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Switched PI Control Based MRAS for Sensorless Control of PMSM Drives Using
Fuzzy-Logic-Controller

Zhao-Hua Liu1• Jie Nie1 • Hua-Liang Wei2 • Fa-Ming Wu3 • Lei Chen1 • Zhu Zhang1

Abstract: With the use of sensorless control mechanical position
sensors can be removed from the gearbox, so as to decrease the
maintenance costs and enhance the system robustness. In this
paper, switched PI control based model reference adaptive system
(MRAS) observer using Fuzzy-Logic-Controller (FLC) is
introduced for sensorless control of permanent magnet
synchronous motor (PMSM) drives. The main work and
innovation of this paper include: 1) An FLC is designed for speed
and current control. The response performance of speed
regulation and the accuracy of the command voltage are
improved and the difficulty of manual adjustment of control
parameters is avoided. In addition, the disturbance observer is
established to compensate the nonlinear effect caused by voltage
source inverter (VSI). Therefore, the robustness of PMSM vector
control system is improved and the sensorless control precision is
guaranteed. 2) A sensorless control strategy of a switched PI
control based MRAS observer is proposed for stator resistance
tracking, which can improve the accuracy of resistance estimation
and improve the dynamic performance of sensorless control. 3)
The experimental results are given to verify the availability of the
proposed scheme.
Keywords: Fuzzy logic control (FLC), model reference adaptive
system (MRAS), proportion integration (PI), nonlinearity, PMSM,
sensorless control.

1 Introduction

PERMANENT-MAGNET synchronous motors (PMSM)
have been broadly applied in electric vehicles, flywheel
energy storage systems, and wind energy conversion
systems [1]-[3]. Field-oriented control (FOC) is a common
speed control technique for PMSM [4]. However, the use
of encoders, resolvers, Hall effect sensors or other
mechanical position sensors increase the maintenance costs
and decrease the system robustness [5]-[8]. Therefore, the
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sensorless control methods have attracted extensive
attention.

In many sensorless systems using back EMF, the
steady-state module of PMSM is often utilized as a
reference; consequently, robustness may be difficult to
achieve if there is a parameter mismatch or load sudden
change during the working operation under the low speed
range [9], [10]. Due to the stator resistance of PMSM
varies with temperature, robustness and precise
multi-parameter identification is necessary for low speed
sensorless driver [11], [12]. Therefore, some
multi-parameter identification technologies such as
extended Kalman filter (EKF) scheme [13], [14], recursive
least squares (RLS) scheme [15], [16], and model
reference adaptive system (MRAS) scheme [22]-[25] have
been proposed. In [14], the EKF scheme gave appropriate
experimental result in parameter identification.
Nevertheless, the control algorithm has some limitations
such as complex algorithmic structure, requirement of
proper initialization. The RLS scheme for estimating
electrical parameters proposed in [15] and [16] has a fast
convergence speed. Unfortunately, due to the algorithm
involves a large number of differential equations, the
performance of microprocessor decreases and the system
response is slow.

Among the methods mentioned above, MRAS scheme
has the advantages of simplicity, good stability and small
amount of calculation, which has been testified to be one
of the best methods introduced in the literature. Usually, a
single PI controller is adopted in the MRAS scheme to
calculated the position or rotor speed of PMSM due to its
simple structure. However, voltage-source inverter (VSI)
nonlinearity and the change of PMSM parameter become
more important at low speed operation. All this can make
the single PI controller unable to maintain the robustness
of the control system. Therefore, a variety of solutions with
more advanced algorithms are proposed, which provide
alternatives to the adaptation mechanism for MRAS
scheme. In [18], a fuzzy logic controller (FLC) was
employed in MRAS for speed regulation so that system are
more robust than a PI controller to parameter uncertainties
and sensor noises. A two-dimensional FLC based MRAS
method was introduced in [19]. However, the method may
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be more complicated and computationally expensive when
it is adopted in the MRAS scheme to displace the
conventional PI adaptation mechanism. In [20], an
artificial neural network (ANN) method had been utilized
in MRAS scheme for stator resistance estimation and good
experimental results have been obtained. In this paper, the
switched PI control is designed based on the MRAS
observer for realizing stator resistance tracking, which can
improve the robustness of sensorless control for PMSM.

In addition, the accuracy of PMSM sensorless method
depends on the command voltages. Traditionally, the
proportional-integral (PI) controller is usually utilized in
many industrial applications because of their simple
implementation. The fixed-gain PI controller is mainly
affected by the parameter variation and external
disturbance such as step changes of reference speed and
load sudden change. Accordingly, PI controller cannot
guarantee a reasonable dynamic and steady-state
performance during the whole working operation range.
For overcoming the disadvantage, some improved
controllers are proposed [21]-[27]. In [21], Yasser et al.
employed d-axis sliding-mode control method to displace
the conventional d-axis PI current controller in
torque-control technology and achieved good performance.
In the FLC scheme, the control parameters can be adjusted
properly by fuzzy rules, which can be used to build a
logical model of the mankind behavior[22]. In conclusion,
the FLC has clear edges over the conventional PI controller:
1) it is more simple and has less intensive mathematical
design requirements; 2) it is more stable than the
traditional PI controller; 3) it has the ability to deal with
nonlinear function with arbitrary complicacy [23]. The
expert system and fuzzy logic have been employed for
servo system to enhance control performance [24], [25]. In
[26], a self-tuning PI control method using ANN was
introduced to train the regulator to meet the design
requirements under various working conditions. Besides, a
recurrent fuzzy neural cerebellar model articulation
network was also introduced in [27]. Although these
intelligent methods seem to be powerful in some specific
situations, the large amount of training is inevitable .

Moreover, a VSI is employed to supply power to the
PMSM, and the voltages required by MRAS observer are
obtained from the PI controller in the FOC drive of the
PMSM. The voltage used for MRAS observer is often
derived from the output signal of current loop, while the
terminal voltage of PMSM is obtained from VSI, which is
hard to measure [28]. It should be noted there is usually an
error caused by the VSI nonlinearity between the output
signals of the current loop and the output voltages of VSI.

Therefore, the VSI nonlinearity should be compensated
properly for improving the control performance of PMSM
[29]. Generally, the VSI turbulence voltage is estimated by
utilizing the related parameters of switching devices, and
then the reference is compensated [30]. In this paper, the
VSI nonlinearity caused by VSI is calculated by the
disturbance observer, which is compensated properly.

In this manuscript, a FLC is introduced for speed and
current controller. The parameters(i.e., Kp and Ki) can be
adjusted by utilizing fuzzy control rules. The presented
scheme can enhance the control performance of rotor
speed and the precision of command voltage. Furthermore,
the VSI nonlinearity caused by VSI is calculated by the
disturbance observer, which is fed back to the d/q current
controller. In the end, the switched PI control is designed
based on the MRAS observer for realizing stator resistance
tracking, which can enhance the robustness and accuracy
of sensorless control. The main work of this manuscript is
concluded as follows:

1) A FLC is designed for speed and current regulator
control to ensure robust response. Since the speed
error (E) and error change speed (EC) of current
regulator are smaller than that of speed controller,
five membership functions (MF) are applied to
reduce the amount of calculation. In addition, the
membership functions are designed to be more
dense at the origin for improving the steady-state
control performance. Furthermore, an improved
fuzzy rule is proposed in current controller to make
the output adjustment of FLC more appropriate.

2) To ensure an accurate reference tracking, a switched
PI system is proposed to replace the traditional PI
adaptive mechanism for resistance tracking in the
MRAS observer. The principle of this approach is
simple and easy to implement. Under this scheme,
the MRAS observer can choose proper PI controller
and further determine whether the integral
coefficients Ki (see Figure 11) is needed to avoid
overshoot and achieve robust response against
different uncertainties such as parameter variation.

We organize this paper in the following parts. In Section
II, the relevant functions of PMSM are analyzed and
presented by considering the VSI nonlinearities. In Section
III, a FLC scheme for speed and current regulators is
proposed. In Section IV, an MRAS with a switched PI
scheme is proposed. The relevant Simulink results are
exhibited in Section V to show the robustness and stability
of the proposed method. Finally, brief conclusions are
given in Section VI.
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Figure 1 The equivalent electric circuits of PMSM.

2 Modeling of PMSM Considering VSI
Nonlinearity

In the d and q axis two-phase rotating coordinate system,
the equivalent electric circuits of PMSM are given in
Figure 1. The stator voltages for PMSM under d/q axis can
be depicted as:
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where p stands for (d/dt) operator, the subscript d and q
represents the d/q axis, du and qu are stator voltage
components, di and qi are stator current components, Ld

and Lq are the stator inductances, d and q are rotor flux
components, sR is the stator resistance, e is the electrical
angular velocity, f is the PM flux.

For the surface-mounted PMSM, the torque under the
control strategy di =0 could be reported as:

1.5e f qT P i (3)

e LT T J B    (4)
where P is the number of pole pairs, J and B are inertia

and viscous friction, respectively, and Te and TL are
electrical and load torque.

Because the switch time of the industrial device is finite,
it is necessary to consider dead time of pulse width
modulation (PWM) gate signal for preventing two switch
devices on the same arm of inverter from conducting at the
same time.

Table 1 Relevant parameters of the VSI

DC bus voltage 560 [V] Switch period 86.9 [μs]
Dead-time 4 [μs] Switch device IGBT

Turn-on time 0.8-2.0 [μs] Turn-off time 2.0-2.9 [μs]
Saturation

voltage 1.8-2.7 [V] Diode forward
voltage 2.2-2.3 [V]

Table I gives the specifications of VSI. It is not hard to
state the dead-time effect of A phase arm. Figure 2 exhibits
the structure diagram of A phase arm of the PWM inverter,
where the insulated gate bipolar transistors are employed

as switch equipment. In the course of Td, both the switch
devices Q1/Q4 in the same arm are closed, so the flow
direction of the phase current ia determines the output
voltage. When the flow direction of the ia is positive, the ia
flows through the bottom diode D4 in the course of
dead-time, and vice versa.

Figure 3 exhibits the flow direction of A phase current.
According to Figure 3, considering the dead-time
compensation voltage (DTCV), function (1) can be given
as follows:
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where ud.com and uq.com are d- and q-axis voltage
compensation of VSI nonlinearity, respectively, ud.dead and
uq.dead are d- and q-axis disturbance voltage caused by VSI
nonlinearity, respectively. In addition, the turbulence
voltage in the rotating coordinate system under the control
strategy id=0 can be represented as follows:
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where Vdead is the disturbance voltage, Ton and Toff are
turn-on/off delay time, respectively, Td is dead time, Vsat is

Figure 2 The block diagram of A phase arm of VSI.

Figure 3 The gate trigger pulse of A-phase bridge arm.
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Figure 4 Overall sensorless control block diagram with the fuzzy logic controller considering VSI nonlinearity compensation.

saturation voltage drop of the active switch, VD is diode
forward voltage.  r

rK is the rotation factor and can be
depicted as:
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3 The Proposed Fuzzy Logic Controller for
Speed and Current Loop

The design of the PI controller depends on exact machine
model. However, it is difficult for PMSM to obtain
accurate d-q axis reactance parameters, this makes it
difficult for PI controller design. In addition, the single PI
controllers are very susceptible to parameter variation,
hence FLC is employed in speed and current regulators to
replace the conventional PI controller. Figure 4 exhibits
the overall block diagram of PMSM sensorless control
system, with the proposed FLC and VSI nonlinearity
compensation. The detailed chart of the FLC is illustrated
in Figure 5, where S_ref, S_fb and C_ref stand for reference
rotor speed, rotor speed feedback and reference current,
respectively. It includes a PI controller and a fuzzy
inference system. The design of FLC contains the
following parts: 1) fuzzification, 2) MF of fuzzy inference
system, 3) fuzzy rules, and 4) the input scaling factors Ke

and Kde, and output scaling factors K1 and K2 (which are
defined in Figure 5).

3.1 Fuzzification
Fuzzy set can be expressed as MF H that associates with
each element x of the universe of discourse X, a
number ( )H x in the interval [0, 1]. The fuzzifier maps a

Figure 5 The diagram of a FLC for speed and current
controllers.

clear input x X to a fuzzified value H U (Universe).
1) Singlet fuzzification: fuzzy set H with support ix ,

when ix x , ( ) 1H ix  , while ( ) 0H ix  , for

ix x .
2) Non-singlet fuzzification: when ix x , ( ) 1H ix  ,

and it decreases from 1 to 0 when the distance away
from ix x .

Besides the experimental trial-and-error method, the
initial parameters of PI controller can also be estimated by
simulations (see e.g. [31]). In practical application, the
results can be directly employed to the control system
design if the PI controller is utilized, however, they are
only used a reference for setting up the initial values for
the FLC.

3.2 Design of MF
The MF of Mandani FLC for input maps the normalized E
and EC to the membership degree from 0 to 1. The scaling
factors Ke and Kc are used for transforming the input into
the fuzzy variables E and EC, respectively. The
transformation can be described as:
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where e is error, ec is error change rate.
A total of seven linguistic terms are considered for

fuzzy partition to be used for the speed controller design,
namely, 1) Positive Large (PL), 2) Positive Medium (PM),
3) Positive Small (PS), 4) Zero (ZE), 5) Negative Small
(NS), 6) Negative Medium (NM), and 7) Negative Large
(NL). Because E and EC are smaller than that of speed
controller, 5 variables are considered in the current
controller to reduce the calculation cost. Note that in the
current controller, 5 linguistic variables are selected in the
interval [-2, 2] as shown in Figure 6. In terms of speed
controller, the domains of E and EC are [-6, 6], while the
domain of U is [0, 6]. Because E and EC are larger than
that of the current error, 7 variables (rather than 5) are
selected as shown in Figure 7. At both ends of the
universe of discourse, the shape of fuzzy sets is
trapezoidal, while the other intermediate fuzzy sets are
triangular and overlap each other. The MF of the input
characterized by FLC becomes insensitive when the input
value is very small. As for the MF of the output, when E
and EC remain small, the initial adjustment values (kp0*,
ki0*) barely change. Unlike the MF proposed in [39], the
MF proposed in this paper focus on the dynamic and
steady-state effectiveness of the control system.

Figure 6 The MF for input and output of current controller.

(a)

3.3 Design of Fuzzy Rules
In this paper, max-min composition reasoning method of
Mamdani is employed. Depending on fundamental
knowledge and expert experience, fuzzy rules, as the bond

(b)
Figure 7 The MF for speed controller. (a) Input (E and EC). (b)
Output ( pK , iK ).

between input and output, play a crucial rule for achieving
satisfactory control performance. Fuzzy control rule base
is a set of IF-THEN rules, which can be expressed as
follows:

1 1 2 2

1 1 2 2

...

...

l l l l
j j

l l l
k k

R IF x is F and x is F and and x is F

THEN y is G and y is G and and y is G

：

where 1 1x X ,..., j jx X are the input linguistic variables,
and 1 1 ,..., k ky Y y Y  are the output linguistic
variables. l

nF is the input fuzzy labels, l
mG is the output

fuzzy labels, the range of n is  1,..., j j N , the range

of m is  1,..., k k N . Rl is the fuzzy link between fuzzy
input set X to fuzzy output set Y.

Figure 8 The output surface for Kp of speed controller.

Figure 9 The output surface for Ki of speed controller.

The design of fuzzy rules for PMSM is depended on
the following criteria:
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1) When E is large, smaller ΔKi and larger ΔKp should
be selected; When EC is large, small ΔKi and
moderate △Kp should be chosen to decrease
overshoot and accelerate the response of the system

2) When E is medium, smalll ΔKi and moderate ΔKp
should be removed; When EC is medium, increase
△Ki and ΔKp to improve the steady-state
effectiveness of the control system.

3) When E and EC are small, large ΔKi and ΔKp
should be adopted to decrease error and improve the
response speed of control system.

In the current controller, the MF with higher density
near the origin can improve the steady-state accuracy [34].
The output surface of the fuzzy reasoning system is
shown in Figure 8 and Figure 9. According to the above
analysis, the control rules for the speed controller and
current controller are exhibited in Table II and Table III,
respectively.

Table 2 The fuzzy rules for Kp/Ki of speed controller

EC
E NB NM NS ZE PS PM PB

NB PB/NB PB/NB PM/NB PM/NM PS/NM PS/ZE ZE/ZE
NM PB/NB PB/NB PM/NM PM/NM PS/NS ZE/ZE ZE/ZE
NS PN/NM PM/NM PM/NM PS/NM ZE/ZE NS/PS NS/PS
ZE PM/NM PS/NS PS/NS ZE/ZE NS/PS NM/PS NM/PM
PS PS/NS PS/NS ZE/ZE NS/PS NS/PS NM/PM NM/PM
PM ZE/ZE ZE/ZE NS/PS NM/PM NM/PM NM/PB NB/PB
PB ZE/ZE NS/ZE NS/PS NM/PM NM/PB NB/PB NB/PB

Table 3 The fuzzy rules for Kp/Ki of current controller

EC
E NM NS ZE PS PM

NM PM/NM PM/NS PS/NS PS/ZE ZE/ZE
NS PM/NM PM/NS PS/NS ZE/ZE ZE/ZE
ZE PS/NS ZE/ZE ZE/ZE NS/PS NM/PS
PS ZE/ZE ZE/ZE NS/PS NS/PS NM/PM
PM ZE/ZE NS/PS NS/PS NS/PM NM/PM

3.4 Design of Input/Output Scaling Factors
Ke and Kde, as scaling factors, are utilized to map E and
EC to the fuzzy region between -1 and 1. They are similar
to the gain coefficients of conventional PI controller and
affect the stability, oscillations, and damping of the
system. Therefore, Ka and Kde need to be selected
carefully.

Considering that flux weakening operation is not
required [32], Ka and Kde can be described as:

max1/ 1/a NK e n  (12)

max1/de cK e (13)
where maxe and maxce are the maximum values of E and EC
respectively, which can be extracted by simulation. K1 and
K2 are employed to adjust the initial correction values
kp0* and ki0* to the final adjustment values kp* and ki*.
Furthermore, the center of gravity defuzzification scheme
is employed, which can be reported as:

( )
1

( )
1

( )

( )

N

c k
k
N

c k
k

i i
Output

i













(14)

where N is the amount of fuzzy rules, and ( ) ( )c k i stand
for the output membership grade for the rule with the
output subset.

4 Switch PI Control Based MRAS Observer
for Sensorless Control

4.1 Switch PI Control for stator resistance tracking
The core mission of the control system is to estimate

the rotor speed after the command changes or the stator
resistance varies with temperature. Therefore, the MRAS
model is used to calculate the speed, position, and
resistance of PMSM in this paper. An adaptive PI
regulator is commonly used in MRAS, as shown in
(15)-(17). It can be known that the estimation of rotor
speed is affected by the PMSM parameters (i.e., stator
resistance, inductance, and flux). These parameters
change with load current and motor temperature.
Therefore, if a single PI parameter is employed in MRAS,
the observer can obtain higher accuracy only in a certain
load range. This is why the system with a fixed MRAS
observer based on an adaptive PI mechanism can only
work steadily in a certain speed range.

In this paper, the switch PI system is employed for
improving the estimation accuracy of rotor speed and
stator resistance. Through different PI parameters, the
sensitivity of the algorithm to the change of motor
parameters is mitigated. In addition, when the motor starts,
the integral component would reduce the stability of the
control system and increase the overshoot; in steady state,
the integral composition can improve the regulation
ability of the system and eliminate the error [36]. The
flowchart of switch PI scheme is shown in Figure 11. Let
Y be the current error variable, which can be written as:

   ˆ ˆ ˆ= ˆ
q q q d d diY i i i i i     (15)

The implementation of the switch PI scheme includes
the following three steps:

1) Based on the interval of Y, two threshold values A
and B are set.

2) The interval is split further according to the

designed threshold. When
2
A Y B  , ik is set to 0 to

prevent overshoot; otherwise, ki is increased to speed up
the resistance tracking.

3) The design of other integral separation controllers is
the same as those in 2).
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Figure 10 The diagram of the sensorless control system using the switch PI scheme based MRAS observer with FLC and VSI
nonlinearity compensation strategy.

4.2 Mathematical Model of the MRAS Observer
In [35], Popov's hyperstability criterion was used to
derive the adaptive algorithm, which has been verified in
theory. Define

   ˆ ˆ ˆf
d q q d q qi i i i i it

L


   (16)

Then the speed estimated by MRAS method can be
written as:

 ˆ *i
e p S

KK t    
 

(17)

Combining (17) with (15), the resistance estimated by
MRAS method can be written as:

ˆ ii
s pi

K
R K Y

p


 
   

 
(18)

Figure 11 The improved MRAS observer based on switch PI
scheme.

where β is the switching coefficient of the integral term.
When |Y|≤ A/2, β = 1; otherwise β = 0. The identification
equation of the electric angle is the integration of the
identification equation of estimated speed:

ˆ ˆ e   (19)

Based on (14)-(18) and Figure 11, the block diagram of
the MRAS observer based on switch PI scheme is shown
in Figure 12. The whole block diagram of the MRAS
observer for estimating speed, position and resistance,
fuzzy logic controller for speed and current loop, and the
DTCV strategy, is exhibited in the Figure 10.

Figure 12. The flowchart of switch PI control based on MARS
observer for resistance tracking.
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5 Experimental Waveforms and Analysis
5.1 Configuration of the Platform
The TMS320F28035 DSP is employed for parameter
estimation of the prototype machine. The relevant
parameters are exhibited in Table IV and the platform
setup is given in Figure 13. The Simulation results are
exhibited to prove the robustness of the switch PI scheme
based on MRAS observer for the sensorless control and
stator resistance tracking of PMSM drives. The gains used
for the tuning of the adaptive mechanism of resistance are
shown in Table V. In all the tests, the double-closed-loop
system of speed and current is employed. To testify the
robustness of the system, the measured speed error during
steady stage is studied by considering disturbance such as
step change of speed command or stator resistance
variation.
5.2 Experimental Results and Analysis
In order to show the superiority of the introduced switch
PI scheme based on MRAS observer, the following four
schemes are introduced and investigated.

1) The Step Change of Stator Resistance: In practice,
the resistance of PMSM usually varies with the
temperature. To reflect this fact and verify the robustness
of control performance, in the experiments the big change
Table 4 Reference parameters of the PMSM

Parameters Values
Nominal speed 3000rpm

Nominal current IN 6.8A
Nominal voltage UN 380V

Nominal power 4.0KW
DC bus voltage 311V

d/q-axis inductance Ld/Lq 15.86mH
Permanent magnet flux φf 79mWb

Number of pole pairs p 4
Stator resistance Ω 1.204Ω

Table 5 Parameters employed in switch PI scheme for
resistance tracking

With integral PI I PI II PI III

Values p
K

i
K p

K
i
K p

K
i
K

0.35 0.04 0.03 0.0015 0.02 0.001
Without integral P I P II P III

Values p
K

p
K

p
K

0.35 0.03 0.02

Figure 13 The used prototype PMSM.

of stator resistance is considered accordingly, and the
reference speed is set as 1000 rpm. The experimental
results based on two sets of resistance changes are shown
in Figure 14 and Figure 15, where ‘Ref’ represents the
reference value of stator resistance. In Figure 14(a), the
change process of resistance is as follows: 1.204Ω (initial
value) → 1.806Ω (1.5 times of the initial value) →
1.204Ω → 0.903Ω (75% of the initial value) → 1.204Ω.
It shows that the switch PI scheme has a higher accuracy
for estimating the resistance than the conventional PI
scheme. Figure 14(b) shows the relevant estimated speed
when the resistance changes. It shows that the steady-state
and dynamic performance based on this method are better.
When the resistance varies from 1.204Ω to 1.806Ω, the
speed oscillates at the time of 1s and only takes 0.1
seconds to recover. Similarly, the speed changes at the
time of 2s, 3s, and 4s due to the changes of the resistance.
In Figure 15(a), the change process of resistance is as
below: 1.204Ω (initial value) → 2.528Ω (2.1 times of the
initial value) → 1.806Ω (1.5 times of the initial value) →
1.0836Ω (0.9 times of the initial value) → 0.8428Ω (0.7
times of the initial value). It shows that the steady-state
error is less than 7.2%. The relevant estimated speed
when the resistance changes is exhibited in Figure 15(b).
Therefore, the performance of the sensorless control for
PMSM is effective in the proposed MRAS model based
on the switch PI scheme via resistance tracking.

2) The Step Change of Reference Speed: In this
experiment, the speed was set to be square wave signal
but the stator resistance remains to be 1.204Ω. The step
response (from 1000 rpm to 500 rpm) and the estimated
values of the rotor speed are exhibited in Figure 16(a). It
shows that the estimated rotor speed based on the scheme
of FLC can quickly track the command with a smaller
steady-state error compared to the traditional PI controller.
It also shows that there is no overshoot in the speed
transition. The estimated rotor speed error is ±0.1 rad/s.
The error can be large only when the speed suddenly
changes such as at 1s, 2s, 3s, and 4s. Figure 16(b) shows
that the zoomed estimation error of rotor position is at
around 1 o .

3) The Effect of Stator Resistance Estimation: The
performance with the online estimation scheme for
resistance is compared with that of without estimation
scheme. The relevant results are exhibited in Figure 17.
Obviously, the dynamic performance and estimation
accuracy of sensorless control are greatly improved if the
stator resistance is online estimated.
4) The Effect of DTCV Strategy: The sensorless control
performances, with/without DTCV, are given in Figure 18.
It can be seen that the system with DTCV not only has
higher efficiency but also will not appear overshoot and
undershoot. The error of the estimated speed without
DTCV is also larger than that with DTCV. The estimation
of stator resistance is exhibited in Figure 18(b). It shows
that the stator resistance tracks more closely when DTCV
is considered. The experimental results of Dd and Dq
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(a) (b)
Figure 14 The comparison results for resistance variation (1.204Ω → 1.806Ω → 1.204Ω → 0.903Ω → 1.204Ω). (a) Resistance
tracking. at 1000 rpm. (b) Rotor speed tracking under resistance variation.

(a) (b)
Figure 15 The comparison results for resistance variation (1.204Ω → 2.528Ω → 1.806Ω → 1.0836Ω → 0.8428Ω). (a) Resistance
tracking at 1000 rpm. (b) Rotor speed tracking under resistance variation.

(a) (b)
Figure 16 The experimental results for speed variation at 1.204Ω. (a) Rotor speed tracking varies from 1000 rpm to 500 rpm at
1.204Ω. (b) Zoomed rotor position estimation.

(a) (b)
Figure 17 The resistance and speed tracking under resistance variation. (a) Comparison between online/no estimation of resistance
(1.204Ω → 1.806Ω → 1.204Ω → 0.903Ω → 1.204Ω). (b) Comparison between online/no estimation of resistance (1.204Ω → 2.528Ω
→ 1.806Ω → 1.0836Ω → 0.8428Ω).
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(a) (b)
Figure 18 The resistance and speed tracking under resistance variation (1.204Ω → 1.806Ω → 1.204Ω → 0.903Ω → 1.204Ω). (a)
Comparison of speed estimation with and without DTCV strategy. (b) Comparison of stator resistance estimation with and without
DTCV strategy.

Table 6 The comparison between PI controller and fuzzy logic controller for sensorless control
Speed estimation Control Strategy

Speed and current controller PI controller Fuzzy logic controller
Evaluation indicator Rise time Overshoot Undershoot Error Rise time Overshoot Undershoot ErrorTurbulence Working condition

Resistance Remains Constant
(1.204Ω) 500rpm~1000rpm 0.25s 1.6% 1.4% 0.07% 0.22s 0 0 0.02%

Adaption machine for stator resistance tracing PI controller Switch PI controller
Resistance Variation

(100%-150%-100%-75%-100%) 1000rpm 0.69s 0.24% 5.61% 0.05% 0.27s 0.01% 4.25% 0.02%

The Change of Resistance
(100%-210%-150%-90%-70%) 1000rpm 0.58s 7.25% 4.21% 0.25% 0.23s 5.82% 0.72% 0.04%

VSI nonlinearity Without DTCV scheme With DTCV scheme
The Change of Resistance

(100%-150%-100%-75%-100%) 1000rpm 0.45s 7.02% 7.52% 1.85% 0.25s 1.26% 5.29% 0.53%

Parameter identification Without resistance identification With resistance identification
The Change of Resistance

(100%-150%-100%-75%-100%) 1000rpm 0.26s 8.42% 7.26% 2.02% 0.22s 8.01% 7.21% 0.03%

The Change of Resistance
(100%-210%-150%-90%-70%) 1000rpm 0.34s 9.03% 16.7% 1.24% 0.23s 8.65% 15.9% 0.02%

Figure 19 The results of Dd/Dq under the id = 0 scheme and the
reference rotor speed is 1000 rpm (Continuous line: q-axis
turbulence voltage Vq,dead. Discontinuous line: d-axis turbulence
voltage Vd,dead ).

are given in Figure 19, under the id = 0 control method
and the reference speed is 1000 rpm. It shows that the

com
qV is an alternating voltage and the com

dV is the voltage
with constant direction. A detailed comparison exhibiting
the superiority of the introduced scheme is shown in Table
VI.

6 Conclusions
In this manuscript, a switched PI system based on MRAS
observer using a FLC is introduced for sensorless control
of PMSM field, which can help decrease the overshoot of
stator resistance tracking and enhance the effectiveness of
sensorless control. The experimental under the variable
speed and variable resistance is investigated. The
sensorless control and resistance estimation considering
DTCV strategy are also investigated under the working
condition of speed variation. The following conclusions
can be drawn from the experimental results:
(1) The introduced FLC can quickly track the reference

speed with a smaller steady-state error compared to
traditional PI controller. In addition, the switch PI
scheme based on MRAS observer can obtain better
dynamic performance. The motor has a strong
robustness to parameter variation.

(2) When the stator resistance changes from 2.1 times to
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0.7 times, the MRAS observer can track closely and the
error is less than 4.8%; there is no overshoot in the
estimated resistance when the resistance changes
suddenly. Furthermore, the control performance can be
improved if the stator resistance is identified online.

(3) The dynamic performance and tracking precision of the
sensorless control and stator resistance identification
could be improved when the DTCV scheme is
employed.

In conclusion, using the proposed scheme, the
performance of PMSM sensorless control is robust and
effective. In future, experiments will be performed on an
actual platform to further test the performance of the
proposed control schme.
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