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ABSTRACT Conventional sensorless drives usually suffer from an unsatisfactory dynamic response to the
varying speed reference or load disturbance due to the design only for the speed estimator. In this paper,
an improved adaptive law based model reference adaptive system (IAL-MRAS) algorithm is proposed to
enhance the dynamic performance of a surface-mounted permanent magnet synchronous motor (SPMSM)
sensorless drives, in which both a speed/position estimator and composite speed controller are designed by
a systematic way. This improved adaptive law (IAL) incorporates both the mechanical and electromagnetic
model to account for the mechanical factors on the speed variation, which can estimate the rotor position
and load torque simultaneously. To further strengthen the disturbance rejection ability, a composite speed
controller is designed based on the feedforward compensation scheme and IAL-MRAS.Meanwhile, a hybrid
control strategy combining IAL-MRAS and I -f starting method is adopted to realize sensorless control in
the full speed range. Comprehensive numerical simulation and experimental results have fully demonstrated
that the proposed sensorless control strategy can achieve smaller settling time, stronger disturbance rejection
ability, and less parameter tuning workload than those of the conventional methods.

INDEX TERMS Feedforward compensation, improved adaptive law (IAL), model reference adaptive system
(MRAS), sensorless control, surface-mounted permanent magnet synchronous motor (SPMSM).

I. INTRODUCTION
Permanent magnet synchronous motors (PMSMs) have been
widely used in electrical vehicle, rail transit and other fields
owing to their advantages of high efficiency, high reliability,
etc. In general, the mechanical sensor such as optical encoder
or resolver can provide the necessary rotor position for a
PMSM control system, which leads to higher cost and lower
reliability. In applications that are sensitive to cost or need
to provide redundant control solutions, the sensorless control
strategy can be a better choice [1], [2].

Generally, the sensorless control methods for PMSM can
be divided into two categories, i.e. high-frequency injection
(HFI) and back electromotive force (EMF) model [3]. The
first method takes advantage of the anisotropic properties of
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the machines which is suitable for zero-low speed range, and
the second method is generally used for medium-high speed
range when the back EMF or speed-dependent voltages are
big enough for extracting. Currently, the sensorless control
algorithms based on back EMF model have been imple-
mented by various methods, including sliding mode observer
(SMO) [4]–[6], extended Kalman filter (EKF) [7], state
observer method [8], [9], and model reference adaptive sys-
tem (MRAS) [10]–[15], etc. Among them, the MRAS-based
methods have drawn attention due to their simplicity. In con-
trast to the HFI, the model based methods are generally not
suitable at low speed. To solve this problem, a combination of
the two methods is desirably needed. In [16], a hybrid control
strategy integrating with an improved flux linkage observer
and the I-f startingmethod is proposed.Meanwhile, Refs. [13]
and [15] combine MRAS with another method such as HFI
to realize an accurate detection of rotor position in the full
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speed range. So far, great contributions have been made to
the PMSM sensorless drives, and the main attentions have
been paid on the solutions for achieving higher accuracy and
wider operation range.

However, most sensorless control methods are based on the
electromagnetic model of PMSM only, and cannot account
for the impacts of mechanical factors on the performance.
It is worth noting that using mechanical model is an effective
way to consider mechanical factors and get more informa-
tion about the drive system. Thus, some sensorless control
methods incorporating both electromagnetic and mechani-
cal model are proposed to improve the system performance
in [17]–[19]. In [17], an electromagnetic torque-basedMRAS
is proposed based on the mechanical model that can work in
wide speed range. The mechanical model is used to build
an extended sliding mode mechanical parameter observer
in [18], which can estimate the load torque and inertia.
In [19], a full state estimator with speed and rotor position
as state variables is constructed while the mechanical model
is used to estimate external disturbance. These studies have
demonstrated the effectiveness of mechanical model in load
disturbance estimation and performance enhancement.

The dynamic performance for PMSM sensorless drives
mainly depends on two aspects, i.e. the speed/position estima-
tion algorithms as aforementioned, and the speed controller.
The design of speed controller is another crucial problem
for the sensorless drives, which have not been paid enough
attentions till now. For the simple control structure, the PI
controller is still widely used in speed regulation, while it usu-
ally suffers from the contradictions between the speed track-
ing and load disturbance rejection properties [20]. Hence,
the tuning of PI gains is a matter of trade-off. Due to this,
many advanced speed control strategies have been focused
to improve the drive performance of the PMSM [21]–[25].
In [23], a new continuous fast terminal sliding mode con-
trol (SMC) is proposed for the speed regulation, which
introduces an extended state observer (ESO) to estimate the
system disturbances for the feedforward compensation. How-
ever, the mathematical complexity of reaching law and the
inevitable chattering phenomenon in SMC are still uphill
tasks. Then, an active disturbance rejection control with ESO
is proposed in [24], which can provide strong robustness
and superior transient. Meanwhile, the load torque sliding
mode observer is used to realize the feedforward in [25],
while the influence of load torque can be suppressed. How-
ever, compared with the speed sensed drives, it should be
noted that an extra dynamic between the estimated and actual
speed/position exists in the sensorless drives. Hence, the
advanced control methods used in the sensed drives cannot
be directly adopted for sensorless drives. If this extra dynamic
is ignored in the implementation of these advanced methods
for the sensorless drives, not only the expected performance
improvements cannot be achieved, but also an unwanted sta-
bility problem might be induced [26]. Thus, further investi-
gation on the sensorless control methods is required and the
estimator and controller should be designed systematically.

From the aforementioned, this paper aims to improve the
dynamic performance for SPMSM sensorless drives with
an improved adaptive law based MRAS (IAL-MRAS) by
designing the speed/position estimator and the speed con-
troller simultaneously. In this method, the speed/position esti-
mator is developed by the IAL-MRAS,which is based on both
the mechanical and electromagnetic model. Compared with
the conventional MRAS method, the proposed IAL-MRAS
can estimate two parameters (speed and load torque) with
single PI gains. Moreover, with the load torque estimated by
IAL-MRAS, the feedforward compensation is considered to
put forward a speed controller, which has strong disturbance
rejection ability to load variations and fast dynamic response.
Meanwhile, I-f control strategy is applied to realize startup
and low speed operation, so that a full speed range sensorless
control can be achieved. Simulation and experimental results
on an SPMSM drive system are presented to validate the
effectiveness and feasibility of the proposed method.

This paper is organized as follows. In Section II,
the improved adaptive law in IAL-MRAS is analyzed and
designed, then one speed controller based on IAL-MRAS and
I-f startup strategy is presented in Section III. Section IV illus-
trates comprehensive simulation and experimental results
during different working states. Finally, conclusions are
drawn in Section V.

II. IMPROVED ADAPTIVE LAW BASED ON MRAS
A. THE PMSM DRIVE SYSTEM MODELLING
Ignoring some factors such as iron loss, crossing-coupling
magnetic saturation and magnet eddy current loss, etc., the
general mathematical model of PMSM in the d-q reference
frame can be illustrated as

ud = Rsid + Ld
did
dt
− ωeLqiq (1)

uq = Rsiq + Lq
diq
dt
+ ωeLd id + ωeψf (2)

Te =
3
2
np[ψf iq + (Ld − Lq)id iq] (3)

Te − TL = J
dωr
dt

(4)

where ud and uq are the d- and q-axis stator voltages, id and iq
the d- and q-axis stator currents, Rs is the stator resistance, Ld
and Lq are the d- and q-axis inductances, ψf is the rotor flux
linkage, Te the electromagnetic torque, TL the load torque,
np the number of pole pairs, ωe the rotor electrical speed, ωr
the rotor speed, ωe = np × ωr , and J the moment of inertia.
In this paper, the impact of saliency can be ignored for the
SPMSM control strategy, i.e., Ld = Lq = Ls.

B. ERROR SYSTEM CONSTRUCTION AND IMPROVED
ADAPTIVE LAW
A stator current-based MRAS is applied as estimator for
the required variable estimation, in which the difference
between themeasured stator current and the estimated current
obtained from the adjustable model is used to produce the
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error signal. Hence, a current error system should be con-
structed firstly. Based on the mathematical model, the current
differential equation in matrix form is derived as

p

 id + ψfLs
iq

 =
−

Rs
Ls

ωe

−ωe −
Rs
Ls


 id + ψfLs

iq



+


ud
Ls
+
Rsψf
L2suq

Ls

 (5)

where p is the differential operator. Some definitions are

made as: A =

[
−
Rs
Ls

ωe

−ωe −
Rs
Ls

]
, i′s =

[
i′d i
′
q
]T
=[

id +
ψf
Ls

iq
]T

, u′s =
[
ud
Ls
+

Rsψf
L2s

uq
Ls

]T
. Then, Eq. (5) can

be simplified as

pi′s = Ai′s + u
′
s (6)

Substituting the estimated speed ω̂e with the actual speed
ωe into (5), it will get

pî
′

s = Âî
′

s + u
′
s (7)

where î
′

s =

[
î′d
î′q

]
=

[
îd +

ψf
Ls

îq

]
and Â =

[
−
Rs
Ls

ω̂e

−ω̂e −
Rs
Ls

]
.

The key point to design a model reference adaptive system is
the choice of referencemodel and adjustable model. Since the
state matrix Â contains the estimated speed, Eq. (7) is chosen
as the adjustable model to produce the estimated current. The
SPMSM is chosen as reference model in this case, while
the actual current can be measured by the current sensor.
Subtracting (6) from (7), the stator error equation can be
written as

pe = Ae−
(
ω̂e − ωe

)
E

[
î′d
î′q

]
(8)

where the stator current error e = i′s − î
′

s, the estimated

speed error 1ωe = ωe − ω̂e, and E =
[

0 1
−1 0

]
. From the

current error based on (8), the system with current error as
state variable can be obtained as{

pe = Ae−W
V = Ce

(9)

where W =
(
ω̂e − ωe

)
Eî
′

s, C is a linear compensation
matrix. For the SPMSM, C can be selected as identity matrix
for the working stability.

The typical structure of MRAS is depicted in Fig. 1,
where the error system can be converted into a linear forward
channel and a non-linear feedback channel. And V and W
in (9) are the input and output of non-linear feedback channel,
separately. Then the Popov’s Hyper-Stability Theory is used
to design an adaptive law.

FIGURE 1. The typical structure of model reference adaptive system.

In the classical MRAS speed estimator, a PI controller is
used as an adaptive law [9], which calculates the rotor speed
based on the current error only produced by the electromag-
netic model, as given by

ω̂e = ki

∫
(Ce)T

(
Eî
′

s

)
dτ + kp (Ce)T

(
Eî
′

s

)
+ ω̂e(0)

=

(
kp +

ki
s

)(
i′d î′q − i

′
q î′d

)
+ ω̂e(0) (10)

where both kp and ki are the positive numbers. The initial
value is usually set to 0.

In this paper, in order to further consider the impact of
load disturbance on the dynamic performance of the sys-
tem, the mechanical model in (4) is taken into account as a
part of the proposed IAL-MRAS. One effective method to
consider the mechanical model and suppress disturbance in
speed sensed drives is the linear ESO, as expressed by

˙̂ωe =
np
J

(
Te − T̂L

)
˙̂TL = −

(
β1 +

β2

s

)
eω

(11)

where eω = ωe − ω̂e is the speed estimation error, β1 and
β2 are the observer gains. However, this observer is only
effective in the speed sensed conditions, because the actual
speed is needed to calculate the error. From the linear ESO,
the estimated load torque can be written as

T̂L = −
(
J
np

dω̂e
dt
− Te

)
(12)

As seen from (12), it is concluded that one definite rela-
tionship exists between the estimated load torque and the
estimated speed. To estimate the load torque in the sensorless
drives, the speed estimation error in linear ESO is replaced
by the current error obtained by the electromagnetic model.
Once T̂L is determined using stator current error as (10), ω̂e
can be calculated based on this definite relationship. Based
on this idea, the adaptive law for T̂L is chosen as

T̂L = −
(
kp +

ki
s

)(
i′d î′q − i

′
q î′d

)
(13)

Next, substituting (13) into (11) yields

ω̂e =
np
Js

[(
kp +

ki
s

)(
i′d î′q − i

′
q î′d

)
+ Te

]
(14)

where both kp and ki are the positive numbers. By integrating
the estimated speed, the estimated rotor position is achieved
as

θ̂e =

∫
ω̂edt (15)
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FIGURE 2. Model of the error system.

The obtained estimated speed and rotor position are used
in the adjustable model in (7) as changeable parameters.
Because of the closed-loop correction capability of MRAS,
the initial value of the integral does not affect the steady state
estimation results. In the IAL as shown in (13) and (14),
the classical MRAS is contained, while the load torque intro-
duced by the mechanical model is also estimated. In com-
parison with the classical MRAS, the PI adaptive law for
speed estimation is replaced with a mechanical model based
adaptive law, in which both the speed and load torque can
be obtained in this new structure. The load torque obtained
by IAL-MRAS contains disturbance information during the
motor operation, which is beneficial to understand the opera-
tion status and adjust the system timely. Hence, IAL-MRAS
as shown in Eqs. (13) and (14) are adopted in this paper to
estimate the speed and load torque simultaneously. Themodel
of error system in (9) can be presented with the obtained IAL,
as shown in Fig. 2.

C. LINEARIZED MODEL OF THE IAL-MRAS
Whether the tuning of the adaptive law parameters or the
further analysis for the system, it is difficult to deal with the
non-linear feedback channel. Therefore, linearizing the error
system as shown in Fig. 2 is necessary in this study. With the
linearized model of IAL-MRAS, the transfer function can be
used to analyze the system.

Taking the actual speed as the input and the estimated
speed as the output, the error system can be linearized to
obtain a block diagram, while the torque is processed as a
disturbance signal. The linearized error system is presented
in Fig. 3. It can be inferred in Fig. 3 that the variable y is a
function of the estimation error eω, and the transfer function
G(s) between the variable y and the estimation error eω is
calculated by

G (s) =
y (s)
eω (s)

=

(
Eî
′

s

)T [
C (sI − A)−1

] (
Eî
′

s

)
=

[(
îd+

ψf

Ls

)2

+ î2q

](
s+

Rs
Ls

)/[(
s+

Rs
Ls

)2

+ω2
e

]
(16)

Then the transfer function between torque and speed can
be written as

Te = TL +
Jsωe
np

(17)

FIGURE 3. Structure diagram of the linearized error system.

FIGURE 4. Linearized model of IAL-MRAS.

Substituting Te in Fig. 3 by the relationship expressed as
(17), the linearized model of IAL-MRAS can be gotten as
shown in Fig. 4. Considering that the equivalent moment
of inertia for the actual system varies with different loading
operations, the moment of inertia J′ used in the IAL may be
different from the real value J . Therefore, they are presented
in different forms in Fig. 4.

According to Fig. 4, the estimated rotor speed and load
torque can be obtained by

ω̂r =
J/J ′ + Go (s)
1+ Go (s)

ωr +
1

1+ Go (s)
1
J ′s

TL

T̂L =

(
J − J ′

)
Go (s)

1+ Go (s)
sωr +

Go (s)
1+ Go (s)

TL

(18)

where Go (s) = npG (s)
(kps+ki)
J ′s2

is the open-loop trans-
fer function of IAL-MRAS. It can be seen from (18) that,
according to the Final Value Theorem, the estimated result
converges to the actual value at steady state, even if the inertia
in the IAL is different from the actual value. Hence, it does
not make any difference on the accuracy at steady state.When
J′ = J , the dynamic error of the estimated parameters will
only be related to the change of the load itself. At this time,
the system will obtain the most ideal dynamic performance.

III. SENSORLESS CONTROL BASED ON THE IAL-MRAS
A. COMPOSITE SPEED CONTROLLER BASED ON
IAL-MRAS
The main key performance indexes for the speed controller
design are the speed tracking response and the load distur-
bance rejection ability. Besides, the extra dynamic between
the estimated and actual values makes it more complex for
the sensorless drives. Fortunately, the estimated disturbance
based control method exhibits good performance against the
load disturbance, and has been employed in many industry
systems. Using the load torque estimated by IAL-MRAS, a
composite speed controller with strong disturbance rejection
ability while only P gain needs to be tuned is proposed in this
section.
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FIGURE 5. Sensorless control scheme based on the proposed speed controller.

Generally, the mechanical time constant of PMSM is
much greater than the electrical time constant in actual drive
system. Therefore, when focusing on the speed controller,
the dynamic process of the current response can be ignored.
That is to say, it is approximately considered that the d-q axis
current can follow the reference value in real time.

To decouple the speed and current loops, id = 0 control
strategy is used in this paper. For id = 0 strategy, the electro-
magnetic torque can be expressed as

Te =
3
2
npψf iq = kT iq (19)

where kT is named as torque coefficient. Combining (19) and
the mechanical motion equation, a simplified model of the
SPMSM is obtained as shown in Block II, Fig. 5.

With the IAL-MRAS in this paper, both the speed and the
load torque is obtained simultaneously. Thus, the estimated
load torque can be feedforwarded proportionally to the q-axis
current, which provides the compensation signal when the
load is disturbed. Hence, a speed controller can be designed as

i∗q = kcp
(
ω∗r − ω̂r

)
+ T̂L

/
kT (20)

It can be concluded from (20) that when the system is
disturbed, the item containing the estimated load torque will
change to adjust the q-axis current at first, reducing the
fluctuation that may be caused to the speed. The final sensor-
less control scheme based on the proposed speed controller
with linearized IAL-MRAS and simplified SPMSMmodel is
shown in Fig. 5.

It is worth noting that the estimated load torque must be
equal to its actual value in the steady state, otherwise the
integration process will continue and the speed cannot reach
the steady value. Therefore, because of the integral gain used
in the IAL-MRAS, it can ensure that the final estimated
value has no steady state error. Compared to the conventional
methods, the speed controller proposed in this paper can
provide greater convenience for its parameter tuning, while
the PI gains in speed controller are usually difficult to deter-
mine in practice. Moreover, it can enhance the robustness of
sensorless drives by feedforwarding the estimated load torque
into the speed controller.

B. I-f STARTUP STRATEGY
It should be noted that the IAL-MRAS is based on the
back EMF model that suffers from poor zero-low speed
performance. To achieve the sensorless control in the full

FIGURE 6. Phase relationship between d-q and dv-qv in the transition
process.

FIGURE 7. The experimental test platform.

speed range, other methods suitable for zero-low speed range
should be combined with the IAL-MRAS. Nowadays, V/F
scalar control is widely used in many applications due to its
simple control structure. However, because of the absence
of current regulation, this method has the disadvantages of
high current and torque ripples [27]. In this paper, the current
closed-loop I-f control strategy is adopted as a startup strat-
egy, while the motor can be accelerated from standstill to a
certain speed by tracking a frequency command. And then the
control strategy will switch to IAL-MRAS at suitable speed.

The rotor position used in I-f control is obtained by inte-
grating the given frequency, so it is also a speed open-loop
control strategy. In order to distinguish the actual rotor coor-
dinate system from this virtual one, they are defined as d − q
and dv − qv respectively. For a smooth transition, a certain
method is needed to guarantee that these two coordinate sys-
tems can gradually coincide with each other. In [28], a smooth
transition strategy is proposed by redistributing the reference
value of dv − qv axis currents as described in (21), and these
two coordinate systems will approach until the transition
condition is satisfied.{

i∗d (t) = i∗s (t0) sin [m (t − t0)]
i∗q (t) = i∗s (t0) cos [m (t − t0)]

(21)
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FIGURE 8. Diagram of the proposed sensorless control scheme based on
the IAL-MRAS.

TABLE 1. Main parameters of the PMSM.

where m is the slope for angle adjustment, m > 0. The phase
relationship between d − q and dv− qv in transition is shown
in Fig. 6. When i∗q is decreased, in order to balance the load
torque as before, the qv axis will then rotate towards the q
axis. The aforementioned method is used for the transition in
this paper.

IV. SIMULATION AND EXPERIMENTAL RESULTS
To verify the feasibility and improvements of the proposed
method, numerical simulations and experimental tests are
implemented. Main parameters used in the validation are
presented in Table 1, which come from one prototyped 3kW
PMSM platform as shown in Fig. 7. The block diagram of the
sensorless control based on IAL-MRAS is shown in Fig. 8,
in which the general field oriented control(FOC) is used as
the basic control scheme.

A. SIMULATION RESULTS AND DISCUSSIONS
Numerical simulation is used to determine the PI gains in
IAL-MRAS, which is not convenient to be tuned in the exper-
iment directly. By the trial and error method in simulation,
the PI gains in (13) are finally set to 0.05 and 60. Fig. 9 depicts
the estimation response under the speed variation, while the
reference speed steps from 200 rpm to 400 rpm and the load
torque is maintained at rated value. In the whole process,
the estimated speed/position and load torque can track its
actual value quickly. Meanwhile, the estimation performance
to load torque variation is shown in Fig. 10. The reference
speed is given as 200 rpm while a rated torque is suddenly
applied to the system. It can be seen that the estimator can
return steady state after an oscillation. Fig. 11 depicts the
estimation performance under rated speed and load torque,
where the proposed method can achieve accurate estimation

FIGURE 9. Simulated estimation performance under speed variation.
(a) Estimated speed and torque. (b) Estimated position.

FIGURE 10. Simulated estimation performance under load torque
variation. (a) Estimated speed and torque. (b) Estimated position.

of speed/position and load torque simultaneously under rated
working conditions. Both working conditions can be used to
illustrate the effectiveness of the proposed IAL-MRAS and
the feasibility of PI gains in IAL-MRAS.

Based on the PI gains that have been well tuned, the stabil-
ity of IAL-MRAS is analyzed by the root locus of the transfer
function as defined in (18). Fig. 12 depicts the location of the
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FIGURE 11. Simulated estimation performance under rated speed and
load torque. (a) Estimated speed and torque. (b) Estimated position.

FIGURE 12. Pole placement for the transfer function of IAL-MRAS.
(ω̂e = 0.05→ 1p.u.)

TABLE 2. Specific parameters in the control method.

closed-loop poles and zeros under different load torque for
the speed range ω̂e = 0.05→ 1p.u. It can be seen that all the
poles and zeros are located on the negative semi-axis of the
real axis, indicating the proposed speed/position estimator is
stable during ω̂e = 0.05→ 1p.u.
Fig. 13 (a) compares the step responses for the proposed

speed controller and PI controller. The speed responses are
obtained with different P gains in the speed controller, and
the I gain in PI controller is given as 1.2 after many attempts,
which is the optimal value with a better response. It can be
seen that the proposed speed controller has a smaller settling

FIGURE 13. Performance comparison for PI controller and P controller.
(a) Speed tracking ability. (b) Load disturbance rejection ability.

time for the same overshoot, which can improve the dynamic
response of SPMSM drive. The ability to load disturbance
rejection is shown in Fig. 13 (b), where a 6 Nm load is sud-
denly applied to the system, with the reference speed main-
tained at 200 rpm. It can be found that the proposed method
has better drive performance, such as smaller speed dip and
settling time. Based on the simulated response, the parame-
ters for different speed controllers are further tuned for the
nearly same current overshoot, so that a fair comparison
can be achieved. Other optimized control parameters used in
simulation are listed in Table 2, which are similar as those in
experiments.

B. EXPERIMENTAL RESULTS AND DISCUSSIONS
The proposed method is verified in the test platform as
shown in Fig. 7, which is controlled by a control board with
one TMS320F28335 digital signal processor (DSP), and the
three-phase pulse width modulation (PWM) conducts alter-
native current for the PMSM drive. The carrier frequency of
the PWM inverter is set to 5 kHz. And the sampling period
of analogue inputs, including stator current and DC voltage
is 200 us. Main drive indexes are converted to analog signals
using D/A converter and analyzed using digital oscilloscope.

1) CASE-1: I-f STARTUP AND SMOOTH TRANSITION TO
IAL-MRAS
In order to solve the problem of inaccurate position esti-
mation under low speed operation based on IAL-MRAS,
the working states starting up with I-f strategy and transition
to IAL-MRAS are adopted in this paper. A preposition is
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FIGURE 14. The startup and smooth transition to IAL-MRAS.

FIGURE 15. The phase relationship during transition process.

carried out before startup, which is achieved by applying
DC current to stator winding to make the d-axis of rotor
coincide with the A-axis of stator winding. Fig. 14 shows the
speed and stator current responses during the whole process
from startup to transition. The reference frequency for I-f
strategy is set to 10 Hz (200 rpm), which is sufficient for the
IAL-MRAS to realize accurate position estimation. Because
the absence for speed regulation in I-f strategy, the given
value of qv-axis current is set to 8 A and the rising speed
of frequency is set to 55 Hz/s after many attempts to ensure
that the system has a fast enough startup process with a less
speed overshoot. It can be observed from Fig. 15 that if the
reference value of d-q axis current is changed as (21), then the
virtual rotor position θve in I-f strategy will get close to the real
one. As a result, a smooth transition with little current and
speed fluctuations can be achieved. In the current changing
transition period, an important parameter to set up is the slope
for angle adjustment m, which determines the stability and
settling time during the transition. By adjusting m according
to the response, its final value is set to 0.8. Once the transition
is completed, the reference speed steps to 300 rpm, and the
system can run stably in the closed-loop control.

To further validate the sensorless control performance in
a wider speed range, the system response from 200 rpm to
2000 rpm is shown in Fig. 16, where the reference speed is
set as a ramp command. It can be seen that the estimated
speed can track the actual speed well in the whole speed
range. In Fig. 16, the phase current becomes larger with the
rising speed, and the system works at rated speed and load
torque after reaching the steady state. The results confirm
the effectiveness of the proposed sensorless control method
in different working conditions.

FIGURE 16. The system response from 200 rpm to 2000 rpm under a
ramp command.

FIGURE 17. Response to a speed step from 200 rpm to 400 rpm at 14 Nm.
(a) Estimated speed and torque. (b) Estimated position.

2) CASE-2: PERFORMANCE ANALYSIS BASED ON IAL-MRAS
In order to ensure the effectiveness of IAL-MRAS under dif-
ferent working states, the results of estimated rotor position
and load torque by IAL-MRAS under different speed ranges
are shown in Figs. 17-21, respectively. The estimation error
of rotor position in all figures is taken the remainder of 2π to
avoid periodic pulses. And the actual rotor position obtained
by the sensor is only used to compare with its estimated value.

To validate the dynamic and steady state performance of
IAL-MRAS, the response under a speed step change from
200 rpm to 400 rpm is illustrated in Fig. 17, while the
load torque is maintained at the rated torque. It can be
seen that the IAL-MRAS is successful in keeping the esti-
mated speed tracking closely the reference value, and the
estimated torque is approximately equal to the actual load
torque. When the reference speed changes, the estimated
value can follow the actual one after a short transient process.
Meanwhile, the response under a rated torque step change at
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FIGURE 18. Response to a load step from 0 Nm to 14 Nm at 200 rpm.
(a) Estimated speed and torque. (b) Estimated position.

FIGURE 19. Response to a speed step change from 900 rpm to 1100 rpm
at 5 Nm. (a) Estimated speed and torque. (b) Estimated position.

200 rpm is presented in Fig. 18, in which the proposedmethod
can also estimate the rotor position and load torque simulta-
neously. Once the rated load torque is applied to the system,
the estimated speed can quickly recover to steady state after a
short-term oscillation, so that the error of position estimation
is not large enough during the whole process. The dynamic
responses at 900 rpm are presented in Figs.19 and 20, where

FIGURE 20. Response to a load step change from 2 Nm to 10 Nm at
900 rpm. (a) Estimated speed and torque. (b) Estimated position.

FIGURE 21. Estimation performance under the rated speed and load
torque. (a) Estimated speed and torque. (b) Estimated position.

both the rotor position and load torque can track their actual
value as those shown in the lower speed. Fig. 21 shows the
estimated performance under the rated working condition,
confirming the estimation effectiveness of IAL-MRAS under
various working states.

3) CASE-3: PERFORMANCE EVALUATION OF THE DRIVE
SYSTEM
Firstly, in order to confirm the dynamic and steady-state
performance of the proposed speed controller in sensorless
control, the speed response with different kp parameters is
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FIGURE 22. Speed step response with the proposed method.

FIGURE 23. Step response of PI, PDF [17] and the proposed method.
(a) From 200 rpm to 300rpm under 10 Nm. (b) From 900 rpm to 1000rpm
under 5 Nm.

depicted in Fig. 22, where the reference speed steps from
200 rpm to 400 rpm and finally returns to 200 rpm. It can
be seen that with the proposed speed controller, the actual
speed can track the reference value well for step changes.
Moreover, the speed response is adjusted only by kp, which
means only one parameter needs to be tuned in practice.
The speed tracking ability under speed step change for PI
controller, pseudo-derivative feedback (PDF) controller [17]
and the proposed controller is depicted in Fig. 23, while the
overshoot under different responses is adjusted to be nearly
the same. It can be found that the proposed controller has
smaller settling time in dynamic process for a speed step
change.

The disturbance rejection ability under the PI, PDF [17]
and the proposed controller is compared at 400 rpm and
1000 rpm with a step of load torque from 4 Nm to 10 Nm.
The gains in different speed controllers are tuned for a fair
comparison with a limitation of±20A, while the current loop
gains are the same in all methods. Figs. 24 and 25 show the
speed and q-axis current responses for different speed con-
trollers. It can be obtained from Fig. 24 (a) that speed dip and
settling time under the PI, PDF [17], and the proposed con-
troller are (59 rpm, 310 ms), (52 rpm, 223 ms), and (27 rpm,
111 ms), separately, while the current overshoot in different
cases are tuned to be nearly the same for a fair comparison.
In Fig. 24 (b), q-axis current in proposed controller can get a
faster response once the load is changed due to the load torque
estimation by IAL-MRAS, which can reduce the speed dip
and settling time. And q-axis current plays a regulatory role
only when the rotor speed has changed in other controllers.
The similar dynamic response is shown in Fig. 25 for the

FIGURE 24. The load disturbance rejection ability of PI, PDF [17] and the
proposed method at 400 rpm. (a) Speed. (b) q-axis current.

FIGURE 25. The load disturbance rejection ability of PI, PDF [17] and the
proposed method at 1000 rpm. (a) Speed. (b) q-axis current.

reference speed at 1000 rpm. Hence, the T̂L can play an
important role in improving the dynamic performance.

In Fig. 26, the proposed speed controllers with P gain (kp =
0.12, case 1), PI gains (kp = 0.12, ki = 2, case 2) and PI gains
(kp = 0.12, ki = 10, case 3) are tested, respectively. It is worth
noting that I gain is not necessary in the proposed controller,
leading to a simplification in parameter tuning. The above
results indicate that the proposed speed controller with feed-
forward compensation has a superior dynamic performance
than other conventional methods in the sensorless drives.

4) CASE-4: PARAMETER SENSITIVITY ANALYSIS
As well known, it is difficult to get accurate parameters in
practice due to the variations injected by noise or tempera-
ture. Unfortunately, the d-q axis currents used in the IAL as
shown in (13) and (14) rely on machine parameters closely.
Thus, it is necessary to evaluate the parameter sensitivity of
IAL-MRAS in this work. When the reference speed is given
as 400 rpm and the load torque is set as 4 Nm, the estimation
error under different parameter variations is shown in Fig. 27,
where the stator resistance Rs, stator inductances Ls are sud-
denly increased with a 150%magnitude, separately. From the
experimental results, it is shown that the parameter variation
has little effect on the estimated load torque. On the other
hand, the sudden change of parameters has some influence on
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FIGURE 26. Effects of I gain in the proposed speed controller. (a) Speed.
(b) q-axis current.

FIGURE 27. Parameter sensitivity analysis of the IAL-MRAS.
(a) Rs mismatch. (b) Ls mismatch.

FIGURE 28. Dynamic performance of the IAL-MRAS when the moment of
inertia mismatches. (J1 = 3.78× 10−4kg ·m2, J2 = 6× 10−4kg ·m2,
J3 = 1× 10−4kg ·m2).

the estimated rotor position, especially the stator resistance.
However, the system can still run stably after the parameter
variation, which means the proposed method is robust to
parameter variation.

Fig. 28 studies the influence of the moment of inertia on
the estimated results, where three different values are used
in the IAL, respectively. To compare the estimated results in
the dynamic process, a load torque step change from 4 Nm to
10 Nm at 400 rpm is applied to the system. It can be observed
in Fig. 28 that the difference between them is mainly reflected
in the dynamic adjustment process. However, after a transient
vibration, the result can track the actual value gradually. And
the three curves are almost identical at steady state, without
affecting the accuracy of steady state.

V. CONCLUSION
In this paper, an IAL-MRAS is proposed by incorporating the
mechanical and electromagnetic model to estimate the load

torque and speed simultaneously. Based on the IAL-MRAS,
both the speed/position estimator and the speed controller
with load torque feedforward compensation scheme are
designed in a systematic manner to significantly enhance
the dynamic performance for an SPMSM sensorless drive.
Besides, only P gain needs to be tuned in the proposed
speed controller, which would bring great convenience to
the practical application of the drive system. To realize
wide-speed-range sensorless control, a hybrid strategy inte-
grating with both IAL-MRAS and I-f starting method is
adopted. Comprehensive numerical simulation and experi-
mental results, under different load disturbances, operation
speeds, and machine parameters variation, have confirmed
that the proposed method is with strong capability to improve
the dynamic performance of SPMSM sensorless drives. In the
next stage study, the online inductance identification tech-
niques combined with the proposed sensorless algorithm will
be fully investigated to improve the robustness ability to non-
linear factors, such as magnetic saturation, etc.
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