
 

Abstract--For a full-region sensorless control based on the 
current derivative, modifying the pulse-width modulation 
(PWM) eliminates the dead zone at a low modulation index 
(MI). This paper proposes and analyzes the various PWM 
methods for the full-region sensorless control of permanent 
magnet synchronous motor (PMSM). The position estimation 
error is extracted from the current derivative in one active 
voltage vector (AVV), and the actual rotor position is 
obtained using a Luenberger observer. To achieve a sufficient 
AVV for current derivative measurement, four types of 
PWM methods are introduced. The performance of each 
PWM method is analyzed and compared in terms of the 
motor drive and position estimation. In addition, the 
implementation of each PWM using the digital signal 
processor (DSP) is explained, and the compensation methods 
are applied to improve the drive performance. The 
effectiveness of the proposed method is verified by a 1 kW 
PMSM drive system, and the results show that the rotor 
position is accurately estimated within an error of less than 
0.2 rad. 
 

Index Terms — Current Derivative measurement, pulse 
width modulation, sensorless drive . 

I.  INTRODUCTION 
To reduce the high cost and size of the position sensor, 

the position sensorless control of the permanent magnet 
synchronous motor (PMSM) has been studied in past 
decades [1]. Significantly, the fundamental pulse-width 
modulation (PWM) based sensorless control method is 
getting attention for a full-region sensorless control [2]-[3]. 
Using the PWM based method, the rotor position is 
estimated using the value of the current derivative at a 
certain voltage vector, while no additional filters are 
required for the signal processing [4]. 

Due to the parasitic components of the motor driving 
system, an oscillation of the phase current occurs at a 
switching instants [5]. As the current oscillation is 
detrimental to an accurate measurement of the current 
derivative, the phase current is sampled a little after the 
switching instant. Accordingly, the duration of the voltage 
vector for the current derivative measurement needs to be 
secured sufficiently. However, in the conventional PWM 
methods, the duration of the voltage vector is not secured 
at a certain operating point, and therefore the sensorless 
control is not applicable. The previous research tried to 
overcome this issue by modifying the fundamental PWM 
[6]-[13]. In [6], the measurement vector was inserted 

between the fundamental PWM sequence, while the 
discontinuous PWM was utilized. Meanwhile, the current 
derivative was measured in three voltage vectors among 
the PWM sequence, while the space vector PWM 
(SVPWM) was modified and an asymmetric PWM 
method was applied for the sensorless control [7]-[9]. 
Moreover, a method combining the modified PWM and 
the conventional SVPWM according to the modulation 
index (MI) was proposed [10]. In [11], the multi-SVPWM 
based sensorless control method was proposed, where the 
six active voltage vectors were all utilized. Also, the 
asymmetric and symmetric PWM methods using the four 
active voltage vectors for the sensorless control were 
proposed [12]-[13]. 

In this paper, the PWM methods for the PMSM 
sensorless control are proposed, analyzed, and compared. 
The sensorless control method proposed in the previous 
research is introduced [13]-[14], and the dead zone is 
analyzed when the conventional PWM is utilized. Then, 
various PWM methods such as R3PWM, R4PWM, and 
T4PWM are proposed, which effectively eliminate the 
sensorless dead zone of the conventional PWM. Moreover, 
the proposed PWM methods are analyzed in terms of the 
motor drive and position estimation performance. The 
carrier-based implementation of each PWM and its 
practical issue is explained. At last, the proposed PWM 
methods are validated by the experimental results of a 1 
kW PMSM sensorless control. 

 

II.  SENSORLESS CONTROL METHOD OF PMSM BASED ON 
CURRENT DERIVATIVE 

A.  Position sensorless control algorithms 
The position estimation method employs a rotor field-

oriented (RFO) reference frame 𝑓𝑓𝑑𝑑𝑑𝑑
𝑟𝑟  and an estimated 

field-oriented (EFO) reference frame 𝑓𝑓�𝑑𝑑𝑑𝑑
𝑟𝑟

, as shown in Fig. 

1. The error of the actual and estimated position and speed, 
and the transformation matrix between the reference frame 
are expressed as 

 𝜃𝜃�𝑟𝑟 = 𝜃𝜃𝑟𝑟 − 𝜃𝜃�𝑟𝑟 ,𝜔𝜔�𝑟𝑟 = 𝜔𝜔𝑟𝑟 − 𝜔𝜔�𝑟𝑟 (1) 
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while the coordinate transform of voltage, current, and 
current derivative is derived as 
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Meanwhile, the motor equation of PMSM using the RFO 
reference frame is expressed as 
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(4) 

Using (3) and (4), the pre-presented research derived the 
estimated position value [13]. Assuming the speed error is 
sufficiently small, the difference between the actual and 
estimated position is derived as 
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Noticeably, the estimation error 𝜃𝜃�𝑟𝑟 is expressed only in 
the EFO reference frame, which only requires the 
estimated position. In addition, all the terms in (0) are the 
instantaneous values of voltage, current, and current 
derivative. Accordingly, the sampling of the phase current 
is required in only one active voltage vector. 

For a closed-loop estimation, the actual rotor position is 
derived from the position error using the third-order 
Luenberger observer as described in Fig. 2. The state 
equation of the observer is expressed as 
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(6) 

where 𝐽𝐽,𝐵𝐵 each refers to the inertia and viscous damping 
of the machine and 𝐿𝐿1~3 refers to the observer gain. 
 

B.  Current derivative measurement 
For an accurate measurement of the current derivative, 

the multi-point current sampling (MPCS) is utilized, which 
is robust to the measurement error. Meanwhile, the phase 
current is sampled later than the switching instant by the 
current oscillation time. Therefore, the duration of the 
current sampling voltage vector (CSVV), 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, has to be 
longer than the sum of the oscillation time 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 , the 
analog-to-digital conversion (ADC) time 𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  for the 
current sensing and the dead time 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 of power switches, 
which is expressed as 

 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ≥ 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑁𝑁𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 . (7) 

𝑁𝑁𝑠𝑠 indicates the number of the current sampling, which is 
determined by the computing time of the control system. 
Using the sensorless control algorithm, only one CSVV is 
selected between the fundamental PWM sequence and is 
required to satisfy the minimum time in (0), which reduces 
the constraints on the modulation method. 

 
 

Fig. 2.  Block diagram of closed-loop estimation using the sensorless 
control algorithm and third-order Luenberger observer. 

 
 

Fig. 1.  Diagram of the rotor field-oriented reference frame (blue) and 
estimated field-oriented reference frame (red). 
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III.  ANALYSIS OF PWM METHODS FOR SENSORLESS 
CONTROL 

A.  Deadzone analysis and modified PWM for 
sensorless control 

Since the conventional SVPWM is advantageous for the 
DC-link voltage utilization, it is widely used for various 
PMSM drive applications. However, at a low MI condition, 
the zero voltage vector (ZVV) accounts for most of the 
switching state [2]. Thus, an operating point exists where 
the active voltage vector (AVV) does not satisfy the 
condition (0), and the sensorless control is not applicable. 
The dead zone of sensorless control using SVPWM is 
described in Fig. 3. 

In order to eliminate the dead zone, various PWM 
methods are proposed as shown in Fig. 3. The first one is 
a right-angled triangular PWM (R3PWM), where the 
duration of the shortest AVV, which does not meet (0), is 
lengthened. To synthesize the fundamental voltage, the 
complementary voltage vector of the shortest AVV is 
added. The next one is a rectangular PWM (R4PWM), 
where all the AVVs not satisfying (0) is lengthened. To 
synthesize the fundamental voltage, the complementary 
voltage vectors of all the stretched AVVs are added. 
Moreover, the voltage of which MI is lower than 0.577 is 
able to be synthesized using the four rectangular AVVs 
without rotating the rectangle according to the space vector 
region. The PWM using the rotating rectangle is called 
R4PWM, while the PWM using the constant rectangle is 
called constant-R4PWM (C-R4PWM). While the R3PWM 
and R4PWM lengthen the AVVs, the trapezoidal PWM 
(T4PWM) does not modify the AVVs but substitutes the 
part of ZVVs with two complementary AVVs. The 

duration of the additional AVV is set according to the 
condition (0) and is utilized for the CSVV. 

Fig. 4 shows the sawtooth-shaped carrier function and 
the switching state of each PWM method at the space 
vector region described in Fig. 3. For an average current 
sampling, the PWM occurs symmetrically. Moreover, the 
phase current derivative is measured at the CSVV in each 
PWM and utilized for the position sensorless control.  

B.  Performance analysis of PWM methods 
To evaluate the PWM methods for the PMSM 

sensorless control, two types of performance index are 
introduced: drive index (DI) and estimation index (EI). DI 
indicates the impact of the PWM in terms of the motor 

TABLE I 
PERFORMANCE ANALYSIS OF PWM METHODS 

PWM 
Methods THD of Phase Current [%] Position Estimation 

Error RMS [°] 
R3PWM 1.14 0.18 
R4PWM 1.40 0.14 

C-R4PWM 2.07 2.66 
T4PWM 1.62 2.56 

 

 
 

Fig. 5.  Block diagram of closed-loop estimation using the sensorless 
control algorithm and third-order Luenberger observer. 

 
 

Fig. 4.  Switching state of each PWM method at the space vector region in Fig. 3. 

 
 

Fig. 3.  Proposed PWM methods and sensorless dead zone at a low MI. 
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driving, such as the total harmonic distortion (THD) of the 
phase current and the effect of the dead time on the voltage 
synthesizing. EI indicates the effectiveness of the position 
estimation using each PWM method. The performance 
analysis of the PWM is conducted by the PLECS 
simulation results, as described in Fig. 5 and Table I. The 
THD of the phase current is related to the output torque 
ripple and loss in the motor drive system. The R3PWM has 
the least current THD, since the additional AVV is 
minimized among the PWM methods. Meanwhile, the 
RMS of position estimation error is minimized in R4PWM, 
since the transition of the CSVV is the least.  

 

IV.  EXPERIMENTAL RESULTS 
The overall block diagram of the proposed PWM based 

sensorless control is shown in Fig. 6. In the digital signal 
processor (DSP), the MPCS of the phase current is 
performed using the ADC peripheral, the estimated rotor 
position is extracted by the sensorless algorithm and 
observer, and the modified PWM signal is produced using 
the PWM peripheral. 

The experiment setup is described in Fig. 7, and the 
parameters of the driving system and target PMSM are 
listed in Table II. Fig. 8 and 9 show a part of the simulation 
and experimental results of the proposed PWM based 
sensorless control. The R3PWM method is applied at a low 
MI with a rated load in Fig. 8. The position estimation error 
is within 0.01 rad at the steady-state operation and within 
0.03 rad at the dynamic operation. Also, the T4PWM 
method is implemented using DSP and applied at a low MI 
with a rated load in Fig. 9. The position estimation error is 
within 0.1 rad at the steady-state operation and within 0.2 
rad at the dynamic operation. The results represent that the 
proposed PWM based sensorless control is effective in 
various driving conditions.  
 

V.  CONCLUSION 
In this paper, the PWM methods for the PMSM 

sensorless control are introduced. For a full-region 
sensorless control, the fundamental PWM sequence is 
modified by securing the sufficient duration of CSVV. The 
performance of R3PWM, R4PWM, C-R4PWM, and 
T4PWM is analyzed and compared in terms of the 
sensorless control. The proposed PWM methods are 
implemented using DSP and are verified by the 1 kW 
PMSM drive system.  
 

 
 

Fig. 6.  Block diagram of proposed PWM based sensorless control. 
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Fig. 7.  (a) Motor drive system (b) Target PMSM and load machine. 

TABLE II 
PARAMETERS OF TARGET PMSM 

Symbol Parameter Nominal Value 
𝑷𝑷 Pole 8 
𝑽𝑽𝒅𝒅𝒅𝒅 DC Link Voltage 𝟏𝟏𝟏𝟏𝟏𝟏 𝐕𝐕 

𝑻𝑻𝒆𝒆,𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 Rated Torque 𝟔𝟔.𝟒𝟒 𝐍𝐍𝐍𝐍 
𝑷𝑷 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 Rated Power 𝟏𝟏 𝐤𝐤𝐤𝐤 
𝑹𝑹𝒔𝒔 Stator Resistance 𝟎𝟎.𝟗𝟗 𝛀𝛀 
𝑳𝑳𝒅𝒅 D-axis Inductance 𝟗𝟗.𝟒𝟒 𝐦𝐦𝐦𝐦 
𝑳𝑳𝒒𝒒 Q-axis Inductance 𝟏𝟏𝟏𝟏.𝟏𝟏 𝐦𝐦𝐦𝐦 
𝝀𝝀𝒇𝒇 Flux Linkage 𝟏𝟏𝟏𝟏𝟏𝟏 𝐦𝐦𝐦𝐦 ∙ 𝐬𝐬 
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Fig. 8.  Simulation result of sensorless drive with varying speed 
codition: 𝜔𝜔𝑟𝑟𝑟𝑟 = −60 to 60 r/min, 𝑇𝑇𝑒𝑒 = 1 p. u., using R3PWM. 

 
 

 
 
Fig. 9.  Experimental result of sensorless drive with varying speed 
condition: 𝜔𝜔𝑟𝑟𝑟𝑟 = −200 to 200 r/min, 𝑇𝑇𝑒𝑒 = 1 p. u., using 
T4PWM. 
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