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Simple Sensorless Control of Interior Permanent Magnet Synchronous 
Motor Using PLL Based on Extended EMF
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Abstract – This paper proposes an improved sensorless control to estimate the rotor position of an 
interior permanent magnet synchronous motor. A phase-locked loop (PLL) is used to obtain the phase 
angle of the grid. The rotor position can be estimated using a PLL based on extended electromotive 
force (EEMF) because the EEMF contains information about the rotor position. The proposed method 
can reduce the burden of calculation. Therefore, the control period is decreased. The simulation and 
experimental results confirm the effectiveness and performance of the proposed method.
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1. Introduction

The permanent magnet synchronous motor (PMSM) has 
no additional power source to generate flux because the 
rotor of the PMSM is made of a permanent magnet. 
Therefore, the efficiency of the total system is increased by 
reducing its power consumption. A PMSM has no copper 
loss in its rotor because the rotor is not powered. A PMSM is 
used in various applications requiring a high-efficiency 
motor. The performance of a PMSM is determined 
according to the type of its permanent magnet. The 
characteristics of a PMSM depend on the arrangement and 
shape of the permanent magnet. Based on the arrangement 
of the permanent magnet, a PMSM is fundamentally 
divided into an interior permanent magnet synchronous 
motor (IPMSM) and a surface-mounted permanent magnet 
synchronous motor (SPMSM). Because the magnet is 
mounted inside the rotor, an IPMSM is durable during 
high-speed operation compared with a SPMSM [1-4].

The speed control of an IPMSM requires information 
about the rotor position and speed. An encoder and resolver 
are used to measure the rotor position and speed. However, 
the sensor that measures the rotor position has a problem 
with reliability because the sensor can generate errors 
such as high temperature or mechanical vibration. The 
error can be included in the measured rotor position by 
high temperature or mechanical vibration. Moreover, the 
IPMSM drive system has an additional circuit to set the
sensor. Because of the additional circuit, the total system 
becomes more expensive and mechanically voluminous 
[5, 6]. Therefore, various control methods for the IPMSM 
have been researched to detect the rotor position without a 

sensor [7-13].
Sensorless control methods are classified into two types. 

The first type is based on the electromotive force (EMF) 
machine model [14]. The second type is high-frequency 
(HF) signal injection estimation [15]. The mathematical 
model of an IPMSM using extended electromotive force 
(EEMF) is a sensorless control method. Errors in the rotor 
position are determined by estimating the EEMF because 
the EEMF contains information about the rotor position 
[16]. A least-order observer is used to estimate the EEMF.

In a grid system, the phase angle of the grid can be 
obtained by using a phase-locked loop (PLL). The 
proposed method utilizes a controller based on a PLL to 
estimate the rotor position and speed. The rotor position 
can be estimated by controlling the d-axis EEMF to be 
zero because information about the rotor position is 
included in the d-axis contained in the EEMF. An IPMSM 
drive system using the proposed method can reduce the 
burden of calculation. By reducing the calculation burden, 
the control period becomes shorter. Experimental and 
simulation results are offered to verify the effectiveness of 
the proposed method.

2. Modeling of IPMSM

Fig. 1 shows the space vector diagram of the IPMSM. 
Three different reference frames are displayed in Fig. 1. 
The stationary reference frame is the α–β reference frame, 
and the synchronous rotating frame is the d–q reference
frame synchronized to the rotor. The reference frame is the 
estimated rotating frame.

Eq. (1) is the voltage equation of the IPMSM on the d–q
synchronous rotating reference frame.
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Fig. 1. Space vector diagram of IPMSM.

where

vd, vq :	voltage in synchronous reference frame

	id, iq 	:	current in synchronous reference frame

ωr					:	rotor angular velocity																														
p						:	differential operator																															

kEMF	:	EMF constant																																													
Ld, Lq	:	d–q axis inductance																																			

	R					:	stator resistor.																																												

The voltage equation on the α–β stationary reference 
frame is derived by transforming (1):
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where

Lα 	=	L0	+	L1cos2θr,				  Lβ	=	L0	–	L1cos2θr						

Lα	β	=L1sin2θr																																																										

	L0	= �Ld	+	L�� 2⁄ ,  						L1= �Ld	–	Lq� 2⁄ 												

vα, vβ : voltage in stationary reference frame		

	iα, 	iβ		: current in stationary reference frame			

θr					 : rotor position.																																										
	

It is difficult to solve (2) mathematically because (2) 
contains both the θr and 2θr terms. In order to analyze the 
modeling of the IPMSM, (2) can be expressed as (3) by 
dividing the θr and 2θr terms:
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Since the magnitudes of Ld and Lq are identical, L1

becomes zero in the SPMSM. Therefore, (3) can be easily 
solved by removing the 2θr term in the SPMSM. However, 

L1 becomes a value other than zero because the magnitudes
of Ld and Lq are different in the IPMSM. If it is possible to 
ignore the harmonics generated by the inverter, the current 
of the motor does not include the secondary harmonic. 
Therefore, the 2θr terms can be removed from the pure 
mathematical method. By eliminating the 2θr terms, the 
voltage equation in the d–q synchronous rotating reference 
frame can be rewritten as follows (4):
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where the second term on the right side of (4) is the EEMF 
by (5):

	EEMF	=	�Ld – Lq��ωrid – iq�	+	ωrkEMF (5)

By transforming (4), the voltage equation on the α–β
stationary reference frame is obtained as follows:
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The 2θr terms does not exist in (6). The voltage equation 
for the estimated synchronous reference frame can be 
defined as follows:

�	
vd�

vq�
	�= �	

R+pLd –	ω
r
Lq

ωrLq R+pLd

	� �	
id�

iq�
	�+ �	

ed�

eq�
	� (7)

where the second term on the right side of (7) is expressed 
as follows:
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This modeling of the IPMSM is very simple in 
comparison with (1). The EEMF is utilized to estimate the 
rotor position and speed because the EEMF contains 
information about the rotor position and speed.

3. Method for Estimating Rotor Position

3.1 Estimating the EEMF

A least-order observer is used to estimate the EEMF [16]. 
If the error between the actual rotor speed and the 
estimated rotor speed is approximated to zero, the EEMF is 
estimated as (9):
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3.2 Proposed method for estimating rotor position

The estimated error of the rotor position ˆ
eq is 

represented as (10) in the estimated ˆ ˆd q- rotating 
reference frame using the EEMF:

θ�e=tan–1 �–
e�d�

e�q�
� (10)

Eq. (10) is used to estimate the rotor position in the 
conventional method [16]. Many algorithms were derived 
from (10) such as [17] and [18]. If the d-axis estimated 
EEMF ˆˆde becomes zero, the estimated rotor position error 

ˆ
ˆ
eq becomes zero. Moreover, ˆˆde can be linearized to the 

estimated rotor position error as (11) because rotor position 
θr seems to be equal to sinθr for a satisfactorily small angle:

e�d�=EEMF�–θ�e�

e�q�=EEMF         
(11)

The error of the rotor position can be defined as follows 
(12) by the d–axis estimated EEMF error:

e�d�_error=ed	–	e�d�

                    			 =	–	EEMF�–	θ�e�

                       	 =EEMF�θr	–	θ�r�

(12)

A block diagram for estimating the rotor position is
shown in Fig. 3. If the process of coordinate transformation 
is ideal and the cut-off frequency of a low-pass filter (LPF) 
is set much higher than the response frequency of the 
system controller, the block diagram in Fig. 3 can be 

simply modeled. Fig. 4 shows a linearized estimation 
model for the rotor position. The LPF is designed as a 1st-
order system with cut-off frequency ccw as follows (13):

KLPF(s)=
ωcc

s+ωcc

																																					(13)

The open-loop transfer function is equal to (14), and Eq. 
(15) represents the closed-loop transfer function:
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Eq. (16) can be rewritten as a general 3rd-order transfer 
function as follows (17):
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                   (16)

ωcc=1+2ζωn                                 (17)

where ωn is the system bandwidth, and ζ is the damping 
coefficient.

If α is equal to 1, the proportional gain and time constant 
of a PI-type controller can be obtained as (18):

Kp=
2ζωn

EEMF
, τ=

EEMF	·	Kp	·	ωcc

ωn
2

																(18)

The proposed estimation method for the rotor position 
can estimate the rotor position without the division term. 
The proposed method can also reduce the control period 
because the calculation burden is decreased.

4. Simulation and Experiment Results

4.1 Simulation results

A simulation is conducted using the PSIM simulation 
tool to verify the performance of the proposed method. A 
three-level inverter is used to operate the IPMSM. The 
specifications for the IPMSM are listed in Table 1. Fig. 4 
shows the control block diagram of the total system. The 
speed of the motor is controlled to be the reference speed 
by the speed controller. The reference current is the output 
of the speed controller. The reference voltage for the space 
vector pulse-width modulation is decided by the current 
controller. The reference voltage and current are used to 
estimate the position of the rotor by using the rotor position 
and speed estimator.

Fig. 5 shows the performance of the proposed method 
according to the load. The reference of the rotor speed is 
fixed to be 300 rpm. The estimate d rotor angle is matched 

Fig. 2. Block diagram for estimating rotor position and 
speed.

Fig. 3. Linearized estimation model.
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to the actual rotor angle without the delay. The estimated
angle error with a 30 % load is less than the estimated 
angle error with no load because the EEMF with a 30 % 
load is larger than the EEMF with no load.

The performance of the proposed method according to 
changes in rotor speed is shown in Fig. 6. At 6 s, the 
reference of the rotor speed is changed from 300 rpm to 
500 rpm. When the reference of the rotor speed is changed, 
the estimated angle error increases, but the magnitude of 
the increase is less than 0.1 rad.

4.2 Experiment results

Fig. 7 shows the experiment set. A three-phase induction 
motor is used as the load motor. A three-level inverter 
generates the reference voltage to operate the IPMSM. The 
control board is composed of a TMS320F28335 micro 
control unit. The system parameters are the same as those 
in the simulation. In order to control the speed and torque 
of the motor, the estimated information of the rotor 

position is used. The actual information of the rotor 
position could be obtained by the encoder. It is only used to 
compare with the proposed method from Fig. 8 to Fig. 12.

Fig. 8 shows a comparison of the control period between 
the conventional method and the proposed method. The 
control period of the proposed method is approximately 
17% less than the control period of the conventional 
method because the calculation burden of the proposed 

Table 1. Specifications for the simulation

Parameter Value Unit
Rated power 11 kW
Rated speed 1450 rpm

Rated voltage 191 V
Rated current 38 A

Stator resistance 0.099 Ω
d-axis inductance 4.07 mH
q-axis inductance 4.65 mH

Poles 6 -
Switching frequency 10 kHz

Input voltage 400 V

Fig. 4. Control block diagram of proposed sensorless speed 
control system.

(a)

(b)

Fig. 5. Performance of proposed method according to load: 
(a) no load and (b) 30 % load.
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method is less than that of the conventional method.
The performance of the proposed method is shown in 

Fig. 9 and 10. The experimental conditions are 300 rpm 
with no load and 500 rpm with a 30 % load. In both 
conditions, the rotor speed is precisely controlled without 
oscillation because the estimated rotor angle accurately 
estimates the actual rotor angle with no delay. The error of 
the estimated rotor angle is less than 0.1 rad.

Fig. 11 shows the performance of the proposed method 
according to the change from 300 rpm to 500 rpm. When
the rotor speed is changed from 300 rpm to 500 rpm, the
reference current is increased to generate torque for the 
acceleration. The error of the estimated rotor angle is 
generated in the section where the rotor speed changed 
because the proposed method estimates the rotor position 
by using the reference current and voltage. However, the 
magnitude of the error is less than 0.2 rad.

Fig. 12 shows the performance according to the change 
in torque. The rotor speed reference is 300 rpm, and the 

(a)

(b)

Fig. 8. Control period comparison: (a) conventional method
and (b) proposed method.

(a)

(b)

Fig. 9. Estimation of rotor position with no load at 300 rpm: 
(a) u-phase current and error of estimated rotor 
angle and (b) comparison between actual rotor 
angle and estimated rotor angle.

magnitude of the load change is 30 %. An oscillation is 
generated to control the current because the reference 
current changes according to the load change. The error 

Fig. 6. Performance of proposed method according to 
changes in rotor speed.

Fig. 7. Experiment set.
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in the estimated rotor angle is clearly oscillated in the 
section where the rotor speed changes because the amount 
of change in the EEMF is larger than that in the speed-

change experiment. The sensorless speed control performs 
effectively: the error of the estimated rotor angle is less 
than 0.2 rad.

5. Conclusion

This paper proposed an improved estimation method for 
the sensorless control of an IPMSM based on a PLL. An 
EEMF is used to estimate the rotor position because the 
EEMF contains information about the rotor position. The 
conventional method uses a division term such as an 
arctangent to obtain information about the rotor position. 
The proposed method uses a PLL-type controller to estimate
the error between the actual rotor angle and the estimated 
rotor angle by controlling the estimated d-axis extended 
EMF to be zero. The control period is reduced because 
the calculation burden is decreased. A 16-bit MCU can 
accurately control the rotor speed by using the proposed
method. The results of the simulation and experiment were 
presented to verify the effectiveness of the proposed method.
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