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Abstract: This paper presents a novel sensorless control method of permanent magnet synchronous motors a 
low speed based on a high-frequency voltage signal injection. The approach superimposes a persistent HF 
voltage signal into the estimated d-axis to get the rotor position error angle-related signal by detecting the 
corresponding voltage response and current response. Then the rotor position and motor speed are obtained. 
Theoretical analysis and simulation results demonstrate that the approach can achieve sensorless control of 
permanent magnet synchronous motors at zero and low speed, ensure good dynamic and static performances, 
and achieve effective control when applied to servo system. Finally, a test prototype system which used a digital 
signal processor and space vector pulse width modulation technology has been developed. Experimental results 
show that the system has better static, the effectiveness and dynamic performance of the adaptive test  
signals in a sensorless controlled surface-mounted permanent magnet synchronous machines.  
Copyright © 2014 IFSA Publishing, S. L. 
 
Keywords: Direct-current line electric locomotive, Variable frequency drive, Voltage signal injection, 
Permanent magnet synchronous machine (PMSM). 
 
 
 
1. Introduction 
 

Mining electric locomotive is one of the electrical 
equipments of traction, most electric locomotives 
driven by direct-current (DC) motor, and its speed 
controlled by series connection resistances. The DC 
drives have complex structure, low efficiency, 
maintenance of large, short life and other issue [1-3]. 
Today PMSM drives are gradually replacing classic 
DC drives in a large number of industrial 
applications, taking full advantage of key features of 
PM-motors, such as compactness, robustness, high 
efficiency, reliability and shape adaptation to the 
working environment [2-6]. However, to achieve 

precisely control of PMSM, rotor position and speed 
are needed. Thus mechanical position sensors are 
usually installed, resulting in an increasing of the 
cost, size and maintenance difficulties. The 
sensorless vector control of PMSM has been under 
keen research for decades [1-3]. 

Various sensorless control schemes have been 
presented by scholars. Generally, according to the 
estimated effect at different speed ranges, sensorless 
control methods can be classified into two main types 
[10-12]: one is to zero and low speed, and the other is 
applicable to medium and high speed. The former is 
mostly based on high frequency model of motor. 
Using the non-ideal characteristics of PMSM 
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structure or inductor saturation effect, a high-
frequency (HF) signal is superimposed on the stator 
voltage or stator current and rotor position 
information can be received from the corresponding 
current component [7-12]. These methods pose 
various advantages such as insusceptibility to 
electrical parameter variations, good robustness and 
superiority of position estimation at zero and low 
speed. Typically, the injected signal can be a rotating 
HF voltage vector, a rotating HF current vector or a 
pulsating HF voltage vector. As a consequence, most 
of them are more suitable for interior permanent 
magnet synchronous motors (IPMSM), which has 
inherent saliency. The pulsating HF voltage injection 
is carried out by the application of a HF sinusoidal 
voltage signal along the estimated synchronous 
reference frame, taking advantage of the saliency 
caused by inductor saturation [11, 12]. 

In [8-10], LF current signal is injected to the 
stator current and the resulting response of back-
electromotive force (EMF) is used to estimate the 
rotor speed. This method doesn’t rely on the rotor 
saliency but just the fundamental-wave model, so it’s 
very suitable for surface-mounted permanent magnet 
synchronous machines (SPMSM). 

The paper presents a novel sensorless control 
method based on the superimposition of a HF voltage 
vector along the estimated PMSM model d-axis. The 
approach superimposes a persistent LF voltage signal 
into the estimated d-axis to get the rotor position 
error angle-related signal by detecting the 
corresponding voltage response and current response. 
Then the rotor position is obtained. Theoretical 
analysis and simulation results demonstrate that the 
approach can achieve sensorless control of PMSM at 
zero and low speed, ensure good dynamic and static 
performances, and achieve effective control when 
applied to servo system. Finally, a test prototype 
system has been developed. The system device 
replaces the series resistance, greatly reduces the  
size of the control system, and realizes the 
integration. Currently, the system device has been 
applied to direct-current lines of the coal mine  
electric locomotive. 
 
 
2. The Mathematic Model of PMSM 
 

For simplicity, several assumptions are made in 
the SPMSM mathematical model. The magnetic field 
is spatially sinusoidal and eddy current and hysteresis 
losses are assumed to be negligible. Then id = 0 rotor 
magnetic field oriented control strategy is adopted. 
The electrical equations of the PMSM can be 
described in the d-q rotating reference frame  
as follows: 

 
 0 0

0
d d d ds q

q q q q fd s

u i L iR L
p

u i L iL R

ω
ωψω

−          
= + +          
          

, (1) 

 

where Ld, Lq, ud, uq, id, iq are the d, q frame 
inductances, stator voltages and currents respectively; 
ψf is the rotor flux; Rs is the stator resistance; ω is the 
electrical angular speed and p is the differential 
operator. 

The cross coupling terms and back-EMF of (1) 
can be negligible at zero and low speed. Thus, (1) is 
simplified: 

 

 0 00

0 00
d d d d d ds

q q q q q qs

u i L i Z iR
p

u i L i Z iR

           
= + =           
           

, (2) 

 

where Zd, Zq are the d, q frame impedances 
respectively. 
 
 

3. Abbreviations and Acronyms 
 

3.1. SPMSM Inductor Saturation Effect 
 

Since the magnetic permeability of SPMSM 
permanent magnet is approximately equal to that of 
the air gap, it is normally considered that d, q frame 
inductances are equal; but the magnetic saturation 
will lower the d-axis inductance. Therefore, SPMSM 
shows "small saliency", that is, in other words, 
inductor saturation effect [11, 12]. 

The air gap magnetic field of SPMSM is 
composed of permanent magnet and stator current 
magnetic field. The rotor magnet can be equivalent to 
the magnetic field excitation current if. The curve of 
d-axis magnetic circuit characteristic can be 
approximately shown as Fig. 1 (a). The operating 
point of d-axis magnetic circuit is decided by if, 
shown as point A. With a certain positive current 
injected, the d-axis magnetic field will be saturated; 
on the contrary, a negative current makes the 
magnetic circuit work in the linear region. Defining 

dL +  as d-axis positive inductance and dL −  as 

negative inductance, the following relation can be 
obtained: d d dL L L+ −< < . 

The curve of q-axis magnetic circuit is basically 
the same as that of d-axis. The operating point is at 
the origin, and the magnetic circuit works in the 
linear region without saturation. Similarly, define 

dL +  as d-axis positive inductance and dL −  as 

negative inductance, then q q qL L L+ −= = .  

Since the curves are basically same, it can be 
considered q dL L −≈ , thus d qL L< . 
 
 

3.2. The Principle of Sensorless Control  
at Low Speed 

 

The estimated error angle Δθ is defined as  
follows [13, 14]: 
 

 Δ = −θ θ θ̂ , (3) 
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The relationship among actual position angleθ, 

estimated position angle θ̂  and estimated error angle 
Δθ is shown in Fig. 1(b). 

When the motor is in low or zero speed and back 
EMF can be negligible, voltage equations are 
simplified as: 

 
 0

0
dd d

q qq

r L pu i

u ir L p

+    
=     +    

, (4) 

 
 

fi i

ψ

di
+

ψΔ

o di
−

ψΔ A

 
 

(a) The curve of d-axis magnetic characteristic. 
 

θ

β

dq

d̂

q̂

θΔ

αo θ̂
 

 
(b) The diagram of coordinate systems. 

 
Fig. 1. The Principle of Sensorless Control. 

 
 

The equivalent circuit of PMSM in the two-phase 
rotating coordinate system is shown in Fig. 2. 
 
 

 

 
 

(a) Equivalent circuits of d-axis. 
 

 

 

 
 

(b) Equivalent circuits of q-axis. 
 

Fig. 2. The equivalent circuit of PMSM in the two-phase 
rotating coordinate system. 

When a fluctuating high frequency voltage is 
injected in the two-phase rotating coordinate system, 
(4) can be expressed in impedance form as follows: 

 
 0

0
ddh dh

qh qhq

Zu i

u iZ

    
=     

    
, (5) 

 
In Fig. 1(b), the relationship of two voltages in 

the two coordinate systems as follows: 
 

 
d d

q q

u u

u u

     Δ Δ
=     − Δ Δ          

θ θ
θ θ

ˆcos sin

ˆsin cos
, (6) 

 
 

d d

q q

i i

i i

     Δ Δ
=     − Δ Δ          

θ θ
θ θ

ˆcos sin
ˆsin cos

, (7) 

 
Combining (5), (6) and (7), the following 

relationship can be deduced: 
 

2 21
2 2

dh dh

qh qhd q

i Z Z Z u

i Z Z Z uZ Z

     − Δ Δ −Δ Δ
=     −Δ Δ + Δ Δ          

θ θ
θ θ

ˆ ˆcos( ) sin( )
ˆ ˆsin( ) cos( )

, (8) 

 
where Z=(Zd+Zq)/2, ΔZ=(Zd-Zq)/2. 

From (8), it can be seen that both 
d
î  and 

q
î have 

the components relative toΔθ. In order to accurately 
and easily extractΔθ, the HF voltage signal: 

 
 

m h

0
dh

qh

u U t

u

   
=   

      

ωˆ cos

ˆ
, (9) 

 

the HF voltage signal (9) can be injected into d q−ˆ ˆ  

frame, where Um is the amplitude of the voltage 
signal, and hω  is the angular frequency. Thus, the 

HF voltage response in the d q−ˆ ˆ  frame is: 

 
 

m h

m h

2

2
dh d q

qh

d q

Z Z
U t

i Z Z

i Z
U t

Z Z

 − Δ Δ
    =   −Δ Δ    
  

θ ω

θ ω

cos( )
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ˆ sin( )
cos

, (10) 

 
Under a high-frequency excitation, the d, q-axis 

impedance satisfies the following formula: 
 

 | |d h d d dZ r j L Zω ϕ= + = ∠ , (11) 
 

 | |q h q q qZ r j L Zω ϕ= + = ∠ , (12) 
 

Combining (8), (9) and (10), 
qh
î  can be deduced: 

 
 

h m
h

2
qh d q

d q

LU
i t

Z Z

Δ
= Δ − −

ω
θ ω ϕ ϕˆ sin( )sin( )

| || |
 (13) 
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When Δθ → 0, 0
qh qh
i i= =ˆ , the injected HF 

signal will not produce torque ripples, ensuring good 
performance of the method. 

First of all, the amplitude of 
qh
î  will be 

modulated as follows: 
 

 
h

2
2

2

qh

h m d q

d q

f LPF i t

LU

Z Z

k

Δ = ×
Δ +

= Δ

= Δ

θ ω
ω ϕ ϕ

θ

θ

ˆ( sin )

cos( )
sin

| || |

sin

, (14) 

 

where 
cos( )

2 | || |
h m d q

d q

LU
k

Z Z

ω ϕ ϕΔ +
= . 

From (8), when Δθ →0, fΔθ = 0. If fΔθ will be 

regulated to zero, position θ̂  can be estimated. The 
structure diagram of regulation system and the signal 
processing are established as Fig. 3 and Fig. 4. 
Regulated by a PI regulator until fΔθ tends to 0, the 
output of the PI regulator and integrator is the 

estimated rotor position ω̂  and θ̂ . 
 
 
 

−
+

θ̂

θ θΔ


f θΔ ω̂ θ̂
sin 2f kθ θΔ = Δ

 
 

Fig. 3. The structure diagram of regulation system. 
 
 

q̂hi

hsin tω


f θΔ ω̂ θ̂

 
 

Fig. 4. The signal processing. 
 
 

3.3. The Initial Rotor Position Estimation  
of Sensorless Control 

 

The (-π/2,3π/2) electrical angle is divided into 
four intervals (0,π/2), (π/2,π), (π,3π/2) and (-π/2,0). If 

the initial value of θ̂  is zero, the convergence 
characteristics of Δθ can be drawn as follows in 
Table 1. 

From the Table 1, it can be seen that there are two 
cases the convergence value of θ̂ : 

(a) If the convergence value of θ̂  is zero, the 
value of θ can be zero, π/2, π or 3π/2; 

(b) If the convergence value of θ̂  is not zero, the 

value of θ can be θ̂  or θ̂ +π. 
From the above analysis, the following 

conclusions can be drawn. The actual position θ may 

be θ̂  or θ̂ +π, that is to say, d-axis may be positive 

direction, also be a negative direction. Therefore the 
d-axis positive direction first must be determined in 
order to obtain the actual position of the rotor. 

 
 

Table 1. The convergence characteristics of Δθ. 
 

Actual 
θ Δθ  ( θ̂ =0)

Convergence 
value of Δθ 

Convergence

value of θ̂  

(0,π/2) (0,π/2) 0 θ 

(π/2,π) (π/2,π) π θ -π 

(π,3π/2) (π,3π/2) π θ -π 

(-π/2,0) (-π/2,0) 0 θ 

0 0 0 0 

π/2 π/2 π/2 0 

π π π 0 

3π/2 3π/2 3π/2 0 

 
 
4. The system Simulation and Modeling 
 

Fig. 3 shows the block diagram of SPMSM 
sensorless speed control system based on HF voltage 
signal injection, with a double-loop control structure. 
The inner loop is current loop for rotor position 
estimation and current regulation and the outer one is 
speed loop. 

During the simulation of HF voltage injection 
sensorless speed control, switching frequency of the 
inverter is 10 kHz. A 1000 Hz voltage signal is 
injected, with the amplitude of 1 V. Simulation under 
a sudden change of speed command in 5s has been 
carried out, with the 1.0 rad, 2.1 rad, 4.7 rad, and 5.5 
rad initial position and a transient speed command 
from 0 rpm to 60 rpm. 

The initial position estimation procedure of the 
system runs in two phases. One is initial rotor 
position estimation in 2 seconds, the other is special 
position judgment and initial position correction 
during 2~3 seconds. The motor starts at 4.5 seconds, 
and the motor speed is increasing from 0 rpm to 
60 rpm. 

The simulation waveforms are shown in Fig. 5, 

Fig. 6, Fig. 7 and Fig. 8. In these figures, (a) is θ̂  and 
θ  waveforms and (b) is Position estimation  

error θΔ .  
Simulation results indicate the effectiveness of the 

position estimation during start-up, constant speed 
and speed variation operation periods.  

From Fig. 5 and Fig. 6 θΔ  directly converges 
to 0 and don’t need to be corrected. The control 
system is in a steady state. But from Fig. 7 and Fig. 8 

θΔ  don’t directly converge to 0 and need to be 
corrected. Simulation results are consistent with the 
theoretical analysis. It is verified that the sensorless 
control method proposed is correct. 
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Fig. 3. The block diagram of SPMSM sensorless control  
at low speed. 
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(a) Switching time calculation module. 
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(b) Switching time calculation module. 
 

Fig. 4. Space vector PWM wave generation modulation. 
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(a) Under the 1.0 rad initial position.                           (b) Under the 1.0 rad initial position. 
 

Fig. 5. The estimated position and actual position waveforms simulated with 0 rpm speed command. 
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∧
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(a) Under the 2.1 rad initial position.                             (b) Under the 2.1 rad initial position. 
 

Fig. 6. The estimated position and actual position waveforms simulated with 0 rpm speed command. 
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(a) Under the 4.7 rad initial position.                               (b) Under the 4.7 rad initial position. 
 

Fig. 7. The estimated position and actual position waveforms simulated with 0 rpm speed command. 
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(a) Under the 5.5 rad initial position.                                    (b) Under the 5.5 rad initial position. 
 

Fig. 8. The estimated position and actual position waveforms simulated with 0 rpm speed command. 
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5. The System Design 
 
5.1. Hardware Systems Design 
 

System hardware circuit is drawn as Fig. 9. In 
order to reduce the electromagnetic interference, the 
control system hardware includes the DSP controller, 
the power converter, the regulate circuit, the 
keyboard display circuit and the auxiliary power 
supply circuit. 
 
 
5.2. Software System Design 
 

DSP control software is mainly consists of an 
initialization main program and control module 
flowcharts. The former is performed only once at the 

beginning, the latter is based on a waiting loop 
interrupted by the PWM underflow event. The role of 
the initialization main program is to initialize the 
system and variable, set and enable the interrupt, then 
wait for interrupt. Initialization system mainly sets 
the initial values of the system clock, the watch dog, 
the event manager, A/D interrupt, and carries on the 
corresponding set. Variable initialization in the  
main control algorithm sets the initial value of  
each variable. 

After the system initialization and variable 
initializations, the software jumps to the waiting loop. 
It is interrupted every time an interrupt occurs to start 
the control. The role of the A/D interrupt program is 
to complete all of the control algorithm. Control 
system achieve different functions in different 
periods, this article set selection function module in 
the A/D interrupt program. 

 
 

 
 

Fig. 9. Principle chart of hardware circuit. 
 
 
5.3. The System Physical Prototype 
 

Test prototype is shown in Fig. 10. The SPMSM 
is a 1KW experimental motor. The waveforms are 
shown in Fig. 11 and Fig. 12. Fig. 11 is estimated 
position waveforms in zero speed when initial 
position of the SPMSM is 1 rad. Fig. 12 is estimated 
position in low speed of 60 rpm under 1rad of initial 
position. Analysis of test results shows that, SVPWM 
modulation wave were right, three-phase sinusoidal 
output current waveform is good, the low harmonic 
content, the speed of the motor can be fast tracked for 
a given value, the adjust time is short. 

Experimental results show that the proposed 
algorithm estimates the rotor position well in zero 
and low speed region. The system has better static, 
the effectiveness and dynamic performance of  

the adaptive test signals in a sensorless  
controlled SPMSM. 
 
 

 
 

Fig. 10. Test prototype of the system. 



Sensors & Transducers, Vol. 169, Issue 4, April 2014, pp. 9-17 

 16

 
 

Fig. 11. Estimated position in zero speed. 
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Fig. 12. Estimated position in low speed. 
 
 
6. Conclusion 
 

This paper presented a sensorless vector control 
scheme for a SPMSM drive based on the  
TI TMS320F2812 DSP Controller. It has been shown 
how the real-time processing capabilities of this DSP 
controller can lead to a highly reliable and effective 
drive. Driving reliability, cost effectiveness and 
efficiency of the system have been improved. 

This paper also described the speed variation 
capability, TMS320F2812 and power electronics 
hardware, and excellent dynamic behavior. The 
device has the function of power lost maintain and 
speed tracking. When DC bus power sudden fails, the 
electric locomotive speed reduced to a certain speed, 
the locomotive in the inertia runs, at this point, 
realizes electric braking. When DC bus power back 
to normal, the inverter output frequency which is the 
same to the motor speed, realizes speed tracking. 

From results, the output waveforms meet the 
motor steady operation when input DC bus voltage 
range from 160 V to 340 V. The device has test run 
for a year in Coal Industry Group, whose static and 
dynamic performance is good, to fully meet the 
requirements of the mining electric locomotive speed. 

It is proved that the design of the system is validity 
and feasibility. 
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