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Abstract—This paper proposes a hybrid strategy by combining
fundamental pulsewidth modulation excitation (FPE) and addi-
tional test vectors, which is used in interior permanent-magnet syn-
chronous motor (IPMSM) sensorless control. In contrast to the typ-
ical indirect flux detection by on-line reactance measurement-based
methodology where the rotor position is calculated and updated in
every three successive pulsewidth modulation (PWM) cycles, the
proposed hybrid strategy can achieve the one-cycle acquisition of
the rotor position by utilizing both response currents of FPE and
additional test vectors, which makes the proposed strategy more
robust and suitable in higher speed or load sudden change condi-
tions. Meanwhile, a new PWM scheme for four-space-vector PWM
(FSVPWM) is presented, which sharply simplifies the implemen-
tation process. Furthermore, for the case that the amplitude of the
object fundamental voltage is so small that it cannot satisfy min-
imum time demand for the slopes of response currents sampling,
a compensation technique is presented. In addition, the multiple-
point current sampling (MPCS) technology and linear least square
fitting method are used to decrease the current sampling distur-
bance, which improves obviously the accuracy of position estima-
tion. Finally, the experimental results confirm that the proposed
strategy can obtain the rotor position accurately and simply.

Index Terms—Additional test vectors, four-space-vector
pulsewidth modulation (FSVPWM), fundamental PWM excitation
(FPE), interior permanent-magnet synchronous motor (IPMSM),
indirect flux detection by on-line reactance measurement
(INFORM), sensorless.

I. INTRODUCTION

INTERIOR permanent-magnet synchronous motors
(IPMSMs) are increasingly used in diverse industrial,

household, and automotive applications due to its high-
performance characteristics. Many of these applications require
the rotor position information to execute the field-oriented
control algorithm for a large operating range and good dynamic
performance. Hence, a resolver or encoder attached to the
shaft of the rotor is usually used to acquire the rotor position
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information. However, the presence of the mechanical sensor
presents several disadvantages of the reduction of reliability,
additional cost, and sensitivity to noise and vibration. And the
resolver or encoder signal wiring also reduces the reliability
of commissioned drive systems. Therefore, various sensorless
techniques for IPMSMs control has attracted considerable
research over recent years [1]–[26].

Sensorless control techniques can be roughly categories into
methods based on the back electromotive force (EMF) model
and machine saliency. Methods based on EMF model are widely
used due to their simplicity and straightforwardness. They can
achieve good performance at middle-high speed, but perform
badly in the low and zero speed range where the machine’s
back-EMF is lost in noise and low measurement resolution [1]–
[9]. Saliency-based position estimation solutions are the appro-
priate way to estimate the rotor position when the motor runs
in the zero/low speed. There are different methods based on
how they locate the special position of this saliency. A high-
frequency injecting-signal method is used to estimate the rotor
position of IPMSMs. By injecting a rotating high-frequency
signal [9], [10], an alternating high-frequency signal [11], [12],
or a high-frequency pulse pattern [13], [14] into the station-
ary reference frame or estimated synchronous reference frame,
the position information can be precisely measured. However, a
high-frequency generator and an extra observer for signal pro-
cessing are required.

A promising approach is the indirect flux detection by on-
line reactance measurement (INFORM)-based method, which
is very easy in principle and yields excellent results [15]–[18].
Its basic idea is to measure the current response evoked by
voltage space vectors applied in different directions. There are
many possibilities to apply these space vectors. In its typical
implementation, one test vector is injected during the null part
of one PWM cycle while an equal and opposite vector is ap-
plied to compensate for the voltage distortion caused by the test
vector. Three successive cycles are usually spent to generate
voltage space vectors applied in different directions. It means
that a position sample is built up over three cycles with one
di/dt measurement per cycle. This approach may cause unac-
ceptable errors at higher speed range, as well as current ripples,
current harmonics and extra switching loss will be increased. In
order to reduces the current distortion significantly, a modified
INFORM measurement sequence with minimum current devia-
tion and time demand is introduced in [15]. However, a specified
and modified pulsewidth-modulation (PWM) switching pattern
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is required, which not only increases the difficulty in implemen-
tations but also multiplies the switching loss. An excellent tech-
nique to inject voltage test vector coupled with zero sequence
current derivatives (ZSCD) measurements is adopted for the ro-
tor position estimation [19]–[21]. Although this technique has
advantages of high vector control performance and simple esti-
mation process, the neutral point of the motor must be accessible
for exciting the zero sequence component, which is not suitable
for general industrial application. The normal FPE can also be
regarded as voltage space vectors for the rotor position estima-
tion [22]–[26]. Since it is very effective and robust because no
extra circuit and injecting signal are required, modifying PWM
switching states are necessary for the acquisition of voltage
space vectors in different directions, which increases the diffi-
culty in implementations, line current harmonic distortion, as
well as switching loss. In view of a standstill or sector switching
condition where the duration of the active vector of fundamental
PWM excitation (FPE) cannot satisfy the time demand for the
resulting current sampling, three compensation techniques are
proposed to improve the quality of the position estimation and
reduce current distortion [24]. For the little line current ripple, a
novel PWM schemes for multi-space-vector PWM is proposed
in [25]. In which, six sequences is adopted for zero-/low-speed
operation and 24 sequences is used for high-speed operation for
the applicability in wide speed range. To reduce the line cur-
rent harmonic distortion as well as switching loss, an advanced
bus-clamped SVPWM technique is presented [26]. Meanwhile,
multiple division of active vector time (MDAVT) is introduced
to effectively generate voltage space vectors applied in different
directions.

Summarizing the available literatures, although these
INFORM-based methods have their respective advantages, the
problems in the typical INFORM-based method, such as com-
plicated implementation, extra switching loss, estimation errors,
or current harmonic distortions, are not solved satisfactorily. In
order to effectively solve these problems, a hybrid strategy to
combine FPE and additional test vectors is proposed. With the
proposed method, voltage space vectors applied in different di-
rections for the rotor position estimation can be obtained from
both the active vectors of FPE and additional test vectors in
one PWM cycle, which makes the proposed strategy robust
and suitable in higher speed or load sudden change conditions.
Meanwhile, a new PWM scheme for four-space-vector PWM
(FSVPWM) is presented, which sharply simplifies the imple-
mentation process as well as does not increase extra switching
number of power switching devices. Furthermore, aiming at a
standstill or low speed where the amplitude of the object funda-
mental voltage is so small that it cannot satisfy minimum time
demand for the slopes of response currents sampling, a com-
pensation technique is presented. In addition, multiple-point
current sampling (MPCS) technology and linear least square
fitting method are used to decrease the current sampling dis-
turbance, which improves obviously the accuracy of position
estimation. Finally, the experimental results confirm that the
proposed strategy can obtain the rotor position accurately and
simply.

Fig. 1. Definition of space vectors.

II. TYPICAL INFORM-BASED IMPLEMENTATION SCHEME

The basic model of an IPMSM in the stationary reference
frame αβ is as follows:

[
vα
vβ

]
=

[
Rs 0
0 Rs

] [
iα
iβ

]
+

[
L0 + L1cos2θ L1sin2θ
L1sin2θ L0 − L1cos2θ

][ diα
dt
diβ
dt

]

+ωr

(
2L1

[−sin2θ cos2θ
cos2θ sin2θ

] [
iα
iβ

]
+ ψpm

[−sinθ
cosθ

])

L0 = Ld +Lq

2 , L1 = Ld−Lq

2
(1)

where vα and vβ are the stator voltages, iα and iβ are the stator
currents in the stationary reference frame αβ, Rs is the motor
resistance, and ψpm is the permanent magnet’s flux linkage.
Ld , Lq are the direct and quadrature inductance in the rotor-
oriented reference frame dq. The IPMSM is driven by a three-
phase voltage-source inverter. The inverter has eight permissible
switching sates: six active states (u+ ∼ v−) and two inactive
states (u0 , u7), as shown in Fig. 1.

The INFORM-based method is a classical rotor position esti-
mation method which utilizes the saliency of the rotor. Its basic
idea is to create desired current responses by injecting several
test voltage vectors, and the rotor position is calculated from the
resulting current slopes.

When the vector u+ is applied to the machine, the current
slope is deduced as

di
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a
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3
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3

3 L1 (ib − ic) sin (2θ) + L0ia

)

where Vdc is the bus voltage of the inverter; va , vb , and vc are
the motor terminal voltages; and ia , ib , and vc are the motor
phase currents in the stationary reference frame abc.
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Fig. 2. Typical INFORM-based implementation scheme.

Then, when the inactive vector u0 is applied to the machine,
the current slope is induced as

di
(u 0 )
a

dt = I0
[−Crs − 1

3ωrL1
(−6L0iasin2θ +

√
3 (ib − ic)

× (−2L1 + 2L0cos2θ) + ψpma)] .
(3)

Note that u0 can be replaced by u7 , depending on the conve-
nience of their measurement. Under the assumption that three
phase currents ia , ib , and ic are consistent during one PWM
period, (2) and (3) has

PAu+ =
di

(u+ )
a

dt
− di

(u0 )
a

dt
=

2
3
I0Vdc (L0 − L1cos2θ) . (4)

Similarly, when other active vectors are applied to the ma-
chine, the following expressions can be also obtained:
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2
3
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(
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(6)

PAu− = − PAu+ , PBv− = −PBv+ , PCw− = −PCw+ .
(7)

Finally, using an arctangent function to calculate the rotor
position by solving (4), (5), and (6). It is noteworthy that u+
(v+ , w+ ) can be replaced by u− (v − , w−), depending on the
convenience of their measurement because the role of the vector
u− (v−, w−) for the rotor position estimation is equivalent to
that of the vector u+ (v+ , w+ )

θ = 0.5 ∗ tan−1

( √
3

(−PBv+ + PCw+

)
2PAu+ − PBv+ − PCw+

)
. (8)

It is obviously observed that the INFORM-based method is
effective and independent of any motor parameters in princi-
ple. The keystone and difficulty is how to get current responses
evoked by test voltage vectors u+(u−), v+(v−), w+(w−) and
the inactive vector (u0 or u7) simultaneously. Its commonly
adopted implementation scheme is shown in Fig. 2. Observed
from Fig. 2, test voltage vectorsu+ , v+ , andw+ are inserted only
in the null part of three successive PWM cycles, respectively,
while equal and opposite vectors u+ , v+ , and w+ are inserted

TABLE I
APPLIED VOLTAGE VECTORS IN EACH SECTOR

Sector Existing Active Vectors Required Test Vectors

I u+ , w− v+ , v−
II v+ , w− u+ , u−
III v+ , u− w+ , w−
IV w+ , u− v+ , v−
V w+ , v− u+ , u−
VI u+ , v−, w+ , w−

to counteract their influences on the fundamental-wave control.
The rotor position θ can be obtained from the response cur-
rents by using (8). However, with the motor speed increasing,
the three-cycle acquisition of the rotor position in the typical
INFORM-based implementation scheme has large estimation
errors because the rotor position cannot be equivalent during
three successive PWM cycles, which restricts its application in
higher speed or load sudden change conditions. Furthermore,
the injection of extra test vectors bring extra switching loss due
to the increasing number of power switching devices during one
PWM cycle.

III. PROPOSED SENSORLESS CONTROL STRATEGY

Although the INFORM-based method has advantages of
simple physical principle and independence of any motor
parameters, its typical implementation is usually complicated
and the acquisition of the rotor position needs to cost three
PWM cycles. Differing from the typical INFORM-based
method, a hybrid sensorless control strategy to combine
FPE and additional test vectors is proposed, which brings
improvement in implementation, switching loss, real-time
acquisition of rotor position estimation.

A. Proposed Sensorless Control Strategy

As obviously observed from Fig. 2, test voltage vectors are
only inserted in the null part of one PWM cycle while the exist-
ing active vectors of FPE are discarded, which leads to the low
effective time slice used for the acquisition of the rotor position
information during one PWM cycle. That’s the reason why it
needs to cost three successive PWM cycles to estimate the rotor
position. However, it’s obviously found that the active vectors
of FPE are parts of required test voltage vectors. If the active
vectors of FPE can be used for the acquisition of the rotor po-
sition information, the effective time slice for the acquisition of
the rotor position information can be dramatically expanded and
the rotor position estimation is expected to be achieved during
one PWM cycle. Based on this idea, a hybrid strategy to com-
bine FPE and additional test vectors is proposed for IPMSM
sensorless control. With the proposed strategy, additional test
voltage vectors are determined based on two active vectors of
FPE rather than a certain fixed sequence of test vectors in the
typical INFORM-based implementation scheme. Taking the ex-
ample for sector I, as two active vectors of FPE are u+ and w−,
the required test voltage vector is selected as vector v+ by refer-
ence to (5)–(8). Meanwhile, the equal and opposite vector v− is
inserted to counteract their influences on the fundamental-wave
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TABLE II
CALCULATION EXPRESSION OF ROTOR POSITION

Sector The Estimated Rotor Position Expression θ

I, II 0.5 ∗ tan−1
( √

3(−PB v + −PC w − )

2PA u + −PB v + +PC w −

)

III, IV 0.5 ∗ tan−1
( √

3(−PB v + +PC w + )

−2PA u −−PB v + −PC w +

)

V, VI 0.5 ∗ tan−1
( √

3(PB v −+PC w + )

2PA u + +PB v −−PC w +

)

Fig. 3. FSVPWM. (a) Equivalent grouping of four voltage vectors.
(b) Schematic diagram of PWM counter update.

control for the little current jitter. Table I gives the correspond-
ing applied voltage vectors in each sector. It is worth noting that
the acquisition of the current deviation evoked by u0 (u7) is not
described in the following sections because the inactive vector
u0 (u7) generally exists in every PWM cycle.

According to the derivation of (2)–(8), the calculation expres-
sion of the rotor position can be gotten in each sector, as shown
in Table II.

With the proposed method, there are still four active vectors
(described as in Table I) that are required to be generated in each
PWM cycle. In order to generate them simply and effectively, an
FSVPWM implementation scheme is presented. The proposed
implementation scheme has two steps: first, the four active vec-
tors are divided into two groups, and then, one of two groups
is generated in the rising edge and another is produced in fall
edge by means of PWM counter double update mechanism of
microcontroller. Taking the example for sector I, first, the four
active vectors (u1+ , w1−, v1+ , and v1−, as described in Table I)
are divided into two groups: w1− and v1+ are as a group to
generate u2∗ and u1− and v1− are as another group to generate
u1∗, as shown in Fig. 3(a). Namely, the reference voltage u∗ is
equivalent synthesized from u∗1 and u∗2 . The schematic diagram
of PWM counter update is described in Fig. 3(b). In which,
CMPA, CMPB, and CMPC are the count-compare registers of
the microcontroller. u∗2 is produced in the rising edge of the
PWM counter and updated in the peak of the PWM counter. u∗1
is produced in the fall edge of PWM and updated in the valley of
PWM. Finally, according to the description of Table II, the rotor
position θ can be obtained from the resulting current deviations.
The same process can be implemented in other sectors.

Fig. 4. Suitable areas of proposed method.

With the proposed sensorless control strategy, the rotor po-
sition θ is obtained from the resulting current slopes of both
FPE and additional test vectors in one PWM cycle rather than
three successive PWM cycles of the typical INFORM-based
implementation scheme. The one-cycle acquisition of the rotor
position not only expands the applicable speed range but also
improves the dynamic property of control system. Furthermore,
a new FSVPWM scheme is presented, which sharply simplifies
the implementation process as well as effectively reduces the
switching loss.

B. Effective Active Zone

According the earlier analysis, the resulting current slopes
evoked by four required active vectors have to be measured in
the proposed method. It implies a minimum duration Tmin of
required switching vector is necessary for the power electron-
ics as well as for the current sensor outputs after the switching
transients. In the proposed strategy, the duration of test voltage
vectors can be artificially set to satisfy the minimum duration
Tmin . But the duration of the active vectors of FPE are changing
with the reference voltage of the fundamental-wave excitation.
There are some specific points of operation where one or even
either of two active vectors of FPE may not satisfy the minimum
duration Tmin . Especially at low or zero fundamental frequency,
due to the low modulation, they may be omitted due to inverter
blanking time. But also at high-modulation indices in the areas
where the reference voltage changes between two neighbor-
ing sectors and passes one of the six possible active switching
vectors there is only one active switching vectors of appropriate
length. The hatched areas where the proposed sensorless control
strategy is not suitable are depicted in Fig. 4.

In order to reduce these unsuitable areas descried in the
hatched areas of Fig. 4, the duration time of four active vectors
in the proposed method can be adjusted to not only counter-
act their influences on the fundamental-wave control but also
satisfy the minimum duration Tmin when the reference voltage
changes between two neighboring sectors at high-modulation
indices. Similarly, taking the example for sector I, according to
the proposed method in Section A, the four voltage vectors are
u1+ , w1−, v1+ and v1− (as shown in Table I) and their duration
are t1 , t2 , Tmin , Tmin , respectively, described with blue arrows
in Fig. 5. When the reference voltage u∗ changes between two
neighboring sectors at high-modulation indices, one of t1 and
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Fig. 5. Description of improved proposed strategy in the sector I.

Fig. 6. Effective active areas with improved method.

t2 is smaller than Tmin . First, suppose t1 is smaller than Tmin
and t2 is longer than Tmin in Fig. 5(a). In order to satisfy the
effective current sampling time for the rotor position estimation,
expand the duration time of u1+ to Tmin while the duration time
of w1−, v1+ , and v1 are adjusted as t4 , t3 , Tmin , respectively,
described with red arrows in Fig. 5(a).

The duration time t4 , t3 must be longer than Tmin . The ex-
pressions are presented as{

t2 ≤ Tmin

t1 + t2 ≥ 2Tmin
. (9)

The same result is suitable in other case that t2 is smaller than
Tmin and t1 is longer than Tmin , as described in Fig. 5(b). Thus,
the required applicable condition can be represented as{

t1 or t2 ≤ Tmin

t1 + t2 ≥ 2Tmin
. (10)

By adjusting the duration time of four required active vectors,
the hatched areas where the proposed sensorless control strategy
is not suitable are as depicted in Fig. 6. In contrast to Fig. 4,
it can be obviously found that the unsuitable area is reduced
dramatically.

C. Compensation Solution

For the rest unsuitable hatched areas in Fig. 6, a compen-
sation implementation solution that use two successive PWM
cycles to estimate the rotor position is presented in this section.
In the first PWM cycle, expand the duration of two fundamental
active vectors to the minimum duration Tmin to satisfy the ef-
fective current sampling for the rotor position estimation while

Fig. 7. Schematic diagram of PWM counter update with same sector of
SVPWM during two successive PWM cycles.

Fig. 8. Schematic diagram of PWM counter update with different sector of
SVPWM during two successive PWM cycles.

the opposite vectors are injected to ensure that the synthesizing
vector is equal to the reference voltage. The resulting current
deviations evoked by these two fundamental active vectors are
sampled and recorded. Then, in the second PWM cycle, there
are two steps. First, get the new voltage reference u2∗ and sec-
tor of SVPWM. Second, determine if the sector in the second
PWM cycle and the sector in the first PWM cycle are the same
or different. If the same, additional test vectors with the duration
time Tmin are selected and injected in the second PWM cycle
according to Table I regardless of the duration of fundamen-
tal active vectors. And only the slope of the response current
evoked by the additional test vector is sampled and recorded.
If different, expand one of two fundamental active vectors in
the second PWM cycle that is different from two fundamental
active vectors in the first PWM cycle to the minimum duration
Tmin for the effective current sampling. Only the slope of the
response current evoked by the expanded fundamental active
vector in the second PWM cycle is sampled and recorded. Fi-
nally, the rotor position is gotten during two successive PWM
cycles. Similarly, taking the example for sector I, the reference
value u∗ lied in hatched areas of Fig. 6 is adjusted by apply-
ing two fundamental active vectors u1+ , w1− and their duration
times are t1 and t2 , respectively. According the analysis given
in Section III-B, relations between t1 and t2 can be presented
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Fig. 9. Process of current sampling.

Fig. 10. Comparison of current slope with MPCS and conventional two-point
sampling technique.

as follows:

{
t1 or t2 ≤ Tmin

t1 + t2 < 2Tmin
or

{
t1 < Tmin

t2 < Tmin
. (11)

Might as well choose the case that both t1 and t2 are smaller
than Tmin to be analyzed. The result is also applicable in another
case. In the first PWM cycle, expand two fundamental active
vectors u1+ andw1− to u2+ andw2− while the opposite vectors
u2− and w2+ are injected to ensure the synthesizing vector is
equal to u∗1 . Their duration times of u2+ , w2−, u2−, and w2+
are Tmin , Tmin , Tmin − t1 , and Tmin − t2 , respectively. The
resulting current deviations evoked by u2+ andw2− are sampled
and recorded. And then, in the second PWM cycle, there are
two steps. First, get the new voltage reference u2∗ and sector of
SVPWM. Second, determine if the sector in the second PWM
cycle and the sector in the first PWM cycle are the same or
different. If the same, four required vectors composed of two
fundamental active vectors u1+ andw1− and two additional test
voltage vectors v1+ and v1− are applied. Their duration times
are t1 , t2 , Tmin and Tmin , respectively, as shown in Fig. 7. Only
the slope of the response current evoked by v1+ is sampled and
recorded. If different, expand v1+ or v1− in the second PWM
cycle to the minimum duration Tmin while the opposite vectors
v2− or v2+ is injected to ensure the synthesizing vector is equal
to u∗, as shown in Fig. 8. Only the slope of the response current
evoked by v1+ or v1− in the second PWM cycle is sampled and
recorded. Finally, according to the description of Table II, the
rotor position is calculated during two successive PWM cycles.

Fig. 11. Overall block diagram of proposed sensorless control strategy.

Fig. 12. Experimental setup used to test proposed methods.

D. Acquisition of Current Slope

In the earlier proposed method, the rotor position information
is extracted directly from the stator current slopes. However, in
the practical application, the selection of the minimum sam-
pling time Tmin is very important for the fundamental voltage
limitation. And Tmin is selected for the accurate sampling cur-
rent, which is usually determined by the applicable hardware
platform, such as hardware delay, sampling errors, random dis-
turbance and dead zone effects of inverter. In order to improve
current measurement precision, the MPCS technique based on
direct memory access (DMA) module of microcontroller and
line least squares fit (LLSF) algorithm are used. With the MPCS
technique, the resulting stator currents are consecutively sam-
pled every one AD sampling cycle of microprocessor while
consecutively stored in the access memory by using DMA mod-
ule. Then, the optimal current slope can be obtained by using
LLST method to process these successive sampled currents.

Fig. 9 shows the sampling process of one response current.
The “linear region” is the only effective sampling region where
the data is valid and accurate for current slope calculation. T1
and T2 are the start time and end time, respectively. Since the
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TABLE III
MOTOR PARAMETERS

Parameter IPMSM

Rated power 1.8 kW
Rated speed 3000 r/min
Rated current 7.5 A
Rate torque 1.0 N·m/A
Phase resistance 0.9 Ω
d-/q-axis inductance 2.5 mH/4.8 mH
Pole numbers 8
Rated voltage 220 V
DC-link voltage 311 V

Fig. 13. Contrast experiments of MPCS and TPCS with proposed sensorless
control strategy.

actual output voltage always lags behind the control signal a
dead time Td , and the measured current is always behind the
actual response current with a delay time TDelay due to the
hardware sampling delay, the linear region can be described as

Effective region ∈ (T1 − Td − TDelay , T2 + Td) (12)

where T1 , T2 , Td , and TDelay can be known easily. According
to the selected linear region, the continuously sampling data
of the response current can be directly read from the DMA’s
storage space. These current sampling points can be marked
as (ti , Ci), where i ϵ (1, N), ti and Ci are the sampling time
and corresponding current sampling value, respectively. N is
the total sampling number. Then, by applying LLSF method to
process these sampling points, the optimal current slope K can

Fig. 14. Comparison of angle errors with different methods. (a) With ampli-
tude 75 r/min; (b) with amplitude 300 r/min.

be obtained, as

K =
N

N∑
i=1

tiCi −
∑N

i=1 ti ·
∑N

i=1 Ci

N
∑N

i=1 ti
2 −

(∑N
i=1 ti

)2 . (13)

Fig. 10 shows the comparison of the acquisition of the current
slope with the MPCS technique and the conventional two-point
sampling technique. Obviously, with this MPCS method, the
current sampling errors induced by hardware delay, sampling
errors, random disturbances can be drastically reduced and the
current slope can be measured more effectively and accurately.

IV. EXPERIMENTAL RESULTS

In this section, the effectiveness of the proposed sensorless
control hybrid strategy based on FSVPWM is tested experimen-
tally. The total block diagram of the implemented drive system is
shown in Fig. 11. And the system setup for experimental testing
is shown in Fig. 12. The proposed hybrid strategy is imple-
mented with ADSP-CM408. Two internal 16-b A/D converters
with 0.5-μs conversion time are used to improve the precision of
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Fig. 15. Following performance under step speed with amplitude 75 r/min.

Fig. 16. Following performance under step speed with amplitude 300 r/min.

Fig. 17. Dynamic performance under step full load at 75 r/min.

current-ripple measurement. The PWM cycle of the drive is set
to 250 μs, the dead time Td is set to 2.5 μs and the whole delay
of hardware processing circuits is about 10 μs by measurement.
Because fifteen current sampling points are used, the whole
sampling time is 7.5 μs. Actually, for the accurate sampling
currents, the larger minimum duration Tmin is better. However,
the larger minimum duration Tmin not only brings the bigger
current jitters but also limits the maximum speed and load when
the PWM frequency of the drive is set. Thus, a compromise is
necessary for the selection of the minimum duration Tmin . After
the comprehensive consideration, the minimum duration Tmin is
set as 20μs in this paper. The specification and parameters of the
testing PMSM is listed in Table III. And another motor is used
to provide the load torque. An incremental encode is equipped
to provide the actual rotor position. It is noted that all the ex-
perimental results are presented in oscilloscope by using D/A
modules.

The proposed sensorless control strategy based on the pro-
posed MPCS technique and the conventional two-point current
sampling (TPCS) method are implemented in Fig. 13. The refer-
ence speed is set as 75 r/min. Fig. 13(a) shows the relationships
of sine and cosine function to the electrical-rotor position of the
motor θ and three-phase stator currents. Then the rotor position
can be easily calculated by using an arctangent function. As the
noise always exists in the hardware system, the MPCS technique
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Fig. 18. Dynamic performance under step full load at 300 r/min.

is used to reduce the sampling current noise and improve the
signal-to-noise ratio (SNR). The curves of their rotor position
estimation and their corresponding position estimation errors
relative to the actual rotor position provided by the incremen-
tal encode are presented in different colors, respectively. It can
be observed that the rotor position estimation based on the pro-
posed MPCS technique can match the actual rotor position well,
and the errors are within plus and minus 10 electrical degrees.

To show the superiority of the proposed method over the
typical INFORM method, some comparative experiments are
carried out. Fig. 14(a) shows the comparative results of rotor
position estimation when the speed is set as 75 r/min. It can be
obviously observed that similar results are gotten with these two
methods. The reason is that the rotor position has little changes
during one, two, or three PWM periods at low speed. Fig. 14(b)
gives the experimental results in higher speed. Considering the
voltage limitation, the speed is set as 300 r/min. It can be observe
that the estimated position with the typical INFORM method has
greater jitters and errors than that with the proposed method.

To show the following performance of the proposed method,
experimental results of speed reversal under no-load condition
are described in Figs. 15 and 16. The machine is accelerated from
standstill to 75 r/min; the speed is then reversed to −75 r/min,
and then the motor goes back to 75 r/min. The estimated ro-
tor position, the actual rotor position, the estimation errors, the
corresponding estimated speed, and the actual speed curves are
presented, respectively, as described in Fig. 15. The same exper-
iments are carried out when the speed is 300 r/min and reversal.

The results are described in Fig. 16. It can be seen that the steady-
state performance and the dynamic performance are excellent
with the proposed sensorless control strategy.

Figs. 17 and 18 show the dynamic performance of the pro-
posed method when the load step changes from no load to full
load at 75 and 300 r/min. At T1, the full load is applied in the
machine, and then released at T2. Since little fluctuations appear
on the position estimation waveform at these instants, position
estimation errors change back to the normal level after a while.
The estimated rotor position, the actual rotor position, the esti-
mation errors, the corresponding speed and load current curves
are described, respectively, as described in Fig. 17. The same
experiments are carried out when the speed sets 300 r/min. The
results are shown in Fig. 18. The experimental results indicate
the proposed sensorless control strategy has certain robustness
in the load sudden conditions.

V. CONCLUSION

The typical INFORM-based methodology has increasingly
attracted researchers’ interest for IPMSM sensorless control
due to its simple physical principle. Differing from the typical
INFORM-based methodology that the rotor position is calcu-
lated and updated every three successive PWM cycles, a hybrid
strategy to combine FPE and additional test vectors is proposed.
With the proposed strategy, the selection of additional test vec-
tors is based on the duration and direction of two fundamental
active vectors and the rotor position information is obtained from
both the resulting current deviations of FPE and additional test
vectors in one PWM cycle. To simplify the implementation pro-
cess, a new PWM scheme for FSVPWM is presented. Aiming
at narrow vectors induced by the small amplitude of the object
fundamental voltage where the duration of active vectors can-
not satisfy the minimum time demand for the response currents
sampling, a compensation technique is presented to improve the
quality of the position estimation and reduce current distortion.
In addition, the MPCS technique and linear least square fitting
method are used to decrease the current sampling disturbance,
which can improve obviously the accuracy of the rotor position
estimation. Finally, the experimental results confirm that the
proposed strategy can obtain the rotor position accurately and
simply.
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