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Abstract— Permanent magnet synchronous motor drive has
two controls; vector control and direct torque control. A
Direct Torque Control technique by using Space Vector
Modulation (DTC-SVM) for permanent magnet synchronous
machine (PMSM) drive is proposed in this paper. DTC-SVM
technique improves the performance of PMSM, which
provides low torque and flux ripple and fixed switching
frequency. The effectiveness of the proposed scheme is
validated in Matlab/Simulink, environment.
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. INTRODUCTION

The control scheme for PMSM includes director control and
vector control out of which direct torque control is popular.
Direct Torque Control (DTC) method has been first proposed
and applied for induction machines in the mid- 1980’s as
reported in [1]. This concept can also be applied to
synchronous drives [2]. Indeed, in the late 1990s, DTC
techniques for the interior permanent magnet synchronous
machine appeared, as reported in [3].Permanent magnet (PM)
synchronous motors are widely used in high-performance
drives such as industrial robots and machine tools to their
advantages as: -high efficiency, high power density, high
torque/inertia ratio, and free maintenance. Inrecent years, the
magnetic and thermal capabilities of the PM have been
considerably increased by employing the high coercive PM
material [4]. For some applications, the DTC becomes
unusable, despite it significantly improves the dynamic
performance of the drive compared to the vector control due
to torque and flux ripples. Indeed, hysteresis controllers used
in the conventional structure of the DTC generates a variable
switching frequency, causing electromagnetic torque
oscillations [5], this frequency is also varying with speed,
load torque and hysteresis bands selected [6]. In addition, a
high sampling frequency needed for digital implementation
of hysteresis comparators and a current and torque distortion
caused by sectors changes [7]. Several contributions have
been proposed to overcome these problems, by using a
multilevel inverter: more voltage space vectors available to
control the flux and torque. However, more power switches
are needed to achieve a lower ripple and almost fixed
switching frequency, which increases the system cost and
complexity [8]-[9]. In [10] and [11], two structures of
modified DTC have been proposed to improve classical DTC
performances by replacing the hysteresis controllers and the
commutation table by a PI regulator, predictive controller and
Space Vector Modulation (SVM). In this paper, a modified
DTC algorithm with fixed switching frequency for PMSM is
proposed to reduce the flux and torque ripples. It is an
extension of the modified DTC scheme for the PMSM
proposed by the authors in [12]. The performance of the basic
DTC and the proposed DTC scheme is analyzed by modeling
and simulation using MATLAB.

II. DTC AND DTC-SVM STRUCTURES

Figures 1 represents two system configuration of DTC
controlled PMSM drive respectively; both of them use the
same flux vector and torque estimators. However, torque and
flux hysteresis controllers and the switching table are
replaced by a PI torque controller and a predictive calculator
of vector voltage reference to be applied to stator coils of the
PMSM.
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Fig. 1. Block scheme of Conventional DTC

The basic idea of direct torque control is to choose
the appropriate stator voltage vector out of eight possible
inverter states (according to the difference between the
reference and actual torque and flux linkage) so that the stator
flux linkage vector rotates along the stator reference frame
(dq frame) trajectory and produces the desired torque.

In the proposed scheme of DTC-SVM with speed
loop control, shown in Figure.2, after correction of the
mechanical speed through a Pl controller, the torque PI
controller delivers Vs, voltage to the predictive controller and
also receives, more the reference amplitude of stator flux O,
information from the torque and flux estimator namely, the
amplitude and position ©s of the actual stator flux and
measured current vector.

Before going through the control principles of DTC
for PMSMs, an expression for the torque as a function of the
stator and rotor flux will be developed. The torque equation
used for DTC of PMSM drives can be derived from the
phasor diagram of conventional or permanent magnet
synchronous motor shown in Fig. 2
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Fig. 2; Phasor diagram of a non-salient pole synchronous
machine in the motoring mode.
From the motor voltage equation, for the omitted
voltage drop on the stator resistance, the stator flux can by
express as:

dwg @
dt

Taking into consideration the output voltage of the
inverter in the above equation it can be written as:

WS:fotqut 0]
Where
2 jv-1a/3  § — 3
Uy ={ 3 Udee v=1..6 @)
0 v=0,7

Equation (3) describes eight voltage vectors which
correspond to possible inverter states. These vectors are
shown in Fig. 3. There are six active vectors U1-U6 and two
zero vectors U0, U7 Vectors.
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Fig. 3: Inverter output voltage represented as a space vector

It can be seen from (eq.2), that the stator flux directly
depends on the inverter voltage. By using one of the active
voltage vectors the stator flux vector moves to the direction
and sense of the voltage vector However, in this case the
control algorithm choose correct voltage vectors, thanks to
that waveform is close to be sinusoidal. In this simulation a
low sampling frequency is used (0.5 kHz) for better
presenting the effect. In PMSM motor the rotor flux is slowly
moving but the stator flux can be changed immediately. In
direct torque control methods the angle between stator and
rotor flux ¥ 5 can be used as a variable of torque control.
Moreover stator flux can be adjusted by stator voltage in
simple way. Therefore, angle W ; as well as torque can be

changed thanks to the appropriate selection of voltage vector.
There are the general bases of the direct flux and torque
control methods. Those consideration and above equations
can be used in analysis of the classical DTC algorithms as
well as in new proposed methods.

I1l.  SIMULATION RESULTS AND DISCUSSION

Permanent magnet synchronous motors (PMSM) are widely
used in low and medium power applications such as computer
peripheral equipments, robotics, adjustable speed drives and
electric vehicles. The growth in the market of PMSM motor
drives has demanded the need of simulation tool capable of
handling motor drive simulations. Simulations have helped
the process of developing new systems including motor
drives, by reducing cost and time. Simulation tools have the
capabilities of performing dynamic simulations of motor
drives in a visual environment so as to facilitate the
development of new systems
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Fig. 4: Simulink model of direct torque control scheme of
PMSM drive

The model of direct torque controlled permanent
magnet synchronous motor (PMSM) drive are developed in
MATLAB environment with Simulink & PSB tool boxes to
simulate the behavior of drive with Pl controller. The
MATLAB model of DTC based system is shown in figure
4.Each subsystem of the main simulation model such as
Permanent magnet synchronous motors space vector pulse
width modulated inverter (SVPWM) inverter, speed
controller, torque & flux estimator etc., have its own model
in Simulink, according to the set of equations, already
discussed in the previous chapters.

A. Performance of PMSM Drive with Sudden Change in
Load Torque:

In figure 5 shows the speed & torque response of Permanent
magnet synchronous motors drive for a set speed of
=500rpm with sudden change in load torque occurs at (t=0.1
sec) from 2 to 5 Nm. (T = 2 to 5Nm) the sudden application
of load on the motor shaft cause a small dip in the rotor speed,
which recovers quickly resulting in zero steady state speed
error.

The motor current as shown in fig-6 increases to
close up to sinusoidal. An increased load on the shaft of the
motor developing increased electromagnetic torque as
indicating in fig 6.5, the Pl speed controller activated and
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recovers the rotor speed back to reference value under such
load variation.
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Fig. 5: speed pmsm( w,. in rpm) , electromagnetic torque( in
Nm), current-lg, I (in-ampere)of (for w,=500 at
t=0.1sec,T.= 2 to 5Nm)
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Fig. 6: Three phase motor current( in ampere) (for
w=500rpm at t=0.1sec, T =2 to 5Nm)
The stator phase voltages are maintained constant
throughout the change in load torque as shown in fig 7, which
is the necessary condition for speed control in all ranges.
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Fig. 7: Three phase stator voltage( in volt) (for w,=500 at
t=0.1sec, T =2 to 5Nm)
Fig 8 shows the X-Y axis flux trajectory; there is a
change in the circumference as the load changes.
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Fig. 8: Flux trajectory between o —
axis flux (x axis ) and B — axis Flux (y axis) X (For
;=500 at t=0.1sec, T =2 to 5Nm)

It is observed from the above curves that PMSM
operates at constant speed under varying told torque and the
current drawn by motor linearity varies with the applied load
torque on the PMSM.

B. Performance of PMSM Drive under Speed Change (wr
=800rpm to 250rpm)

In this test system the reference speed is changed from w
= 800 to 250 rpm at t = 0.1 sec while the load torque is
remained constant at T =2 Nm. The response of motor speed,
electromagnetic torque in the fig-9.

It clear from fig-9 that machine oscillations for a few
cycle and finally settles to steady state reference value of w,
= 250 rpm. There is a dip in machine electromagnetic torque
with sudden change in machine speed and it reaches to a value
equal to the load torque very fast.
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Fig. 9: speed of pmsm( in rpm), electromagnetic torque (in
Nm), current Iq,lq ( in ampere) (for w,=800 to 250 rpm at
0.1sec, Ty=2Nm)

Fig 10 shows the reference voltages a- axis voltage
(Uara) and voltages - axis voltage (Upeta) as generated by
optimal voltage estimator block. This voltage is used as
reference for SV-PWM Inverter, for sector determination &
generation of desired output-voltage to controls the speed of
PMSM drive.
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Fig. 10: the reference voltages a- axis voltage (Uars) in volt
and - axis voltage (Upet)( in volt)(For w=800 to 250 rpm
at 0.1sec, T.=2Nm)

Fig-11 shows the three phase stator voltage, the
magnitude and frequency of stator voltages changes; as the
reference value of speed & load torque changes, in order to
match the desired speed & torque profile.
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Fig. 11: Three phase stator voltage (in volt) (for w,= 800 to
250 rpm at 0.1sec, T.=2Nm)
Fig-12 shows the x-y graph between a & f - axis
flux of PMSM drive. When the motor starts the trajectory will
observe a sudden oscillation as shown by arrow direction.
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Fig. 12: Flux trajectory between a —
axis flux (x axis ) and B — axis Flux (y axis) (for «,=800
to 250 rpm at 0.1sec, T =2Nm)

IV. CONCLUSION

In this paper it was presented a method of utilization of Space
Vector Modulation for the Direct Torque control of a PMSM.
To determine the reference voltage, a simple algorithm was
proposed, based on the torque error and the flux phase angle.
The results show that a smooth steady state operation was
obtained when using the proposed method. Moreover, a
constant inverter switching frequency is ensured by using
SVM topology. A modified direct torque control (DTC-
SVM) with speed loop has been proposed and validated in
Matlab/Simulink. The torque and flux ripples are agree with
the simulation results, additionally the implementation shows
that the speed and torque dynamic state is the same as the
simulation results. Basic and modified DTC assure very good
decoupling in torque and stator flux control.
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