
eliminating the bad outcome of dc-offset.

Key words: Close loop of stator flux estimation, Direct torque control, Fuzzy logic control, Induction motor, Space vector
modulation

parameter variations. One of the disadvantages of conventional
DTC is its high torque ripple [4]. Numerous techniques have
been developed to diminish the torque ripple. The pulse

I. INTRODUCTION

During the last decade, a lot of modifications in the classic

Direct Torque Control scheme [1] have been made [2]. The
purpose of these modifications was to develop the start up of
the motor, the operation in overload conditions, and the low
speed region. In addition, direct torque control minimizes the
use of machine parameters [3]. As a result, it is less sensitive to
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duration of the output voltage vector is determined by the
torque-ripple minimum condition. These improvements can
significantly decrease the torque ripple, but they raise the
complexity of the DTC algorithm. An alternative method to
reduce the ripples is based on the space vector modulation
(SVM) technique [5]. The algorithm control is based on the
SVM technique to give a constant inverter switching frequency
and a reduced flux with torque ripple. An adapted DTC scheme
for induction machine drives with a fixed switching frequency
and a low torque ripple was reported in [6]. A PI controller and
SVM were used to reduce the torque ripples and to make the
inverters have a constant frequency. A space vector is
generated by two fuzzy logic controllers connected with
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hysteresis regulators. The first one is to control the flux and the
other to control the torque. The use of fuzzy controllers permits
a faster response and greater robustness. As an intelligent
method, fuzzy control does not need an accurate mathematic
model of the process to be controlled, and it uses the
experience of people’s knowledge to form its control rule base.
A fuzzy logic controller is used to select the voltage vectors in
a conventional DTC in [7]. For the duty ratio control method, a
fuzzy logic controller is used to determine the duration of the
output voltage vector at each sampling period [8]. These fuzzy
logic controllers can provide good dynamic performance and
robustness. A fuzzy adaptive controller was also used to reduce
torque ripples [9]. In this method the duty ratio of the vectors
was calculated based on fuzzy estimators and can effectively
reduce the torque ripples. However, it cannot have a constant
frequency. A significant improvement in the steady state
performance was reported. Some of the different solutions
proposed include DTC with SVM, different power converter
topologies, such as multi-level inverters [10], [11], a matrix
converter [12], sensor-less methods [13], [14], optimum stator
flux estimators for high speed operation [15], [16], and
artificial intelligence techniques, such as fuzzy logic and
neuro-controllers [17]. Direct torque control consists of a pair
of hysteresis comparators, torque and flux calculators, a lookup
table, and a voltage-source inverter (VSI) [18]. However,
major problems usually associated with this drive are a
switching frequency that varies with the operating conditions, a
high torque and flux ripples with current distortion.

The researchers in [19]-[21] proposed two fuzzy logic
regulators to replace the classical PI regulators fuzzy space
vector modulation direct torque control strategy for induction
machines based on indirect matrix converters. On the other
hand, [22]-[25] suggested two methods to improve the direct
torque control performance. The first method is based on a GA
for tuning the PI controller and the second method is based on
the hybrid fuzzy sliding mode control theory. Some researchers
have used a fuzzy PI controller in the speed control loop, where
the hysteresis controller is substituted by a PI controller and the
switching table is substituted by SVM [26], [27].

A sensor-less torque and speed control for the performance
or induction motors based on the fuzzy logic technique is

proposed in [28] in order to reduce torque and speed pulsations.

Other researchers proposed DTC algorithms which are based
on the application of space vector modulation (SVM) for
prefixed time intervals [29], [30]. They presented Fuzzy logic
controls with the speed-adaptive flux to enhance the
performance of the system. Alternatively, the amplitude and
angle of the stator flux is incorporated with the direct torque
control for induction motor drives in [31] for determining the
reference stator voltage vector in generating the pulse width
modulation PWM output voltage for induction motors.

A multi layer neural network to emulate the traditional
switching look up table method for the induction motors in

direct torque control to obtained the optimal switching pattern
was proposed in [32]. A novel control method with wavelet
neural networks WNN is applied in [33] for the direct torque
and flux control for induction motor drives. The WNN
controller with the structure of the nonlinear auto regressive
moving average based neural network NARMA is utilized as a
speed controller to control the torque.

This paper proposes two control strategies for direct torque
control with space vector modulation to achieve a high
performance control system. First, two fuzzy logic controllers
are used instead of PI torque and flux controllers to minimize
the error of the torque, make the switching frequency constant
and reduce the total harmonic distortions of the stator current.
Second, a modified close loop integration algorithm of the
stator flux estimation based on the voltage model, the stator
current and a low pass filter is used. Simulation and
experimental results demonstrate the validity of the proposed
method by minimizing the torque error and the stator flux with
a torque that is free of ripple at low speeds.

II. MATHEMATICAL MODEL OF INDUCTION
MOTORS

The induction motor model can be expressed in the d-q fixed
reference frame by Equations (1) to (6).

sV sdg

. d .
Vg = Ry +ES”W —]wgﬁl’sdq (D

. d .
0=Ri +E¥’rdq—](wg—wr)ﬁ”rdq ()

rirdg

y/sdq = lsisdq + lmirdq (3)

y/rdq = lrirdq + Zmisdq (4)

3 . .
Te = 7me(Tsdlsq - ylsqlsd ) (5)
d
T -T =J"w +Bw 6)
e ! dt m m

where:

W, W, W, are the generic reference system, rotor electrical
and rotor mechanical speeds. Rs,Rr are the stator and rotor
resistances. L ,L ,L ~are the stator, rotor and mutual

inductances. (" Y’sdq ), is the stator flux in the d-q frame.

(l[’rdq), is rotor flux in the d-q frame. (lsdq,lrdq) are the
stator and rotor currents in the d-q frame. p is number of
poles. (' 1,T, ) are the motor and load torque. (B,J) are

the friction coefficient and inertia of the system.
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Fig. 1. Equivalent circuit of induction motor. (a) In d- reference
frame. (b)In g- reference frame.
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Fig. 2. Block diagram of direct torque control space vector
Modulation.

III. DIRECT TORQUE CONTROL WITH SPACE
VECTOR MODULATION

Direct Torque Control (DTC) is the first technology to
control the "real" motor variables of torque and flux. In this
method, the stator flux and the torque are controlled directly by
selecting an appropriate inverter state. The principle of the
conventional DTC system is its decoupled control of the stator
flux and the electromagnetic torque. It also uses hysteresis
control of stator flux error, torque error and stator flux position,
and a switching table is included for selection of the voltage
vectors feeding the induction motor by a voltage source
inverter. The hysteresis comparator is replaced by PI torque
and flux comparator while the switching table is replaced by
space vector modulation, as shown in Fig.2, to improve the
performance of the system and to achieve a constant switching
frequency.

IV. MODIFIED CLOSE LOOP OF STATOR FLUX
ESTIMATION
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Fig. 3. Block diagram of stator flux estimation.

The control algorithm in the DTC-SVM methods are based
on the averaged values and switching signals for the inverter
which are calculated by the space vector modulator.
DTC-SVM encounters drawbacks at low speeds which degrade
the performance of the whole system. One of these drawbacks
is the open loop integration of the stator flux estimation which
causes a saturation problem and a dc drift. Stator flux
estimation has an important effect on the performance of direct
torque control. The proposed method to counteract this
drawback is a close loop integration algorithm of the stator flux
estimation which is based on the stator current, the voltage
model, and a low pass filter, as shown in Fig.3.

The rotor flux is derived from the stator current in the direct
reference frame and can be written by using the Laplace
transform as:

v (s)=[1 1 ()]/(1+T.s) )

L
Where 1, =—-
R

”

The stator flux can be obtained from the stator current and
the rotor flux as:

[
y/S(S) = (ll) yjrd(s) + (Ler - Lfn)lsd(s) (8)
Substituting Eq.7 into (8) yields:
I
SUS(s):(lﬂ)[lmIsd(s)]/(]+Tr.s)+(LSLr —len)lsd(s) )
r
Voltage correction (Vc) is derived from the difference

between the stator flux through the PID controller as shown in

Fig.3 and is written as:
K.
Veorreal(®) = A¥ (K, +—=) (10)
S

AV (5)=Y¥ (s)—¥(s) (1)

The main purpose of the voltage correction is to correct the
value of the stator flux and to compensate the error associated
with pure integration for wide range of speeds.

The stator flux in the direct reference frame is given by:
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where is the integrator with a low pass filter,

s+w,

(WC ) is the cutoff frequency and ( T, ) is the sampling

time.

The aim of replacing the pure integrator with a low pass filter
is to avoid the problems of saturation and integration drift due
to the DC offsets present in the sensed currents or voltages.
However, the LPF introduces phase and magnitude errors of
the stator flux estimation which affect the selection of the
voltages vector and electromagnetic torque response. It also
deteriorates the performance of the DTC drive. To overcome
these LPF problems, a close loop of the stator flux estimation
is proposed. In this method, the stator flux is transformed to
the amplitude and angle through a Cartesian to polar block.
The magnitude of the stator flux is a dc signal and so is the
limiter output. The flux magnitude and angle can be
transformed back to Cartesian coordinates through a polar to
Cartesian transform block, whose outputs are sinusoidal
waveforms with a limited amplitude without distortion. This
results in improved performance of the modified integrator.
On the other hand, the limiter value should be equal to the
stator flux reference. The cutoff frequency and the sampling
time have been used in equation (12) to limit the phase
difference between the actual stator flux and the estimated
stator flux.

Assume that the cut off frequency is (20 rad/sec) and that the
induction motor is running under the steady state.
By substituting equations (10) and (11) into equation (12), the
stator flux in the direct reference frame can be derived as:

* k.
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Fig. 4. Block diagram of close loop of stator flux estimation.

From equation (16), a block diagram of the close loop of the
stator flux estimation in the direct axis is shown in Fig.4.

The parameters of the PID controller can be calculate
either by using a discrete PID controller for auto tuning in
Fig.4 till the desired output is obtained by Simulink MATLAB
or by the following method.

From Fig.3, the stator flux is derived as:

*
SUS (s)= S”Sdcosﬁs (17)
0, =w.T, =0 (18)
*
l[’S(S) = ‘Psd (19)
Substitute equation (19) into (15) as:
o stk T
[P (s)=¥ (5)] (5" +20s)
vs)  (kstk)k on
Wis) 87 +s20+k k) + kK,
where (kK =w_T,) andis constant.
The polynomial equation is given by:
P+ 28w s+w =0 (22)
w, =.lk.k, (23)
28w, =20+ k k (24)
20+k k
= M (25)

2k,

The parameters of the PI controller might be calculated as:
2 - 20
f, - 85220 o6
k _ [ (Wn kp)
L (26w, - 20)
The close loop of the stator flux estimation with PI
parameters is tested as shown in Fig. 5. The reference flux and

I’ 27)
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Fig. 5. Simulink model of close loop of stator flux estimation.
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sampling time are 0.96 and 50us, respectively. From Fig. 6, it
can be seen that the quick response of the actual flux is
achieved. It can also be seen that the flux tracks the reference
well without steady state errors. This strongly confirms the
optimal values of the PI parameters.

V. Fuzzy LoGIC CONTROLLER IN DTC-SVM

Fuzzy logic control is the process of formulating the
mapping from a given input to an output using fuzzy logic. It
has some advantages such as the fact that it does not require an
exact mathematical method. The torque reference is compared
with the torque estimation and the error is the input to the fussy
logic controller. These input values are the normalized value of

the torque error that should remain between & 1. The torque
error is minimized by fuzzy logic to achieve a proper voltage in

the quadrature reference frame (° Vqs ) and a constant

switching frequency. The proposed method for a fuzzy logic
controller is shown in Fig.7. The classical PI torque and flux
controller were replaced by two fuzzy logic controllers. On the
other hand, the stator flux is compared with the stator flux
estimation and the error is sent to the fuzzy logic controller
which minimizes the error to reduce the total harmonic
distortion of the stator current. The membership function of the
FL-torque and the flux controller are shown in Fig.8 and Fig.9,
respectively.

The rules of the fuzzy logic torque and flux controller are
shown in Table I and II, respectively

From Fig.7, the relationship between the output of the FL

flux controller (V' o ) and the magnitude of the stator flux
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Fig. 7. Block diagram of Fuzzy logic control in DTC.
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Fig. 8. Fuzzy logic torque controller. (a) Input- output of fuzzy
logic torque controller. (b) Membership functions of torque error.
(c) Membership functions of the change of torque error. (d)
Membership functions of output voltage in
g-reference frame.

estimation (¥ ,.,) can be expressed as shown below.

The output of the stator flux in the stator flux estimation is
expressed as:
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TABLE I
RULES OF Fuzzy LoGIC TORQUE CONTROLLER
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Fig. 9. Fuzzy logic flux controller. (a) Input- output of fuzzy logic
flux controller. (b) Membership functions of flux error. (c)
Membership functions of  the change of flux error. (d)
Membership functions of output voltage in d-reference frame.
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TABLE II
RULES OF Fuzzy LoGIC FLUX CONTROLLER
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By using the Laplace transform the following is obtained:
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Separating the real and imaginary in equation (36) yields:
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TABLE II1
INDUCTION MOTOR PARAMETERS
3-phase 2.2Kw R, =320
50 Hz 4-poles R, =210
400 v 54 L, = 0.24H
N, = 1450rpm Lp=02 L, =0.24H
14 d T
| lps| ~_S8d S (42)

S

The relationship between the output of the FL flux controller

( VS d ) and the magnitude of the stator flux estimation

' can be expressed as:
(¥, p

7,0 T
Vest __S (43)
sd s

The close loop transfer function between the magnitude of

the stator flux estimation |¥/€S t| and the reference of the

stator flux | EUS

(ref)| is:

k .Ts+Tk.
|l‘yest| _ b S S 1

T2 0
s(ref)! S +kasS+Tski

Fig. 10 shows a block diagram of the close loop between the
reference of the stator flux and the magnitude of the stator flux
estimation.

VL

To verify the proposed scheme, a simulation has been
carried out using MATLAB/SIMULINK. The stator flux and
torque loop estimation of the drive were also designed and
simulated. The proposed torque and flux fuzzy regulators are
developed by using the fuzzy Toolbox. The parameters of the

SIMULATION RESULTS

induction motor that are used in this simulation are shown in
Table III. The effectiveness of the proposed SVM-DTC based
on a fuzzy logic controller and a close loop of the stator flux
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Fig. 11. Results of proposed Method.
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estimation scheme, whose block diagram is depicted in Fig.7,
is evaluated through a comparative simulation study along with
classical SVM-DTC.

The steady state responses of the classical SVM-DTC and
the proposed SVM-DTC scheme under a very low speed
(50rad/sec under a full-load torque (14.5 N.m)) operating
condition are illustrated in Fig.11 and Fig.12. It can be seen
that the presented scheme delivers a much smoother steady
state performance in terms of torque and rotor speed despite the
slightly improved flux ripples. The steady state of the rotor
speed in the proposed method is achieved within a minimal
time of 0.2 second. However, in classical SVM-DTC, the rotor
speed is achieved at the steady state after an over shoot equal to
15 rad/sec, with high ripple after 2.2 seconds. In fact, the
27N.m torque over shoot is reduced to 14 N.m and it is free
from undershoot in the case of the proposed method. In
addition, the torque ripple is reduced from IN.m to 0.3N.m.
The starting current is reduced from 14A to 10A without any
distortion and with a ripple free stator flux at the steady state.
On the other hand, the torque error between the reference
torque and the torque estimation in the proposed method is
very low and equal to 0.2N.m. As a result, a constant switching
frequency is achieved. In contrast, the torque error in the
SVM-DTC changes from 0.2 to -2N.m, which causes a
variable switching frequency and degrades the performance of
the control system.

From Fig. 13, it is obvious that the simulation results at a
very low speed (25 rad/sec) demonstrate the feasibility and
validity of the proposed DTC-SVM by effectively accelerating
the system response, reducing the torque and the flux ripple,
and improving the system performance. These robustly
confirm the capability of the proposed method under very low
speed operation.

VII. EXPERIMENTAL RESULTS

The experimental setup of the DTC-SVM based on fuzzy
logic control is represented by the block diagram shown in
Fig.14 and the picture in Fig. 15. It consists of a DSP28335, 2
current sensors, a voltage sensor, a two level inverter and a gate
drive. The three phase induction motor parameters are same as
those introduced in Table III. Digital motor control blocks
(DMC) are used to simulate the proposed algorithm due to their
easy compilation from Simulink/Matlab to C++ or C through
the Texas Instruments F28335 DSP. The DTC-SVM fuzzy
logic algorithm with a hardware interrupt is shown in Fig. 16.

In Fig. 16, the DTC-SVM fuzzy logic algorithm is triggered
when the analogue to digital converter ADC finishes
conversion. This guarantees that the DTC-SVM algorithm is
synchronized with the PWM module. Fig.17 shows the
algorithm control of the SVM based on the ADC. The block
analogue to digital converter ADC is used to convert the
analogue values to digital values and it stores the converted

"
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Fig. 13. Results of proposed method (at 25rad/sec).

Cable R5232

| Encoder
DSP 28335

s

| | Il I | 6 Signals
2current

Voltage > Sensors
SOUrCe oy

——

Fig. 14. Block diagram of hard ware implementation.

values in the result registers of the DSP28335. The currents
(l A ) coming from the current sensors on phases A and B of

the motor are connected to the ADCINAO and ADCNAI of
the DSP28335. On the other hand, the QEP decoder is used to
translate signals from the encoder into an angle value that can
be fed into the DTC algorithm by a connection to the output of
the encoder to the ADCINA7 of the DSP28335. The DSP
transmits the real data to the host side serial monitor receiver
(SCI Receive) via the appropriate RS232 transceivers, as
shown in Fig. 18.
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Figures 19, 20, 21, and 22 show the transient and steady
state responses of the proposed DTC-SVM fuzzy logic based
on a close loop of the stator flux estimation for 6 Nm (40% of
the full load operation) at 100 rad/sec. The experimental torque
of the proposed method is illustrated in Fig. 19. The steady
state of the experimental torque is almost 6Nm with a torque
ripple of INm as compared with the simulation results.
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From Fig. 20, the real speed of the proposed method reaches
the rated value (100rad/sec) after 0.2 sec without oscillations
but the response is slow when compared with the simulation
speed. In Fig. 21, the steady state torque error for both the
experimental and simulation results is zero after 0.4 sec.

Fig. 22 shows the response of the stator flux locus for the
proposed method. It can be seen that the real stator flux locus
of the proposed method is circular in shape and that it has a low
ripple.

In Fig. 23, it can be seen that frequency of the stator flux
angle is increased with increasing speed because it depends on
both the slip angular frequency and the rotor angular frequency
(rotor speed).

VIII. CONCLUSIONS

This paper has presented a modified Direct Torque Control
space vector modulation based on fuzzy logic control and a
close loop of the stator flux estimation for fed asynchronous
motor drives using a constant switching frequency. The
constant switching frequency is achieved by using fuzzy logic
torque controller instead of a PI torque controller to diminish
the torque error between the reference torque and the torque
estimation. A fuzzy logic controller is designed to generate the
torque component in the SVM-DTC. The total harmonic
distortion of the stator current is reduced by using the fuzzy
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logic flux controller instead of a PI flux controller by
minimizing the flux error between the reference of the stator
flux and the stator flux estimation based on the control rules of

the fuzzy logic controller. On the other hand, algorithm control
of the close loop stator flux estimation is used to overcome the
problems of dc drift and saturation. The algorithm control is
based on the close loop of the stator flux, a low pass filter and
voltage correction. Experimental and simulation results verify
that the proposed method achieves a reduction of the torque
and flux ripples, minimizing the stator current distortion with
the fast response of the rotor speed.

The fuzzy DTC-SVM with algorithm control of the stator
flux estimation is an excellent solution for general-purpose
asynchronous motor drives.
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