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Abstract: A smooth changeover from the I-f method to closed-loop sensorless vector control is a critical requirement for
permanent magnet synchronous motor (PMSM) drives using a back-emf based sensorless algorithm for medium- to high-speed
range control. The existing methods provide a smooth transition by aligning the angle generated by I-f control to the sensorless
estimated angle. However, the overall start-up time increases due to the additional transition interval, which limits the usability of
these methods for applications requiring a quick start-up. Furthermore, the use of a direct transition method to reduce the
changeover time results in speed and current oscillation if the estimated position using sensorless algorithm is having an error.
In the proposed method, the inverter pulses are disabled for a short duration and the machine back-emf is measured after the
stator current falls to zero. Therefore, a quick and seamless transition is achieved in the proposed method by accurately
estimating the rotor position from the sensed back-emf. The proposed method is also extended to perform on-the-fly start for
power failure ride through during short time power supply interruption. The performance of the proposed method is verified
using simulation and experiment on a 25 kW PMSM drive.

1 Introduction
Permanent magnet synchronous motors (PMSMs) are widely used
in industries, home appliances, and electric vehicles due to their
high energy density, high torque capability at low speed, and higher
efficiency than induction machines. Position sensors or resolvers
are used conventionally for the vector control of PMSM drives.
However, the use of position sensors affects system reliability and
increases cost. Consequently, sensorless vector control methods
became popular. For a variety of applications such as compressors,
pumps, fans, and heating ventilation and air conditioning systems,
and also for critical applications such as electric ship propulsion,
and emergency heat and smoke exhaust, a high precision dynamic
control at low speed is not necessary. Instead, a simple and reliable
control in medium- and high-speed range would be sufficient.
Hence, back-emf based sensorless vector control is an appropriate
choice for such applications. However, the operation of back-emf
based methods is limited at zero or very low speeds. Therefore, an
additional starting method is necessary while using back-emf based
sensorless vector control.
High-frequency signal injection techniques [1–3] can be used
for starting and low-speed region. In these methods, the rotor
position is extracted from the rotor anisotropy and the saturation
saliency of the motor. However, the complex signal processing
requirements and implementation difficulties for low-saliency
machines limits their application. Hence, an open-loop method for
starting along with back-emf based sensorless vector control is
commonly used. One such strategy is to use V/f control for starting
and low-speed operation [4]. However, since there is no current
feedback in V/f control, the motor may lose synchronism during
loaded conditions.
I-f open-loop control [5] having a closed-loop current
regulation is used to achieve stable operation with full torque
capability. After the motor develops sufficient speed with I-f
starting, a transition to sensorless vector control is performed.
Different transition methods are discussed in the literature to obtain
a smooth and seamless changeover. In direct transition methods
[6], a quick changeover is performed by changing the control
system transformation angle from the synchronously rotating
reference frame angle to the already converged sensorless
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estimated angle. Also, the q-axis current reference and current
controller states are redefined appropriately. However, accurate
rotor position information is required to achieve a smooth
transition. Hence, offset in measurement, the effect of inverter
dead-time, and stator resistance variation should be properly
compensated. However, a positive d-axis current during I-f control
causes motor saturation and results in d-axis inductance variation
[7], which is difficult to predict [8, 9]. Furthermore, speed and
current oscillations during I-f ramp-up also result in position
estimation error with the sensorless algorithm. Consequently, a
transition interval is necessary to ensure a smooth variation in
stator current and to prevent machine saturation before and after
the changeover.
Methods based on increased motor acceleration rate and current
profiling are used to reduce motor saturation at the transition
instant. A first-order compensator which results in an increased
motor acceleration rate is used in [5], such that the synchronously
rotating I-f reference frame aligns with the sensorless estimated
rotor reference frame. Similarly, a speed-dependent gain is used in
[10] for aligning both reference frames. Since the magnitude of the
current vector is kept constant in both the methods, the increased
motor acceleration rate aligns both reference frames. Thus,
variation in stator current and machine saturation is reduced to
obtain a smooth transition. However, the successful convergence of
these methods depends on compensator parameters.
Current profiling-based methods are also used in the literature
to slowly reduce the current vector magnitude so that the
synchronously rotating reference frame gets aligned to the
sensorless estimated angle. Most of the authors use a linearly
decreasing current profile [11–14]. Current profiles, which are
inversely proportional to speed [15], exponentially decreasing with
time [16], and with a negative slope proportional to the square of
error angle [17], are also used. Furthermore, reference current
reduction using a closed-loop integral control is proposed in [18].
Even though both increased acceleration rate methods and current
profiling methods provide a smooth changeover, a finite time is
required for the transition interval. Hence, these methods cannot be
used for critical applications such as electric ship propulsion and
emergency heat and smoke exhausts, where a quick start-up is
necessary.
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the proposed method is mathematically derived in Section 5. The
proposed method is experimentally validated in Section 6 and
concluded in Section 7.

2 I-f open-loop starting and sensorless vector
control
In the I-f method, the motor is accelerated with controlled stator
currents. After the motor speed crosses a minimum speed for the
sensorless algorithm to operate satisfactorily, a transition to
sensorless vector control is performed. I-f control is a speed openloop and current closed-loop method. In this method, a preset
reference speed profile is used as given in (1)
Fig. 1 Synchronously rotating reference frame and rotor reference frame
during I-f open-loop control of PMSM

A novel pulse-off method is proposed in this paper to achieve a
quick and smooth changeover from I-f to sensorless vector control
by accurately estimating the rotor angle. In the proposed method,
inverter pulses are turned off for a short duration after the motor
reaches enough speed for sensorless vector control to work. In the
pulse-off duration, the rotor position is estimated using the
measured back-emf after the current decreases to zero. Hence, the
proposed method accurately determines the rotor position
independent of machine parameters such as stator resistance and
inductance compared to the conventional direct transition methods.
Even though phase/line voltage measurements are commonly used
for the control of brushless DC motors [19–22] and for improving
the low speed sensorless control of PMSM motors [23–26], this
technique is not used for the changeover from I-f control to
sensorless control, except in [27]. Since the line voltages are
measured during the pulse-off interval, the sensed voltages are
devoid of switching frequency components. Hence, no additional
filters are required in the proposed method. Also, the complexities
and problems involved in high-precision instantaneous voltage
measurement methods such as low pass filter (LPF) with
compensation [28], analogue integration based [23, 24], voltage
controlled oscillator based [25], and digital integrators using fast
analogue-to-digital converters [26] are not present. Thus, a simple
hall effect based voltage transducers are used in the proposed
method. Even though the additional isolated voltage sensors
increase cost and number of hardware components, it will not be
significant compared to the total system cost in high-power
applications, and also of less concern for applications where a
quick and reliable starting is the priority. Furthermore, the line
voltage sensors can also be used for accurate permanent magnet
flux estimation during self-commissioning of PMSM drives.
The proposed method is also used for achieving smooth on-thefly start during short time power supply interruptions. Since the
motor terminal voltages are continuously monitored by a sensorless
vector control algorithm, a smooth on-the-fly start is performed
without resorting to other complex methods based on signal
injection and zero voltage pulse [29–31]. In this paper, in addition
to the work presented in [27], a comparison of dynamics of the
direct transition method and the proposed method during a
changeover is performed using simulation. The transient response
of the proposed method is improved by initialising the speed
controller with the q-axis current demanded by the load. Also, the
time required for current decay during pulse-off is mathematically
derived, and used for determining the pulse-off duration for a given
drive. Furthermore, the proposed method is experimentally
validated on a 25 kW PMSM instead of the low power (2.5 kW)
PMSM used in [27].
The paper is organised as follows. In Section 2, I-f open-loop
starting, sensorless vector control technique, and the changeover
strategies are discussed in detail. Sensorless vector control using a
modified stator voltage integration technique is used for mediumand high-speed range control of the drive. Section 3 elaborates on
the analysis of the conventional direct transition method. The effect
of error in position estimation on the dynamics after the transition
is analysed using simulation. The proposed pulse-off method is
explained in detail in Section 4. The pulse-off time requirement of
2232

ωi = Kwt

(1)

where Kw is the slope of speed ramp.
The reference frame transformation angle during I-f control (θi)
is obtained as
θi = ∫ ωi dt

(2)

The stator currents are referred to a synchronously rotating d′ − q′
reference frame with the transformation angle θi as shown in Fig. 1.
The q′-axis current (iq′) is controlled at the rated value (Iq rated ) and
the d′-axis current (id′) is maintained at zero to obtain full torque
capability during starting. Thus, the stator current vector (is) is
oriented along the q′-axis. Since the d′ − q′ reference frame may
be shifted from the rotor reference frame (d–q), the machine draws
both flux producing d-axis current (id) and torque producing q-axis
current (iq) depending on the load.
The I-f starting procedure is divided into the following
intervals.
• Kick-off interval
• Ramp-up interval
Kick-off interval: In the kick-off interval, the reference frequency is
maintained at a low value to overcome the initial striction and
cogging torque. Even though there may be an initial negative
speed, the rotor latches to the slowly rotating stator magnetic field.
The latching occurs when the load angle reaches a sufficient value
such that the generated torque exceeds the total load demand. After
the initial kick-off interval, the rotor speed is ramped up according
to (1).
Ramp-up interval: The generated torque of a surface-mounted
PMSM (SMPMSM) is given by
T e = ktIq rated sin δ

(3)

where kt is the torque constant, Iq rated is the rated q-axis current
and δ is the load angle (angle between the current vector and rotor
flux vector). Under stable operation, the generated torque is
balanced by the total load demand. Also, for large-signal variation
the reference speed (ωi) is assumed to be the same as the rotor
speed (ωr). Thus, the generated torque is expressed as
2
2 d
ktIq rated sin δ = T l + T f + B ωi + J
ω
P
P dt i

(4)

where right-hand side of (4) represents the total load demand, T l is
the load torque (Nm), T f is the frictional torque (Nm), J is the
moment of inertia (kgm2), ωi is the electrical reference speed
(rad/s), P is the number of poles, and B is the viscous friction
coefficient (Nms).
In I-f control, the magnitude of current vector is maintained
constant at Iq rated . Hence in (3), only the load angle (δ) is varied to
control the generated torque to match the total load demand. The
variation of generated torque with load angle (δ) is plotted in
Fig. 2.
IET Electr. Power Appl., 2020, Vol. 14 Iss. 11, pp. 2231-2242
© The Institution of Engineering and Technology 2020

modulating the reference speed with the perturbations in input
power [34–37], thus adding damping to the overall system. The
power perturbation algorithm is included in this paper to improve
the damping of speed and current oscillations during open-loop I-f
control. When the machine develops enough speed in the ramp-up
interval, a changeover to the sensorless vector control is performed.
2.1 Sensorless vector control using modified stator voltage
integration
Fig. 2 Generated torque characteristics of SMPMSM with I-f control

Fig. 3 Sensorless position estimation using stator voltage integration

When there is an increased total load demand during speed
ramp-up, the acceleration rate of the rotor decreases, resulting in an
increase in the load angle. Under stable operation (0° < δ < 90°),
when δ increases, the generated torque also increases as seen in
Fig. 2. Thus, a new equilibrium point is reached to meet the
increased total load demand. Similarly, when the total load demand
decreases, the rotor acceleration rate increases and hence δ
decreases. From the stable region of Fig. 2 it is observed that the
generated torque also decreases when δ decreases, thus maintaining
stability. Hence, I-f control has a self-stabilisation action in the
region 0° < δ < 90°.
However, for 90° < δ < 180° (unstable region in Fig. 2), when
the load angle (δ) increases due to the increased total load demand,
the generated torque decreases. The decrease in generated torque
causes a decrease in rotor acceleration rate, causing a further
increase in δ, and finally resulting in loss of synchronism. To
ensure stable operation in the ramp-up interval, δ should be limited
below 90° even for the worst case total load demand. The worst
case total load demand occurs under maximum load torque (T l max )
and maximum viscous friction (assuming a constant T f ). The
viscous friction is maximum at the changeover speed (ωchg) during
the ramp-up interval. In (4), the slope of reference frequency
(dωi /dt) is the only control variable that can be chosen to maintain
δ below 90°. Thus, loss of synchronism is prevented even under
worst case loading condition by fixing the reference frequency
slope to a proper value. Let the slope of reference frequency be
denoted by a constant ‘Kw’. Assuming that the load angle is 90°,
the expression for reference frequency slope during ramp-up
interval under worst case total load demand is derived from (4) as
Kw = Ks

P ktIq rated − T l max − T f − B(2/P)ωchg
J
2

(5)

where T l max is the maximum expected load torque during the
ramp-up (Nm) and ωchg is the changeover speed (rad/s). A safety
factor Ks is included to incorporate the effect of error in estimated
parameters (Ks < 1).
Speed and current oscillations occur during the frequency rampup interval due to the insufficient damping in the system [32].
These oscillations can even lead to mid-frequency instability,
which is an inherent instability of open-loop controlled PMSM
without damper windings [33]. In mid-frequency instability, the
open-loop control of PMSM becomes unstable beyond a certain
operating frequency. The instability may or may not occur
depending on the machine parameters, and type of load connected.
For machines with large viscous friction or if the connected load is
a function of rotor speed, the chance for mid-frequency instability
is less due to the high damping in the system. The mid-frequency
instability in open-loop I-f controlled PMSM drive is stabilised by
IET Electr. Power Appl., 2020, Vol. 14 Iss. 11, pp. 2231-2242
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Sensorless vector control methods such as observer-based (Kalman
filter, Luenberger observer, or sliding mode observer), highfrequency injection techniques, and estimators using artificial
intelligence (neural network and fuzzy-logic based) are used for
PMSM drive requiring high-dynamic performance and continuous
low-speed control. However, the back-emf-based sensorless
technique provides a simple and computationally less intensive
solution for applications involving medium- and high-speed range
control. In this paper, the sensorless vector control is implemented
using a modified stator voltage integration technique [38].
In stator voltage integration, the stator flux vector (Ψs) is
obtained by integrating the stator terminal voltage with resistance
drop reduced
(6)

Ψs = ∫ (vs − isRs) dt

where vs = vα + jvβ is the stator voltage vector, Rs is the stator
resistance, and is = iα + jiβ is the stator current vector.
The rotor flux vector (Ψr) is obtained as
(7)

Ψr = Ψs − Lsis
where Ls is the stator inductance.

^

Sine and cosine of the estimated rotor position (θr) are given by
^

^

cos θr =

Ψrα
Ψr

(8)

^

^

sin θr =
^

Ψrβ
Ψr

(9)

^

where Ψrα and Ψrβ are the α and β components of the estimated
^ 2

^ 2

rotor flux vector (Ψr) and Ψr = Ψrα + Ψrβ.
The rotor speed is estimated from the estimated rotor position
as
^

ω^ r = cos θr

^
^ d
^
d
sinθr − sin θr cosθr
dt
dt

(10)

However, the offset in the measured current results in drift in
output when a pure integrator is used. To overcome the drift, and to
stabilise the integration action, small negative feedback [38] is
provided as shown in Fig. 3. Thus, the resulting system acts similar
to a LPF. By choosing the corner frequency of LPF (ω0) as a small
value, the transfer function approximates a pure integrator. In the
low-speed range, the corner frequency of the LPF is near to the
operating speed, causing phase and magnitude error in the
estimated rotor flux linkage. Furthermore, inaccuracy in the
estimated stator resistance and stator inductance also adds to this
error. Hence, to overcome the low-speed issues of the stator
voltage integration technique, an open-loop I-f method [32] is used
for starting and low-speed operation (0–8 Hz range). The back-emf
based sensorless vector control is used only in medium- and highspeed range (above 8 Hz).
2.2 Transition to sensorless vector control
Increased acceleration rate and current profiling-based methods are
used to achieve a smooth changeover from I-f control to sensorless
vector control. However, for critical applications requiring a quick
2233

Fig. 4 Control system for sensorless vector control of PMSM with I-f starting

Table 1 PMSM parameters
rated power
rated speed
rated frequency
rated torque
root-mean-square line
voltage
rated current

25 kW permanent-magnet flux 0.185 Wb
3000 rpm d-axis inductance 0.168 mH
400 Hz
q-axis inductance 0.178 mH
29 mΩ
80 Nm
stator resistance
400 V
inertia
2 kgm2
35 A

Pole pairs

8

start-up, a direct transition method devoid of a transition interval is
conventionally used. The changeover is performed at about 5–10%
of rated speed based on the assumption that the estimated position
has already converged. To achieve a smooth transition, the
transformation angle and q-axis current reference should be
properly initialised. However, the convergence of the estimated
position highly depends on the system parameters. Furthermore,
speed oscillations during the I-f ramp-up due to mid-frequency
instability also cause estimation error in the direct transition
method. Hence, the direct transition is performed at a constant
speed, where the speed oscillations have already settled [6]. A
detailed analysis of the effect of error in position estimation at the
changeover instant on the system dynamics after the changeover is
analysed in Section 3 using simulation.
The proposed pulse-off method estimates the position from
measured back-emf and does not depend on the sensorless
estimated position at the transition. Hence, a constant speed
interval for speed oscillations to settle is not required for the
proposed method. A changeover to sensorless vector control is
performed during the I-f ramp-up interval, achieving a quick startup as demonstrated in the experimental results in Section 6. The
proposed method is discussed in detail in Section 4.

3

Analysis of direct transition method

The direct transition method is implemented in the system shown
in Fig. 4 (devoid of the proposed method block) and simulated in
MATLAB/Simulink. A 25 kW PMSM with parameters given in
Table 1 is used for the study. The simulation results while using the
direct transition method are shown in Fig. 5. A constant load torque
of 25 Nm is considered for all simulations. The machine is started
with a kick-off interval of 2 s with the machine speed maintained at
1 Hz. After the kick-off interval, the machine speed is ramped up at
a rate of 5 Hz/s to reach a steady-state speed of 10 Hz. In spite of
the power perturbation algorithm, damped oscillations are observed
in the speed and current waveforms during both kick-off and rampup interval. The magnitude of oscillations would have been larger
with a longer settling time if the I-f control was performed without
power perturbation stabilisation. A transition to sensorless vector
control is performed at 5 s, once the oscillations are settled. The
transition is performed by changing all the switch positions in
2234

Fig. 5 Simulation results of direct transition method at the changeover

(a) Speed waveforms, (b) q-axis current waveforms, (c) Phase current waveform, (d)
sin θ waveforms

Fig. 4 from 1 to 2. The reference frame transformation angle (θc),
^

which is derived from θi during I-f control is changed to θr in
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error in estimated rotor position causes an error in the estimated
speed and initial value of q-axis current reference (iq_ref ) for
sensorless vector control initialisation after the transition instant.
The q-axis current reference should ideally reset to iq_load (25.3 A)
to achieve a smooth transition but instead reset to 50.8 A as shown
in the inset of Fig. 5b. Furthermore, error in estimated speed also
adds to additional oscillations in iq_ref due to the proportional action
of the speed controller after the changeover.
Variation in motor parameters such as stator resistance due to
temperature and saturation of d-axis inductance causes additional
magnitude and phase error in the estimated rotor flux in sensorless
vector control. Furthermore, the effect of dead-band, cogging
torque at low speed and inaccurate inverter modelling cause lowfrequency oscillations (fifth and seventh harmonic) in the estimated
rotor flux. Compensation techniques are normally used to
compensate for stator resistance variation, the effect of dead-time
and modelling errors of the inverter. However, the resulting
sensorless algorithm becomes highly complex while using such
techniques. Also, the effects of d-axis inductance saturation and
cross-coupling magnetisation are difficult to predict as explained
before. Low-frequency oscillations during I-f starting also result in
inaccuracies in the estimated rotor position. In this paper, the
modified stator voltage integration-based sensorless algorithm is
used without additional compensation techniques for implementing
both the direct transition method and the proposed pulse-off
method. To incorporate the effect of parameter variation, inverter
dead-time, cogging torque, inaccurate inverter modelling, and error
due to speed oscillations, an error of 15% is added to the sine of the
sensorless estimated position at the transition instant. Let sin θerr be
the sine of estimated sensorless position with 15% error. The
resulting erroneous cosine of estimated angle is computed as
1 − sin θerr. Fig. 6 shows the simulation result of the direct
transition method with an additional error of 15% added to the
estimated position at the transition instant. A larger magnitude of
speed and current oscillations is observed after transition compared
to the direct transition method without additional error. The iq_ref is
initialised to 71.7 A instead for 25.3 A demanded by the load
torque as seen from the inset of Fig. 6b. The higher value of initial
iq_ref increases the generated torque momentarily accelerating the
machine to a higher speed even though the machine is already at
the reference speed. Consequently, the machine takes a longer time
to settle to the reference speed due to the slow action of integral
control in the speed proportional–integral (PI) controller as
observed in Fig. 6a.
Fig. 6 Simulation results of direct transition with 15% additional error at
the changeover
(a) Speed waveforms, (b) q-axis current waveforms, (c) Phase current waveform, (d)
sin θ waveforms

sensorless vector control as shown in Fig. 5d. ‘iq_load’ in Fig. 5b
represents the q-axis current demanded by the load. iq_load is 25.3 A
for the considered machine with 25 Nm load. q′-axis current is
maintained at a constant reference during I-f control, thereby
maintaining the stator currents at a rated value as observed from
Figs. 5b and c. The actual q-axis current (iq) oscillates about iq_load
in the kick-off interval and has a mean value above iq_load for
acceleration in the ramp-up interval. Since the actual q-axis current
(iq) is proportional to the generated torque for SMPMSM, iq
represents the generated torque itself.
Even though the sensorless algorithm uses accurate machine
parameters, oscillations in speed and current are observed after the
transition to sensorless vector control. The oscillations arise due to
the error in the estimated rotor position at the transition instant as
observed in Fig. 5d. The control system transformation angle (θc) is
^

initialised to the sensorless estimated rotor position (θr) instead of
the actual rotor angle (θr). The small error in estimated position is
due to the use of LPF instead of a pure integrator for stator voltage
integration. The magnitude of error is proportional to the proximity
of operating frequency to the corner frequency of LPF (1 Hz). The
IET Electr. Power Appl., 2020, Vol. 14 Iss. 11, pp. 2231-2242
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4

Proposed pulse-off method

In the proposed pulse-off method, the rotor position at changeover
is obtained from line voltage measurement instead of relying on
sensorless vector control. Thus, an accurate rotor position is
obtained independent of machine parameters and speed oscillations
at low speed to achieve a quick and smooth transition. In this
method, when the motor speed reaches the changeover speed, the
inverter pulses are disabled for a short duration. Therefore, the
stator currents decrease to zero through the freewheeling diodes.
The machine internal back-emf is reflected in the measured line
voltage when the current reduces to zero.
Assuming a sinusoidal back-emf, the back-emf vector (eb) and
rotor flux vector are related by
eb =

dΨr
dt

(11)

Furthermore, the rotor position of PMSM is the same as the rotor
flux position. Thus, the rotor position is estimated in the pulse-off
interval from the measured line voltages.
The assumption of sinusoidal back-emf is applicable only if the
harmonics in back-emf are not significant. Hence, the proposed
method is only applicable to sinusoidal back-emf machines with
less amount of other harmonics. Methods such as skewing and
fractional slot windings [39] are conventionally used to reduce the
higher-order harmonics (due to slot harmonics) in the back-emf.
2235

cos(θr∗) = cos(θemf + 90°) = − sin θemf

(19)

The estimated rotor speed using the pulse-off method (ωr∗) is given
by
ωr∗ = cos θr∗

Fig. 7 Measured line-line back-emf voltage of the 25 kW PMSM: Ch4 –
vab (X-axis: 50 ms/div; Y-axis: 5 V/div)

d
d
sin θr∗ − sin θr∗ cos θr∗
dt
dt

An accurate estimate of permanent magnet flux linkage (ΨF) is
necessary for the control system to compute the feed forward of
machine back-emf. However, due to demagnetisation and ageing,
ΨF reduces from its original value. In the proposed method, ΨF is
estimated in the pulse-off duration using the measured back-emf
and estimated speed. The estimated permanent magnet flux linkage
using the pulse-off method (Ψ∗F) is obtained as
Ψ∗F =

Fig. 8 Relative position of back-emf and rotor flux vectors
(a) Case 1, (b) Case 2

The back-emf of 25 kW PMSM with fractional slot winding used
in this paper is shown in Fig. 7.
The back-emf vector (eb = eα + jeβ) is computed from the two
measured line voltages as
eα = vab +
eβ =

vbc
2

3
v
2 bc

(12)
(13)

cos (θemf ) =

eα
e

(14)

sin (θemf ) =

eβ
e

(15)

where θemf is the position of the back-emf vector with respect to
the stationary a-phase axis, and e = eα2 + eβ2 is the magnitude of
back-emf vector. Let θr∗ denote the estimated rotor position using
the pulse-off method. The rotor flux vector lags back-emf by 90°.
Hence, during anticlockwise rotation θr∗ = θemf − 90° as is observed
in Fig. 8a. However, during clockwise rotation, θr∗ = θemf + 90° as
observed in Fig. 8b.
Sine and cosine of rotor flux position during anticlockwise
rotation are expressed as
sin(θr∗) = sin(θemf − 90°) = − cos θemf

(16)

cos(θr∗) = cos(θemf − 90°) = sin θemf

(17)

Sine and cosine of rotor flux position during clockwise rotation is
obtained as
∗

sin(θr ) = sin(θemf + 90°) = cos θemf
2236

eb
ωr∗

(21)

Thus, ΨF in the feed forward calculation is updated in every drive
start-up during the pulse-off interval.
The control is transferred from the I-f method to sensorless
vector control by enabling the inverter pulses, once the rotor
position, rotor speed, and q-axis current demand of load are
computed. The estimated rotor position is used to initialise the
integrator in the sensorless module. Furthermore, the estimated
speed during pulse-off is used to initialise the speed filter.
However, to achieve a smooth transition, the speed controller also
should be initialised appropriately with the q-axis current
demanded by load torque at the transition. A wrong initialisation of
integral control produces a higher or lower generated torque
resulting in unwanted oscillations in speed and current as discussed
in Section 3. The computation of q-axis current demand by the load
for speed PI controller initialisation is discussed as follows.
4.1 Computation of q-axis current demanded by the load
The generated torque of PMSM supplies the total load torque
(T l + T f + B(2/P)ωr) and is used for acceleration as observed in
(4). Hence, the q-axis current demanded by the load (iq_load) before
pulse-off is obtained as
iq_load =

Sine and cosine of back-emf vector position are given by

(20)

T e − J(2/P)(d/dt)ωr
kt

= Iq rated sin δ −

J2 d
ω
kt P dt r

(22)
(23)

From Fig. 1, the load angle is obtained as
δ = 90° + θi − θr∗

(24)

where θi is the synchronously rotating reference frame angle in I-f
control and θr∗ is the rotor angle estimated from back-emf.
However, θi and θr∗ cannot be computed at the same time
instant. θi is used to control the current vector only till the starting
instant of pulse-off, whereas θr∗ is computed only by the end of
pulse-off duration. Hence, θr∗ at the end of the pulse-off interval
(θr∗1) is interpolated to the start of pulse-off duration (θr∗0) to estimate
the q-axis current demanded by the load. The rotor speed is
assumed as constant during the pulse-off duration due to the large
inertia of the considered machine. θr∗ at the beginning of pulse-off
interval (θr∗0) is given by
θr∗0 = θr∗1 − ωr∗ toff

(25)

where toff is the pulse-off duration.

(18)
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where θi0 is the synchronous reference frame transformation angle
at the instant before pulse-off and Kw is the slope of speed ramp in
I-f control.
However, the acceleration torque is not present when the
changeover is performed in the constant speed interval after the
speed ramp-up. Hence, the q-axis current demanded by the load
torque in the constant speed interval is given by
iq_init = Iq rated cos(θi0 − θr∗0)

(27)

4.2 Simulation of the proposed method
The control block diagram of the proposed method is shown in
Fig. 4. The proposed method is implemented on a 25 kW PMSM
drive with the parameters in Table 1 and simulated in MATLAB/
Simulink to evaluate its performance. Similar to the direct
transition method, I-f control is used to ramp-up the speed initially.
However, instead of directly changing all the switch positions from
1 to 2 in Fig. 4, a pulse-off interval of 1 ms is provided at the
transition instant. The rotor position, rotor speed, and q-axis
current demanded by the load are estimated, and the corresponding
integrators are initialised as discussed before. A smooth transition
is observed in the speed waveform in Fig. 9a and the current
waveforms in Figs. 9b and c. The rotor position is estimated
accurately from the sensed line voltages, and the sensorless
position is corrected at the end of the pulse-off interval as seen in
Fig. 9d. From the inset of Fig. 9b, it is observed that the reference
q-axis current is also initialised to iq_load in the proposed method.
As a result, the oscillations in speed and phase currents are
minimised. The small oscillations are due to the inaccuracies in
sensorless vector control after the changeover. However, the
oscillations are reduced significantly compared to both the direct
transition method and the direct transition method with an
additional error. A comparison of the performance of the proposed
pulse-off method with the direct transition method and direct
transition method with 15% additional error is shown in Table 2 for
better clarity.
4.3 On-the-fly starting for power failure ride through

9.5

21.7

14.5

The proposed method is also extended to achieve on-the-fly start of
PMSM. During short-time power failure, the inverter pulses are
disabled to prevent the DC bus discharge and consequent under
voltage trip. When the supply is restored after a short time power
failure, the motor will be in motion due to the stored kinetic energy.
In industries, to prevent the monetary loss that would occur due to
a complete system restart after waiting for the motor to reach zero
speed, the motor is started on-the-fly with sensorless vector
control. The line voltage sensors in the proposed method are used
to estimate the rotor position continuously during the supply failure
interval. Similar to the pulse-off method, the motor is started
directly in sensorless vector control when the supply is restored by
properly initialising the speed controller, speed filter, and the
integrator in the sensorless module. However, for directly starting
with sensorless vector control, the motor speed should not fall
below the changeover speed of the pulse-off method. The motor
deceleration during supply failure depends on the motor inertia and
the load torque.

17

34.7

23.1

5

Fig. 9 Simulation results of the proposed pulse-off method

(a) Speed waveforms, (b) q-axis current waveforms, (c) Phase current waveform, (d)
sin θ waveforms

Table 2 Performance comparison of various transition
methods
Magnitude of maximum overshoot after the
transition
In motor
In q-axis
In a-phase
speed (ωr), current (iq), A current (ia), A
rpm
direct transition
method
direct transition
method with 15%
additional error
proposed pulseoff method

3.2

8.3

5.5

The q-axis current demanded by the load torque for speed
controller initialisation when the changeover is performed in rampup interval is obtained as
iq_init = Iq rated cos (θi0 − θr∗0) −

J2
K
kt P w
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(26)

Determination of the pulse-off time

A finite time is required for the stator currents to decay to zero
depending on DC bus voltage, instantaneous motor currents, and
stator inductance during pulse-off. Also, accurate position
estimation is obtained with the proposed method when the backemf is estimated at zero current. Hence, the duration of pulse-off
should be selected such that all currents become zero even in the
worst case before re-enabling the pulses. In this section, the worstcase time required for current decay is analytically derived. The
pulse-off time is fixed by providing an extra margin to the worstcase current decay time.
The stator current directions are assumed as given in Fig. 10 at
the pulse-off instant. When the pulses are disabled, the highlighted
2237

vb = − 0.5Lms

dia
dib
dic
− Lls + Lms
+ 0.5Lms
dt
dt
dt

(29)

vc = − 0.5Lms

dia
dib
dic
+ 0.5Lms
− Lls + Lms
dt
dt
dt

(30)

where Lls is the leakage inductance and Lms is the magnetising
inductance.
From the equivalent circuit in Fig. 12a, it is observed that
vb = vc and ia = ib + ic. Hence, the relation between derivatives of
stator currents is obtained by equating (29) and (30) and using
(dia /dt) = (dib /dt) + (dic /dt) as
Fig. 10 PMSM supplied from the inverter

dia
dib
dic
=2
=2
dt
dt
dt

(31)

The DC bus voltage equation is derived by using (31), (28) and
(29) as
dia
3
V dc = vb − va = − 1.5 Lls + Lms
dt
2
= − 1.5L0

dia
dt

(32)
(33)

where L0 = Lls + (3/2)Lms.
Let ib be the smallest current at the pulse-off instant. The slope
of the smallest current at the pulse-off instant in interval-1 (m1_small)
is obtained by using (33) and (31) as
m1_small =

Fig. 11 Stator current decay during the pulse-off interval

dib
V dc
= −
dt
3L0

(34)

Hence, the time duration of interval-1 (tdecay_1) is given by
tdecay_1 =

−ismall 0
−ib 0
=
m1_small
m1_small
=

(a) Interval 1, (b) Interval 2

diodes in Fig. 10 conducts and the stator currents decay to zero as
presented in Fig. 11. The resulting equivalent circuit is shown in
Fig. 12a. This initial time interval with three non-zero currents is
termed as interval-1. However, the smallest current first decays to
zero resulting in an equivalent circuit shown in Fig. 12b. Interval-2
denotes the time interval with only two non-zero currents.
Depending on the instantaneous currents at the pulse-off instant,
either interval-1 alone, or interval-2 alone or both interval 1 and 2
may be present. The time duration for interval-1 and interval-2 are
analytically derived in the following section.

5.2 Calculation of interval-2 time duration
When the smallest current at pulse-off instant decays to zero, the
equivalent circuit changes to Fig. 12b, initiating interval-2
operation. From Fig. 12b, it is observed that in interval-2, ia = ic
and hence dia /dt = dic /dt.
The DC bus voltage expression is obtained using (28) and (30)
as
V dc = vc − va
= − 2L0

5.1 Calculation of interval-1 time duration
During the stator current decay in pulse-off duration, the full DC
bus voltage gets applied across the stator terminals. Since the
motor speed is very low at the transition interval, the back-emf
voltage of PMSM is small compared to the DC bus voltage (V dc).
Hence, to simplify the calculation of stator current decay time, the
stator resistance and the back-emf are neglected in the stator
voltage equation of PMSM. The resulting equation is given by
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dia
dib
dic
+ 0.5Lms
+ 0.5Lms
dt
dt
dt

(36)

where ismall 0 is the magnitude of ismall (the smallest current at the
instant of pulse-off) at the instant ‘0’ and ib 0 is the b-phase
current at the instant of pulse-off.

Fig. 12 Equivalent circuit of PMSM under pulse-off interval

va = Lls + Lms

3L0ib 0
V dc

(35)

(28)

dia
dt

(37)
(38)

The slope of the largest current at a pulse-off instant (ia in this case)
during interval-2 (m2_large) is obtained from (38) as
m2_large =

dia
V dc
= −
dt
2L0

(39)

Thus, the time duration of interval-2 (tdecay_2) is given by
tdecay_2 =

−ilarge t1
−ia t1
=
m2_large
m2_large

(40)
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=

2L0ia t1
V dc

(41)

where ia t1 = ia 0 + 2m1_small tdecay_1, ‘ia t1 ’ is the magnitude of aphase current at the instant t1, ‘ilarge t1 ’ is the magnitude of ilarge
(largest current at a pulse-off instant) at instant t1.
5.3 Calculation of total stator current decay time
Finally, the total time duration of stator current decay is obtained
using (36) and (41) as

=

tdecay = tdecay_1 + tdecay_2

(42)

L0
2i
0 − ismall 0
V dc large

(43)

L0
2 i 0 − ib 0
V dc a

(44)

=

For interior PMSM, L0 varies between d-axis inductance (Ld) and
q-axis inductance (Lq) depending on the rotor position.
Furthermore, ilarge 0 and ismall 0 are the magnitude of
instantaneous currents at the pulse-off instant.
Variation of instantaneous stator currents with the current vector
angle (ϵ) is shown in Fig. 13. The a-phase, b-phase or c-phase
cyclically becomes the largest or the smallest phase current in
every 30° interval. Hence, the limiting case of tdecay is captured
when ϵ is varied from 0° to 30°. When ϵ = 30°, the smallest
current at pulse-off instant ismall 0 = 0. This corresponds to the
condition where only interval-2 is present (tdecay_1 = 0). When
ϵ = 0°, the largest current becomes zero by the end of interval-1
(ilarge t1 = 0). This represents the condition where only interval-1
is present (tdecay_2 = 0). The plot of current decay time obtained
using (44) for ϵ variation in the range 0° − 30° with both L0 = Ld
and L0 = Lq is shown in Fig. 14. The stator current decay time for a
particular operation could be anywhere between the two limits.
However, the pulse-off duration should be designed considering the
worst case of decay time. The maximum current decay time
(38.57 μs) occurs at ϵ = 30° with the current vector aligned along
the rotor q-axis (L0 = Lq). Finally, the pulse-off time is fixed as
500 μs for the experiments considering a safety margin and the
additional time for the computations. Since the moment of inertia is
large enough, the pulse-off time will not cause a significant speed
reduction. The speed reduction occurred during the pulse-off
interval is calculated in Section 6.

Fig. 13 Variation of stator currents with current vector angle

Fig. 14 Stator current decay time variation during pulse-off

Fig. 15 Experimental setup of 25 kW PMSM drive

6 Experimental validation
The proposed pulse-off method is validated on a 25 kW PMSM
drive whose parameters are given in Table 1. The PMSM is
coupled to a DC generator for loading as shown in Fig. 15.
TMS320F28335 digital signal processor is used as the control
platform and the inverter switching frequency is selected as 5 kHz.
A kick-off interval of 0.5 s with a constant frequency of 2 Hz is
provided. After the kick-off interval, the machine is ramped up at
20 Hz/s and a changeover is performed at 8 Hz. A pulse-off
duration of 500 μs is provided when the reference speed reaches 8
Hz. The a-phase current and speed waveform under loaded and noload condition are shown in Figs. 16 and 17, respectively. In both
loaded and unloaded cases, rated current is drawn by the machine
during I-f start-up since the current vector magnitude is held
constant by the control. Even after the transition, the machine
draws full rated current to quickly ramp-up to the reference speed
with full rated torque. However, during sensorless vector control,
only the q-axis current proportional to load torque is drawn by the
machine, and the d-axis current is controlled at zero. Hence, at the
steady-state operation of sensorless vector control, a higher current
is drawn by the machine in the loaded case compared to the
unloaded case as observed in Figs. 16 and 17. A smooth
changeover is observed in current with the proposed method. Even
IET Electr. Power Appl., 2020, Vol. 14 Iss. 11, pp. 2231-2242
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Fig. 16 Speed and stator current waveforms with pulse-off method under
loaded condition. Ch3: ω^ r, Ch4: ia (X-axis: 0.7 s/div; Y-axis: Ch3: 240
mech. rpm/div, Ch4: 50 A/div)

though the generated torque falls to zero for a short duration in the
pulse-off interval, dip in speed is not observed in both loaded and
no-load conditions. The moderately high inertia of the machine
(2 kg m2) is sufficient to maintain the machine speed in the pulseoff duration.
Since the stator currents decay to zero in the pulse-off interval,
the generated torque also becomes zero. Hence, a reduction in
speed occurs depending on the load present and the machine
inertia. Since the reduction in speed is reflected in the back-emf
vector position, the proposed method remains unaffected by the
2239

Fig. 17 Speed and stator current waveforms with pulse-off method under
no-load. Ch3: ω^ r, Ch4: ia (X-axis: 0.36 s/div; Y-axis: Ch3: 240 mech. rpm/
div, Ch4: 50 A/div)

Fig. 18 Variation of d-axis and q-axis currents with pulse-off method
under loaded condition. Ch1: iq_re f , Ch2: iq′, Ch3: id′, Ch4: ia (X-axis: 0.74
s/div; Y-axis: Ch1, Ch2 ,Ch3: 40 A/div, Ch4: 50 A/div)

Fig. 19 Variation of control system transformation angle with the pulse-off
method at the transition instant. Ch1: θi, Ch3: θc, Ch4: pulse-off signal (Xaxis: 50 ms/div; Y-axis: Ch1, Ch3, Ch4: 0.4 unit/div)

speed dip. However, while using the proposed method for a given
system, the speed should not fall below the minimum speed for
sensorless algorithm operation during the pulse-off interval. Hence,
the worst-case dip in speed during the pulse-off interval under full
load should be assessed for every system, and the changeover
speed should be selected accordingly. For the 25 kW PMSM, the
worst-case speed dip is obtained as
Δω =

T l max toff 80 × 500 × 10−6
=
2
J
= 0.02 rad/s
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Fig. 20 Stator current waveforms in the pulse-off duration. Ch2: ia, Ch3:
ib, Ch4: ic (X-axis: 20 μs/div; Y-axis: Ch2,Ch3,Ch4: 20 A/div

Fig. 21 Speed and stator current waveforms during on-the-fly start with
pulse-off method under loaded condition. Ch3: ω^ r, Ch4: ia (X-axis: 1.04 s/
div; Y-axis: Ch3: 240 mech. rpm/div, Ch4: 50 A/div)

Thus, a negligible speed dip occurs as verified by the experimental
results.
d- and q-axis current waveforms under loaded conditions are
shown in Fig. 18. After the pulse-off duration, the integrator in the
speed controller is initialised with an accurate value of q-axis
current demanded by the load. Thus, the transients in q-axis current
reference quickly settle after the transition. The control system
transformation angle (θc) is equal to synchronously rotating
reference frame angle (θi) till the transition instant as observed in
Fig. 19. During the pulse-off interval, the rotor position is
estimated from back-emf, and the integrator in the sensorless
algorithm is initialised appropriately. After the transition to
sensorless vector control, the control system transformation angle
^
(θc) denotes the sensorless vector control angle (θr) itself.
The three-phase current waveforms in the pulse-off interval are
shown in Fig. 20. Nearly 33 μs is required for the stator currents to
decay, which is within the calculated range given in Fig. 14. Also,
the two intervals of the pulse-off process are clearly visible in
Fig. 20. a-phase current and speed waveforms during on-the-fly
starting of PMSM under loaded and no-load conditions are shown
in Figs. 21 and 22. As soon as the supply is restored, the machine is
started directly with sensorless vector control. The currents are
quickly increased to the rated value without any oscillations. The
quick current control action is achieved by accurate position
estimation using the proposed method.
Figs. 23 and 24 show d- and q-axis current waveforms during
on-the-fly starting, under loaded and no-load condition,
respectively. The q-axis current is quickly regulated at the rated
value and d-axis current is maintained at zero after the transition.

(45)
(46)
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model. The small pulse-off duration will not cause a significant dip
in rotor speed for high inertial machines. The proposed method is
extended to perform a reliable and seamless on-the-fly start during
short time power supply failure, without resorting to any complex
algorithms. Furthermore, the line voltage sensors are also used to
recalibrate the rotor flux linkage parameter in the pulse-off
duration. Finally, the performance of the proposed method is
validated on a 25 kW PMSM drive.
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