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Abstract 
 

The high-speed operation of the field oriented induction motor control requires 
a flux decreasing to counteract the back electromotor force (EMF) increasing 
that will approach the available inverter voltage. Decreasing the flux causes 
the available torque is reduced. However, the available torque is still can be 
improved by implementing the voltage saturation strategy to maximize the dc-
bus voltage utilization. The field weakening can be performed automatically 
using a voltage controller without utilizing any motor parameter. 
Unfortunately, in this field weakening scheme the saturation strategy is not 
easy to be implemented. 

In this paper, a novel field-weakening scheme based on saturated voltage 
control strategy is proposed and its performance comparison with the one 
based on voltage control strategy (without implementing the saturation 
strategy; later we call it as the previous scheme to distinguish it with the 
proposed scheme) is presented. The applied object of both schemes in this 
paper is a sinusoidal pulse width modulated (SPWM) voltage source inverter 
(VSI)-fed induction motor drive. Though the proposed scheme is quite simple, 
it is effective to provide a higher torque capability then the previous scheme 
does. The maximum torque is produced by increasing the flux-producing 
current as much as possible while the stator voltage reference is saturated. The 
voltage saturation condition is stimulated by adding the torque-producing 
current into the flux-producing current reference. Experiments were carried 
out to verify the proposed scheme. The experimental results of the previous 
scheme were also presented for comparison purposes. 
 
Keywords: Saturated voltage, Maximum torque, Flux weakening, Induction 
motor, Drive system. 
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Introduction 
In a torque-controlled induction motor drive, the maximum output torque and output 
power besides depend on the motor power rating, also depend on the inverter current 
rating and the maximum voltage that the inverter can supply to the machine. When 
the inverter power capability is higher than the machine power, it should be limited to 
keep operating the machine safely. To operate the machine at very high speed as 
required in many applications, such as the traction and spindle drives, field-
weakening scheme should be adopted, but available torque is reduced. A control 
strategy, which considers current and voltage limitations, should be implemented so 
that a maximum torque can be obtained in the whole speed range.  
 Many papers have proposed new control strategies to provide a maximum torque 
capability in the field weakening area with taking into account the current and voltage 
limits[1]~[4]. The approaches have superior torque capability compare to the 
conventional 1/ωr method. To achieve a maximum torque, the flux reference is 
calculated by examining the relation of the output torque capability with the leakage 
inductance of the machine[1]. A different approach in determining the flux reference 
is using a voltage controller[2],[3]. Then, a voltage-margin controller is developed 
that rejects dc-link and load disturbances[4]. However, all field-weakening 
schemes[1]~[4] are applied only in the linear region of the PWM inverter. 
 Since the space vector pulse width modulation (SVPWM) becomes popular used 
in motor drive system, the study of the SPWM capability, especially for the field-
weakening application, is left behind. Although many papers have been dealt with the 
maximizing voltage utility of PWM inverter through an overmodulation 
operation[5]~[12], their implementation with the field-weakening scheme in the 
induction motor drive has been not studied intensively. Only few studies on it were 
found[13],[14]. An over modulation strategy by tracking the voltage vector along 
hexagon sides of SVPWM was incorporated with the field-weakening scheme to give 
a better voltage utilization[13]. However, here the field-weakening scheme that was 
adopted[1] still uses motor parameters to set the flux reference. It was not mentioned 
a possibility the use of the voltage control strategy as the authors proposed[3]. In 
another reference, a voltage saturation technique was used for maximizing dc-bus 
utilization in current regulator[14]. Here, a form of field weakening is provided 
intrinsically by using a complex vector synchronous frame PI current regulator. 
Unfortunately, the current limitation is not considered in this technique. And also a 
scheme for determining the flux reference is still required. 
 This paper proposes a different approach of field-weakening control for providing 
a maximum torque capability considering voltage saturation and current limitation. 
The voltage saturation performs a voltage limitation with maximum dc-bus 
utilization. In present time, the proposed scheme is implemented to the rotor-flux 
oriented control of a SPWM VSI-fed induction motor. The first part of the paper 
describes the currents control with decoupling system. Then followed by describing 
the voltage saturation strategy and the field-weakening scheme in detil. The final part 
of the paper presents the experimental results of the proposed scheme including 
comparisons with the previous scheme. 



Performance of Induction Motor Field-Weakening 137 

 

Currents control with decoupling system 
The dynamics of an induction motor in the synchronous frame are given by 
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where the proportional and integral gains are set to dsp TLK /σ=  and dsi TRK /= , as for the 
stator currents to have a first order delay response of their references with time 
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constant of dT . 

 Then, to minimize loop feedback systems, the currents feedback used for 
decoupling system including the back EMF compensation can be estimated using 
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 The block diagram of the currents control with decoupling system is shown in Fig. 
1. This configuration will be used in this paper as a standard currents control system, 
so that only the field-weakening scheme of the proposed strategy will be different 
compared with one of the previous strategy. 

 

 
 

Fig. 1  Currents control with decoupling system. 
 
 
Voltage saturation technique 
The SPWM signal is constructed by comparing a high-frequency triangular carrier 
with three reference signals. It can be easily implemented as an analog or a digital 
solution; hence it makes high flexibility in practical use.  
 With index modulation m = 1, SPWM provides voltage utility about 78% of the 
value that would be reached by square-wave (six step) operation. The dc-bus 
utilization can be increased through the use of zero-sequence harmonics addition[7], 
square wave addition[9], or reshaping the modulation command[11]. However, it is 
preferred to use the saturation technique instead, due to its simplicity, especially when 
it implemented with the field-weakening scheme. The saturation technique can be 
realized quite simple by limiting the phase voltage reference to the value of vdc/2 as 
shown in Fig. 2. In this way, the need to overmodulate in the pulse-dropping region is 
eliminated. Fig. 2 shows the half period SPWM construction of the saturated and 
unsaturated voltage reference. For the saturated voltage reference case, the amplitude 
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is enlarged and then is limited to not exceed the triangle carrier amplitude. As a result 
the effective output voltage is boosted. 
 

 
 

Fig. 2  Sinusoidal pulse width modulation. 
 
 
 As the current control system described in previous section, the saturation 
technique illustrated in Fig. 2 will be used in this paper as a standard of voltage 
limiter. In the previous field-weakening scheme that will be described later, the 
voltage limiter is still necessary to anticipate an overshoot phenomenon of the voltage 
controller in transient.  
 
Field-weakening scheme 
Constraints in Operating Conditions    Induction motor can operate in one of three 
operating modes: torque constant mode, power constant mode, and voltage constant 
mode. Below the rated speed (torque constant mode) the motor operation is current-
limited. In power constant mode the motor operation is both current-limited and 
voltage-limited as the back-EMF approaches the maximum inverter voltage while the 
current is still limited. In voltage constant mode the speed becomes so high that the 
current cannot exceed the maximum inverter current anymore. 
 Current and voltage limitations are available in inverter by means of overcurrent 
and overvoltage protections. However, we still have to limit the motor operation 
below those over current and over voltage values. Otherwise the protection system 
will shut down the inverter. Thus it is useful to limit the motor operation in the 
controller system. 
 The machine current operation is limited to a maximum stator current ismax that is 
the minimum of inverter maximum current and motor maximum current. This current 
limitation is provided by limiting q-axis current reference iqs

e*, which the priority is 
given to d-axis current reference ids

e*, and follows the equation expressed in (11). The 
field weakening technique determines the d-axis current reference ids

e* which is 
limited to its rated value. 
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 The voltage applied to the motor is limited to vsmax that depends on the available 
dc-bus voltage vdc and pulse-width modulation (PWM) strategy. The motor voltage 
input follows the following equation. 
   2
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s
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e
ds vvv ≤+   (12) 

 The steady-state voltage equations of the induction motor in the synchronously 
rotating reference frame are given by  
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 In high-speed operation, the stator resistance effect is negligible in (13) and (14). 
Then the current-limit constraint of (11) and the voltage-limit constraint of (12) can 
be rewritten as the following equations. 
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Fig. 3.  (a) Current boundary (b) Voltage boundary. 

 
 
 Eq. (11) and (12) mean the circle equations, while Eq. (15) and (16) mean the 
ellipse equations. Fig. 3 shows the current-limit and voltage-limit boundaries in the 
qe-de current and voltage planes. 
 
Maximum torque capability The maximum torque provided by the field-weakening 
scheme based on voltage control strategy, which considering the current limit and 
voltage limit, was described clearly by Kim and Sul[3]. The whole field-weakening 
region can be divided into two sub regions: region I (ωbase<ωe<ω1) and region II 
(ωe>ω1). In the field-weakening region I, the maximum output torque is obtained by 
the locus of the optimal voltage vector which moves rightward along the boundary of 
the voltage-limit circle as the operating frequency increases (from point A to point B 
as shown in Fig. 4). In the field-weakening region II, the maximum output torque is 
obtained only by the voltage-limit constraint as regardless of the operating frequency 
(at point B; not point C as shown in Fig. 4). 
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 Now, if the voltage saturation strategy can be implemented with the field-
weakening scheme, the voltage-limit boundary is enlarged as shown in Fig. 4. As the 
results, the base frequency ωe becomes higher and the field-weakening area is 
widened. Without voltage saturation, the field-weakening operation starts at point A. 
Since the voltage limit vsmax become larger when the saturation strategy is used, the 
field-weakening operation starts at point A1 with higher vds

e* and vqs
e* compared the 

ones at point A. The higher voltage references the higher base frequency, according to 
Eq. (13) and (14). Then, more voltage available more power will available. Hence, for 
the same required torque the higher maximum frequency can be reached, since the 
mechanical power is 
  remech TP ω=                                    (18) 
 It means the field-weakening area is widened. In general, the torque capability is 
improved by maximizing the dc-bus voltage utilization. For instance, as shown in Fig. 
4, a higher torque can be achieved at point B1 with implementing the saturation 
strategy rather than at point B without implementing the saturation strategy. 

 

 
 

Fig. 4.  Voltage vector for producing maximum torque. 
 
 
The previous field-weakening scheme    The voltage control strategy for providing 
maximum torque in the field weakening operation is implemented using two 
Proportional-Integral (PI) controllers(3) as shown in Fig. 5. One (PI_1) controls the 
field-component current ids

e* to adjust the machine input voltage not exceeding the 
maximum voltage Vsmax and following Eq. (12). Since the SPWM is used, Vsmax is 
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vector transformation factor. PI_1 controller input is )( 2**2**2
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torque-component current iqs
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e*, so that follows the current limit of Eq. 

(17), when the field-weakening region II is entered. PI_2 controller input is 
2**2
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dss vV −  to avoid the square-root computation as in PI_1 controller. Besides ids

e* is 
fed to the d-axis current controller, it is also used to perform the current limiter as in 
Eq. (1). Then the limit value of Limiter2 is the minimum of 2*2
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phase voltage reference is limited to Vdc/2 to guarantee the voltage reference 
amplitude doesn’t exceed the triangle carrier amplitude. Although the voltage has 
been limited by PI_1, the voltage limiter (Limiter3) is still necessary to anticipate an 
overshoot phenomenon of the voltage controller in transient. The limited voltage 
references are then transformed to the synchronous frame again and become the 
voltages feedback for the voltage controllers (PI_1 and PI_2). 
 Voltage limitation will deteriorate the currents control performance since it causes 
an integrator windup phenomenon. To prevent integrator windup the “realizable 
references”[14] or “back-calculation”[15] method can be used. However, it is not 
needed in our proposed voltage limitation, since: first, the feedback voltages used by 
the field-weakening scheme (voltage controller) are the saturated voltage references 
and second, the phase voltage references are guaranteed not to exceed the triangle 
carrier amplitude. Therefore, the PWM outputs always linear with the input of the 
saturated voltage references. 
 The anti-windup strategy is applied in PI_1 since ids

e* is limited to its rated value 
by Limiter1 (torque constant mode operation). However, a simpler way to prevent 
integrator windup can also be used instead. Here, when the control output reaches its 
limitation value, the integrator initial values of the controller for next iteration are 
reset to the initial values from previous iteration. This anti-windup strategy should 
also be applied in the speed controller if the torque reference Te

* is provided by a 
speed controller, since the torque reference is limited by Limiter2. 

 

 
 

Fig. 5.  Field-weakening scheme based on voltage control strategy (previous scheme). 
 
 
The proposed field-weakening scheme   The problem that we are faced now, is how 
to combine the voltage control strategy[3] with the voltage saturation strategy as 
simple as possible. In the previous field-weakening scheme, the voltage saturation 
condition is difficult to be performed, since PI_1 controls the voltage to follow the 
voltage reference (Vc

*=Vsmax). The saturation condition occurs only when the voltage 
overshoot occurs. Although it is possible to enlarge the voltage reference (Vc

*>Vsmax), 
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it is better if the voltage is only enlarged when a higher or maximum torque is 
required, not permanently. In another word, the available voltage should be varied 
proportional with the required torque. As an advantage, the voltage saturation 
condition only occurs when a high or maximum torque is required. 
 Field weakening control reduces the d-axis current reference in order to keep the 
voltage not exceed its maximum value. If it is seen in the opposite direction, the 
voltage will increase when the flux reference increase. Now if we assume a positive 
disturbance is added to the flux-producing current reference, the voltage controller 
(PI_1 in Fig. 5) will compensate it so that the voltage will be still kept constant and a 
saturated condition will be not achieved. In this case the flux will not increase and 
neither the torque. Then to achieve a saturated condition, a perfect controller like a PI 
controller should not be used. For this purpose a P (proportional) controller is used for 
the voltage controller instead of PI controller. As a result, a small steady state voltage 
error will occur and if a positive disturbance is added to the flux reference the voltage 
will be slightly increase proportional to the disturbance. If the voltage level greater 
than the limiter voltage, it will be saturated. Thus the effective voltage as seen by the 
motor is boosted. 

 

 
 

Fig. 6. Field-weakening scheme based on saturated voltage control strategy (proposed 
scheme). 
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and then it will also affect the torque as a positive feedback signal. Since in the rotor 
flux oriented control the d-axis current ids

e is always positive value, the disturbance 
should be always positive value. It means the magnitude of q-axis current iqs

e only 
should be used as a disturbance. Fig. 6 shows block diagram of the proposed field-
weakening scheme based on saturated voltage control strategy.  
 As seen in Fig. 6, a first order low-pass filter (LPF) with a cut-off frequency of 
100 Hz filters the stator voltages firstly to improve the voltage control performance, 
since a P controller is used. The flux reference of the proposed strategy is expressed 
as 
  e

qsdist
flt
scvp

e
ds isignKvvKi +−= )( 2**                   (19) 

where: sign = 1 if iqs
e > 0 and sign = -1 if iqs

e < 0. Kvp represents the proportional gain, 
vs

flt is the filtered signal of the sum of squared d-axis and q-axis voltages, vc
* is set to 

Vsmax, and Kdist is the disturbance gain.  
 Since the available voltage of the proposed field-weakening scheme is varied, the 
reference value for PI_2 should be modified as shown in Fig. 6. Here, the maximum 
of Vsmax and 
  2**2** e

qs
e
ds vv + is chosen. 

 
 
Experimental results 
Experimental setup  To validate the proposed scheme,  experiments were carried 
out. And to verify it has an improved torque capability over the previous scheme, the 
comparison experimental results are also presented. The test motor is a three-phase, 
four-poles, 750 W, 1410 rpm IM with the specifications listed in Table 1. All 
algorithms are implemented by the embedded ‘C’ code in a floating point DSP (Texas 
Instruments TMS320C32, operating speed 50MHz). An incremental encoder with 
4096 ppr is mounted on the shaft for detecting the rotor position. The circle time (full 
control time) of whole experimental system is 0.1 milliseconds (sampling period is 
0.1 milliseconds). The rotor speed and the speed control are sampled every 1 
millisecond using an interrupt method. 
 

Table 1. Induction motor parameters. 
 

750W, 200V, 4poles, 50Hz, 1410 rpm 
Rs  2.76 Ω          Rr  2.9 Ω          Total inertia 0.0586 kg.m2 
Ls  234.9 mH   Lr  234.9 mH   Lm  227.9 mH     

 
 
Maximum torque test  The block diagram of experimental system is shown in Fig. 7. 
The motor is run from a standstill condition with the torque reference is set to its 
maximum (rated torque) for 15 seconds and then set to zero torque (see Fig. 8.). This 
will forces the field-weakening scheme to provide a maximum torque in the whole 
motor operation. 
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Fig. 7.  Block diagram of the experimental system. 
 

 
 

Fig. 8.  Torque reference for maximum torque test. 
 
 Fig. 9 and 10 show the experimental results of the maximum torque test operation 
of induction motor using the previous and proposed field-weakening scheme 
respectively. The base frequencies achieved by the previous and the proposed 
schemes are 1274.4 rpm and 1420.9 rpm, respectively. The maximum frequencies 
achieved by the previous and the proposed schemes are 6679.7 rpm and 7133.8 rpm. 
These results confirm that a higher base frequency and a widened field-weakening 
area are produced by the proposed scheme. This can be explained by comparing Fig. 
9(d) with Fig. 10(d). The output voltages produced by the proposed scheme are larger 
than by the previous scheme. Fig. 9(e) and 10(e) show that the voltage locus of 
maximum torque moves along the voltage limit circle in region I and kept at the point 
of vq=|vd| when the region II is entered. 

 

 
 

Fig. 9.  Experimental results of field-weakening operation based on unsaturated 
voltage control (previous scheme). 
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Fig. 10.  Experimental results of field-weakening operation based on saturated voltage 
control (proposed scheme). 
 
 
Noise effect  In the proposed field-weakening scheme, the saturation condition is 
stimulated by disturbing the flux current reference with the q-axis current iq. The 
performance of the flux current will be deteriorated by the current noise in iq. The 
noise effect in the field-weakening operation using the proposed scheme can be seen 
in Fig. 10(b) compared to Fig. 9(b). The ripple of ids* by the proposed scheme was 
large. Although it did not really affect the d-axis current response (ripple of ids by 
proposed scheme was relatively same with one of ids by previous scheme), the same 
condition will be very difficult to be achieved if the motor power is large. Large 
motors have large leakage factor and currents. This situation affects noise conditions 
of the motor caused by the structure of the motor or by the electromagnetic 
interference (EMI). Large noise will cause the high performance of field-weakening 
operation very difficult to be achieved. 

 

 
 

Fig. 11.  Noise effect investigating results when the voltage saturation condition is 
stimulated by iqs*. 
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 To overcome the noise effect, the torque-producing current reference iqs* can be 
used to replace iqs as disturbance in stimulating a voltage saturation condition. Fig. 11 
shows the investigation results of the noise effect when the voltage saturation 
condition is stimulated by iqs*. As it is supposed, the ripple of ids* can be eliminated 
in field-weakening region I, comparing ids* of Fig. 11(a) with of Fig. 10(b). It is also 
less than the ripple of ids* by previous scheme in Fig. 9(b). However, when region II 
is entered the ripple of ids* in Fig. 11(a) becomes worse. This is because of the 
instability of the PI_2 controller. The control gains were not suitable anymore. It was 
found that the PI_2 control gain selection is critical, not only for the proposed scheme, 
but for the previous scheme too. For that reason we propose a new control strategy for 
the operation in region II. 
 Fig. 12 shows the block diagram of the new control strategy for field-weakening 
operation in region II. The controller only uses an integrator with conditions. The 
input of integrator is |vqs*|-|vds*| and the output is used to adjust the maximum current, 
so that the voltages are kept to be |vqs*|=|vds*| when the field-weakening operation 
enters to region II. The integrator gain of 0.5 is selected. The selection of integrator 
gain is not critical. It can be used as it in all configurations in this paper, including the 
configuration with the iqs disturbance for stimulating the voltage saturation condition. 
The factor of 0.8 in the conditions of integrator is to provide a hysteresis band.  

 

 
 

Fig. 12. New control strategy for region II. 
 
 Fig. 13 shows the implementation results of the new control strategy for the field-
weakening operation in region II. It is seen that the ripple of ids* and iqs* occur when 
the region II is entered are eliminated by using the new control (comparing Fig. 13 
with Fig. 11). These results are very important according to the application of the 
proposed field-weakening scheme with a large power motor. 

 

 
 

Fig. 13.  Experimental results of the new control strategy application for region II. 

|| *
qsv

|| *
dsv I

2*2
max dss ii −

If |vds*| > |vqs*| {do integration}
if |vds*| < 0.8|vqs*|  {reset integrator}
else {no action, held the integration value}

Conditions:

max
qsI

*
dsi

|| *
qsv

|| *
dsv I

2*2
max dss ii −

If |vds*| > |vqs*| {do integration}
if |vds*| < 0.8|vqs*|  {reset integrator}
else {no action, held the integration value}

Conditions:

max
qsI

*
dsi



148  Feri Yusivar and Shinji Wakao 

 

 
 

Fig. 14.   Locus of stationary voltages vαs versus vβs when Te changed from maximum 
torque to zero torque  (Time: 13 Sec ~ 16 Sec) 

 

 
 

Fig. 15.  Speed, torque, and flux comparisons: 
 

1. Conventional scheme 
2. Proposed scheme (Kdist=1) 
3. Proposed scheme (Kdist=2) 

 
 
Behavior in torque requirement  As mentioned before, in the proposed field-
weakening scheme, the voltage saturation condition only occurs when a higher or 
maximum torque is required. This statement is proven by looking to the locus of 
stationary voltages when the torque changed from maximum to zero torque condition 
as shown in Fig. 14. 
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 In the conventional scheme, the voltage saturation condition is not achieved. 
Therefore, the voltage locus always tracks the circle of voltage limit as shown in Fig. 
14(a). When the proposed scheme is applied, in the maximum torque condition the 
voltage limit boundary becomes a hexagon (in case the disturbance gain Kdist=1) and 
automatically returns to a circle when the maximum torque is not required anymore as 
shown in Fig. 14(b). The advantage of this situation, besides the torque capability is 
improved; the harmonic losses can be reduced in the high-speed operation when the 
maximum torque is not required (see the small ripple of experimental results in period 
time of 15~18 seconds of Fig. 13). Fig. 14(c) shows the voltage locus in case the 
disturbance gain Kdist=2. The voltage limit boundary becomes a 12-gon when the 
maximum torque is required and returns to a circle when the maximum torque is not 
required. 
 
Speed control operation  Finally, the proposed scheme is tested with the speed 
control implementation. Fig. 15 shows the speed, torque, and flux comparisons of the 
speed control operation. The speed reference is changed from 500 rpm to 6500 rpm. It 
is proven that the proposed scheme provides a higher torque and flux. As a result, a 
higher speed response is achieved as shown in Fig. 15(a). 
 
 
Conclusion 
Disturbing the flux-producing current reference with the torque-producing current 
reference while the stator voltage is limited or saturated, higher voltage availability 
can be provided, since the dc-bus voltage utilization is maximized. As a result, a 
higher torque is provided and the flux-weakening region is widened.  Experimental 
results confirm the validity of the field-weakening scheme based on saturated voltage 
strategy. The voltage saturation condition only occurs when a higher or maximum 
torque is required. The maximum torque is produced by increasing the flux-producing 
current as much as possible.  As the conclusion, the proposed scheme is verified to 
provide an improved torque capability over the previous field-weakening scheme 
using a voltage control strategy. 
 The stability analysis and control design of the field- weakening scheme proposed 
in this paper are the challenges for our future works. The implementation of another 
method in maximizing the dc-bus utility for improving the torque capability in the 
field-weakening operation is still interesting to be investigated. Furthermore, its 
implementation with the speed sensorless system is still open to be studied. 
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