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Abstract—In this article, a V/f control for high-power induction
motor drives is analysed. In such uses, low dynamics in terms of
speed-loop bandwidth is usually required. However, in some appli-
cations, where the load consists of a long shaft with certain mechani-
cal components and with some resonant frequencies, instability and
torque oscillations can cause significant damage. For these reasons,
open-loop V/f control could be a winning solution, since it avoids
resonances and oscillations caused by measurement feedbacks in
the control. However, instability may arise also in open-loop V/f
control. A stability analysis is here carried out analytically and a
new method to overcome oscillations by varying dynamically the
V/f ratio is proposed. The stability analysis and the effectiveness
of the proposed method are verified with simulation results on a
2.8 kV-7.25 MW induction motor and with experimental tests on a
small-scale 380 V-10 kW motor.

Index Terms—Electrical drives, induction motor, stability, V/F
control.

I. INTRODUCTION

INDUCTION motors (IM) remain the best choice in several
industrial applications. Closed-loop control methods, such as

Field Oriented Control (FOC) [1], [2], [3], [4] and Direct Torque
Control (DTC) [5], [6], [7], [8], [9], are mostly used to achieve
high dynamic performance. However, in case of mechanical res-
onances, measurement feedbacks of closed-loop control could
amplify the phenomenon. This aspect is particularly critical in
Medium-Voltage (MV) drives; as a matter of facts, instability
regions are usually wider in MV motors [10] and, moreover, the
consequences are more serious. For these reasons, open-loop V/f
control [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], which is usually used in low-cost drives for
its simplicity, could be a valid alternative to closed-loop meth-
ods in some low-dynamics MV applications, with instabilities
caused by mechanical resonance phenomena and where torque
oscillations could lead to mechanical damages. However, even if
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open-loop control does not amplify the resonances coming from
measurements, sometimes oscillations related to V/f technique
may arise, especially at light load [10].

Oscillations with V/f technique is a topic highly studied in the
technical literature. A small-signal linearization is carried out
in [12], [13], [14], [15], [16] to evaluate V/f stability and pole
locations in the f-V (frequency-voltage) plane [12], [13], [14],
[15] or in the T-f (torque- frequency) plane [16]. Moreover, in
[17] conditions for global asymptotic stability is given in terms
of motor parameters, operating slips and synchronous frequency.

The typical solution to overcome these oscillations is to
exploit active damping techniques based on current feedbacks.
In [18], two Proportional-Integral control (PI) with current
magnitude and angle as input are used to modify stator voltage
amplitude and frequency. Similarly, a PI approach is carried out
in [19], where the differential current acts on the stator voltage
amplitude. In [20], Id is filtered with a Band Pass Filter (BPF); at
low speed the BPF output modifies the stator voltage amplitude,
whereas at high speed it modifies the stator voltage frequency. In
[21], both Id and Iq are sent to a BPF, the difference between the
filtered values is used to modify the stator voltage frequency. In
[22], the same scheme of [21] is used; however a High Pass Filter
(HPF) is used instead of a BPF. In [23] different strategies are
tested: a HPF is applied to Iq and used to modify the direct-axis
voltage (Vd), a HPF is applied to Id and used to modify the
quadrature-axis voltage (Vq) and, finally, a HPF is applied to Id
and used to modify the voltage frequency. The first solution was
considered by the authors in [23] the most effective option.

These methods have all in common the fact that the stator
current is used to modify the stator voltage amplitude and/or
frequency. They are winning methods for low-power drives,
where V/f control is chosen for its simplicity. However, when
V/f is chosen in MV drives to overcome resonances coming
from measurement feedbacks, active damping methods could
fail, since they are not open-loop methods.

In this article, a novel open-loop method to overcome V/f
oscillations is proposed. The model is based on the evaluation of
the instability region on the f-V plane. Eigenvalues are evaluated
for different voltage and frequency values. The iron saturation
effect is taken into account since, as it will be shown in the article,
it significantly influences the stability of the drive. The aim of
the proposed algorithm is to modify appropriately the V/f ratio
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for each synchronous frequency, in order to avoid the instability
region. Since the evaluation is made a priori considering motor
parameters, the proposed method is completely open-loop.

This method is particularly indicated for MV motors with
low inertia, where instability and resonance phenomena are
particularly critical.

A study on this idea was presented by the authors in [10]. In
particular, it was proven how, modifying the flux reference with
an Ad-Hoc Slope Ramping Algorithm (AHSRA), it was possible
to avoid oscillations. However, at that stage, the linear model
of the induction motor was considered. With this assumption,
it seemed that it was necessary to reduce the motor flux to
overcome the instability region. Of course, this was a strong
limitation since just a limited torque was available during the
speed ramp.

In this article, on the contrary, iron saturation effect on the
stability region is taken into account. From this analysis, it is
proven that the stability can be achieved also with a flux increase.
In this way, the strong limitation of the method proposed in [10]
is avoided since almost the rated torque is available for all the
speed ramp.

The article is structured as follows: the stability analysis
is shown in Section II. Simulation results with the proposed
method applied to a 2.8 kV-7.25 MW motor are carried out in
Section III, together with the simulation results on the motor
used in the experimental test bench. Experimental results on a
small-scale 380 V-10 kW motor are reported in Section IV and,
finally, conclusions are carried out in Section V.

II. SMALL-SIGNAL MODEL AND STABILITY ANALYSIS

The following analysis is done considering a squirrel-cage
induction motor, which is nowadays the most common induction
motor topology.

A. Small-Signal Model

The stability analysis of the non-linear model has to be per-
formed through a linearization around a steady-state operating
point. The small-signal model of the induction motor based on
the standard dynamic equations in the synchronous d-q reference
frame is expressed as in (1) [12]. Please note that the dead-
time error voltages are also incorporated in the stator voltage
equations, since the model represents an inverter fed induction
motor.

Δẋ = AΔx+BΔu (1)

Where Δx is the state vector of the system, defined in (2):

Δx = [ΔiqsΔidsΔi′qrΔi′drΔωr]
T (2)

and Δu is the input vector of the system, defined in (3):

Δu = [ΔvqsΔvds00ΔTl]
T (3)

iqs, ids, i′qr and i′dr represent the q-axis and d-axis components
of the stator and rotor (referred to stator) currents, respectively.
vqs and vds are the stator q- and d-axis voltages. ωr is the rotor
electrical speed and Tl is the load torque.

TABLE I
MEDIUM POWER MOTOR PARAMETERS

Fig. 1. Eigenvalues plot of the 7.25 MW motor varying the frequency in the
range 0-38.6 Hz.

The resulting system matrix A is reported in (4), where the
subscript “0” represent the steady-state operating point; please
note that all the different submatrices are defined in [12].

A =

[ −L−1R −L−1λ10(
3
2J

) (
P
2

)2
λT
20 −B

J

]
(4)

The presented small-signal model is used to perform a sta-
bility analysis of the system. The parameters of the 7.25 MW
induction motor are reported in Table I [10].

The root locus varying frequency between 0 to 38.6 Hz (rated
value) of the considered motor drive is obtained and shown in
Fig. 1. The horizontal and vertical axes represent the real and
imaginary parts of the roots. The complex conjugate pair, which
is closer to the jω axis, has positive real parts, but only for
frequencies ranging between 2.7 and 19.6 Hz as highlighted
in Fig. 1.

If these unstable points are calculated varying the V/f ratio
(please note that Fig. 1 refers to a V/f ratio equal to 1, i.e., rated
flux) and plotted in the V-f plane, the region of instability can
be obtained. In Fig. 2 the region of instability in the V-f plane
is represented. Please note that the lowest unstable V/f ratio
obtained is 0.06 p.u. in this case.

The effects of iron saturation are now considered in the
discussion. Fig. 3 shows the classical saturation curve considered
for the 7.25 MW motor in the current/voltage plane.
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Fig. 2. Region of instability of the 7.25 MW motor in the V-f plane.

Fig. 3. Saturation curve of the 7.25 MW motor.

The magnetizing inductance resulting in the linearization of
the saturation curve represents the rated value of the parameter,
equal to 15.25 mH for the 7.25 MW induction motor (please note
that for this motor the rated magnetizing current is 25% of the
rated current). If one considers the inductance at a higher voltage
value (i.e., at a higher flux value) the corresponding inductance
L′

m becomes considerably lower. For example, the
L′

m value for 1.6 p.u. flux is expressed in (5).

L′
m,1.6p.u. =

Δϕ′
m

ΔI′m
� 2

3
Lm (5)

If for each flux value the corresponding value of L′
m is

adopted, instead of the rated value of Lm, to calculate the region
of instability of the machine, one can notice that the unstable
operating points are significantly reduced, as shown in Fig. 5.
Indeed, in Fig. 5 the instability region of the 7.25 MW induction
motor with the consideration of the saturation effects of the iron
is plotted.

In order to better highlight the region, a zoom between
0 p.u. and 0.5 p.u. frequency is reported in Fig. 5, where it
is evident that the instability area is much smaller compared to
Fig. 2. Indeed, the lowest unstable V/f ratio is 0.17 p.u. and the
maximum unstable frequency at rated flux is 0.15 p.u. in Fig. 5.
On the contrary, the lowest unstable V/f ratio is 0.06 p.u. and
the maximum unstable frequency at rated flux is 0.52 p.u. in
Fig. 2, where the saturation effects have not been included in the
modelling.

Fig. 4. Saturation curve of the 7.25 MW motor (incremental inductance).

Fig. 5. Region of instability of the 7.25 MW motor in the V-f plane including
the saturation curve in the modelling.

Fig. 6. Customized V/f ratio where saturation is not considered.

B. Proposed Solution to Overcome Instability

In this Section a novel method is proposed in order to avoid the
operation of the induction machine inside the instability region,
which does not require any feedback loop. In this technique,
the V/f ratio is varied along with the different speeds of the
drive. These different ratios are derived based on the plot of the
instability region of the machine. From the instability region
shown in Fig. 2, where the saturation effects have not been
considered in the modelling, one can think that the only solution
to avoid the instability is creating a customized slope ramp as
reported in Fig. 6. In this condition the motor is under-fluxed
until the instability zone is exceeded.
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Fig. 7. Proposed solution to avoid the region of instability including saturation
effects.

When the saturation is taken into account, the instability
region gets smaller, as shown in the previous Section. Therefore,
one can also avoid the oscillations by creating a customized
slope ramp overfluxing the motor for low speeds, and gradually
reducing the flux to the rated value when the instability region
is exceeded. This proposed customized slope ramp is reported
in Fig. 7.

Since the flux is greater than the rated value only for low
speeds, the voltage is always lower than the rated value in the
overfluxing region. One can notice that overfluxing the machine
to avoid the instability region is not a solution one would consider
adoptable, if the saturation is not taken into account in the
stability analysis, as shown in Fig. 2.

In addition, please note that the method of Fig. 6 is not possible
if a substantial starting torque is required.

Moreover, the instability region regards the low and medium
speed region, approximately until 20-30% of the rated speed.
Thus, even if the proposed solution is developed for the constant-
torque rated-flux zone, there are no limitation for the motor to
work in the flux-weakening region.

Finally, some considerations on current limitation should be
done. Being the V/f an open-loop control, the speed ramp slope
(i.e., the acceleration) should be carefully limited in order not to
overload the motor. The maximum acceleration can be evaluated
from the load inertia and the resistant torque. Once the maximum
acceleration is known, one can set this limit in the drive with an
opportune safety margin.

With the proposed method, there will be a higher magnetizing
current during the motor speed ramp. The magnetizing current
can be evaluated from the magnetizing curve shown in Fig. 4.
Thus, one can calculate the maximum acceleration with the same
approach used in a standard V/f control.

III. SIMULATION RESULTS

In this Section, simulation results on two different induction
motors are reported: the medium power motor considered in
Section II for the stability analysis and a low power one. Please
note that the aforementioned low power motor is the one con-
sidered in the experimental results in Section IV, therefore a
comparison between simulations and experimental tests can be
carried out.

Fig. 8. Mechanical speed with 1 p.u. flux.

Fig. 9. Stator current Ia with 1 p.u. flux.

Fig. 10. Mechanical torque with 1 p.u. flux.

The classic open-loop V/f control logic has been imple-
mented in MATLAB/Simulink environment, where a SIM-
SCAPE model of the induction machine has been employed,
in order to include the saturation curve of the motor.

A 2-level PWM inverter model has been employed, where the
switching frequency and the deadtime have been set to 5 kHz
and 3 μs, respectively.

A. 7.25 MW Motor

In this Section, the medium voltage motor of Section II is
considered, in order to validate what has been shown in the
stability analysis.

The parameters of the 7.25 MW induction machine are re-
ported in Table I, in Section II.

Figs. 8, 9, and 10 show the mechanical speed, the stator
current, and the mechanical torque during an acceleration from
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Fig. 11. Mechanical speed with 1.6 p.u. flux.

Fig. 12. Stator current Ia with 1.6 p.u. flux.

0 rad/s to the rated speed of 242.2 rad/s with a constant flux of
1 p.u. The blue trace represents the simulation when the satu-
ration curve is not considered in the model, while the red one
represents the simulation with the inclusion of the saturation
curve of the motor.

Please note that the complete simulation has been reported
for the speed plots, whereas a zoom between 0 and 4 seconds is
shown for the current and the torque plots, in order to highlight
the oscillations due to the instability region.

Including the saturation curve in the model leads to obtain
less oscillations. The same test with a flux of 1.6 p.u. is shown
in Figs. 11, 12 and 13, where a consistent reduction of the
oscillations can be appreciated if the saturation is taken into
account.

By comparing the simulations, one can note that the saturation
damps the oscillations, even though they are not completely
suppressed, as shown in the stability analysis in Section II. It
can also be noticed from the current and torque plots that the
oscillations are gradually reduced when the flux is increased.
Indeed the torque oscillation amplitudes in Fig. 13 are about
15 kNm (considering saturation, red trace), whereas they are
about 50 kNm in Fig. 10. Please note that if the saturation is not
taken into account (blue trace), torque oscillations at 1.6 p.u.
flux are considerably higher than the torque oscillations at 1 p.u.
flux. Please note that since these are simulation results, it was

Fig. 13. Mechanical torque with 1.6 p.u. flux.

TABLE II
LOW POWER MOTOR PARAMETERS

possible to overflux the motor also at rated speed. In addition, it
should be pointed out that the average mechanical torque value
is the one related to the acceleration reference, which is not
zero, although this is difficult to acknowledge due to oscillations
amplitude.

B. 9.75 kW Motor

Table II contains the parameters of the 9.75 kW induction
motor, while the measured saturation curve of the motor is
reported in Fig. 14.

The region of instability of the 9.75 kW motor is reported in
Fig. 15. Please note that saturation effects have been taken into
account in the stability analysis, analogously to what has been
shown for the 7.25 MW machine in Fig. 5. It can be noted from
Fig. 15 that the lowest unstable V/f ratio is 0.53 p.u. and the
maximum unstable frequency at rated flux is 0.275 p.u.

Simulations have been executed for the 9.75 kW motor and
the results are reported in the following figures. In this case only
mechanical speed and stator current are reported.

Figs. 16 and 17 show the mechanical speed and the stator
current during an acceleration from 0 rad/s to the rated speed of
157 rad/s with a constant flux of 0.7 p.u., respectively.
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Fig. 14. Saturation curve of the 9.75 kW motor.

Fig. 15. Region of instability of the 9.75 kW motor.

Fig. 16. Mechanical speed with 0.7 p.u. flux.

Fig. 17. Stator current Ia with 0.7 p.u. flux.

Fig. 18. Mechanical speed with 1 p.u. flux.

Fig. 19. Stator current Ia with 1 p.u. flux.

Fig. 20. Mechanical speed with 1.2 p.u. flux.

In this case, including the saturation in the model does not
lead to relevant discrepancies in the graphs, even if a reduc-
tion of the oscillations can be highlighted. As reported for the
7.25 MW motor, the results with and without the saturation curve
(red and blue, respectively) are shown together. The same test
has been repeated with 1 p.u. flux (rated flux) and with 1.2 p.u.
flux, and the results have been reported in Figs. 18, 19, 20, and
21, respectively.

By comparing the simulations, analogously to what reported
for the medium power motor, one can note that the oscillations
are damped by the saturation effects, as shown in the stability
analysis in Section II. Please note that since these are simulation
results, it was possible to overflux the motor also at rated speed.
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Fig. 21. Stator current Ia with 1.2 p.u. flux.

Fig. 22. Mechanical speed with proposed method (red), and with rated flux
(blue) (7.25 MW).

Fig. 23. Stator current Ia with proposed method (red), and with rated flux
(blue) (7.25 MW).

C. Proposed Solution Results

In this Section, some results obtained with the proposed
method, introduced in Section II, are reported for the 7.25 MW
and the 9.75 kW motors, respectively. As regard the medium
voltage machine, it has been started with a flux equal to1.6 p.u.
for the first 2.8 s, then it was linearly decreased at 1.4 p.u. at
3.6 s, and finally returned at rated value of 1 p.u. at 4 s, in
accordance to what it is shown in Fig. 7. Fig. 22 shows the
mechanical speed during the acceleration until the rated speed
of 242 rad/s, while Figs. 23 and 24 show the zoom between 0
and 4 seconds of the stator current and the mechanical torque,
respectively. Please note that the blue traces represent current

Fig. 24. Mechanical torque with proposed method (red), and with rated flux
(blue) (7.25 MW).

Fig. 25. Mechanical speed with the proposed method (red), and with rated
flux (blue) (9.75 kW).

Fig. 26. Stator current Ia with proposed method (red), and with rated flux
(blue) (9.75 kW).

and torque behaviours using the rated flux slope ramp, whereas
the red traces represent the behaviours of the same quantities
using the proposed solution.

It can be noticed that the proposed method accurately mit-
igates the oscillations, since the instability region is avoided.
Moreover, please note that the torque oscillations in the red
trace of Fig. 24 are less than 10 kNm, against the 60 kNm of
the rated flux simulation, therefore an effective reduction of the
oscillations is achieved.
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Fig. 27. Test bench.

Fig. 28. Mechanical speed (red), and stator current (green) with 0.7 p.u. flux.

Figs. 25 and 26 show the comparison of the results obtained
using the proposed technique and the rated flux ramp, respec-
tively, with the 9.75 kW motor, during the acceleration until the
rated speed of 157 rad/s. In this case, for the proposed solution,
the flux is kept at 1.2 p.u for 1 s, then it is linearly decreased
at the rated value at 2 s. The mechanical speed is reported in
Fig. 25, while the stator current of phase a is shown in Fig. 26.
Please note that for this low power machine the differences
are less significant, since the amplitude of the oscillations due
to the instability region is smaller compared to the medium
power machine. However, the proposed method allows speed
oscillations reduction also in this case.

IV. EXPERIMENTAL RESULTS

Experimental tests have been carried out in order to validate
the theoretical analysis and the method proposed in this article.
The V/f control logic has been implemented in DSpace Microlab
Box control platform and the test bench is shown in Fig. 27.

The DSpace system outputs have been sent to an inverter with
DC link voltage of 550 V connected to the induction machine.
Both the sampling frequency and the PWM switching frequency
have been set to 5 kHz, whereas the dead time was set to
3 μs, according to what has been done in the theoretical stability
analysis and in simulations.

Figs. 28 and 29 show the mechanical speed (red) and the stator
current (green) during an acceleration until the rated speed of
157.6 rad/s with a constant 0.7 p.u. flux, while the results related
to 1 p.u. flux are reported in Figs. 30 and 31, respectively.

Fig. 29. Zoom of mechanical speed (red), and stator current Ia (green) with
0.7 p.u. flux.

Fig. 30. Mechanical speed (red), and stator current Ia (green) with 1 p.u. flux.

Fig. 31. Zoom of mechanical speed (red), and stator current Ia (green) with 1
p.u. flux.

Fig. 32. Mechanical speed (red), and phase a stator current Ia (green) with the
proposed overfluxed ramp.

Fig. 32 shows the results using the customized slope ramp
proposed in this article. In this case, the flux is kept at 1.2 p.u
for the first 4 s, then it linearly decreases, in order not to saturate
the voltage, until the rated value of 1 p.u. is reached at 5 s.
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By comparing the results during the three different tests, one
can note that using the customized slope ramp can lead to a
significant reduction of the oscillations, since the region of insta-
bility is avoided. Moreover, a great correspondence between the
simulation results and the experimental results can be observed.
Finally, one has to note that the oscillation at rated flux with
the 9.75 kW motor are not really critical. Actually, the proposed
method is useful especially for MV motors. However, 9.75 kW
motor was considered to validate the proposed analysis with
small-scale experimental tests.

V. CONCLUSION

In this article, a new open-loop method to avoid oscillations in
V/f control of induction motor is considered. Firstly, a stability
analysis is performed, considering the instability region on the
frequency-voltage plane; iron saturation is taken into account
since it significantly influences the stability. Then, the proposed
method is shown, which is based on V/f ratio variation, in order to
avoid the instability area. This method is particularly indicated
for MV motors, where the instability region is large and the
oscillation effects are more critical. The proposed solution is
verified with simulations on a 7.25 MW induction motor, where
torque oscillations are reduced by about 80% compared to the
rated V/f ratio case. The proposed analysis is then validated
with small-scale experimental tests on a 9.75 kW induction
motor, comparing simulation and experimental results. A great
correspondence between simulations and experiments can be
observed and the analysis is therefore validated. This study
can greatly improve the classic open loop V/f control and
make it suitable in some high power applications. The proposed
method may be sometimes preferable to certain closed-loop
control systems, in theory more performing but sometimes more
critical, especially in cases of mechanical resonances, where
the needed measurement feedbacks could amplify instability
phenomena.
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