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ABSTRACT This paper proposes a novel rotor position estimation technique based on stator flux linkage to
implement robust sensorless field-oriented control for permanent magnet synchronous motor drives. The
proposed method can accurately estimate rotor position by mitigating the dependence on quality of the
magnitude and phase angle of the estimated stator flux linkage. A high-accuracy load angle calculation based
on d-q-axis current estimation method is first developed for further rotor position determination. In the rotor
position calculation, the reference flux linkage magnitude is used instead of the estimated one to avoid the
influence of potential high noise levels during low speed operation. As a result, the rotor angle estimation
depends only on the phase angle of stator flux linkage, without the effect of its magnitude. The estimation
accuracy can thus be improved. Also, by employing a simple stator flux linkage phase lag compensator,
the performance of the proposed sensorlessmethod can be dramatically improved at low speed.Moreover, the
problem ofmotor parameter variation (e.g., changes in winding resistance, stator inductances, and permanent
magnetic flux linkage) has been analyzed and overcome. Finally, comparisons between conventional and
proposed methods are presented with simulations and experiments to demonstrate the effectiveness and
reliability of the proposed method.

INDEX TERMS Sensorless, field-oriented control, permanent magnet motor drive, sensorless vector control,
current estimation, rotor position estimation, load angle estimation.

I. INTRODUCTION
In recent decades, the ‘‘greener’’ industrial policies have
been extensively considered in the rising global demand for
electrical and electronic products. As one such example,
the permanent magnet synchronous motor (PMSM) is an
outstanding candidate for variable-speed industrial drives due
to its functional advantages, such as a wide constant power
speed range, high efficiency, high power and torque density,
and lowmaintenance [1]. To exploit the full PMSM potential,
a high-performance drive plays a crucial role. So far, the field-
oriented control (FOC) has been proven to be a typical tech-
nique for high-performance variable speed drives [1], which
is suitable for most types of PMSMs. In the FOC scheme,
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the position information of the rotor is an indispensable
requirement for both current and speed control loops. How-
ever, encoders are often bulky, costly, and sensitive to harsh
industrial environments. Moreover, great care is required in
their installations to achieve satisfactory accuracy. Therefore,
some sensorless rotor position estimation algorithms have
been developed to avoid these limitations [2]–[21].

Sensorless control (SLC) can be divided into three
categories [2]–[4]. The first two are: 1) high frequency sig-
nal injection (HFI) technique [4], [10], [17] for tracking
the magnetic saliency for low speeds or standstill opera-
tion, and 2) model-based observer technique for medium-
to high-speed operations, where the information of the back
electromotive force (B-EMF) [5]–[10], [21] or stator flux
linkage [11]–[19] is observed from the measured phase volt-
age and current. Thus, if operations for a full speed range are
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needed, a combined solution (i.e., the third category) of the
above two categories is recommended [4], [10], [17].

In the model-based techniques (the second category), mea-
sured current errors or harmonics can occur when identifying
motor parameters and rotor position in SLC FOC drives.
Several methods have been developed to overcome this issue,
such as model reference adaptive system (MRAS), sliding
mode observer (SMO), and extended Kalman filter (EKF).
For the MRAS, a modified algorithm to detect permanent
magnet (PM) flux linkage and stator resistance achieves bet-
ter stability at low speeds [6], but many unwieldy adjustors
and filters are required. Similar conditions were found in the
EKF, whosemassive computation requires a strong processor.
Nevertheless, the EKF is effective, robust to disturbance, and
highly precise [7], [8]. The SMO has been widely studied
for SLC FOC drives over the last decades because it is rel-
atively easy to construct. Its effectiveness is independent of
external disturbances andmismatch parameters [5]. However,
the chattering characteristic significantly affects the accu-
racy and quality of controllers. A phase-locked-loop (PLL)
technique and filter are often used to suppress the noise
resulting from the speed signals extracted, again adding some
complexity. Recently, an adaptive SMO method has been
proposed [21] to reduce chattering, but the design of many
observer parameters has not been described in detail.

The SLCmethod based on stator flux linkage vector is clas-
sified in the model-based (second) category. Unlike the meth-
ods mentioned above, the flux-linkage-based SLC method
is often investigated associated with a direct torque con-
trol (DTC) or stator-FOC drive scheme. In this case, the rotor
angle can be extracted from the rotor or stator flux linkage
vector. Therefore, if the stator/rotor flux linkage information
is known, the motor operation state can be identified. It is
well-known that the ‘‘active flux’’ method is an extended
rotor flux linkagemodel commonly used [12], [13]. It enables
a simple drive scheme over a wide speed range, even at
low speed, with an adapted stator flux linkage observer
structure [12], [15], [18]. The rotor angle can also be pro-
vided indirectly from the stator flux vector using other meth-
ods [11], [19], e.g., through a calculation based on load
angle and stator flux linkage angle. Overall, the common
difficulty for the flux-linkage-based SLC is that the rotor
position estimation relies heavily on the accuracy of the
estimated stator flux linkage magnitude and angle, which can
be easily influenced by factors such as variation of resistance
and potential nonlinearity with low B-EMF at high current.
Hence, recent studies mostly focus on enhancing the accuracy
of the stator flux linkage estimator [14], [15], [18], [26] rather
than developing methods to reduce the dependence on stator
flux linkage components (i.e., magnitude and phase angle) in
SLC calculations.

From the above discussion, the main objective of this study
is to avoid a direct and strong connection between rotor posi-
tion estimation and stator flux linkage components. There-
fore, a novel SLC calculation approach is proposed in this
paper to improve the performance of the PMSM SLC FOC

FIGURE 1. Phasor diagram used in analysis of PMSM drive.

drive by reducing the dependence on the stator flux linkage
components when estimating the rotor position. The proposed
method is sufficiently robust for the PMSM to operate at low
speed (e.g., 100 rpm) without complex regulators. The main
features of this study are:

1) A new method is developed to estimate the d-q-axis
currents based on themathematical model of PMSMs for load
angle calculation. This is to reduce the influence of the stator
flux linkage phase angle estimation on load angle calculation
for further rotor position acquisition. This technique has not
been reported elsewhere.

2) The rotor position accuracy can be further improved by
reducing the potential influence of imprecision of the stator
flux linkage estimation. This is achieved by replacing the
magnitude of the estimated stator flux linkage with that of
the reference one. Moreover, the phase lag of the estimated
stator flux linkage phase angle at low speed is compensated
to enhance the rotor position accuracy.

3) The robustness of the proposed SLC is investigated. This
includes a sensitivity analysis for motor parameter variation
on the rotor angle estimation. A method is developed to
mitigate the effects of motor parameter mismatch. A novel
detection method is also developed for the variation of the
PM flux linkage at high speed.

Simulations and experiments are conducted to validate the
proposed method.

II. PMSM MATHEMATICAL MODEL
For convenience, the nomenclatures used in this paper are
defined in Table 1.

The stator voltage vector in PMSM can be expressed as:

Evs = RsEis +
d E9s

dt
(1)

The relationships between stator/rotor flux linkage, volt-
age, and current of PMSM under different coordinates are
represented in the phasor diagram, as shown in Fig. 1.

According to Fig. 1, the voltage equation in the d-q frame
can be written as:[

vd
vq

]
= Rs

[
id
iq

]
+

d
dt

[
9d
9q

]
+ ωe

[
−9q
9d

]
(2)
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TABLE 1. Nomenclature.

where the stator flux linkages of the PMSM in the d-q frame
can be expressed by:[

9d
9q

]
=

[
Ld
Lq

] [
id
iq

]
+

[
9m
0

]
(3)

9s =

√
92
d +9

2
q (4)

As shown in Fig. 1, the d-q-axis stator flux linkage can also
be described based on the relationship between the load angle
and stator flux linkage as:[

9d
9q

]
= 9s

[
cos δ
sin δ

]
(5)

δ = tan−1
(
9q

9d

)
(6)

The electromagnetic torque equations of the PMSM in d-q
and α − β frames are respectively given as:

Te =
3
2
pp
[
9m + (Ld − Lq)id

]
iq (7a)

and

Te =
3
2
pp(9αiβ −9β iα) (7b)

FIGURE 2. Conventional SLC scheme based on ‘‘active flux’’ vector,
reproduced from [12].

The current magnitude is calculated by:

is =
√
i2d + i

2
q (8)

Also, as shown Fig. 1, the active flux vector [13] can be
expressed as:

E9A = E9s − LqEis (9)

where

9A = 9m + (Ld − Lq)id (10)

The active flux vector will be further used in the following
derivation.

III. BRIEF REVIEW OF CONVENTIONAL SENSORLESS
CONTROL METHODS BASED ON FLUX LINKAGE
In the SLC FOC scheme, the rotor angle information plays
a crucial role, which allows the rotor speed to be derived,
and the Park/Clark transformations to be performed. There-
fore, the high accuracy of rotor angle estimation is key to
the robustness of the SLC-FOC scheme. In conventional
SLC methods based on flux linkage, the rotor angle can
be estimated in two ways: 1) directly based on the active
flux vector ( E9A shown in Fig. 1, denoted ‘‘active flux
SLC’’) [12], [13], [17], and 2) indirectly via the load angle
(δ) calculated by f-t-axis currents and stator flux linkage
angle [19] (denoted ‘‘f-t-axis current SLC’’). For the for-
mer method, the determination of rotor angle and d-q-axis
currents of the conventional SLC technique [12] is shown
in Fig. 2. From (9), the calculation of active flux vectors in
the stationary coordinate is expressed as[

9Aα
9Aβ

]
=

[
9α
9β

]
− Lq

[
iα
iβ

]
(11)

θe = θA = tan−1
(
9Aβ

9Aα

)
(12)

It can be realized from (11), (12), and Fig. 2 that the
calculation process of rotor angle in the active flux SLC
method is quite simple with only a few computation steps.
However, the accuracy of this angle strongly depends on the
quality of both amplitude and phase angle of the estimated
stator flux linkage vector and measured current vector.
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In the latter technique (indirect calculation method), as can
be seen in Fig. 1, the stator flux linkage vector E9s deviates
with the d-axis in the rotor coordinate by the load angle δ.
Thus, once the load angle and stator flux linkage angle are
determined, the rotor angle can be obtained by:

θe = θs − δ (13)

where the stator flux linkage angle θs can be easily calculated
from the α-β-axis stator flux linkage, as given by:

θs = tan−1
(
9β

9α

)
(14)

In [19], the load angle is computed by the stator flux
linkage magnitude and f-t-axis currents with the equation
expressed below:

δ = tan−1
(

Lqit
9s − Lqif

)
(15)

This SLC scheme [19] is reproduced as in Fig. 3.

FIGURE 3. Conventional SLC scheme based on indirect calculation from
stator flux linkage and f-t-axis currents, reproduced from [19].

From the rotor angle calculation process shown in Fig. 3,
the result depends on the magnitude and phase angle of the
stator flux linkage vector, where the phase angle is twice
involved. Hence, the accuracy of rotor angle estimation is
dramatically sensitive to the estimated stator flux linkage
angle. Furthermore, the equivalent mathematical transforma-
tions between the active flux method and the f-t-axis current
method [19] have the same degree of dependence on the stator
flux linkage vector. Therefore, reducing this dependence is
necessary to improve the performance of SLC-FOC drives
based on stator flux linkage.

To summarize the above discussion, the load/rotor angles
should be deduced by other means to avoid their strong
connection with phase angle and magnitude of the estimated
stator flux linkage. Thus, in this work, the load angle is
instead deduced from the estimated d-q-axis current (to be
detailed in Section IV), and the sensitivity to the inaccuracies
of the estimated stator flux linkage magnitude and phase
angle can be reduced compared to the previously mentioned
methods. Consequently, this would improve the accuracy of
rotor position estimation.

IV. PROPOSED ROTOR ANGLE ESTIMATION BASED ON
D-Q-AXIS CURRENT ESTIMATION
In this section, a method for estimating d-q-axis currents is
presented. Note that the feedback d-q-axis currents obtained
by Clarke/Park transformations are still used for the cur-
rent control loop in the complete SLC-FOC scheme. The
estimated d-q-axis currents are mainly used here for the
rotor/load angle calculation to improve accuracy.

A. PROPOSED ESTIMATION OF DQ-AXIS CURRENTS
The d-q-axis current can be obtained from the fundamental
equations of stator flux linkage expressed in the d-q frame.
Substituting (3) into (4) gives:

92
s = (9m + Ld id )2 + (Lqiq)2 (16)

The quadrature current is re-written from (8) to be:

i2q = i2s − i
2
d (17)

Substituting (17) into (16), a quadratic equation of d-axis
current is found to be:

(L2q − L
2
d )i

2
d − 29mLd id + (92

s −9
2
m − L

2
q i

2
s ) = 0 (18)

If Ld 6= Lq, then Equation (18) is solved according to id .
The two solutions id1 and id2 are acquired as below:

id1 =
9mLd

(L2q − L
2
d )

−

√
(L2q − L

2
d )L

2
q i2s − (L2q − L

2
d )9

2
s + L2q92

m

(L2q − L
2
d )

(19)

id2 =
9mLd

(L2q − L
2
d )

+

√
(L2q − L

2
d )L

2
q i2s − (L2q − L

2
d )9

2
s + L2q92

m

(L2q − L
2
d )

(20)

with the following condition to satisfy:

(L2q − L
2
d )L

2
q i

2
s − (L2q − L

2
d )9

2
s + L

2
q9

2
m ≥ 0 (21)

In the case of an interior permanent magnet synchronous
motor (IPMSM), to examine the operating capability to sat-
isfy the condition in (21), a mathematical analysis is con-
ducted. For a common IPMSM, there are two characteristics:
1) Ld < Lq, thus the two solutions to (18) are id1 ≤ 0 and
id2 ≥ 0; 2) id ≤ 0. Therefore, the negative id1 is chosen for
calculation and evaluation.

The stator flux linkage in (21) is converted into a new
inequality as:

92
s ≤

L2q9
2
m

(L2q − L
2
d )
+ L2q i

2
s (22)

From (22), the limit value of 9s can be deduced to be:

9 lim
s =

√√√√ L2q92
m

(L2q − L
2
d )
+ L2q i2s (23)
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TABLE 2. Specifications for the target IPMSM.

where 9 lim
s is the stator flux linkage limit. If the actual stator

flux linkage 9s at every operating point is lower than 9 lim
s ,

the solution for id1 is available for all states. As known,
under low speed operation of IPMSM, the actual stator flux
linkage is often controlled to reach the expected value, which
is determined either by maximum torque per ampere (MTPA)
or at id = 0. The stator flux linkages in these two conditions
are denoted9mtpa

s and9 id=0
s , respectively. It is apparent that

the stator flux linkage in the id = 0 case is greater than
that in the MTPA one (9 id=0

s > 9
mtpa
s ) because the field

could be slightly weakened during the MTPA operation [21].
Therefore, 9 id=0

s is chosen to compare with the stator flux
linkage limit 9 lim

s above. The calculation equation of 9 id=0
s

is:

9 id=0
s =

√
92
m + L2q i2s (24)

Assuming that 9 id=0
s ≤ 9 lim

s , the following equation can
be obtained:

√
92
m + L2q i2s ≤

√√√√ L2q92
m

(L2q − L
2
d )
+ L2q i2s (25)

Simplifying (25) yields:√√√√ L2q
(L2q − L

2
d )
≥ 1 (26)

Since Ld < Lq for IPMSM, inequality (26) is valid for all
the considered operating states. It can be concluded that the
condition in (21) is constantly satisfied for IPMSM, meaning
that the solution id1 constantly exists. To clarify this, the
simulation result in Fig. 4 compares the stator flux linkages
curves of 9 lim

s , 9mtpa
s , and 9 id=0

s of the IPMSM with the
specifications given in Table 2. As can be seen, the curve
of 9 lim

s is constantly higher than that of 9 id=0
s and 9mtpa

s
over the entire operating range. This result supports the above
statement.

Thus, the equation used for calculating d-axis current of
IPMSM is (19). It can thus be re-written as:

îipmd = A−
√
B.i2s − C .9̂2

s + D (27)

FIGURE 4. Comparison of 9lim
s , 9

mtpa
s , and 9

id =0
s curves of IPMSM.

where îipmd is the estimated d-axis current for IPMSM. The
constants A, B, C, and D are assigned as below:

A =
9mLd

(L2q − L
2
d )

B =
L2q

(L2q − L
2
d )

C =
1

(L2q − L
2
d )

D =
L2q9

2
m

(L2q − L
2
d )

On the other hand, in the case of a surface permanent
magnet synchronous motor (SPMSM), Ld = Lq = Ls, where
Ls is stator inductance. Thus, (18) can be simplified as:

−29mLsid + (92
s −9

2
m − L

2
s i

2
s ) = 0 (28)

Equation (28) has only one solution for d-axis current îspmd
as:

îspmd =
9̂2
s −9

2
m − L

2
s i

2
s

29mLs
(29)

Since 9m 6= 0 and Ls 6= 0 for SPMSM, the solution îspmd
in (29) is constantly valid.

The q-axis current îq is deduced from torque equation (7a)
and is given as:

îq =
T̂e

3/
2pp(9m + (Ld − Lq)îd )

(30)

These estimation values îd and îq are used to calculate load
angle δ̂ and rotor angle θ̂e in the next stage.

B. ESTIMATION OF STATOR FLUX LINKAGE AND
ELECTROMAGNETIC TORQUE
For simplicity, the stator flux linkage estimation technique
used here is a typical closed-loop estimator based on low-pass
filter (LPF) with the adaptive compensation [20], [26],
as re-constructed in Fig. 5. Via the diagram in Fig. 5, the mag-
nitude (9̂s) and phase angle (θ̂s) of stator flux linkage and the
electromagnetic torque (T̂e) can be determined.
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FIGURE 5. Stator flux linkage and electromagnetic torque estimation,
redrawn from [20], where ωc is the cutoff-frequency of LPF estimator.

C. PROPOSED ROTOR ANGLE ESTIMATION-METHOD 1
The rotor angle θ̂e is extracted from the estimated stator flux
linkage phase angle θ̂s and load angle δ̂ as given in (13), where
δ̂ can be calculated by (6), as re-written to be:

δ̂ = tan−1
(

Lq îq
9m + Ld îd

)
(31)

where îd is estimated by (27) for IPMSM or (29) for SPMSM,
and îq is calculated by (30).

The first proposed SLC calculation process (Method 1,
denoted PP-01) for PMSM is presented in the block diagram
shown in Fig. 6.

The implementation steps in Fig. 6 are explained as fol-
lows:
Step 1 (S1):Themeasured 3-phase currents and the 3-phase

voltages deduced by switching states are converted into
iα,β and vα,β , respectively via Clarke transformation. Then,
the 9̂s, θ̂s, and T̂e are estimated using diagram shown in Fig. 5.
Also, the current magnitude is is obtained by iα,β .
Step 2 (S2): The estimated d-axis current îd is calculated

based on is and 9̂s obtained in S1 by (27) for IPMSM, or (29)
for SPMSM.
Step 3 (S3): The estimated q-axis current îq is determined

by (30) from îd in S2 and T̂e in S1.
Step 4 (S4): The load angle δ̂ is calculated by (31) with the

acquired îd and îq in S2 and S3, respectively.
Step 5 (S5): The rotor angle θ̂e is obtained by subtracting δ̂

in S4 from θ̂s in S1.
Step 6 (S6): The rotor angular speed ω̂e is extracted from

the derivative of θ̂e in S5 over time as:

ω̂e =
d θ̂e
dt

(32)

An LPF is used to reduce the high-frequency noise of the
speed output signals (note that this LPF for the speed calcu-
lation is different from that for stator flux linkage estimator
as mentioned previously). As mentioned before, the d-q-axis
currents (id,q) feedback to current control loops are collected
from Park transformation of iα,β with θ̂e.
According to the calculation procedures mentioned above,

it is apparent that the load angle calculation in PP-01 is
independent of the stator flux linkage phase angle, whose

FIGURE 6. The proposed sensorless scheme (PP-01) for PMSM.

impact on the accuracy of the rotor angle estimation is thus
reduced dramatically compared to conventionalmethods. The
effectiveness of PP-01 on the IPMSMSLC-FOC drive system
is evaluated and discussed below.

D. COMPARISON OF METHOD PP-01 AND
CONVEN-TIONAL SLC METHOD
To examine the improvement of the first proposed method
(PP-01) compared to conventional ones, the accuracy of the
feedback d-q-axis currents, load angle, and rotor angle is
compared via simulation.

As a benchmark, a standard FOC drive system with a
rotor position sensor is used to drive the target IPMSM
(Table 2). The SLC calculations using the proposed method
and a conventional method are respectively implemented
on the benchmarking FOC system. The conventional SLC
method is the scheme based on f-t-axis current as shown in the
diagram in Fig. 3 (named CONV). The proposed SLCmethod
(PP-01) was previously explained, as shown in Fig. 6. The
deviations in terms of rotor/load angles and currents between
the benchmark FOC drive and the two SLC schemes using
MATLAB simulation are presented, as shown in Fig. 7.

The considered operation conditions are given in Fig. 7(a),
where the stator resistance is assumed to increase to 130%
due to temperature. Thus, the stator flux linkage estimation
could be significantly affected at low speed (i.e., the mag-
nitude attenuation and phase lag) with the LPF flux linkage
estimator presented in refs. [18], [26].

From the results shown in Figs. 7(b) and 7(c), the rotor/load
angle results for PP-01 (red curve) have smaller errors than
those of CONV (blue curve) under the circumstance of pos-
sible low accuracy of stator flux linkage estimation at speeds
below 700 rpm. The d-q-axis feedback current of PP-01 also
has less deviation, as shown in Figs. 7(d) and 7(e). This result
demonstrates that the proposed SLCmethod is more effective
than the conventional one.

The above result reveals that in the proposed method
(PP-01), the reduced involvement of the estimated stator
flux linkage in load/rotor angle calculation is proved to be
effective.

However, the errors of the d-q-axis current and rotor angle
estimation in the proposed PP-01 method are still large at
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FIGURE 7. Simulation comparison between CONV and PP-01 SLC
methods: (a) the operating conditions with stator resistance increasing to
130%, (b) load angle error, (c) rotor angle error, (d) d -axis feedback
current error, and (e) q-axis feedback current error.

speed below 200 rpm. This may be due to the phase lag of
the stator flux linkage estimation caused by the LPF estima-
tor [18], [25] and the possible nonlinearity of the inverter and
PMSM [26]. This may cause the closed-loop SLC-FOC drive
system to be unstable at low speeds. Hence, the quality of the
estimation should be further improved.

E. IMPROVEMENT FOR PROPOSED ROTOR ANGLE
ESTIMATION-METHOD 2
According to (27), (29), (30), and (31), it can be realized
that the incorrect magnitude estimated of stator flux linkage
influences the estimation result of d-q-axis current and load
angle. To avoid this, the value 9̂s in (27) and (29) can be
replaced by reference stator flux linkage in the previous step.
The reference stator flux linkage magnitude 9∗s is calculated
by the reference d-q-axis currents i∗d,q as:

9∗s =

√
(9m + Ld i∗d )

2 + (Lqi∗q))2 (33)

In the low-speed zone, the phase lag condition of stator
flux linkage can be severe due to the previously mentioned
LPF estimator and the nonlinearity of the inverter and PMSM.

FIGURE 8. The second proposed sensorless scheme (PP-02) for PMSM.

To solve the issue, a phase compensator is added to the output
angle in the stator flux linkage estimation. If the rotor speed is
lower than the cutoff frequency (ωe < ωc), the compensation
angle θcomp is expressed as [25], [26]

θcomp = − tan−1
(
ωc

ωe

)
(34)

Then, the rotor angle equation is updated to be

θ̂e = θ̂s − δ̂ + θcomp (35)

Finally, the proposed sensorless scheme has been improved
and re-constructed as the block diagram shown in Fig. 8
(denoted PP-02).

F. ANALYSIS AND DETECTION FOR VARIATION OF STATOR
INDUCTANCE AND PM FLUX LINKAGE
The SLC scheme PP-02 shown in Fig. 8 involves many
motor parameters, such as PM flux linkage and d-q-axis
inductances. These parameters are often sensitive to varying
operating conditions, such as large current (causing satura-
tion) or high temperature (increasing winding resistance).
In low-speed operation (below base speed), the PM flux
linkage can be assumed to be stable without field weakening
applied. Then, the effect of varying stator inductances on the
load angle estimation for the CONV and PP-02 methods is
examined and compared using simulation at rated current for
the IPMSM given in Table 2. The schemes used in load angle
calculation are shown in Fig. 3 and Fig. 8 for CONV and
PP-02, respectively, and the simulation results are presented
in Fig. 9. As can be seen, the Ld variation only has a slight
effect on the estimated load angle of PP-02 in the case with
increasing Lq and decreasing Ld simultaneously. Note that Ld
does not affect the load angle of CONV according to (15) and
Fig. 3. On the contrary, both CONV and PP-02 are substan-
tially sensitive to Lq variation. Therefore, the influence of Ld
can be neglected while the Lq variation should be determined
and updated in the SLC during operation. To compensate the
Lq variation for varying loads, the simple solution reported
in [12] is applied. The inductance Lq variation as a function
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of operating torque can be expressed as [12]

L̃q =
Lq

(1+ Kt
T̂e

Te,rated
)

(36)

where L̃q is updated q-axis inductance according to the esti-
mated torque T̂e, and Kt is the torque constant. Note that T̂e
is calculated by (7b); therefore, it is not affected by d-q-axis
inductances and PM flux linkage. This then ensures the accu-
racy of the calculated Lq variation and load angle.

It should be noted that the estimation method of flux link-
age angle shown in Fig. 5 is independent of d-q-axis induc-
tances. However, the inductances are involved in load angle
calculation, as can be seen in Fig. 8 (proposed method) and
Fig. 3 (conventionalmethod). In Fig. 9, the per-unit load angle
plotted against d-q-axis inductances based on rated current
allows the load angle error to be determined with inductance
variation. This can then be used to further calculate the rotor
angle error.

The PM flux linkage may vary with the degree of field
weakening and temperature at high speeds. Since the stator
flux linkage estimation is accurate at high speeds, the esti-
mated load angle in (15) is nearly equal to (31). Therefore,
to track the variation of PM flux linkage, the following equa-
tion is developed through (15) and (31):

19m = (9̂s − L̃qif )
iq
it
− (9m + Ld id ) (37)

9̃m = 9m +19m (38)

where 19m is an amount of change of PM flux linkage and
9̃m is an updated value of PM flux linkage. Note that the
q-axis inductance in (37) is updated from (36).

After the variation of motor parameters is detected and
estimated, they are updated in the SLC calculation process.

V. BLOCK DIAGRAM OF COMPLETE PROPOSED SLC-FOC
FOR IPMSM DRIVE
The block diagram of the complete SLC-FOC drive scheme
for the IPMSM based on PP-02 is presented in Fig. 10.
In this drive system, the speed and d-q-axis current con-
trol loops [23], as well as the maximum-torque-per-ampere
(MTPA) algorithm, are designed using the methods presented
in previous studies [24]. As previously mentioned, the stator
flux linkage and torque estimator shown in Fig. 5 is adopted.
The space vector pulse width modulation (SVPWM) is used
to generate PWM pulses with a switching cycle Ts. For the
hardware in the system, a voltage source inverter (VSI),
3-phase current sensors, a dc power supply, and the IPMSM
(Table 2 ) are employed.

The calculation of motor parameter variation through
(36) and (38) is performed online with a lower calculation
(or update) frequency than that of the speed control loop
(only one-tenth). This indicates that the period to update the
q-axis inductance and PM flux linkage is ten times that of
the speed control loop since the motor parameters do not
change rapidly. As a result, the computation effort can be

FIGURE 9. Comparison of effect of Ld and Lq variation on load angle
estimation between (a) CONV and (b) PP-02 methods. (p.u. =

1.0 indicating load angle at rated condition).

greatly reduced. To start up the motor under light load, the
current-frequency (I-F) technique [22] is employed. How-
ever, to avoid complexity, they are not exhibited in the block
diagram shown in Fig. 10.

For the SLC calculation process, it seems that the proposed
method with the additional online function of parameter vari-
ation detection might require more computation effort than
conventional methods. However, for high-performance drives
involvingMTPA and field weakening control, this function is
useful. Furthermore, from a schematic comparison between
the PP-01, PP-02, and CONV methods, as shown in Fig. 11,
PP-02 should be the most suitable and reliable solution to be
applied.

VI. RESULTS
A. EXPERIMENT SETUPS
The proposed SLC FOC schemes were evaluated by the
experiment results gathered from two test platforms: 1) the
Hardware-In-the-Loop (HIL) toolkit shown in Fig. 12, and
2) a testbench shown in Fig. 13, for the IPMSM given
in Table 2.With theHIL device serving as a real-time test plat-
form for themotor drive system [27], [28], the correctness and
performance of the proposed SLC-FOC control algorithms
written in a micro control unit (MCU) (TMS320F28379D,
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FIGURE 10. Block diagram of the complete proposed SLC-FOC scheme for IPMSM drive.

FIGURE 11. The comparison of improvement between the rotor angle
estimation methods: CONV, PP-01, and PP-02.

also called DSP here) can be tested and preliminarily evalu-
ated. The mathematical model of the IPMSM with the spec-
ifications listed in Table 2 is built in the HIL. The switching
frequency of the VSI in the HIL and testbench is 10 kHz. The
rotor position and three-phase current signals from the sen-
sors are fed back to the MCU as a reference for comparison.

The gains of all the regulators are designed to be:
Kp,ω = 1.539 and Ki,ω = 0.138 for the Proportional and
Integral (PI) controller of the speed loop; Kp,id = 4.775 and
Ki,id = 1099.6 for that of the d-axis current loop; Kp,iq =
10.116 and Ki,iq = 1099.6 for that of the q-axis current loop.
The command update rates are 5 kHz and 1 kHz for current
and speed loops, respectively.

The I-F technique [22] is applied under light load (1 Nm)
as previously mentioned to start up the motor.

B. COMPARISON OF PROPOSED AND CONVENTIONAL
SLC METHODS
To verify the performance of the proposed methods
(PP-01 and PP-02 shown in Figs. 6 and 8, respectively) and
compare with conventional SLC methods (that are based on
the ‘‘f-t-axis current’’ model in Fig. 3), the tests are conducted
in the HIL platform by step-braking the motor under a slight
load (1 Nm) gradually from 2000 rpm to 100 rpm. This aims

FIGURE 12. Experimental platform with HIL MR series II.

to test the lowest achievable speed of each method (shown
in Figs. 14-16).

As can be seen, the three SLCmethods have reached nearly
the same command speed from the start-up to 2000 rpm
and step-down till their lowest speeds. The CONV method
stops at 300 rpm while PP-01 can go down to 200 rpm.
The PP-01 method may not work well at speed lower than
200 rpm. This is possibly attributed to the estimated rotor
angle being sensitive to the phase lag andmagnitude variation
of the estimated stator flux linkage. As can be seen, PP-02 can
achieve the lowest speed stably at 100 rpm.

The experiments are conducted on the testbench shown
in Fig. 13 to compare the operating conditions between
CONV and PP-02, as presented in Figs. 17-19.

As can be seen, the estimated load angle with CONV
has an increasing error with decreasing speed. In contrast,
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FIGURE 13. Experimental setup.

FIGURE 14. HIL result of speed response with conventional method
(CONV). The horizontal axis is data number with a sampling period of
100 micro seconds. (load: 1Nm).

FIGURE 15. HIL result of speed response with proposed method PP-01.
The horizontal axis is data number with a sampling period
of 100 micro seconds. (load: 1Nm).

the accuracy of the estimated load angle for the proposed
method PP-02 is constantly precise in various conditions.
Likewise, the rotor angle accuracy is also significantly
enhanced compared to CONV.

C. EFFECTIVENESS OF FINAL PROPOSED METHOD
The SLC FOC drive scheme constructed with PP-02 shown in
Fig. 10 is then tested using the testbench in various operating
conditions, and the result is shown in Fig. 20. It can be seen

FIGURE 16. HIL result of speed response with proposed method PP-02.
The horizontal axis is data number with a sampling period
of 100 micro seconds. (load: 1Nm).

FIGURE 17. The comparison of the load/rotor angle estimation at
100 rpm under load condition 3 Nm (experiment).

FIGURE 18. The comparison of the load/rotor angle estimation at
500 rpm under full load condition 5 Nm (experiment).

FIGURE 19. The comparison of the load/rotor angle estimation at base
speed 2000 rpm under full load condition 5 Nm (experiment).

that the system can operate stably at a wide range, from low to
base speed, under various load conditions. However, notable
oscillations occur in the rotor angle estimation at 100 rpm,
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FIGURE 20. Experimental result of PP-02.

leading to large error and fluctuation in the feedback d-q-axis
current. This makes the system unable to withstand heavy
load or sudden load change at this speed. It should be noted
that the B-EMF is small at low speed, and the waveform
can be easily affected by large current (causing high voltage
drop or saturation) and nonlinearities (e.g., deadtime). From
the test results (at 100 rpm) shown in Figs. 17 (3 Nm),
20 (2.5 Nm), and 21 (2 Nm), the error of rotor angle and
d-q-axis current increase as the load increases. The system
becomes stable as beyond 200 rpm. Nevertheless, the LPF
estimator used here may not fully eliminate the effect of
the nonlinearity on stator flux linkage estimation even at
high-speed region. Therefore, the slight error of rotor angle
is unavoidable, as shown in Fig. 20. This then results in a
slight deviation of feedback d-q-axis current through Park
transformation with the estimated rotor angle. However, this
error seems insignificant since mostly lower than 1 A at the
steady state in high speed and heavy load conditions. Hence,
the drive system can still perform well.

Furthermore, to check the reliability and robustness of
the proposed SLC system, some measurements and evalua-
tions are performed with motor parameter changes, as shown

FIGURE 21. HIL result at 100 rpm (load 2 Nm) for comparison between
(a) normal condition and (b) Rs increase by 30%.

in Figs. 21-24. To vary the motor parameters intentionally,
the tests are performed using the HIL. As shown in Fig. 21,
if the stator resistance increased by 30%, the system still
works normally without any change, even at low speed.
However, the speed cannot go further down as the B-EMF
could reach a filterable signal-to-noise ratio boundary due to
nonlinearity [26] (e.g., deadtime effect).

In the case of a decrease of stator inductances Ld and Lq by
30%, as the results shown in Fig. 22(a), the load angle only
drops slightly due to Lq decrease. Note that the variation of
Lq is deduced by (36) and updated into the SLC calculation,
and consequently, the estimation of rotor position remains
accurate with Lq varying, as shown in Fig. 22(b). On the other
hand, the effectiveness of the proposed detection approach
for PM flux linkage change at high speed is also examined.
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FIGURE 22. HIL result at 2000 rpm (load 5 Nm) for (a) comparison
between the cases of 30% Ld and Lq reduction and normal condition;
(b) before and after updating Lq.

FIGURE 23. HIL result of PM flux linkage variation detected by the
proposed method at base speed (2000 rpm).

The detection results are shown in Fig. 23 where the case
of 10% PM flux linkage drop has a 0.56% error, and the case
of 20% drop has a 2.4% error. This validates the accuracy of

FIGURE 24. HIL result of rotor and load angle estimation after PM flux
linkage variation updated by the proposed method at speed 2000 rpm
under load 5 Nm.

the proposed detection method. Therefore, the drive system
can work stably after the deviation is considered, as shown
in Fig. 24, where the reduction of both estimated load angle
and rotor position is minor and close to the actual value.

VII. CONCLUSION
In this paper, a novel sensorless technique applied to the
PMSM FOC drive based on stator flux linkage has been
presented and evaluated. The achievement of this paper can
be summed up as:

1) The d-q-axis currents can be estimated based on the
magnitude of the current and stator flux linkage vector for cal-
culating rotor/load angle for PMSM. It has been demonstrated
that this technique can mitigate the effect of stator flux link-
age quality on the accuracy of load angle estimation. Thus,
the precision and robustness of the rotor angle calculation can
be enhanced with the proposed SLC FOC drive.

2) With the phase lag compensation added to stator flux
linkage angle at low speed range, the effectiveness of the
proposed SLCmethod has been further enhanced. This allows
the PMSM to operate stably at 100 rpm under load condition.

3) The sensitivity to motor parameter variations can be
significantly reduced by the proposed sensorless scheme
combined with a detection technique.

4) In the proposed SLC scheme, no complicated and extra
regulators or filters are needed.

5) The technique using d-q-axis current estimation for
rotor position calculation and the PM flux linkage detection
method proposed in this paper for SLC FOC drives have not
been reported elsewhere.

For the limitations of the proposed method, although a
robust performance at low speed was demonstrated in this
study, other methods are needed to start up the motors.
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