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COMPARATIVE ANALYSIS OF
CHOSEN FIELD WEAKENING METHODS FOR

THE SPACE VECTOR MODULATED
– DIRECT TORQUE CONTROLLED DRIVE SYSTEM

This paper presents a new simple field weakening (FW) strategy for the Direct Torque Control
(DTC) of the induction motor (IM). Based on the Space Vector Modulated–Direct Torque Control
(SVM-DTC) scheme, an analysis and comparison of conventional (1/ωm) and proposed method are
presented for a whole speed range including FW regions. The proposed strategy is verified through
simulation with a 1.5 kW induction motor drive.

1. INTRODUCTION

Many methods of controlling the performance of the induction motor (IM) exist, but
mainly Field Oriented Control (FOC) and Direct Torque Control (DTC) deserve special
attention as both techniques can be considered as high performance vector controllers
based on the decoupling of motor flux and torque. The DTC systems, which were first
introduced in the mid 1980s, achieved a very quick and precise torque control response
without necessity of complex algorithms usage. [6], [15].

Recently, from the classical DTC methods, some new control techniques have been
developed. The overview of the DTC methods was presented in [1]. According to those
DTC methods, some schemes were applied for controlled IM drives in the field weak-
ening (FW) region.

Based on the switching table – DTC method (ST-DTC), robust schemes for wide
speed range of FW are proposed in [3]–[5]. In these schemes authors presented FW
_________
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algorithm with on-line estimation of the break-down torque. Simple structure and very
good dynamic behavior are main features of classical ST-DTC based schemes. How-
ever, classical DTC has several disadvantages, from which the most important is vari-
able switching frequency.

In the paper [10] another algorithm for the IM torque control in FW region is pre-
sented. Proposed method insures maximum DC bus utilization and offers DTC perform-
ance through the stator voltage angle control.

Taking into account a voltage limit (us ≤ Umax) and a current limit (is ≤ Imax) of
inverter and IM in FW region, in [11] a control strategy for FW-operation-based DTC
method with maximum torque capability algorithm was presented. The control scheme
utilizes the stator flux components as control variables and decreases the d-component
of the stator flux as soon as the voltage corresponding to the maximum torque achiev-
able at a given speed tends to exceed the maximum voltage.

Direct flux vector control strategy was suggested in [8], [16] - [19] based on a sim-
ple method for the IM control – Direct Torque Control with Flux Vector Modulation
(FVM-DTC). In these schemes, the calculation of reference voltage vector is based on
demanded stator flux vector error, sss ψψΔψ ˆ* −=  (where ,ˆ,*

ss ψψ are reference and
estimate of stator flux vectors). However this control strategy is very sensitive to distur-
bances, because of differentiation algorithm. In case of errors in the feedback signals,
the differentiation algorithm may not be stable. This is very serious drawback of those
methods [20].

Recently, from the classical DTC methods a new control technique, called Space
Vector Modulated – Direct Torque Control (SVM-DTC), has been developed and im-
proved. The SVM-DTC method has been described and deeply analyzed in [20]. In this
method disadvantages of the classical DTC are eliminated. Basically, the SVM-DTC
strategies are the methods, which operate with constant switching frequency. Moreover,
the SVM-DTC has best performances, but it requires more complex control scheme and
the knowledge of some IM parameters [9], [14].

In this paper, a modified SVM-DTC scheme with optimal FW of the IM drive in
whole speed range is proposed. The performance of this structure under such control is
compared to that obtained using classical 1/ωm FW control strategy.

2. OPERATION MODES OF THE INDUCTION MOTOR
IN CURRENT AND VOLTAGE LIMIT CONDITION

The operating speed range of the IM drive can be divided in three sub-regions: con-
stant torque region (ωs < ωsb), constant power region (ωsb ≤ ωs < ωsc) and constant slip
frequency region (ωs ≥ ωsc) [7], as is shown in Fig. 1 (where ωsb, ωsc are base and critical
stator angular speeds).
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Fig. 1. Control characteristics of the induction motor in constant and weakened flux regions

The maximum torque of the induction motor is limited by the current and voltage
ratings of the power inverter and thermal current limit of the IM. Therefore, it is useful
to analyze the machine’s performance under the current and voltage constraints in the
x – y synchronous reference frame, rotating with the angular frequency ωs = ωsψ.

The current constraint of the inverter can be expressed as follows:
2
max

22 Iii sysx ≤+ (1)

where: 222
max sysxs iiI +== i  – the maximum stator current magnitude, isx, isy – stator

current vector components of the IM in the field-oriented x – y coordinate system [p.u.].
This relationship limits the current magnitude to the circle defined by Imax.

The voltage constraint of the inverter is given as:
2
max

22 Uus sysx ≤+ (2)

where: usx, usy, Umax – components of the stator voltage vector in x – y coordinates and
the maximum voltage magnitude [p.u.], respectively.

Umax is set by the available voltage, which is function of the pulse-width-modulation
strategy and the available DC-bus voltage (Udc). This equation indicates that the voltage
magnitude 22

sysxs uu +=u  cannot exceed the ellipse defined by Umax. Nowadays mainly

the Space Vector Modulation (SVPWM) is used, thus the Umax is limited to .3/dcU
The steady-state stator voltage equations of the IM under rotor field oriented frame

(in [p.u.]) are given directly from the motor mathematical model [13]:

sysssxssx ixiru σω−= (3a)
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sxsssyssy ixiru ω−= (3b)

where: rs, rr – stator and rotor winding resistance, xs, xr – stator and rotor winding self-
reactance, xM – induction motor main reactance, rsM xxx /1 2−=σ  – total leakage factor.

The equation for the voltage limit ellipse (4a) and current limit ellipse (4b) can be de-
rived by substituting (3a), (3b) into (2) and (1):
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In the case of rotor flux oriented control of the IM, the rotor flux, == rψψ

sxMrx ix=ψ , and electromagnetic torque can be described as follows [13]:
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Fig. 2. a) Current-limit circle (1) and voltage-limit ellipse (4a); c) voltage-limit circle (2) and current-limit
ellipse (4b); b, d) details of Fig. 2a,c with data of the investigated induction motor

Basing on those expressions the current-limit circle and voltage-limit ellipses (with
radiuses are reduced when speed is increased – according to (4a)) are shown in Fig. 2a, b;
the voltage-limit circle and current-limit ellipses (with radiuses are enlarged when speed
is increased – according to (4b)) are shown in Fig. 2c, d. The dotted line ellipses in
Fig. 2a, c are forms the constraints when the stator resistance is neglected. In contrast,



271

the bold line ellipses are the constraints when the stator resistance is included. The stator
resistance is affecting the operating conditions of the IM at low speeds region and can be
neglected in high-speed region.

3. FIELD WEAKENING ALGORITHMS

The field-weakening algorithm applied in DTC structure should provide robust and
stable torque regulation in whole speed range including FW region, by making sure that
the IM is operated within the voltage and the current maximum constraints. Under the
assumption of the slow enough variation of the rotor flux and the precise vector control,
the currents and voltages maximizing the torque (5) of the IM, can be derived from the
constraints given by (1), (2) and (4). The possible operating region is inside the area of
the voltage circle and current ellipse and the torque is depicted as a reciprocal proportion
curve in the voltage plane, as shown in Fig. 2c, d.

3.1. CONSTANT TORQUE REGION (ωs ≤ ωsb)

In the SVM-DTC the voltage components usx, usy should be controlled. In the normal
speed (constant torque) region, the magnitude of the voltage vector ***

sysxs juu +=u ,
which regulates the rated x and y voltage components (usx, usy) is always less than Umax.
As a result, for maximum torque generation, in this region the operating point should lie
on the AB line, inside the voltage-limit circle, as in Fig. 3 – that are intersection points
(×) between current-ellipses and rated torque curves (at the same speed).

Fig. 3. Constant torque region for voltage-based control method

According to (5), to keep constant torque, maximum values (limits) of the reference
voltage components can be obtained as:
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where usxb and usyb (co-ordinate of B point) can be obtained from (9) with ωs = ωsb.
The angular frequency, where the constant torque operation region ends, is defined as

the stator base frequency, ωsb (at point B in Fig. 3), and neglecting the stator resistance;
it can be obtained from (4a) as follows:

))1(/( 2
max

222
max IixU sxNssb σσω +−= (7)

3.2. CONSTANT POWER REGION (ωsb ≤ ωs < ωsc)
– FIELD WEAKENING REGION I

In this operation region of the IM, delivering the rated power, the torque production
will be inversely proportionally to the speed:

1 1
e

m s
m

ω ω
∝ ≅ (8)

This operation region starts from the base speed, ωsb, and ends at a critical speed, ωsc,
above which there is no more crossing point between the ellipse (at )*

sω  and the con-
stant torque curve (at command torque value )/ **

seNe mm ω= , see in Fig. 4).

Fig. 4. Field weakening region I in voltage coordinates plane

In Figure 4, to obtain maximum torque in FW region I, the voltage vector must slide
on line BC, which is intersection between the voltage limit circle, the current limit el-
lipse and the constant torque curve. When ωs = ωsc, the voltage limit circle and the con-
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stant torque curve (at )/ *
seNe mm ω=  intersect each other at only one point (contact

point C) – see in Fig. 4.
The limit of reference voltage can be obtained when equating (2) and (4b):
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In this region, the slip angular frequency is increased as the speed increases. As the
speed is further increased, the slip reaches the maximum value due to the voltage limit
and then the II FW region begins. The slip speed value for maximum torque is given by
the following expression [7]:

222222
max )(/ rssrssssrr xrxxrxr ++= σωωω (10)

3.3. CONSTANT SLIP REGION ( cs sω ω≥ ) – FIELD WEAKENING REGION II

As the slip angular frequency and the speed are further increased, the stator operating
frequency is increased, and also thus the current ellipse is more increased, so its large
portion begins to be outside the voltage circle shown in Fig. 5.

Fig. 5. Field weakening region II for voltage coordinates plane

The onset of region II ωs is time, when for the optimal voltage values for given
maximum torque, only the current limits is the constraint to be considered. The
steady-state electrical torque is proportional to usxusy (5). Meantime, us = Umaxejϕ

so .2sin
2
1 2

max ϕUuu sysx =  Thus, the torque is maximized if ,12sin =ϕ  i.e.,
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2/maxUuu sysx ==  (point C in Fig. 5). Therefore, the optimal voltage components for

the maximum torque can be obtained as (11)

2/maxslipconstant
*

limslipconstantlim Uuu sysx == (11)

Figure 5 shows the trajectory for maximum torque in FW region II, that is point C in
the voltage coordinates plane.

Assumed that stator resistance is neglected, substituting (11), into (3) and (1) we ob-
tain stator critical speed, ωsc as (12):

)2/()1(2 max
2

max IxU ssc σσω += (12)

Limit of torque regulator (m.e lim) can be obtained from (5) with usx and usy are re-
placed by *

limsxu  and *
limsyu  as )./()( 2*2*

lim
*

lim
2*

lim ssrsysxMe xxuuxm ωσ=

3.4. THE CLASSICAL “1/ωm” METHOD

For the FW operation, a commonly used method is to vary the reference flux in-
versely proportional to the mechanical speed ωm [18]. According to (3), if stator resis-
tance is neglected, the flux and torque current components can be obtained as:
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In the classical method, the reference voltage *
sxu  and *

syu  are not limited by con-
straint conditions (Umax and Imax). As a result, the current components in (13) are not
limited by constraint conditions too.

As a result, the voltage margin enough to regulate the current reference cannot be
maintained. Thus, in a high speed region (FW region I) the IM operation may be unsta-
ble depending on the machine parameters. In a very high speed region (FW region II),
this method does not guarantee the condition (11), and the drive system is operated in an
unstable torque region. As a result, the current control falls and the drive system losses
its controllability.

3.5. REFERENCE STATOR FLUX

In the DTC methods, we should use the stator flux reference *
sψ  instead *

rψ  (as in
DFOC method [12]). Supposing that the reference rotor flux *

rψ  is known, the stator
flux reference can be calculated based on the steady-state IM model as [1], [2]:
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In the classical DTC method we can calculate the *
sψ  by a simple way as

(15) [13], based on the nominal torque and rotor slip pulsation for constant flux
region:
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4. CONTROL SYSTEMS IMPLEMENTATION

Figure 6 shows the block diagram of the SVM-DTC structure for the IM drive
system, including possibility of switching between classical FW (1/ωm) and optimal
FW methods. The control structure system consists of the speed, torque, flux PI regu-
lators and current-voltage simulator for estimation of the electromagnetic torque and
stator flux vector.
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Figure 7 shows the block diagram of the optimal field-weakening algorithm based
DTC method, developed in Section 3.
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Fig. 7. Block diagram of the optimal FW algorithm for SVM-DTC method

5. SIMULATION RESULTS

In the following figures chosen simulation results for tests of both flux weakening
algorithms are presented and compared (with 3.0 kW, 1400 rpm induction motor and
following per-unit parameters: rs = 0.0707, rr = 0.0637, xs = xr = 1.9761, xM = 1.8780,
ψrN = 0.8. Simulations were performed for the same voltage and current limit constraints
(Imax = 1.5 [p.u.], Umax = 1.0 [p.u.]), thus the value of the base and critical speeds were
obtained as ωsb = 1.029 [p.u.] and ωsc = 2.5 [p.u.]. For each test, two FW methods used
the same load torque and reference speed characters.

In Figure 8 simulation results under no load and linear speed reference ramp
start-up and steady state at ωm = 3.0 [p.u.] speed are shown. It is seen that in the
above base speed range (ωsb = 1.029 [p.u.] – FW region) the proposed method pro-
vides reference stator flux smaller than 1/ωm. method. Therefore, the output torque
capability of the IM is higher.

In Figure 9 simulation results under start up (with linear speed reference ramp),
steady state at ωm = 2.0 and mL = 0.34 [p.u.] speed and braking cycle in both direc-
tions are shown. In this speed range, the operation results of two schemes are quite
similar and no more differences in all state variable transients are observed.
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In Figure 10 the similar results are shown, but for the maximal steady-state reference
speed at ωm = 2.8 and mL = 0.18 [p.u.]. In these operation conditions, we obtained some
differences between the two control algorithms.

The classical scheme does not guarantee the stability due to the limited voltage
conditions in the FW region II (ωm > 2.47 [p.u.]), therefore when load torque in-
creases the rotor flux quickly decreases during the stator flux is kept in 1/ωm law. So
the output torque is not enough for accelerating the speed, what we can see at the
Fig. 10a, b, c.

On contrary, in the high speed region, the reference stator flux of the optimal scheme
at a steady state (e.g., t = 0.8 s) is smaller than in the classical scheme (0.28 versus 0.32,
see Fig. 10b, e), at the same time, the rotor flux is larger, which guarantees that electro-
magnetic torque is larger too (compare Fig. 10c, f), so it can give the speed acceleration
to the reference value (see Fig. 10a, d).

6. CONCLUSION

For the field weakened operation of the induction motor drives a commonly used
method is to vary the rotor flux reference in proportion to 1 / mω . However in this
method, because only the current limit is considered, the system cannot produce maxi-
mum torque, and is unstable in the high speed region.



279

In the contrary, the algorithm for FW with maintaining the voltage and current
limits, guarantee the stable operation of the IM drive in the whole speed range. The
algorithm presented in this paper enables to calculate the optimal flux reference for
the SVM-DTC structure. This scheme to maintain the maximum torque capability of
an IM over whole speed range included FW region is especially dedicated to drives
operating in the wide speed region, as traction drives. In this scheme the base speed,
maximum slip frequency and transition speed between two sub-regions of the FW,
depending on the condition of the voltage and current limits, is automatically calcu-
lated, so smooth transition between speed regions is obtained.

The proposed scheme is compared with the classical method through simulations
and it is verified that the new scheme provides the improved torque capability over the
classical FW one.
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