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Abstract - This paper proposes an I-f starting method
for smooth and fast transition from open-loop frequency
control to sensorless field oriented control of BLDC
motors. The method is divided in three stages: (i) initially
the rotor is aligned with a desired angular position; (ii)
then, the stator currents are controlled in an arbitrary
reference frame to impose the angular frequency of the
rotating magnetic field with a suitable profile; (iii) finally,
a smooth transition between the arbitrary and the rotor
reference frames is accomplished by recalculating the
current controller states and references. The proposed
method preserves the electromagnetic torque magnitude
during the transition avoiding undesired transients. In
addition, a procedure based on mechanical model is
described to determine a suitable ramp profile. Moreover,
the estimated rotor position that is required for FOC as
well as for the proposed method is computed by using
the estimated back-EMFs from a Luenberger observer.
The good performance and robustness under no-load and
full load conditions of the proposed starting method are
demonstrated by simulation and experimental results.

Keywords — Brushless DC Motor, I-f Starting, PM Motor
Drives, Sensorless Vector Control, Variable Speed Drives.

NOMENCLATURE
) Stator current.
v Stator voltage.
e Phase back-EMF.
R, Stator resistance.
Ly Stator inductance.
0,0, Electrical and mechanical rotor position.
T.,T; Electromagnetic and load torque.
Wy Rotor speed.
P Number of poles.
Apm Permanent magnet flux linkage.
J Moment of inertia.
B Friction coefficient.
Kops Observer gain.
Keom Phase lag compensator gain.
Ocom Phase lag compensator angle.
K1, K2 Speed controller gains.
K1, Koo Current controller gains.
Ue Control actions.
€c Error signals.
Wetart Speed reference signal during the starting.
Ostart Orientation angle during the starting.
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0* Angular difference between the arbitrary and
the rotor reference frame.

07,0 Angular difference between the arbitrary and

trYr
’ the rotor reference frame at the transition
instant and at the end of the ramp.
wy Angular speed at the end of the ramp.
T, Ramp-up time interval.
vy Feedforward actions.
T Sampling time period.
Superscripts
" Estimated values.
- Estimation errors.
* Variable represented in the arbitrary reference
frame.
Subscripts
a, B Variable represented in the stationary reference
frame.
d,q Variable represented in the rotor reference
frame.
ref Reference value.
max Maximum value.
ini Initial value.

I. INTRODUCTION

The increase in electricity consumption has been a global
concern in the last few decades. Governments, industries
and academics are searching for sustainable solutions for this
challenge. The improvement in electrical motor efficiency can
contribute to reduce electricity consumption, since electrical
motors, especially induction motors, account for a large part
of the global electricity demand [1]. Permanent magnet (PM)
brushless motors are one alternative to improve the energy
efficiency of motor drive applications. These motors can pro-
vide high-power density, high efficiency and torque to inertia
ratio when compared with DC and induction motors [2].

PM motors can be classified in two categories according
to its back electromotive force (back-EMF). The first
one are sinusoidal back-EMF motors which are often
called PM synchronous motor (PMSM) or AC brushless
motor. The second one are trapezoidal back-EMF motors
which are denominated DC brushless (BLDC) motor.
The former tend to be more expensive than the latter due to
performance requirements and constraints on motor design.
As a result, BLDC motors have been an attractive choice for
the mass-production industry that manufactures pumps, fans
and compressors.

PM brushless motors require synchronization to be appro-
priately driven. Usually, the rotor angle is used as a reference
for the synchronization. This angle can be measured by me-
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chanical sensors or estimated by sensorless methods [3]-[6].
The choice among the methods depends on application.
For instance, in mass-production industry, production costs,
mechanical robustness, and control performance impose
requirements and constraints that must be taken into account.
In cases where production cost is very important and low-
speed operation is not required, sensorless control methods
based on back-EMF are preferred [7]. However, these methods
fail with the motor at standstill. Consequently, a starting
method is required to accelerate the motor to a speed that
allows the back-EMF to be accurately estimated.

Several methods for PM motor starting can be found in
the literature. Methods based on v-f control are presented
in [8]-[11]. Although these methods are open-loop control
strategies with easy implementation, they are sensitive to
load/motor parameters. Starting methods for BLDC motors
under scalar control are proposed in [11] and [12]. These
methods synchronize the commutation instants of the inverter
with the disturbance that is caused by the back-EMF on the
current or on the current loop control action, but they are
unsuitable for vector control. On the other hand, [13] and
[14] show starting methods based on high-frequency signal
injection. Even though these approaches may result in a high-
performance starting, they depend on the motor anisotropy
and on appropriate measurement sensors. Finally, I-f starting
methods with transition to field oriented control (FOC) are
proposed in [7], [15], [16]. In these approaches, the magnitude
of the stator currents is controlled with a constant reference
and it is imposed a frequency profile similar to v-f control.

Usually I-f starting methods have good performance and
robustness for different loads, as demonstrated by [7], [15],
[16]. In addition, I-f control prevents the PM demagnetization
due to high stator currents when it is compared with
v-f control methods. However, a concern about these
methods is the transition between open-loop and sensorless
control. A smooth transition is desired in order to avoid
high transient currents, abruptly change in rotor speed and
electromagnetic torque, and operation failures. In [15], a
first-order lag compensator is employed to ensure a transition
to FOC. The compensator allows a smooth commutation
between the angular orientations. However, the convergence
depends on the compensator design that can vary among
motor drives. Similar limitation is found in [16] where
a frequency-dependent gain is used to provide a smooth
transition. On the other hand, [7] proposes the reduction
of quadrature reference current in ramp to minimize the
orientation error during the transition. Even though, all
methods may provide a good transition, all of them require
an additional procedure and a careful design.

Supposing that the rotor position is correctly estimated
during the motor starting, the stator currents and voltages can
be represented in the rotor reference frame. Therefore, the
states and the references of the current controllers can be also
computed in both reference frames: the arbitrary reference
frame that is defined by I-f control and the estimated rotor
reference frame. In other words, the current controllers can be
easily recalculated taking into account the orientation error of
FOC at the transition instant. This process allows a proper
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Fig. 1. Overview of the proposed starting method.

change between the reference frames avoiding undesired
transients. In this paper, an I-f starting method for smooth
and fast transition to sensorless FOC based on the mentioned
assumption is proposed. The method is divided in three stages
and it is applied to a BLDC motor. In the first stage, the
rotor is aligned with a desired angular position energizing two
out of three windings. In the second stage, stator currents
are controlled in an arbitrary reference frame accelerating
the motor to a designed speed. In addition, a procedure
based on the mechanical dynamics is proposed to design a
suitable ramp slope that imposes the angular frequency of
the rotating magnetic field. The last stage is the transition
between the starting and FOC. At this instant, the states
and references of d-g current controllers are recalculated
according the previous hypothesis. When comparing with the
previously mentioned methods, the proposed method reduces
the starting design complexity and minimizes the time interval
for transition to sensorless FOC. In addition, this methodology
can be easily adapted for another controllers. Moreover,
the design procedures that determine the ramp slope provide
degrees of freedom to improve the starting ensuring the
robustness and smoothness for different load conditions.
Furthermore, this method keeps the electromagnetic torque
approximately constant during the transition achieving an
excellent transient response. The good performance is
demonstrated by simulation and experimental results.

The rest of this paper is organized as follow. Section II
presents an overview of the adopted sensorless FOC. Section
IIT describes the proposed I-f starting method. Simulation and
experimental results are given and discussed in Section IV.
Finally, conclusions are presented in Section V.

II. SYSTEM DESCRIPTION

In this section a dynamic model of the BLDC motor is
derived aiming to design the current control loop. In addition,
it is described the observer which has been used to obtain the
angular position and speed that are required to sensorless FOC
implementation as well as the proposed starting method.

Figure 1 shows an overview of the adopted platform to
validate the proposed method. This platform consists of
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a surface mounted PM BLDC motor, a three phase PWM
inverter, hall current sensors and a fixed-point DSP platform.
The motor load is emulated by a BLDC generator that is
connected to a resistive load, as shown in Figure 1. As aresult,
the motor load is proportional to the rotor speed.

The voltage equations of the BLDC motor in the stationary
reference frame can be written as:

d R,

%iaﬁ = _fiaﬁ +
s

Vag _ €np
Ly L

D

where i,5 = [iq i5]7 are the stator phase currents, R; is the
stator resistance, L, is the stator inductance, Vo5 = [Uq vg]T
are the stator phase voltages and e, = [e, es]” are the phase
back-EMFs.

By applying the Park’s transformation in (1), the voltage
equations can be represented in the rotor reference frame as:

vg = Rsiqg — wTLqiq + Ldaid )
. . d .
Vg = Ryig + wyLgig + anzq + wWrApm 3)

where iq and i, are the direct and quadrature axes stator
currents, vg and v, are the direct and quadrature axes stator
voltages, L, and L, are the direct and quadrature axes
inductances, Ay, is the permanent magnet flux linkage and
wy 18 the rotor speed. The relationship among the adopted
reference frames in this paper are presented in Figure 2.
Rotor Reference Frame — R qﬁA
b v i

SN
P}

Fig. 2. Relationship among stationary, rotor and arbitrary reference
frames.

The electromagnetic torque can be written as:

P
2
where P is the number of poles.
The equation of motion of the motor can be expressed by:
d T. B 1
—w, =2 -, = = 5
T T T ©)
where 7; is the load torque, J is the moment of inertia, B is
the friction coefficient. In addition, the rotor speed, electrical
and mechanical rotor position are related by:

T, = [)‘pm + (Ld - Lq)id] iq 4

d

aer = Wy (6)
P

0 = §9T (7

where 0, and 0, are the electrical and mechanical rotor
position.
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A. Sensorless Control

Figure 3 shows the block diagram of the proposed
sensorless control. Although this motor has a nonsinusoidal
back-EMF, the classical sinusoidal FOC is implemented here,
since the main purpose is to demonstrate the effectiveness of
the proposed starting method.

The estimated rotor position and speed are obtained from
estimated back-EMFs that are determined by a Luenberger
observer [5]. The back-EMF is considered as an unmodelled
disturbance in the dynamic model of the observer, which can
be written as:

d : Rs? Vag (iaﬁ - iaﬂ)

—iap = — i, Kopg—2—2272 8

gitof = T tes o ek ®)
where K, is observer gain and ia/g = [ia EB}T are the

estimated stator currents.

In order to design the observer gain, the dynamic model of
estimation error is first derived. This model is obtained by
subtracting (8) from (1), which results:

d v Rs Kobs> Y €np
—ipg=|—7— ing + )
dt *? ( L, L, )" L,

where 1,3 = [ia i]” are estimation errors of the stator

currents.

The observer gain can be defined by making the dynamics
of the observer much faster than the disturbance, which in
this case is the back-EMF. If the gain is not large enough,
the estimation error will become significant impacting the
orientation error. In this paper, K, has been selected to make
(Rs+ Kobs)/ L larger than the highest frequency of the back-
EMF at the maximum rotor speed. It has been considered
that the thirteenth harmonic component of the back-EMF is
the highest component to be observed.

Now, by assuming that the derivative of the current
estimation error is small, it is possible to obtain an estimate
for the back-EMF, that can be written as:

éozB = (Rs + Kobs)(i(xﬂ - ia,@) (10)
where &, = [éq éB]T are estimated back-EMFs.

Figure 4 shows the block diagram that describes the adopted
observer. Second order Butterworth low-pass filters (SLPF)
are used to attenuate the high-frequency noise of back-EMF. In
addition, a SLPF (SLPFj3) is used to filter the estimated speed.
The cutoff frequency of the filters are given in the simulation
and experimental results section.

The phase lags introduced by observer and SLPF; in
the estimated rotor position are compensated by adding a
frequency-dependent term, which is expressed as:

ecom = comdjr (11)

where K., is a gain for phase lag compensation. Note that
the observer and SLPF; phase response are assumed linear
and proportional to electrical rotor speed in the operating
region. This assumption can be considered because the cutoff
frequency of them are higher than the highest fundamental
frequency of back-EMF. Linear interpolation between the
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Fig. 3. Sensorless FOC system and proposed I-f starting melhod.

lowest and highest phase delays in the operating region is used
to determine K.,,,.
The estimated electrical rotor position is determined by

ée = arctan <_Aea) + K(:()'m(-:}r . (12)

€p
On the other hand, by assuming that the rate of change of
Keomw, 1s small enough to be neglected, the estimated rotor
speed can be given by:

0. (13)

and it can be rewritten as
~ d A ~ d A
_ 2 Cagi€p — €8 giCa

14
P éaz-‘réBQ (14

W
The differentiations in (14) are implemented by using first
order high-pass filters (HPF) as shown in Figure 4.
Once the rotor speed is available, it is possible to control it.
Here a PI speed controller has been adopted. The z-domain
transfer function of the speed controller is:

z— K,
pr(2) = leﬁ (15)
whereas the d-q current controllers are expressed as:
z— K
Gy (z) = Kon——= (16)

z+1

where K1, K,o, Kc1 and Koo are speed and current
controller gains. These gains are tuned to ensure a desired
open loop gain crossover frequency. In other words, K2 and
Ko are determined in order to cancel the plant poles of the
mechanical and the electrical systems. On the other hand,
K1 and K7 are tuned to obtain a desired gain crossover
frequency. Here, it is assumed that the system dynamics can
be expressed as first-order transfer functions.

For the implementation, the transfer function (16) can be
represented in a difference equation that is given by:

Weaq(k) = Ko [€cdqn) — Koz €cdg—1)] — Uedqe—1) (17)

where Ucqq = [Uca Ueq]” are the control actions and e.qq; =
[eca ecq]” are the error signals.
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III. I-F STARTING METHOD

As mentioned before the proposed method is divided in
three stages: (i) the rotor is initially aligned; (ii) then,
a reference frequency is imposed by controlling the stator
currents in an arbitrary reference frame; (iii) finally, d-g
current controllers are recalculated to allow a fast change
between references frames resulting in a smooth transition.

A. Rotor Alignment

Two approaches are often used to determine the initial rotor
position. In the first one, high-frequency signals are used to
identify the initial rotor angle at standstill [6], [14]. In the
second one, the rotor is aligned with a desired angular position
by energizing the stator windings. In this paper, two out of
three windings are energized to provide the alignment. Here,
it is considered that a reverse rotation is acceptable for a short
time interval.

B. I-f Control Method

The I-f control imposes a rotor speed by controlling the
stator currents in an arbitrary reference frame. As BLDC
motor is a synchronous machine, the rotor follows the angular
frequency of the rotating magnetic field from standstill to
a desired speed. A reference frequency with a suitable
ramp slope defines the arbitrary reference frame as shown in
Figure 3. During the I-f control interval, the speed reference
signal is given by:

2t ot <=1,
Wstart = T
wr t>1T,

where wy is the desired rotor speed at the transition instant and
T is the time interval that with w; defines the ramp slope.

As a result, the orientation angle of the arbitrary reference
frame is determined by:

(18)

estm“t = /wstm‘tdt + 91717 (19)
where 6;,; is the initial angle that is established in the first
stage.
Assuming the orientation reference shown in Figure 2, the
electromagnetic torque from (4) can be expressed as:
P

Te = — [Apm + (Lag — Lg)ig" sin (0%)] i, cos (™)

5 (20)
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where 6* is the angular difference between an arbitrary and
the rotor reference frame, iy and i,* are d*-¢* stator currents
in the arbitrary reference frame. In addition, (20) has been
derived considering i;* = 0.

Considering that the motor has surface mounted permanent
magnets and the reluctance torque is negligible, the quadrature
and direct axes inductances are assumed equal and constant.
As a result,

Lg=1Ly=1Ls 201

and the electromagnetic torque from (20) can be simplified to

P
T. = EApmiq* cos (6%) . (22)
By substituting (22) into (5), the equation of motion during
the starting can be written as:

Jiwr = EApmz'q* cos (0*) — T; — Bw, . (23)
dt 2

From (18) and the adopted orientation shown in Figure 2,
the rate of change of 6* at ramp-up interval can be expressed
by:

d % wy
dte = wy Trt' (24)

Note that (23) and (24) are a nonhomogenous nonlinear
second order differential equation, which is hard to solve
analytically. In [7], an analysis of this equation is performed
to design a suitable ramp slope, but the viscosity coefficient is
neglected.

A qualitative analysis of (23), where it is assumed that
i¢" and T; are positive constants, can reveal two behaviors
for the motor starting. In the first one, the motor operation
is stable when 0 < 6* < 90° (054t > 0,). This behavior
has been reported by [7] as a self-stabilization capability.
Let us consider that the load increases (perturbation), then
the rotor speed and 6* decrease causing an increase in
the electromagnetic torque. Consequently, the motor will
accelerate whenever #* remains non-negative. It can be
concluded that the angular speed converges to a stable
solution. In the second one, the operation is unstable leading
to a failure in the motor start-up when 0* < 0 (Osart < 0;). If
the load torque increases, the rotor speed and the orientation
error will reduce resulting in a smaller electromagnetic torque.
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In order to ensure a stable operation during the starting,
igres” and the ramp slope must be defined appropriately to
avoid 6* < 0. The current reference signal is determined from
an equilibrium point of (23) at the transition instant under load
operation. The equation can be written as
* 2((*) I B + CZ—‘lrnaac)

— DWP T fimas) 2
Py, cos (60;) 25

Lgref

where 1j,,4, 1S the maximum load torque during the motor
starting and ;" is a desired angular difference between an
arbitrary and the rotor reference frame at the transition instant.
Assuming that the rotor speed tracks the reference signal in
(24),
wf
wy = —-t. 26
=7 (26)
Then, substituting (26) into (23) and considering i;* = igrcs”
and t = T,., the time period 7. can be determined by:

o.)fJ

P . * *
j)\pmlqref Cos (erp ) - CTImax

T, = 27)

7B&Jf

where 6,.," is a desired angular difference between an arbitrary
and the rotor reference frame at the end of the ramp.

It can be concluded from (25) and (27) that if 6," is
approximately equal to 6,,", T, will tend to infinity. As
a result, ;" must be larger than Hrp* to ensure a suitable
motor starting interval. In addition, the ramp slope can
be increased by enlarging the difference between 6,," and
0,. The parameters required to obtain 7). and ig..;" are
usually available for a given motor (e.g. pole number, inertia
moment, maximum load, PM flux) or can be determined by
tests (e.g. friction coefficient).

C. Transition Strategy

During I-f control, the currents and voltages are also
referred in the rotor reference frame, as shown in Figure 3.
This procedure allows to recalculate the current controllers
avoiding undesired transients.

The transition strategy is performed in two steps: d-g
current references are redefined and the current controller
states are replaced by values that are expressed in the rotor
reference frame.

The reference currents are redefined
electromagnetic torque approximately constant.

to keep the
For this
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purpose, it is taken into consideration (22) to define:

Z’dref =0 (28)

iqref = iq(;c,l) = iq*(k—l) COS (9&_1)) . (29)

The feedforward actions for decoupling the current control
loops, vyq and vy, of Figure 3, are obtained by:

Vfd(k—1) = —Wr(k—1)Lqlg(k—1) (30)
Vfqk—1) = @rk—1)(Ldtage—1) + Apm) - (31)

The above variables are only adopted after the transition.
Before this event, they are kept at zero.

Now, considering the d-g currents and voltages in the
rotor reference frame, (30) and (31), the states of the current
controllers for the transition are determined by:

Ued(k—1) = Vd(k—1) T Ork—1)Lq lq(k—1) (32)
Ueg(k—1) = Vq(k—1) — @r(k—1)(Ld Tagk—1) + Apm)  (33)
Ced(k—1) = —ld(k—1) (34)
€cqk—1) = 0. (35)

The use of low pass filters (LPF,) can be useful to improve
the transition by filtering out the high frequency oscillation
components of (32)-(34). In addition, speed oscillations
during the ramp-up can be attenuated by decreasing the
bandwidth of the current control loop. When the disturbance
rejection capability is reduced, 6* is damped causing an
attenuation in the electromagnetic torque oscillations. In this
paper, K¢ is increased after the transition to enlarge the
bandwidth of the control loop.

Finally, the rotor speed is controlled in closed loop after the
direct current converges to zero. Here, the reference speed is
equal to the desired speed of the starting method.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed method has been simulated in PSIM using the
parameters given in Table I, and the filter cutoff frequencies
and gain crossover frequencies given in Table II. No-load and
full load conditions at transition instant are adopted to verify
the robustness of the method.

Figure 5 presents the experimental platform. It consists
of a fixed-point DSP interface (TMS320F2812), an integrated
power module developed and optimized for electronic motor
control in appliance applications (three phase PWM inverter),
an auxiliary PC, an absolute encoder, a BLDC motor, and a
BLDC generator. The auxiliary PC is used for programming
the DSP and recording the internal variables from DSP
memory. The load torque is synthesized by the generator that
is connected to a resistive load. As a result, the load torque is
proportional to rotor speed as previously mentioned in section
II. The load torque equation is given in Table I.

The stages of operation are detailed in Figures 6 and 7.
Here, the rotor is aligned in the first second. In the following,
the motor is accelerated up to 1000rpm, and the transition
between the open-loop control and the sensorless FOC is
performed at 5s. In addition, the stator voltages are shown
in rotor reference frame, whereas the stator currents are
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Fig. 5. Experimental platform.

presented in stationary, arbitrary and rotor reference frames.
It is seen in these figures that during the I-f starting interval,
the d*-q* currents converge to their references that are given
in Table I. In addition, it can be seen that the oscillations are
damped, which in turn is attributed to the proper selection of
the gain crossover frequencies. Note that the estimated rotor
speed follows the actual speed demonstrating the effectiveness
of the observer. Moreover, the electromagnetic torque is
kept approximately constant during the transition revealing the
excellent performance of the proposed method.

Figure 8 shows the estimation errors of the electrical
rotor position under no-load and full load operation. The
average absolute error is around —1.1° (electrical degrees)

TABLE I
Simulation/ Platform Parameters
Symbol Value Symbol Value
Rs 3.4Q Apm 0.214 Wb
Vbe 300V J 0.82 mKg.m?
Ls 55mH Poles 4
Ts 0.1ms B 0.373 mN.m.s
Power 100 W T; (0.0022 wy) N.m
Wrmaz 4000 rpm wy 1000 rpm
Kops 680 Kecom 0.0003587
Ko 20/50 Kco 0.9877
Ko 0.01 K2 0.9999
0; 38° 05, 5°
igref™ 0.8 A iqref” 0A
T, 1.25s Timas 0.23 N.m
TABLE I1
Filter Cutoff and Gain Crossover Frequencies
Structure Frequency (Hz)
SLPF1 1k
SLPFo 250
SLPF3 25
LPF4 0.5
HPF 3k
Open-loop transfer function (current loop) 55(145
Open-loop transfer function (speed loop) 2
Observer =~ 2k
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Fig. 6. Simulation result: Motor starting under no-load operation.
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Fig. 7. Simulation result: Motor starting under full load operation.

after the transition. The previously mentioned convergence
assumption is confirmed as well as the effectiveness of
the proposed phase lag compensation. High frequency
components that can be seen in the errors are attributed to the
nonsinusoidal back-EMF.
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Fig. 10. Simulation result: Stator phase currents during the transition
under no-load and full load operation.

Although damped oscillation can be observed in Figure 9,
the average angular difference converges to the designed
values of Hrp* and 6;". As a result, this congruence indicates
that starting method design is a suitable procedure.

Figure 10 shows the stator currents and reveals the smooth
transient during the transition even with a d-axis reference
current step for correcting the field orientation.

The experimental tests were performed in the platform
shown in Figure 5 using the parameters given in Table I and II.
In order to present the experimental results, internal variables
of DSP that were recorded by the auxiliary PC are used to draw
Figures 11 to 14, whereas sampled points of a oscilloscope are
used to draw Figure 15.

In general, a good agreement is found between the
experimental results of Figures 11 to 15 and the simulations
results. Thus, it can be concluded from the results that
the proposed I-f starting method provides a good dynamic
performance and robustness to different load conditions.

The results that are shown in Figures 11 and 12 are
consistent with simulations and they confirm the good
performance and effectiveness of the implemented starting
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Fig. 11. Experimental result: Motor starting under no-load operation.
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Fig. 12. Experimental result: Motor starting under full load operation.

method. In addition, the magnitude and the oscillations of
the stator voltages, currents and electromagnetic torque are
very similar to the previous results. Here, the estimated
electromagnetic torque was determined using (4).
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Fig. 14. Experimental result: Angular difference between the
arbitrary and rotor reference frame during the proposed starting
method under no-load and full load operation.
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Fig. 15. Experimental result: Stator phase currents during the
transition under no-load and full load operation.

Figure 13 presents the orientation error of the rotor
reference frame with the average absolute error around —0.4°
(electrical degrees). This error was computed by using
the difference between the estimated rotor position and the
measured angle from an absolute encoder.

Similar to the simulation results, the average angular
difference between reference frames converges to the designed
values, 5° at the end of ramp-up and 38° at the transition, as
indicated in Figure 14. Thus, these results validate the starting
design procedure again.

A smooth and fast transition is confirmed by Figure 15
which presents the stator phase currents at the transition
instant.

V. CONCLUSION

This paper proposes an I-f starting method for smooth
and fast transition from open-loop frequency control to
sensorless FOC of BLDC motors. The proposed method
keeps the electromagnetic torque approximately constant
during the transition stage avoiding undesired current and
speed transients. In addition, it is shown that the design
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procedure for the speed reference signal ensures a suitable
motor starting. Moreover, this method allows to reduce the
complexity of the starting motor design and to minimize the
time interval of the transition stage when it is compared
with the previously reported methods. Furthermore, the
methodology can be easily adapted for other controllers (e.g.
sliding mode controllers). Although, the alignment stage
may be considered a drawback in some applications due to
a possible reversal rotation, high-frequency signal methods
can be used to estimate the initial rotor position. Finally,
the good performance and robustness of the method has been
demonstrated by both simulation and experimental results.
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