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Abstract: This paper deals with a new high speed direct
torque control method applied on the permanent magnet
synchronous motor. This high speed control algorithm is
characterized by its efficiency and it’s adaptation to the
motor parameters variations. Based on the field
weakening principle and on the model reference
adaptive system (MRAS), this algorithm is build. Where,
the MRAS is used for online estimated the motor
parameters variation and the field weakening for online
generating the reference flux magnitude. The novel high
speed control method, show the system good
performances and its efficiency, especially in the losses
power minimization.

Keywords: PMSM, Adaptive high speed, power losses,
DTC.

1. INTRODUCTION

Environmental and economic considerations are the
major reasons for the development of electric vehicles
and added to the easiness maintenance and the
simplicity architecture, these lasts are more and more in
uses. These vehicles performances are based on the
motor type used. Effectively, numerous electrical motor
are proposed for this application. Several works are
studied and compared these lasts in order to define the

best and efficient one that can be used in this application.

In [1], Zhu was established a comparative study
between, the Brushless DC motor, induction motor,
switching reluctance motor and the permanent magnet
synchronous motor. However, the Permanent Magnet
Synchronous Motors (PMSM) drives are the most
competitors to the other. Due to its superior
advantages such as high efficiency, low inertia, high
torque to current ratio, high power factor, smaller size,
lower weight and almost no need for maintenance,
makes it more preferable face to the other motors.

In the electrical vehicle applications, the vehicle can
be operated at a variable speed running. Where, the
motor speed control is extremely important. Effectively,
many control strategy have been developed for
improving the performance of the PMSM drives. The
vector control (VC) technique, proposed by Hasse and
Blaschke, is used in many applications interested to
control the induction motor as presented by Harnefors in

[2] and Holtz in [3]. However, its dependence of a three
P1 controllers, present the method difficulties. Where,
the design of the speed and currents regulators depends
on exact mathematical models with accurate parameters.

The DTC technique is appeared after the VC strategy,
its advantages as less machine parameter dependence,
simpler implementation, quicker dynamic torque
response and its good robustness, make it more
advantageous to use this control strategy. Many works
are proposed based on this last by Lorenz in [4], Boldea
in [5] and Lascu [6]. These authors was discussed the
DTC weakness as fluctuation problems. Therefore,
many DTC strategies are proposed and numerous
modifications are presented to improve the global
performances, especially by Lascu in [6] and [7], where
the torque pulsations are minimized. After compared
these DTC methods, Lascu demonstrated the simplicity
of the classical DTC based on the switching table.
Started from this theory, other works are carried out to
improve the performance of this last. Effectively, the
stator flux locus is divided into twelve sectors instead of
six, which all six active states will be used in each
sector as presented in [8].

This last proposed DTC strategy, proved its
efficiency in the induction motor speed and torque
control and it performance in the losses power
minimization as presented in [26]. Based on these
advantageous, this strategy is used to control the PMSM.
This control method uses the stator flux and
electromagnet torque as reference inputs, for generating
the desired stator voltage. Generally, the second input
signal can be obtained by the speed controller. However,
the first one must be calculated.

As our application will be running in the high speed
mode, a stator flux magnetization is necessary.
Therefore a field weakening bloc is essential for
generating the required stator flux. This phenomenon is
presented by many authors as Sneyers in [9], Johns in
[10] and [11], by Lorenz in [12], by Harnefors in [13]
and other specialist as Holtz and Sul in [14] and [15]
respectively. The main idea of this approach consisting
to, demagnetize the d_axis armature reaction current id.
Many field weakening methods are presented in the
literatures as Morimoto approach described in her
papers [16], [17] which he introduced the voltage and
current converter limits in the analytical expression of
the field weakening. Other theories are based on the
stator current error and the actual speed like cited in
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[18], [19]. However, the presented problems of all these
approaches are appeared in the PMSM parameters
variations due to temperature variation, vibrations or
dust. Some authors like Schiferl and Lipo [20] are
studied the influences of these parameter variations on
the field-weakening performance, especially in a stator
inductance variation terms. The latest work presented in
[21], takes into account the mator resistance effect. But,
these approaches are criticized for not considered all the
motor parameters.

Therefore we propose in this work a new adaptive
field weakening approach applied on the DTC strategy
and take account any PMSM parameter variation, as
permanent magnet, stator resistance and inductance. The
adaptation mechanism is guaranteed by an online
PMSM parameters estimation based on a model
reference adaptive system (MRAS).The effectiveness of
the proposed algorithm is shown in the field weakening
working region. Where, with the new algorithm, this last
can be moved proportionally to the PMSM parameters
variations. In other hand, the results proved the
importance of the proposed adaptive high speed
algorithm in the copper losses minimization face to the
non adaptive one.

This paper is organized as following: in section Il a
description of the PMSM control strategy is given. The
section 111, describe the proposed adaptive high speed
algorithm. Where a simulation results demonstrate the
effectiveness of the proposed algorithm in the field
weakening zone movement. Section IV is designed for
the discussion of the simulation results, where the
importance of the adaptive field weakening algorithm is
proved in the copper losses minimization in high speed
range.

2. PMSM Control Strategy

The PMSM control devices can be operated with
many control strategies. One can use field oriented
vector control or direct torque control strategies.
However, the necessity of a rapidly torque control make
the second method more advantageous. The practical
implementation of the proposed control strategy (DTC)
is simple of use. To help the theoretical study we
introduce a mathematical model of the proposed devices
to be controlled. So, started form the nonlinear
differential equations [22], [23]. The voltage expression
can be presented in the system of equation (1).
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The stator flux expressions in the rotating (d, q) frame
are given in (2).
Aq =Ly g (2)

The electromechanical torque can be expressed in (3), if
the PMSM is salient. However, for the non salient case,
Ls=L4=L; then the expression depends only on magnet
flux and quadrature stator current.
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The PMSM-DTC drive is carried out by hysteresis
control of stator flux and torque that directly select one
of the six non-zero and two zero discrete voltage vectors
for the inverter [24]. The selection of the voltage vectors
is made to restrict the motor stator flux and torque errors
within the hysteresis band and obtain the fastest torque
response [25]. The selection of the voltage vectors in
conventional DTC is based on the output errors produced
by the torque and the flux hysteresis controllers (tf and
1T ) and is provided as inputs to a switching table [26].
The stator flux expression is derived from (4), using
only the measured stator voltages and currents [28].
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This equation is the foundation for implementing the
flux estimator. It may be implemented directly, or
approximated by various methods to avoid integrator
drift [26]. The amplitude and angular position of the
stator flux vector must be known so that the DTC can
chose between an appropriate set of vector depending on
the flux position and amplitude.

=R+ 7

5
0, =tan™* (/1—”} ©
la

In classical DTC, there are two states per sector that
present a torque ambiguity. In fact, they are not used. It
can be seen in the first sector that the vectors V1 and V4,
are not used in the classical DTC because they can
increase or decrease the torque at the same sector
depending on if the position is in its first 30 degrees or in
its second one. It seems a good idea that if the stator flux
locus is divided into twelve sectors instead of just six, all
six active states will be used per sector. Consequently, it
is arisen the idea of the twelve sectors DTC. This novel

stator flux locus is illustrated in Fig.1.
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Fig. 1. The 12 sectors DTC strategy



It has to be introduced the idea of small torque
increase instead of torque increase, mainly due to the fact
that the tangential voltage vector component is very
small. Consequently its torque variation will be small as
well.

3. Adaptive High Speed Control Algorithm

For operating at high speed region, a specific control
algorithm, based on flux weakening technique, is applied
[9]. Effectively, its principle is similar to the DC machine,
where the flux is a separately controlled entity. So, a flux
minimization is important for attained a high speed
region. In the DC motor this action is simple. However,
in the PMSM, the flux is mainly produced by the rotor
magnet (An). Refers to the mathematical flux expressions,
at the rated speed the direct stator current iy is equal to
zero, but if the desired speed is above the based one,
the idea refers to minimize the direct stator current iy ,
where its value is reduced to the negative values id<0.
When performing this control, the currents and voltages
are kept below a maximum value. The maximum of
current and voltage are usually set by the inverter [17]
and the limit system of equations, take into account the
maximum voltage and maximum current as expressed in
(6) [16]. The values ln.x and Vyax are respectively the
maximum inverter phase-current and phase-voltage
amplitudes.
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Therefore, the principle of field weakening can be
described by two circles in the stator current reference, as
illustrated in Fig. 2 [30]. Two types of circles are then
presented. The first is for the current limitation condition.
However, the circle center is zero and the radius is the
maximum current. The second type describes the circle
voltage limit. The radius is proportional to the speed
inverses. Effectively, when the speed increases, the
voltage circle radius decreases. The voltage circle center
depends on the PMSM parameters.

Decreasing i

speed ismax Current

Fig. 2. Field weakening strategy diagram

In the electrical vehicle applications, many causes can
modify the motor parameters. One can depict the
temperature that affects the stator resistance and
especially the permanent magnet values. Where, their
values can increase or decrease above the rated one,
respectively. The mathematical expression related the
temperature factor, the stator resistance and the magnet
flux value can be expressed respectively by equation (7)
and (8).
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This variation can modify the flux wakening zones.
The set of figures Fig. 3 to Fig. 5 demonstrate these
effects.

Some author, neglect the stator resistance variation on
the field weakening algorithm, when the speed variation
is above the rated one as presented in [16]. However, this
variation can influence on the field weakening zone. In
Fig. 3, is taking into account the two filed weakening
algorithm.  The normal one proposed by Morimoto
where he neglects the stator resistance parameter and the
proposed one which considers it. Zone B presents the
Morimoto field weakening zone. Zone A the field zone
with the present field weakening algorithm. And Zone C,
presents the field weakening zone when a stator
resistance variation is applied. The same tests are applied
on the field weakening zones, if a stator inductance or
permanent magnet flux variation is applied, respectively
in Fig. 4 and Fig. 5. Zone B presents the field weakening
zone if these variations are introduced for the proposed
field weakening algorithm. The corresponding PMSM
parameters variations are illustrated in Fig. 9, 10 and 11.

Zone B . Zone A Zone C

Fig. 3. Field weakening Zone for stator resistance
variation



q
Fig. 4. Field weakening Zones for stator inductance
variation
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Fig. 5. Field weakening Zone for permanent magnet
flux variation

So the idea refers to illustrating an adaptive filed
weakening (AFW) which is adjusted if any variations of
stator resistance, inductance or permanent magnet flux,
occur.

Started from the tow maximum limit conditions on the
inverter, maximum voltage and maximum currents, and
tacked account that the quadrature stator current is
obtained from the speed controller [30]. The reference
direct stator current can be then obtained from (9).
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The limit condition on the stator current if the
quadrature component is equal to zero becomes:
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And the direct stator current reference is:
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In (11), all the PMSM parameters are tacked account.
So PMSM parameters estimation is needed. The model
reference adaptive system (MRAS) estimator is

developed in order to identify the PMSM parameters,
based on the POPOV stability theory [28]. The proposed
estimator needs only the online measurement of current,
voltage, and rotor speed to effectively estimate the stator
resistance and inductance and the rotor flux linkage
simultaneously. By choosing d and q components of the
stator current as variable states, the PMSM state equation
takes the following form:

F T T

For a surface PMSM, non saliency effect is Ly=L4=Ls.
ig, Iq, Ug, Ugare the d and g components of the stator
currents and voltages.
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The adjustable parameter state equation is given by:
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G is the correction gain matrix to be chosen so as to
achieve pre-specified error characteristics, where kj, k;
are two limited positive real’s. The problem of the
system stability can be resolved by the application of the
POPOV stability theories, where two necessary
conditions must be satisfied [22], [29] :

The transfer function matrix of the linear forward
block must be real and strictly positive, and according to
[20] the gain matrix G presented in (13), assure this
condition. The nonlinear feedback block meets POPOV

(13)
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where 2 is a positive constant for any t.
So the expressions of the adaptive parameters can be
written as [28]:
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Then the adjustable direct reference stator current is
given as:
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Finally, the proposed field weakening algorithm can be
formed, and the Fig.6 illustrates the proposed algorithm.
After obtained the quadrature reference stator current
from the speed controller, the direct adaptive reference

one can be obtained under the maximum voltage and
maximum current conditions. After compared the desired
speed value and the reference one, with the switching
bloc, we can generate the direct reference stator current.
The direct stator current error will be tacked as an input
for the PI controller for generating the direct reference
stator flux. Then, with the quadrature reference flux the
reference stator flux is obtained and applied on the global
control algorithm.
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Fig. 6. The adaptive high speed control algorithm

4. Simulation Results

To verify the effectiveness of the proposed high speed
control algorithm in the DTC twelve sectors strategy for
controlling the PMSM. A digital simulation based on
Matlab/Simulink software package has been carried out.
The PMSM characteristics are given in table.1. After
according the  different components in  the
Matlab/Simulink environment, the effectiveness of the
proposed high speed algorithm in the copper losses
minimization will be approved. The global control
scheme is illustrated in Fig. 7

The principle of this application tends to simulate the
electric vehicle comportment. The motor started with a
maximal load torque. T,=1.5N.m, if the given speed is
under the rated speed (2500) and decrease to T, = 1.2N.m
if the given speed is increasing up the rated speed motor.
As a robustness test of the global control scheme, an
abrupt load torque variation is applied in the rated, at
t=0.4sec, and over the rated speed, at t=0.8sec. The
obtained results show the effectiveness of the proposed
control scheme.

In Fig.8 (a) to Fig.8 (e), we demonstrate the behavior
PMSM results as speed, electromagnet torque, stator
current and magnet flux. The obtained results are
illustrated under a variable given speed. As a ramp form,
the given speed started from Orpm to 2000 rpm then from
2000rpm to 3500rpm. The filed weakening result can be
illustrated in the Fig.8. (d) and Fig. 8. (e).
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Fig. 7. Block diagram of the proposed DTC—High
speed—PMSM overall control system

Where, the negative evolution of the direct stator
current and the flux minimization result at the high speed
region verify the field weakening principle.
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Fig. 8. (a) Speed results
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Fig. 8. (b) Electromagnetic Torque results
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Fig. 8. (c) Quadrature Stator currents results
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Fig. 8. (d) Direct Stator currents results

Fig. 8.(e) Field weakening trajectory in the a-f flux
frame

After verified the overal high speed control scheme
performance under a wide speed range. The proposed
algorithm will be tetsted. Where, PMSM parameters
variations are applied in order to show the adaptive high
speed control algorithm performance in terms of
adaptation and totally copper losses.

Fig. 9, 10 and 11, show the estimated stator resistance,
inductance and permanent magnet flux variations and the
corresponding copper losses in the normal field weakeing
(NFW) algorithm and in the proposed one (AFW). The

effectivenss of the proposed high speed control algorithm
is proved, where the losses power value is minimized
in the cases of stator inductance and permamemnt
magnet flux variations, espacilay in the high speed mode.
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Fig. 9. Power Losses for stator resistance variation
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Fig. 11. Power Losses for permanent magnet flux
variation

5. CONCLUSION

In this paper a novel adaptive high speed control
algorithm is carried out. Based on the MRAS estimator
and the maximum limitation of current and voltage, the
planned algorithm is build. The importance of the
proposed algorithm is demonstrated for the minimization
of the copper losses. A comparative study between the
adaptive field weakening algorithm and the normal one
verify the importance of the AFW. A simulation results
demonstrate the effectiveness and the robustness of the

global control scheme with the gives algorithm.

Power 400W
Rated Current Irated 2A
Maximum Current Imax 5A
Rated Speed wrated 2500rpm
Rated Torque Tleated 1.5N.M
Stator Inductance Ls 0.00215 H
Stator resistance Rs 5.2Q
Permanent flux Am 0.24Whb
Inertia factor J 85e—6kg.m2
Table 1. PMSM parameters and rated characterestics
APPENDIX
V4, Vg Direct and quadrature stator voltages
Ads Aq Direct and quadrature stator flux
ig, ig Direct and quadrature stator currents
Lg Lg Direct and quadrature stator inductances
® Mechanical speed
Am Magnet flux
Rs Stator resistance
T, Load torque
P Poles number
J Rotor inertia coefficient
AFW Adaptive Field Weakening
NFW Normal Field Weakening
MCMV Maximum Current Maximum Voltage
Ko, Ki PI-MRAS parameters
(/s Copper Coefficient
T, To Temperature coefficient

Spob and Lyop

Coil Section and Coil Length
Remanent induction variation

Ha Magnetique Field
B, Magnetique induction in Temperature T,
B, Remanent induction

Permeability coefficient
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