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ABSTRACT This paper proposes an adjustable wide-range speed-control method for sensorless IPMSM
drive systems from standstill, low-speeds, middle-speeds, and high-speeds in the flux-weakening region.
A sensorless method and an online parameter estimation method based on the measurement of current-slope
under SVPWM with an extension compensation are proposed. The estimated rotor position, rotor speed,
d-q axis inductances, magnetic flux, and torque of the IPMSM are precisely computed by using a current-
slope measurement, and then a closed-loop speed control sensorless IPMSM drive system is implemented
without requiring any external high-frequency signal injection or a complicated observer. In addition,
to achieve a high-performance sensorless IPMSM drive system, the estimated parameters are used for
real-time maximum torque per ampere control and flux-weakening control. Finally, the proposed sensorless
IPMSMdrive system provides a wide operation range from 1 r/min to 3000 r/min with excellent performance
in constant-torque regions and flux-weakening regions. A digital signal processor, made by Texas Instrument,
type TMS 320F2802, is employed to realize the control algorithm and estimation algorithm. Experimental
results show the proposed sensorless IPMSM drive system achieves satisfactory responses, including± 2.5◦

of electrical position estimation errors, good dynamic responses, and good tracking responses.

INDEX TERMS Current-slope measurement, sensorless drive, online parameter estimation, maximum
torque per ampere control, flux-weakening control, IPMSM.

I. INTRODUCTION
Interior permanent magnet synchronous motors (IPMSM)
have been used in different industrial applications, such as
electric vehicles, elevators, and robots due to their superior
performance in terms of high-power density, high efficiency,
good robustness, and wide-speed operation ranges [1], [2].

These sensorless IPMSM drives have been investigated for
more than four decades. Generally speaking, the sensorless
techniques are classified into four major categories: high-
frequency voltage or high-frequency current injection meth-
ods [3], [4], extended back electromotive force (back-EMF)
methods [5], [6], indirect flux detection methods [7], [8], and
fundamental pulse-width modulation (PWM) current-slope
methods. The fundamental PWM method, which is the most
popular, uses current-slope detection based on space-vector
pulse width modulation (SVPWM) in each switching inter-
val. By using the current-slope of the fundamental SVPWM,
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the estimated rotor position was precisely obtained [9], [10].
The advantage of this method was that it could be used in a
wide speed range. However, a current-slope detection method
was required to comply with the minimum time duration to
precisely acquire the estimated rotor position. As a result,
a cramped voltage vector was required to extend the min-
imum duration. Then, a compensation vector was therefore
required [11], [12]. In [13], an optimized asymmetric PWM
was proposed to obtain longer active voltage vectors andmore
accurate current-slope measurements. However, the position
estimation errors were within± 90, which could be too large.
These sensorless methods required measurements of the

motor parameters. In fact, the real parameters are varied due
to magnetic saturation and temperature changes. As a result,
the difference between the real position and estimated posi-
tion had large estimation errors as the motor parameter vari-
ations are too great in sensorless methods [14]. To overcome
this problem, several online parameter estimation methods
based on sensorless drives have been proposed by sev-
eral researchers [15]–[21]. For example, Ichikawa et al. [15]
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investigated an extended back electromotive force sensorless
method with online parameter identification where the recur-
sive least-square (RLS) method was employed. The resis-
tance and d-q axis inductances were estimated and were not
influenced by the position error under sensorless control. As a
result, the sensorless drive with identified parameters could
maintain good position estimation accuracy. Piippo et al. [16]
investigated an adaptive observer with a high-frequency sig-
nal injection sensorless method, in which an observer was
used for the parameter estimation. The stator resistance was
estimated at low speed from an error signal that was pro-
duced by the injecting signal. The permanent magnet flux
was estimated at medium to high speeds from the d-axis cur-
rent estimation errors. Inoue et al. [17] investigated a model-
based sensorless method with online parameter estimation
using the RLS method. The resistance was identified online;
however, the q-axis inductance was identified off-line. The
identified resistance in the sensorless drive system improved
the accuracy of the estimated position in low speed regions.
Hamida et al. [18] investigated an adaptive interconnected
observer for rotor speed, rotor position, load torque, stator
inductance, and stator resistance estimations. However, the
estimated position error produced by that method was within
0.18 rad, which was too large, and the proposed observer
was also complicated. Rafaq et al. [19] investigated an online
parameter identification method based on an affine projection
algorithm to estimate the stator resistance and d-q axis stator
inductances for model-based sensorless control. The online
updated parameter made the sensorless method stable and
robust while the motor parameters varied. However, the esti-
mated position error, which was near 0.2 rad, was relatively
large. Yao et al. [20] investigated online parameter estimation
based on adaptive full-state feedback current control for back-
EMF sensorless drives. The performance of the sensorless
drives were improved since online parameters were imple-
mented at medium-speeds to high-speeds. However. The esti-
mated position errors at medium-speeds deteriorated to ± 4◦.
Tang et al. [21] investigated a rotor-flux-model-based sen-
sorless maximum torque per ampere (MTPA) control for
IPMSMs by estimating a virtual q-axis inductance that was
obtained by using a virtual high-frequency injecting signal.
Simple signal processing was used to acquire the virtual
q-axis inductance in real time. Furthermore, an effective
range, based on the nominal inductance, was used. As a
result, a sensorless MTPA control operation was achieved in
a limited range. However, the estimated position errors were
near ± 6◦, which was too large.
In previous papers [15]–[21], the sensorless and online

parameter estimation methods were separated, and this
increased the complexity in their implemented drive system
and also aggravated the computational burden. In this paper,
a sensorless drive system including rotor position and online
parameter estimation methods based on current-slope mea-
surements is investigated. The current-slope is computed in
each switching state during a sampling interval by measuring
two points of the stator currents. After that, the rotor position,
rotor speed, d-q axis inductances, magnetic flux, and torque

of the IPMSM are precisely estimated. The proposed online
parameter estimation is obtained when the DSP executes the
sensorless method. As a result, we can implement a sim-
ple method without requiring any external high-frequency
signal injections or complicated observers. To achieve a
high-performance sensorless IPMSM drive system, the esti-
mated parameters are used for real-time MTPA and flux-
weakening control. Finally, experimental results show that
the proposed sensorless IPMSM drive system provides a
wide operation range from 1 r/min to 3000 r/min with excel-
lent performance in the constant-torque and flux-weakening
regions. The performance in this paper is better than that in
previously published papers [15]–[21]. To the author’s best
knowledge, these two major points are original and are the
main contributions of this paper.

II. SENSORLESS TECHNIQUE
A. IPMSM MODEL
The voltage equations of the IPMSM in the a-b-c stationary
frame are described as follows: vavb

vc

 = rs

 iaib
ic



+
d
dt


 iaib
ic

 Lsa Lmab Lmac
Lmba Lsb Lmbc
Lmca Lmcb Lsc



+ λm


cos θe

cos
(
θe −

2π
3

)
cos

(
θe +

2π
3

)


 (1)

where va, vb, and vc are the three-phase voltages; rs is the sta-
tor resistance; ia, ib, and ic are the three-phase stator currents;
d
/
dt is the differential operator; Lsa,Lsb, and Lsc are the

three-phase self-inductances; Lmab,Lmac,Lmba,Lmbc, Lmca,
and Lmcb are the three-phase mutual inductances;λm is the
permanent-magnet flux; and θe is the electrical rotor position
of the IPMSM. The three-phase self-inductances are shown
as:

Lsa = Ll + Lx − Ly cos(2θe) (2)

Lsb = Ll + Lx − Ly cos(2θe +
2π
3
) (3)

and

Lsc = Ll + Lx − Ly cos(2θe −
2π
3
) (4)

Furthermore, the three-phase mutual-inductances are
described as:

Lmab = Lmba = −
1
2
Lx − Ly cos(2θe −

2π
3
) (5)

Lmbc = Lmcb = −
1
2
Lx − Ly cos(2θe) (6)
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and

Lmca = Lmac = −
1
2
Lx − Ly cos(2θe +

2π
3
) (7)

where Ll is the leakage inductance, Lx is the constant value
parameter of the self-inductance and mutual inductance, and
Ly is the varying parameter that is related to the cos (2θe) of
the self-inductance and mutual inductance. The relationship
between Ll,Lx , and Ly and Ld and Lq can be expressed as [22]

Ld = Ll +
3
2

(
Lx − Ly

)
(8)

and

Lq = Ll +
3
2

(
Lx + Ly

)
(9)

where Ld is the d-axis inductance and Lq is the q-axis induc-
tance of the IPMSM. The total torque of the IPMSM is shown
as follows:

Te =
3P
4

[
(Ld − Lq)id iq + λmiq

]
(10)

where Te is the total torque, P is the pole number, id is the
d-axis current, and iq is the q- axis current. The dynamic
equation of the mechanical speed of the IPMSM can be
expressed as:

d
dt
ωm =

1
Jm
(Te − TL − Bmωm) (11)

where ωm is the mechanical speed of the IPMSM,
Jm is the inertia of the IPMSM, TL is the external load, and
Bm is the friction coefficient of the motor. The relationship
between the mechanical speed and the electrical speed of the
IPMSM is expressed as:

ωe =
P
2
ωm (12)

where ωe is the electrical speed of the IPMSM.

B. SVPWM-BASED CURRENT-SLOPE SENSORLESS
TECHNIQUE
SVPWM is a very popular modulation technique for field-
oriented control (FOC) for IPMSM drive systems. It provides
a fixed switching state for each sector. The three switching
states occur in one sector of a sampling interval and include
two active voltage vectors and one zero voltage vector. Based
on these principles, the rotor position estimation is derived by
using the current-slope obtained from these three consecutive
switching states.

Assuming that the vector position is in sector 1 and the
three switching states V1, V2, and V7 are used, the current-
slopes are measured by detecting the two points of the stator
currents which are generated by each voltage vector. By using
this method, the relationships among the voltage vectors,
switching states, and output voltages are shown in Table 1,
in which each switching state generates an output voltage.

The voltage equations that use the first active voltage vec-
tor V1 are expressed as follows:

0.67Vdc = rsia + Lsa
diV1a
dt
+ Lmab

diV1b
dt
+ Lmac

diV1c
dt

TABLE 1. The switching states of inverter.

− λmωe sin θe

+

[
ia
dLV1sa
dθe
+ ib

dLV1mab
dθe

+ ic
dLV1mac
dθe

]
ωe (13)

−0.33Vdc = rsib + Lmba
diV1a
dt
+ Lsb

diV1b
dt
+ Lmbc

diV1c
dt

− λmωe sin
(
θe −

2π
3

)
+

[
ia
dLV1mba
dθe

+ ib
dLV1sb
dθe
+ ic

dLV1mbc
dθe

]
ωe (14)

and

−0.33Vdc = rsic + Lmca
diV1a
dt
+ Lmcb

diV1b
dt
+ Lsc

diV1c
dt

− λmωe sin
(
θe +

2π
3

)
+

[
ia
dLV1mca
dθe

+ ib
dLV1mcb
dθe

+ ic
dLV1sc
dθe

]
ωe (15)

where Vdc is the DC-bus voltage of the inverter. The voltage
equations of an IPMSM that uses the second active voltage
vector V2 are shown as the following equations:

0.33Vdc = rsia + Lsa
diV2a
dt
+ Lmab

diV2b
dt
+ Lmac

diV2c
dt

− λmωe sin θe

+

[
ia
dLV2sa
dθe
+ ib

dLV2mab
dθe

+ ic
dLV2mac
dθe

]
ωe (16)

0.33Vdc = rsib + Lmba
diV2a
dt
+ Lsb

diV2b
dt
+ Lmbc

diV2c
dt

− λmωe sin
(
θe −

2π
3

)
+

[
ia
dLV2mba
dθe

+ ib
dLV2sb
dθe
+ ic

dLV2mbc
dθe

]
ωe (17)

and

−0.67Vdc = rsic + Lmca
diV2a
dt
+ Lmcb

diV2b
dt
+ Lsc

diV2c
dt

VOLUME 10, 2022 42729



M. S. Mubarok, T.-H. Liu: Adjustable Wide-Range Speed-Control Method for Sensorless IPMSM Drive Systems

− λmωe sin
(
θe +

2π
3

)
+

[
ia
dLV2mca
dθe

+ ib
dLV2mcb
dθe

+ ic
dLV2sc
dθe

]
ωe (18)

The voltage equations that use the zero voltage vector V7 are
described as follows:

0 = rsia + Lsa
diV0a
dt
+ Lmab

diV0b
dt
+ Lmac

diV0c
dt

− λmωe sin θe

+

[
ia
dLV0sa
dθe
+ ib

dLV0mab
dθe

+ ic
dLV0mac
dθe

]
ωe (19)

0 = rsib + Lmba
diV0a
dt
+ Lsb

diV0b
dt
+ Lmbc

diV0c
dt

− λmωe sin
(
θe −

2π
3

)
+

[
ia
dLV0mba
dθe

+ ib
dLV0sb
dθe
+ ic

dLV0mbc
dθe

]
ωe (20)

and

0 = rsic + Lmca
diV0a
dt
+ Lmcb

diV0b
dt
+ Lsc

diV0c
dt

− λmωe sin
(
θe +

2π
3

)
+

[
ia
dLV0mca
dθe

+ ib
dLV0mcb
dθe

+ ic
dLV0sc
dθe

]
ωe (21)

In this paper, a SVPWM-based current-slope sensorless
technique is employed to estimate the rotor position. First, the
current-slope between the first active voltage vector V1 and
the zero voltage vector V7 is computed. Then, the current-
slope between the second active voltage vector V2 and the
zero voltage vector V7 is computed. To simplify the method,
the resistance drop voltage in V1, V2, and V7 vectors is
neglected because the different voltage vectors cancel it out.
In addition, in the sampling interval Ts, which is 100 µs, the
back-EMF is maintained as a near constant. Furthermore, due
to the balance of three-phase currents, the total current-slope
in the a-b-c phase is equal to zero. By substituting equa-
tions (2) to (7) into equations (13) to (21), one can derive
the current-slope between the V1 and V7 voltage vectors as
follows:

DiV17a =
diV1a
dt
−
diV7a
dt

=

Vdc
[
8
3Ll + 4Lx + 4Ly cos(2θe)

]
(2Ll + 3L1)

(
2Ll + 3L∑) (22)

DiV17b =
diV1b
dt
−
diV7b
dt

=

Vdc

−4
3
Ll − 2Lx

−2Ly cos(2θe)+ 2
√
3 Ly sin(2θe)


(2Ll + 3L1)

(
2Ll + 3L∑) (23)

and

0 =

(
diV1a
dt
−
diV7a
dt

)
+

(
diV1b
dt
−
diV7b
dt

)
+

(
diV1c
dt
−
diV7c
dt

)
= DiV17a + Di

V17
b + Di

V17
c (24)

The current-slope difference between the V2 and V7 is shown
as follows:

DiV27a =
diV2a
dt
−
diV7a
dt

=

Vdc

 4
3
Ll + 2Lx

+2Ly cos(2θ̂e)+ 2
√
3 Ly sin(2θe)


(2Ll + 3L1)

(
2Ll + 3L∑) (25)

DiV27b =
diV2b
dt
−
diV7b
dt

=

Vdc
[
4
3Ll + 2Lx − 4Ly cos(2θe)

]
(2Ll + 3L1)

(
2Ll + 3L∑) (26)

and

0 =

(
diV2a
dt
−
diV7a
dt

)
+

(
diV2b
dt
−
diV7b
dt

)
+

(
diV2c
dt
−
diV7c
dt

)
= DiV27a + Di

V27
b + Di

V27
c (27)

where

L1 = Lx − Ly (28)

L∑ = Lx + Ly (29)

As one can observe in equations (22) to (29), there are two
current-slope differences between the two different switching
states, and those differences are compensated for by using the
zero voltage vector V7. The aim of this paper is to propose
a sensorless technique to estimate the rotor position of the
IPMSM, which is inherently included in the current-slope
equations in this paper.

The method to calculate the three-phase current-slope is
to convert the a-b-c axis into the α − β axis by using a
coordinate transformation. Since there are two current-slopes
of two different switching states, a simple rule is proposed
here. One can define the following equation:

DiVx7a + Di
Vx7
b + Di

Vy7
j 6= 0,{
x 6= y,∀x, y ∈ {1, 2, 3, 4, 5, 6}

j ∈ {a or b}

}
(30)

Equation (30) is used to avoid a singularity of the inverse
matrix. By using equations (22), (23), and (26) to comply
with equation (30), the coordinate transformation of the three-
phase current-slopes between the V1 and V7 voltage vectors
and V2 and V7 voltage vectors can be developed as the fol-
lowing equation: Diα

Diβ
DiH

 =
 4 0 4

−2 2
√
3 −2

−4 0 2


−1

DiV17a

DiV17b

DiV27b

 (31)
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From equation (31), we can obtain:

Diα =
VdcLy cos(2θe)

(2Ll + 3L1)
(
2Ll + 3L∑) (32)

Diβ =
VdcLy sin(2θe)

(2Ll + 3L1)
(
2Ll + 3L∑) (33)

and

DiH =
Vdc

(
2
3Ll + Lx

)
(2Ll + 3L1)

(
2Ll + 3L∑) (34)

The inverse matrix in equation (31) has different values
when different switching states are used. In the real world,
the inverse matrix is implemented by using a lookup table
technique. Finally, the estimated rotor position is obtained as
follows:

θe =
tan−1

(
Diβ
Diα

)
2

(35)

In equation (35), θe is not influenced by the DC input voltage
or by the parameters of the IPMSM. In fact, this proposed
sensorless technique is very simple because it is only related
to Diα and Diβ . The details of the current-slope sensorless
method are depicted in Fig. 1. First, the stator phase-currents
are detected and then calculated to obtain the current-slopes.
Next, the current-slopes of the a-phase and the b-phase of
each switching state can be converted to the α − β axis
current-slopes. Finally, the rotor position is then easily esti-
mated from equation (35), and the speed is estimated by
calculating 1θe

/
1t .

FIGURE 1. Block diagram of the current-slope sensorless technique.

C. CURRENT MEASUREMENT TECHNIQUE
The measurement of stator currents is an essential require-
ment for current-slope sensorless techniques. The precise
detection of the stator currents leads to an accurate estimated
rotor position. This paper uses the current-slope between the
active voltage vectors and the zero voltage vectors. As a
result, two current sampling instances are used for different
switching states in every sampling interval. The sampling
instance of the first sampling point is 10 µs after the related
switch turns on. The sampling instance of the second point
is 5µs before the related switch turns off. Thus, suitable delay
time is required to avoid current spikes.

In addition, the current slope measurement is affected by
the duration of each switching state. In terms of practicality,
a narrow voltage vector is extended to provide sufficient time
for stator current detection. The minimum switching time,
Tmin, is set as 20 µs in this paper to ensure the digital signal
processor (DSP) has enough time to detect the current slope

precisely. Fig. 2 shows the switching pattern and the current
sampling diagram when the vector position is in sector 1.
If the switching time of the voltage vector V1 is extended
to Tmin because it is too narrow, then its opposite vector V4
is added to compensate for previous extension vector. Once
the voltage vector is applied, the corresponding current is
measured to compute a precise current-slope by sampling two
points in each switching state.

FIGURE 2. Switching pattern and current sampling diagram (a) carrier
signal (b) switching states (c) current sampling.

III. PARAMETER ESTIMATION BASED ON
CURRENT-SLOPE MEASUREMENTS
As discussed in the previously published papers in [15]
to [21], the sensorless and online parameter estimation meth-
ods are always two separate methods, and this increases
the complexity of the implemented drive system. To solve
this problem, this paper proposes a new method that uses
current-slope measurements to estimate the d-q axis induc-
tances, magnetic flux, and torque of an IPMSM. The pro-
posed online parameter estimation is executed when the DSP
executes the sensorless method; hence, the implementation
is achieved in one simple approach without requiring any
external high-frequency signal injection or a complicated
observer. This is one of the main contributions of this paper.
The details are described as follows:

A. INDUCTANCE ESTIMATION
To achieve high-performance sensorless MTPA control, the
accurate estimated parameters of the IPMSM are required,
such as the estimated parameters Ld ,Lq, and λm. This paper
proposes a current slope-based parameter estimation for
an IPMSM, and the details are discussed in this section.
From equations (32), (33), and (34), one can obtain the
ratio between the estimated inductance Ly and the estimated
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inductance (2
/
3)Ll + Lx as follows:

Ly
2
3Ll + Lx

=

√
Di2α + Di

2
β

DiH
(36)

Then from equation (34), one can obtain:

DiH =
Vdc

9
(
2
3Ll + Lx

)(
1+

(
Ly

2
3Ll+Lx

)2
) (37)

From equations (36) and (37), one can obtain the estimated
parameters (2

/
3)Ll + Lx as follows:

2
3
Ll + Lx =

Vdc

9DiH

(
1−

(
Di2α+Di

2
β

Di2H

)) (38)

Substituting equation (38) into (37), one can derive the esti-
mated inductance Ly as follows:

Ly =
Vdc
√
Di2α + Di

2
β

9Di3H

(
1−

(
Di2α+Di

2
β

Di2H

)) (39)

Finally, by substituting equations (38) and (39) into equa-
tions (8) and (9), the estimated d-axis inductance and the
estimated q-axis inductance of the IPMSM can be obtained
as the following two equations:

Ld =
3
2

(
2
3
Ll + Lx − Ly

)
(40)

and

Lq =
3
2

(
2
3
Ll + Lx + Ly

)
(41)

B. MAGNETIC FLUX ESTIMATION
The α − β axis voltage equation of an IPMSM is shown as
follows:[

vα
vβ

]
= rs

[
iα
iβ

]
+ Lq

[
Diα
Diβ

]
+

d
dt

[
λα
λβ

]
(42)

where vα and vβ are the α−β axis voltages. However, in this
paper, the voltage commands are used to replace the α − β
axis stator voltages. In addition, iα and iβ are the α − β axis
stator currents and λα and λβ are the α − β axis stator flux
linkages.

The estimated α−β axis flux linkages are expressed as the
following two equations:

dλα
dt
= vα − rsiα − LqDiα = eα (43)

and
dλβ
dt
= vβ − rsiβ − LqDiβ = eβ (44)

The integration of the back EMF is affected by the initial
value which is usually unknown and could generate a DC
offset. Moreover, in practice, there is a possibility that current
detection errors result in some DC offsets and harmonics.

The back EMF signal can be rewritten as a combination of
sinusoidal signals as follows [23]:

es = A0 + Af sin(ωf t + ϕf )+
∑

Ah sin(ωht + ϕh) (45)

where es is the back EMF vector of the α − β axis com-
ponents. The back EMF in equation (45) has three essential
components. A0 is the dc component, Af sin(ωf t + ϕf ) is the
fundamental component, and the summation of Ah sin(ωht +
ϕh) is the total harmonic component. A0, Af , and Ah are the
corresponding amplitudes of the signal for each component;
ωf and ωh are the angular frequencies of the fundamental sig-
nal and harmonic signals; and ϕf and ϕh are the initial angles
of the fundamental signal and harmonic signals. By taking the
Laplace transformation into equation (45), one can obtain the
following equation:

Es(s) =
A0
s
+ Af

s sinϕf + ωf cosϕf
s2 + ω2

f

+

∑
Ah
s sinϕh + ωh cosϕh

s2 + ω2
h

(46)

where s is the Laplace transform operator and Es(s) is the
Laplace transform of es. It is a straightforward process to
obtain the flux linkage by using an integrator for equa-
tion (46). However, the integrator generates a DC offset in the
dc component, fundamental signals, and harmonic signals.
This DC offset may cause saturation of the estimated flux
linkages, and thus, the trajectories drift out of a circular shape.
To overcome this problem, a low pass filter (LPF) is applied
as a flux linkage estimator and is described as follows:

λs_LPF =
A0
ωe
−
A0
ωe
e−ωet

+
Af√

ω2
f + ω

2
e

sin(ωf t + ϕf −
π

2
+ θf )

+
Af√

ω2
f + ω

2
e

cos(ϕf + θf )e−ωet

+

∑ Ah√
ω2
h + ω

2
e

sin(ωht + ϕh −
π

2
+ θh)

+

∑ Ah√
ω2
h + ω

2
e

cos(ϕh + θh)e−ωet (47)

where λs_LPF is the estimated flux linkage when using an
LPF. In (47), the first term of the DC components exponen-
tially decays as the time increases. In addition, the second and
third terms of the DC components are affected by their initial
values and exponentially decay in steady state. The saturation
of the estimated flux linkage, therefore, can be removed.
Then, it is not difficult to obtain the estimated permanent
magnetic flux as follows:

λm =

√
(λα_LPF )2 + (λβ_LPF )2 (48)

The permanent magnetic flux, λm, is estimated and then used
to compute the estimated torque. The current-slope based
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parameter estimation diagram is depicted in Fig. 3. The esti-
mated d-axis inductance, Ld ; estimated q-axis inductances,
Lq; and estimated magnetic flux of the IPMSM, λm, are
obtained by using the current-slope detection method.

FIGURE 3. Block diagram of the current-slope based parameter
estimation.

IV. MTPA AND FLUX-WEAKENING ALGORITHMS
In general, many researchers usually control the IPMSM by
setting id = 0, which can produce linear torque. However,
the setting of id = 0 does not generate reluctance torque.
To increase the total torque, a high-performance sensorless
IPMSM drive system with real-time MTPA control is pro-
posed in this paper. The MTPA control with online parameter
estimation adjusts id properly to reach maximum torque.
By taking a partial derivative of the estimated torque shown
in equation (10) with respect to the iq, we can obtain the
following equation:

∂Te
∂iq
=

3P
4

[
−(Ld − Lq)

i2q
id
+ (Ld − Lq)id + λm

]
(49)

By setting equation (49) to equal zero, we can derive the
following equation:

id = −
λm

2(Ld − Lq)
−

√
λ2m

4(Ld − Lq)2
+ i2q (50)

From equation (50), the id is adjusted for real-time MTPA
control. The accuracy of the id is strongly influenced by the
estimated parameters of the motor when the MTPA control is
executed.

When the speed of the IPMSM increases beyond the nom-
inal speed, a flux weakening algorithm is employed to keep
the voltage at a constant. The relationship of the maximum
voltage is expressed as the following equation:

Vs max ≥

√
v2d + v

2
q (51)

where Vsmax is the maximum phase voltage and is set at
Vdc
/√

3. In steady state, the d-q axis voltages of the IPMSM
are described as the following equation:[

vd
vq

]
= rs

[
id
iq

]
+ ωe

[
−Lqid

Ld id + λm

]
(52)

where vd is the d-axis voltage and vq is the q- axis voltage.
Substituting equation (51) into (52) and omitting the resis-
tance voltage drops, one can derive the d-axis current as the

following equation:

id =
1
Ld

−λm +
√(

Vsmax

ωe

)2

−
(
Lqiq

)2 (53)

From equation (53), real-time flux weakening control of
the IPMSM is achieved. The flux weakening control is
enabled to decrease the voltage saturation and maintain the
maximum phase-voltage as a constant by properly adjusting
the d-axis current.

V. EXPERIMENTAL RESULTS
The performance of the proposed method is validated
through a bench test in which a rated 500 W, 2000 r/min,
3A, and 4-pole IPMSM is used. The measured parame-
ters of the IPMSM are: rs = 1.93 �, Ld = 15 mH,
Lq = 32 mH, λm = 0.216 V.s/rad, Jm = 0.0005 kg-m2, and
Bm = 0.003 N.m.s/rad. The experimental conditions are set
as follows:

The DC bus voltage is 200V, the current-loop frequency is
10 kHz and is synchronized with the switching frequency of
the inverter, and the speed-loop frequency is 1 kHz.

The implemented drive system is depicted in Fig. 4(a)
to (c). Fig.4(a) shows the block diagram of the current-slope
sensorless IPMSM drive system with real-time MTPA and
flux-weakening control. The phase currents of each switching
state are detected for the current-slope calculation. After that,
the estimated rotor position as well as the estimated rotor
speed are obtained. The estimated parameters Ld ,Lq, and
λm are obtained by using the current-slope. In addition, the
estimated parameters, including Ld ,Lq, and λm are used for
real-time MTPA and flux-weakening algorithms. Finally, the
closed-loop sensorless IPMSM drive system achieves wide
speed-range operations. Fig. 4(b) depicts the hardware circuit
which includes a control board with a DSP TMS32F2808,
a gate driver board, a three-phase inverter, 16-bit AD con-
verters, and two current sensors. Fig. 4(c) depicts the motor
test platform equipped with an external DC load which is
installed with a torque sensor to compare the real torque and
the estimated torque.

The performance of the proposed current-slope sen-
sorless IPMSM drive system at 1 r/min is shown in
Fig. 5(a) to (d). As presented in Fig. 5(a) and (b), the
estimated rotor position is obtained within ± 2◦ of errors.
Fig. 5(c) presents a comparison of the estimated rotor speed
and the real rotor speed. Fig. 5(d) shows the estimated speed
errors. As can be seen in these figures, the estimated speed
errors are ± 0.06 r/min. Fig. 6(a) to (d) demonstrate the
current-slope sensorless IPMSM drive system at 2000 r/min.
The related α − β axis current-slopes which are used for the
rotor position estimations are depicted in Fig. 6(a). A com-
parison of the estimated and the real rotor positions is demon-
strated in Fig. 6(b). As one can observe, the rotor position is
precisely estimated. Fig. 6(c) presents the estimated position
errors, which are ± 2◦. Fig. 6(d) presents a comparison of
the measured speed responses at 2000 r/min under steady
state conditions. Thus, the speed of IPMSM is accurately
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FIGURE 4. Photographs of the implemented drive system (a) block
diagram system (b)hardware circuit (c) motor test platform.

estimated. According to Fig. 5(a) to (d) and Fig. 6(a) to (d),
the sensorless IPMSM drive system works well from low
speed ranges to the rated speeds.

Fig. 7(a) and (b) show a comparison of the measured Ld
and Lq inductances and their related estimated Ld and Lq
inductances at different current levels from 0.25 A to the rated
current 3A. The estimated inductances are obtained when the
IPMSM is operated at 1000 r/min. As one can observe, the
estimated inductances match well with the real inductances.
Fig. 8(a) and (b) demonstrate the estimated magnetic flux
linkages, which include the estimated λα and λβ at 600 r/min.
The estimated α-axis flux and β-axis flux and their trajecto-
ries are nearly circular. Fig. 8(c) depicts the magnitude of the
magnetic flux linkage, which is near 0.22 Wb.

Fig. 9(a) to (c) demonstrate a comparison of real-time
MTPA and conventional MTPA control methods with

FIGURE 5. Sensorless response at low speed 1 r/min (a) rotor position
(b) position error (c) rotor speed (d) speed errors.

nominal motor parameters during load disturbance tests, from
no load to a 2 Nm load at 1000 r/min. In Fig. 9(a), the
proposed MTPA with online parameter estimation provides
a better load disturbance rejection response, which includes
faster recovery times and lower speed drops than conventional
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FIGURE 6. Sensorless responses at a nominal speed of 2000 r/min
(a) α − β current-slope (b) rotor position (c) position error (d) rotor speed.

MTPAmethodswith off-linemotor parametermeasurements.
The speed drop of the proposed real-time MTPA is only 18%
while a conventional MTPA is 21.8%. A comparison of the
d-q axis currents is depicted in Fig. 9(b). When the load

FIGURE 7. Comparison of the measured and estimated inductances
(a) d-axis inductance (b) q-axis inductance.

TABLE 2. Comparison of the proposed method and the existing method.

increases from no load to a 2 Nm load, the q-axis current
increases from 0.25A to 3A, and the d-axis current changes
to a negative current to achieve higher total torque. By using
this proposed method, the d-axis current has a smaller current
ripple compared to conventional MTPAs. Fig. 9(c) presents
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FIGURE 8. Estimated permanent magnet flux at 600 r/min (a) estimated
α − β flux linkages (b) flux linkage trajectory (c) magnetic flux constant.

a comparison of the real torque Te that uses a torque sen-
sor, the estimated torque Te of a conventional MTPA using
off-line parameter estimation, and the estimated torque Te
of the proposed MTPA with online parameter estimation.
As one can observe, the proposed real-time MTPA has better
torque tracking ability when compared to a conventional
MTPA. Fig 10(a) to (c) demonstrate the performance of
the proposed flux-weakening control and the conventional
flux-weakening control when the motor is operated from
standstill to 3000 r/min with a 1.5 Nm load. Fig 10(a)
to (c) also include the estimated rotor speeds, d-q axis cur-
rents, and current trajectories respectively. When the speed
of the IPMSM goes beyond the base-speed, the d-axis cur-
rent is decreased to achieve flux-weakening control. As one
can observe, the real-time flux-weakening can effectively
reduce the d-axis flux when compared to conventional
flux-weakening control. As a result, the performance of the

FIGURE 9. Comparison of load disturbance responses at 1000 r/min
between a real-time MTPA and a conventional MTPA (a) speed responses
(b) d-q axis currents (c) torque.

real-time flux-weakening control achieves a higher speed
than conventional flux-weakening control.

Fig. 11(a) and (b) and Fig. 12(a) and (b) show the perfor-
mance of the tracking capabilities of the proposed method
with various speed commands from standstill to 1500 r/min,
as well as reversed to −1500 r/min. Fig. 11(a) presents
the rotor position responses at a reversing speed command.
The rotor position is precisely estimated although the speed
command is suddenly reversed. Fig. 11(b) presents the speed
responses of a reversing speed command. As depicted in those
figures, the proposed method determines a satisfactory rotor
position and speed estimation. Fig. 12(a) and (b) demonstrate
the varied speed commands including a trapezoidal command
and a triangular command, both of which have satisfactory
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FIGURE 10. Responses of the extended speed at 3000 r/min between the
proposed method and conventional flux-weakening (a) speed responses
(b) d-q axis currents (c) current trajectories.

tracking responses. These results confirm that the proposed
sensorless drive system provides good tracking ability.

From the measured results, it is possible to compare the
proposed method with previosly published methods to show
the effectiveness of the provided method. Table 2 shows a
comparison of the proposed method and methods proposed
in previously published papers. As we can observe in refer-
ences [15] to [21], those papers used different approaches
for their sensorless methods and parameter identification
methods. The complexity and the computational burden on
the DSP became a neccessity that had to be compensated
for. In contrast, the proposed method in this paper uses only
current-slope measurements for sensorless and parameter
identification. As a result, the proposed method in this paper
is simpler and easier than the methods published in [15]
to [21]. In addition, the rotor position errors are slight and are

FIGURE 11. Responses of the reverse speed command at 1500 r/min
(a) rotor position (b) rotor speed.

FIGURE 12. Different speed responses of time-varying commands
(a) trapezoidal (b) triangular.

wihtin ± 2.5◦. Furthermore, a wide adjustable speed range
from 1 r/min to 1.5 times over the rated speed is achieved,
which are better results than the methods published in [15]
to [21].
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VI. CONCLUSION
A sensorless IPMSM drive and an online parameter estima-
tion method based on current-slope measurements are pro-
posed and implemented in this paper. The proposed drive
system achieves rotor position estimation and online parame-
ter estimation by measuring the slope of three-phase stator
currents. The rotor position, rotor speed, d-q axis induc-
tances, and permanent-magnet flux are precisely estimated
without using any external high-frequency signal injection or
a complicated observer. Moreover, the proposed sensorless
drive system is operated with real-time MTPA and flux-
weakening control. Experimental results confirm that this
proposed sensorless IPMSM drive system achieves a wide
adjustable speed range from 1 r/min to 3000 r/min with
satisfactory performance, including estimated position errors
of only ± 2.5◦, good dynamic responses, and good tracking
responses. To further improve the dynamic responses, further
studies could use advanced controllers such as sliding mode
controllers in [24] to [25] or model predictive controllers
in [26] to replace the proposed PI controllers.

REFERENCES
[1] G. Pellegrino, A. Vagati, B. Boazzo, and P. Guglielmi, ‘‘Comparison of

induction and PM synchronous motor drives for EV application including
design examples,’’ IEEE Trans. Ind. Appl., vol. 48, no. 6, pp. 2322–2332,
Nov./Dec. 2012.

[2] Z. Yang, F. Shang, I. P. Brown, andM.Krishnamurthy, ‘‘Comparative study
of interior permanent magnet, induction, and switched reluctance motor
drives for EV and HEV applications,’’ IEEE Trans. Transport. Electrific.,
vol. 1, no. 3, pp. 245–254, Oct. 2015.

[3] S. Medjmadj, D. Diallo, M. Mostefai, C. Delpha, and A. Arias, ‘‘PMSM
drive position estimation: Contribution to the high-frequency injection
voltage selection issue,’’ IEEE Trans. Energy Convers., vol. 30, no. 1,
pp. 349–358, Mar. 2015.

[4] J. Lu, Y. Hu, X. Zhang, Z. Wang, J. Liu, and C. Gan, ‘‘High-frequency
voltage injection sensorless control technique for IPMSMs fed by a three-
phase four-switch inverter with a single current sensor,’’ IEEE/ASME
Trans. Mechatronics, vol. 23, no. 2, pp. 758–768, Apr. 2018.

[5] F. Genduso, R. Miceli, C. Rando, and G. R. Galluzzo, ‘‘Back EMF
sensorless-control algorithm for high-dynamic performance PMSM,’’
IEEE Trans. Ind. Electron., vol. 57, no. 6, pp. 2092–2100, Jun. 2010.

[6] A. T. Woldegiorgis, X. Ge, S. Li, and M. Hassan, ‘‘Extended sliding mode
disturbance observer-based sensorless control of IPMSM for medium and
high-speed range considering railway application,’’ IEEE Access, vol. 7,
pp. 175302–175312, 2019.

[7] M.-Y. Wei and T.-H. Liu, ‘‘A high-performance sensorless position
control system of a synchronous reluctance motor using dual current-
slope estimating technique,’’ IEEE Trans. Ind. Electron., vol. 59, no. 9,
pp. 3411–3426, Sep. 2012.

[8] X. Luo, Q. Tang, A. Shen, H. Shen, and J. Xu, ‘‘A combining FPE and
additional test vectors hybrid strategy for IPMSM sensorless control,’’
IEEE Trans. Power Electron., vol. 33, no. 7, pp. 6104–6113, Jul. 2018.

[9] A. Vogelsberger, S. Grubic, T. G. Habetler, and T. M. Wolbank, ‘‘Using
PWM-induced transient excitation and advanced signal processing for
zero-speed sensorless control of AC machines,’’ IEEE Trans. Ind. Elec-
tron., vol. 57, no. 1, pp. 365–374, Jan. 2010.

[10] S. K. Tseng, T. H. Liu, and J. L. Chen, ‘‘Implementation of a sensorless
interior permanent magnet synchronous drive based on current deviations
of pulse-width modulation switching,’’ IET Electr. Power Appl., vol. 9,
no. 2, pp. 95–106, Mar. 2015.

[11] Y. Hua, M. Sumner, G. Asher, Q. Gao, and K. Saleh, ‘‘Improved sensorless
control of a permanent magnet machine using fundamental pulse width
modulation excitation,’’ IET Electr. Power Appl., vol. 5, no. 4, pp. 359–370,
Apr. 2011.

[12] M. X. Bui, D. Guan, D. Xiao, and M. F. Rahman, ‘‘A modified sensorless
control scheme for interior permanent magnet synchronous motor over
zero to rated speed range using current derivative measurements,’’ IEEE
Trans. Ind. Electron., vol. 66, no. 1, pp. 102–113, Jan. 2019.

[13] C. Wu, Z. Chen, and Q. Chen, ‘‘An optimized asymmetric pulsewidth
modulation for sensorless control of permanent magnet synchronous
machines,’’ IEEE Trans. Ind. Electron., vol. 69, no. 2, pp. 1389–1399,
Feb. 2022.

[14] S. Morimoto, M. Sanada, and Y. Takeda, ‘‘Mechanical sensorless drives
of IPMSM with online parameter identification,’’ IEEE Trans. Ind. Appl.,
vol. 42, no. 5, pp. 1241–1248, Sep./Oct. 2006.

[15] S. Ichikawa, M. Tomita, S. Doki, and S. Okuma, ‘‘Sensorless control of
permanent-magnet synchronous motors using online parameter identifica-
tion based on system identification theory,’’ IEEE Trans. Ind. Electron.,
vol. 53, no. 2, pp. 363–372, Apr. 2006.

[16] A. Piippo, M. Hinkkanen, and J. Luomi, ‘‘Adaptation of motor parameters
in sensorless PMSM drives,’’ IEEE Trans. Ind. Appl., vol. 45, no. 1,
pp. 203–212, Jan./Feb. 2009.

[17] Y. Inoue, Y. Kawaguchi, S. Morimoto, and M. Sanada, ‘‘Performance
improvement of sensorless IPMSM drives in a low-speed region using
online parameter identification,’’ IEEE Trans. Ind. Appl., vol. 47, no. 2,
pp. 798–804, Mar. 2011.

[18] M. A. Hamida, J. De Leon, A. Glumineau, and R. Boisliveau, ‘‘An adaptive
interconnected observer for sensorless control of PM synchronous motors
with online parameter identification,’’ IEEE Trans. Ind. Electron., vol. 60,
no. 2, pp. 739–748, Feb. 2013.

[19] M. S. Rafaq, F. Mwasilu, J. Kim, H. H. Choi, and J.-W. Jung, ‘‘Online
parameter identification for model-based sensorless control of interior
permanent magnet synchronous machine,’’ IEEE Trans. Power Electron.,
vol. 32, no. 6, pp. 4631–4643, Jun. 2017.

[20] Y. Yao, Y. Huang, F. Peng, and J. Dong, ‘‘Position sensorless drive and
online parameter estimation for surface-mounted PMSMs based on adap-
tive full-state feedback control,’’ IEEE Trans. Power Electron., vol. 35,
no. 7, pp. 7341–7355, Jul. 2020.

[21] Q. Tang, A. Shen, P. Luo, H. Shen, W. Li, and X. He, ‘‘IPMSMs sensorless
MTPA control based on virtual q-axis inductance by using virtual high-
frequency signal injection,’’ IEEE Trans. Ind. Electron., vol. 67, no. 1,
pp. 136–146, Jan. 2020.

[22] C.-K. Liu, T.-H. Lo, and C.-H. Lo, ‘‘Sensorless interior permanent magnet
synchronous motor drive system with a wide adjustable speed range,’’ IET
Electr. Power Appl., vol. 3, no. 2, pp. 133–146. Mar. 2009.

[23] W. Xu, Y. Jiang, C. Mu, and F. Blaabjerg, ‘‘Improved nonlinear flux
observer-based second-order SOIFO for PMSM sensorless control,’’ IEEE
Trans. Power Electron., vol. 34, no. 1, pp. 565–579, Jan. 2019.

[24] B. Xu, L. Zhang, and W. Ji, ‘‘Improved non-singular fast terminal sliding
mode control with disturbance observer for PMSM drives,’’ IEEE Trans.
Transport. Electrific., vol. 7, no. 4, pp. 2753–2762, Dec. 2021.

[25] L. Liu, S. Ding, and X. Yu, ‘‘Second-order sliding mode control design
subject to an asymmetric output constraint,’’ IEEE Trans. Circuits Syst. II,
Exp. Briefs, vol. 68, no. 4, pp. 1278–1282, Apr. 2021.

[26] T. Tarczewski and L. M. Grzesiak, ‘‘Constrained state feedback speed
control of PMSM based on model predictive approach,’’ IEEE Trans. Ind.
Electron., vol. 63, no. 6, pp. 3867–3875, Jun. 2016.

MUHAMMAD SYAHRIL MUBAROK (Graduate
Student Member, IEEE) received the B.S. degree
in electrical engineering from the Electronic
Engineering Polytechnic Institute of Surabaya,
Surabaya, Indonesia, in 2015, and theM.S. degree
in electrical engineering from the National Taiwan
University of Science and Technology, Taipei,
Taiwan, in 2018, where he is currently pursuing
the Ph.D. degree.

His research interests include electric motor
drive systems, sensorless techniques, and model predictive control.

TIAN-HUA LIU (Life Fellow, IEEE) received the
B.S., M.S., and Ph.D. degrees from the National
Taiwan University of Science and Technology
(NTUST), Taiwan.

He is currently a Distinguished Professor at
NTUST. His research interest includes motor con-
trols. He was an Associate Editor of IEEE
TRANSACTIONS ON INDUSTRIAL ELECTRONICS. He is
currently an Associate Editor of IET Electric
Power Applications.

42738 VOLUME 10, 2022


