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Abstract – Three-phase current is reconstructed from the dc-link current in an AC machine drive with 
a single current sensor. Switching pattern modification methods, in which the magnitude of the 
effective voltage vector is secured over its minimum, are investigated to accurately reconstruct the 
three-phase current. However, the existing methods that modify the switching pattern cause voltage 
and current distortions that degrade sensorless performance. This paper proposes a variable-magnitude 
voltage signal injection method based on a high frequency voltage signal injection. The proposed 
method generates a voltage reference vector that ensures the minimum magnitude of the effective 
voltage vector by varying the magnitude of the injection signal. This method can realize high quality 
current reconstruction without switching pattern modification. The proposed method is verified by 
experiments in a 600W Interior permanent magnet synchronous machine (IPMSM) drive system. 
 

Keywords: Current reconstruction, High frequency voltage signal injection, IPMSM, Single current 
sensor. 

 
 
 

1. Introduction 
 
An AC machine drive system using a voltage source 

inverter requires information of three-phase currents and 
rotor position for instant torque control [1]. A typical drive 
system uses two or three current sensors to measure three-
phase currents, and a position sensor to detect a rotor 
position; however, there are several problems in systems 
using sensors, such increased cost and the volume, and 
reduced reliability due to the possibility of sensor failure. 
In low-cost drive systems such as home appliances, sensor 
cost makes up a large portion of the overall product cost. 

Researchers have attempted to reduce the number of 
sensors and therefore the cost of these systems [2, 3]. One 
approach utilizes a single current sensor at the dc-link 
stage to reconstruct the phase current [4-7]. Based on the 
relationships between the dc-link current and the phase 
current in various switching states of the inverter, two-
phase currents can be reconstructed from the dc-link 
current with the given voltage vector in every PWM period. 
However, the phase current cannot be reconstructed from 
the dc-link current when the effective voltage vector is not 
secured over the minimum magnitude. While switching 
pattern modification methods for securing the minimum 
magnitude of the effective voltage vector are widely used 
to solve this problem [4-6], these methods result in 
distorted voltage and current, as well as reductions in the 
linear modulation region.  

Another approach to reducing the number of sensor is a 

sensorless method that removes the position sensor [8-13]. 
The position sensorless control method can be classified 
into a machine-model-based method and a signal injection 
method according to the position estimation principle. 
The machine-model-based method is based on the back 
electromotive force (BEMF) and is simple to implement, 
which shows good control performance in the mid- or 
high-speed operation region [8-10]. The signal injection 
method extracts the rotor position information from the 
magnetic saliency of the machine. Since this physical 
property tends to be speed-independent, this method can be 
used in zero- or low-speed operation region [11-13].  

Recently, research has been conducted to apply sensorless 
controls in drive systems with a single current sensor for 
further cost reduction. Reference [14] proposed a machine-
model sensorless control method using a single current 
sensor and its performance was compared to that of the 
full-sensor control. Reference [15] proposed a signal 
injection sensorless control method using a single current 
sensor. However, these methods are still based on the 
switching pattern modification, and thus result in degraded 
sensorless control performance. 

In this paper, a variable-magnitude voltage signal 
injection sensorless method that can secure the minimum 
magnitude of the effective voltage vector without a 
switching pattern modification is proposed. Firstly, the 
existing signal injection sensorless control methods are 
analyzed in drive systems with a single current sensor. 
Based on this analysis, we propose a method to change 
the magnitude of the injection signal in the stationary 
reference frame. The proposed method generates the 
voltage reference vector that ensures the minimum 
magnitude of the effective voltage vector. This method 
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enables high quality current reconstruction without switching 
pattern modification, which can minimize voltage and 
current distortion. The proposed method is verified by 
experiments in a 600W IPMSM drive system.  

 
 

2. Current Reconstruction Technique 
 

2.1 Conventional current reconstruction 
 
The relationship between the dc-link current and the 

phase current for the effective voltage vector is detailed 
in Table 1, where nV

uur
 consists of the effective voltage 

vectors ( 1 6V V-
uur uur

), and the zero voltage vectors ( 0V
uur

 and 
7V
uur

). Note that when 0V
uur

 and 7V
uur

 are applied, the phase 
current cannot be reconstructed, since dc-link current idc 
does not flow. 

The space vector PWM (SVPWM) is widely used for 
three-phase machine control. Each half switching period 
has two effective voltage vectors, and therefore, the 
phase currents of two phases can be reconstructed from 
idc using Table 1, and the current of the other phase can 
be calculated under the assumption of a balanced three-
phase system.  

To reconstruct the phase current using this technique, a 
minimum effective voltage vector is required to secure 
the minimum duration time of the effective voltage vector. 
The minimum duration time Tmin can be represented as 
(1), where Tdead denotes the dead time of the three-phase 
inverter, TADC is the analog-to-digital conversion time, 
and Tsett is the settling time of idc.  

 
 min dead ADC settT T T T³ + +  (1) 

 
The shaded area shown in Fig. 1 represents an 

immeasurable area in case Tmin cannot be secured. When 
the voltage reference vector is located outside the dashed 
line in the immeasurable area, only one effective voltage 
vector can secure Tmin, so that only one phase current can 
be reconstructed. When the voltage reference vector is 
located inside the dashed line, the phase current cannot 
be reconstructed, since both of the two effective voltage 
vectors are small than the minimum magnitude that can 
secure Tmin.  

 
2.2 Current reconstruction based on the PWM 

switching pattern modification 
 
Several methods have been proposed to successfully 

reconstruct three-phase currents even in the immeasurable 
area. The switching pattern modification method, for 
example, adjusts the magnitude of the effective voltage 
vector [4-6]. When the voltage reference vector is located 
in the immeasurable area, the effective voltage vector is 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. PWM switching pattern modification. (a) voltage 
vectors in the stationary reference frame, (b) 
original PWM switching patterns, and (c) modified 
PWM switching patterns 

Table 1. Relation between the dc-link current and phase 
current for effective voltage vector 

nV
uur

 0V
uur

 1V
uur

 2V
uur

 3V
uur

 4V
uur

 5V
uur

 6V
uur

 7V
uur

 

dci  0 ai  ci-  bi  ai-  ci  bi-  0 

 

 
Fig. 1. Immeasurable area (gray) in the stationary 

reference frame 
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forcibly increased to the minimum magnitude to secure 
Tmin necessary for the current reconstruction. 

For example, when the final voltage reference vector vs
ref 

is located in the immeasurable area shown in Fig. 2(a), 2V
uur

 
has a large enough magnitude to accurately reconstruct the 
C-phase current ic from idc, while 1V

uur
 does not have a 

sufficiently large magnitude to obtain the A-phase current 
ia shown in Fig. 2(b). Therefore, three-phase currents 
cannot be successfully reconstructed. Fig. 2(c) shows an 
example applying the switching phase-shift method, which 
is one of the switching pattern modification methods [16]. 
This method adjusts the magnitude of the effective voltage 
vectors to secure Tmin for current reconstruction. As shown 
in Fig. 2(a), vs

ref is replaced with the measurement voltage 
vector vs

mea and the compensation voltage vector vs
com. As 

shown in Fig. 2(c), it is possible to secure the minimum 
magnitude of two effective voltage vectors in the 
immeasurable area, and the averaged voltage reference 
during a switching period can be maintained, as shown in 
Fig. 2(a). While three-phase currents can be successfully 
reconstructed in this fashion, the voltage waveform is 
distorted due to the switching pattern modification, which 
causes current distortion, torque ripple, and deterioration of 
sensorless control performance. 

 
 

3. High Frequency Voltage Signal Injection 
Sensorless Control with Single Current Sensor 
 
High frequency voltage signal injection sensorless control 

methods, including a pulsating voltage signal injection 
method in the estimated rotor reference frame, and a 
rotating voltage signal injection method in the stationary 
reference frame are studied in [11-13]. In this section, the 
high frequency voltage signal injection sensorless control 
methods are analyzed in the drive system with a single 
current sensor. vs

ref is influenced according to the high 
frequency voltage signal injection methods. 

 
3.1 Pulsating voltage signal injection in the estimated 

rotor reference frame 
 
Fig. 3 shows the waveform and the trajectory of the 

voltage reference vector in a pulsating voltage signal 
injection method in the estimated rotor reference frame. 

When a sinusoidal voltage signal of fsw/8 frequency is 
injected, the voltage signal of the waveform as shown in 
Fig. 3(a) is injected into the d-axis of the estimated rotor 
reference frame. When the rotor position is at 0° as shown 
in Fig. 3(a), all of the voltage reference vectors exist 
inside the immeasurable area; whereas, when the rotor 
position is at 30° as shown in Fig. 3(b), most of the voltage 
reference vectors exist outside the immeasurable area. 
Therefore, when the pulsating voltage signal injection 
method is used, the voltage reference vectors are located in 
the immeasurable area according to the rotor position, and 

the current reconstruction is not possible.  
 

3.2 Rotating voltage signal injection in the stationary 
reference frame 

 
Fig. 4 shows the waveform and trajectory of the voltage 

reference vector using the rotating voltage signal injection 
method in a stationary reference frame. Assuming the same 

 
(a) 

  
(b)   (c) 
★: Voltage reference vector 

Fig. 3. Waveform and trajectory of voltage reference 
vectors in pulsating voltage signal injection in the 
estimated rotor reference frame (a) fsw /8 Hz 
sinusoidal voltage signal (b) at 0rq = o , and (c) at 

30rq = o  

 
(a) 

  
(b) (c) 

★: Voltage reference vector 

Fig. 4. Waveform and trajectory of voltage reference 
vectors in rotating voltage signal injection in the 
stationary reference frame (a) fsw/8 Hz sinusoidal 
voltage signal (b) at 0rq = o , and (c) at 
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injection frequency as Fig. 3, the injected voltage signal is 
as shown in Fig. 4(a). Fig. 4(b) and Fig. 4(c) show the 
trajectory of the voltage reference vectors when the rotor 
position is located at 0°and 30°, respectively. Unlike the 
pulsating voltage signal injection method, the voltage 
reference vectors are located at constant positions regardless 
of the rotor position. Some voltage reference vectors still 
exist in the immeasurable area. 

Fig. 5 shows the result of injecting the rotating voltage 
signal with fsw/6, as shown in Fig. 5(a). Comparing Fig. 
4(b) with Fig. 5(b), the positions of the voltage reference 
vectors are located outside the immeasurable area despite 
having the same rotor position. However, as shown in 
Fig. 5(c), in the case of a load condition in which the 
fundamental voltage reference vector vs

fd exists, vs
ref may 

be located inside the immeasurable area. Therefore, when 
the rotating voltage signal injection method is used, the 
voltage reference vectors are located in the immeasurable 
area according to the injection frequency and the load 
condition regardless of the rotor position, and current 
reconstruction becomes impossible. 

 
 

4. Proposed Method 
 
Based on the above analysis, we propose a high 

frequency voltage signal injection sensorless control method 
suitable for drive systems with a single current sensor. The 
proposed method is used to vary the magnitude of the 
injection voltage signal according to the magnitude of vs

fd 
in the stationary reference frame. Using the proposed 

method, a high quality current reconstruction can be realized 
without switching pattern modification by generating vs

ref, 
ensuring that the effective voltage vector is larger than the 
minimum magnitude. 

Fig. 6 shows the injection voltage vector of fsw/6 
frequency vs

inj(vs
α_inj, vs

β_inj), the fundamental voltage 
reference vector vs

fd(vs
α_fd, vs

β_fd), and vs
ref in Sector 1 

according to the magnitude of the injection voltage vector, 
where superscript s denotes the stationary reference frame, 
vs

α is the a -axis voltage of the stationary reference frame, 
and vs

β is the b -axis voltage of the stationary reference 
frame, respectively.  

As shown in Fig. 6(a), if the magnitude of vs
inj is small 

with constant, vs
ref may be located in the immeasurable area 

according to vs
fd. However, as shown in Fig. 6(b), if the 

magnitude of vs
inj is appropriately adjusted, vs

ref can always 
exist outside the immeasurable area regardless of vs

fd. 
Therefore, vs

ref, the sum of vs
fd and vs

inj, has to be 
determined at the boundary of the circle with the radius d 
of vs

fd centered on the location of vs
inj to ensure that vs

ref 
always exists outside the immeasurable area. We must 
determine vs

inj such that the circle with radius d is in 
contact with the border of the immeasurable area. To do 
this, we can utilize the distance formula between a point 
and a straight line. 

The boundaries of the immeasurable area can be 
expressed as linear equations as shown in Fig. 6. In case 
of the rotating voltage signal injection method in the 

 
(a) 

 
(b)               (c) 
★: Voltage reference vector 

Fig. 5. Waveform and trajectory of voltage reference 
vectors in rotating voltage signal injection in the 
stationary reference frame (a) fsw/6 Hz sinusoidal 
voltage signal under (b) no load condition, and (c) 
load condition 

  
(a)                       (b) 

Fig. 6. Voltage reference vectors in Sector 1 of the 
stationary reference frame according to (a) small 
injection voltage vector, and (b) large injection 
voltage vector 

 

 
Fig. 7. Linear equations of rotating voltage signal injection 

in the stationary reference frame 
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stationary reference frame, the location of vs
inj is constant, 

and then its position can also be expressed by linear 
equations as shown in Fig. 7.  

For example, vs
inj, which is a distance d away from the 

boundary Lv2 of the immeasurable area in (2), can be 
derived as (3) using the distance formula between a point 
and a straight line:  

 

 
2

3:
2

s
v dL v Vb =  (2) 

 
( ) ( )_ _

2 2

30 1
2

0 1

s s
inj inj dv v V

d
a b+ -

=
+

. (3) 

 
Since vs

inj has the relation as (4), it can be defined as in 
(5): 

 

 _ _
1:
3

s s
inj inj injL v vb a=  (4) 

 ( ) _
_ _ _, ,

3

s
injs s s s

inj inj inj inj

v
v v v v a

a b a

æ ö
= ç ÷ç ÷
è ø

. (5) 

 
Therefore, vs

inj can be obtained as (6), where d is defined 
as (7) and Vd is the minimum magnitude of the effective 
voltage vector for current reconstruction: 

 

 
3 33 ,
2 2

s
inj d dv d V d V

æ ö
= + +ç ÷ç ÷
è ø

.  (6) 

 2 2
_ _

s s
fd fdd v va b= +  (7) 

 
To generalize, vs

inj for each sector is listed in Table 2. 
Therefore, when vs

inj listed in Table 2 is sequentially 
applied from Sector 1 through Sector 6, the final voltage 
reference vector always exists outside the immeasurable 
area, regardless of the load condition. As a result, a high 
quality current reconstruction can be realized without the 
switching pattern modification. 

Fig. 8 shows a block diagram of the high frequency 
voltage signal injection sensorless control with a single 
current sensor using the proposed method. It can be seen 
that the phase current is

αβ in the stationary reference 
frame is reconstructed from idc of the inverter. As vs

inj is 
injected by Table 2 and (7) according to the proposed 
method, it can be confirmed that the conventional PWM 
switching pattern modification is not used. As a result, 
voltage and current distortion by the switching pattern 
modification can minimize, which enables high quality 
current reconstruction.  

 
 

5. Experimental Results 
 
The proposed method was verified by experiments in 

the 600W IPMSM drive system as shown in Fig. 9. Table 
3 shows the parameters of the IPMSM drive system. The 
hall-effect current sensors that have sufficient bandwidth 
and linearity were used for the dc-link current and three-
phase current measurements. The PWM switching 
frequency fsw was chosen to be 5kHz because this will 
allow to extract the high frequency current component 
for the IPMSM with a single current sensor. Tmin was 
selected to be 8 μs by considering to be longer than the 
sum of times Tdead, TADC, and Tsett. Vd at the selected Tmin is 

Table 2. Variable-magnitude voltage signal injection 

Sector No. _
sv inja  _

sv injb  

1 33
2

d Vd+  3
2

d Vd+  

2 0 2 3d Vd+  

3 33
2

d Vd
æ ö- +ç ÷
è ø

 3
2

d Vd+  

4 33
2

d Vd
æ ö- +ç ÷
è ø

 3
2

d Vd
æ ö
- +ç ÷ç ÷
è ø

 

5 0 ( )2 3d Vd- +  

6 33
2

d Vd+  3
2

d Vd
æ ö
- +ç ÷ç ÷
è ø

 

 

 
Fig. 8. Block diagram of the high frequency voltage signal 

injection sensorless control using the proposed 
method 

 

 
Fig. 9. IPMSM drive system 

 
Table 3. IPMSM drive system parameters 

Symbol Quantity Value 
Prate Rated power 600 W 
Trate Rated torque 1.6 Nm 
P Poles pairs 3 
Rs Stator resistance 1.65 Ω 
Ld d-axis inductance 11.5 mH 
Lq q-axis inductance 20 mH 
λpm Rotor magnet flux linkage 0.109 Wb 
fsw PWM switching frequency 5 kHz 
Vd Minimum active voltage vector magnitude 16 V 
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calculated as 16 V. 
Fig. 10 shows the reconstructed and measured A-phase 

currents in the case controlled by phase current 
measurement with and without the proposed method. As 
shown in Fig. 10(a), if the magnitude of vs

inj is constant as 
the conventional rotating voltage signal injection method 
in the stationary reference frame, vs

ref is located in the 
immeasurable area according to v s

fd. As a result, the 
effective voltage vector cannot secure the minimum 
magnitude and the reconstructed A-phase current ias_rec is 
distorted. On the other hand, as shown in Fig. 10(b), if the 
magnitude of vs

inj is varied by the proposed method, vs
ref 

can always exist outside the immeasurable area regardless 
of vs

fd. As a result, the effective voltage vector can always 
secure the minimum magnitude and ias_rec properly reflect 
the measured A-phase current ias. 

Fig. 11 shows the sensorless control performance of 

the proposed method in the case controlled by dc-link 
current measurement under step full load at 100 rpm. 
The magnitude of the injection voltage signal v s

αβ_mag is 
approximately 38 V under no load condition. When the 
step full load is applied, the proposed method increase 
v s
αβ_mag as the magnitude of the fundamental voltage 

reference vector increases, and then v s
αβ_mag is 

approximately 48 V under full load condition, where v s
β_inj 

is the β-aixs injection voltage signal in the stationary 
reference frame. It can be confirmed that the rotor speed is 
controlled at 100 rpm and the estimated rotor speed ˆrpmw  
is tracked to the real rotor speed rpmw . When the step full 
load is applied, rpmw  and ˆrpmw  are different in the 
transient state because the speed observer does not 
sufficiently estimate the load torque variation.  

Fig. 12 shows the waveform of v s
inj and the trajectory of 

v s
ref according to each load condition. As shown in Fig. 

10(a), since the magnitude of v s
ref is almost zero in the no 

load steady state, the trajectory of v s
ref is the same as the 

trajectory of v s
inj. The trajectory of v s

ref exists outside the 
immeasurable area due to the voltage signal injection at a 
fsw /6 frequency. Fig. 11(b) presents the results in the full 
load steady state. As shown in Fig. 11(b), the trajectory of 
vs

ref can be seen to exist outside the immeasurable area by 
varying the magnitude of vs

inj using the proposed method. 
Some trajectory that appear to be in immeasurable area of 
the xy-plane is due to sampling the transient state of the 
DAC. 

 
 

6. Conclusion 
 
In this paper, a high frequency voltage signal injection 

sensorless control method suitable for a drive system with 

 
(a) 

 
(b) 

Fig. 10. Reconstructed and measured A-phase currents: (a) 
without and (b) with the proposed method 

 

 
Fig. 11. Sensorless control performance under the step full 

load using the proposed method 

 
(a) 

 
(b) 

Fig. 12. Waveform and trajectory of voltage reference 
vectors by the proposed method under (a) no load 
and (b) full load 
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a single current sensor was proposed. In the proposed 
method, the magnitude of the high frequency injection 
voltage signal is varied according to the magnitude of the 
fundamental voltage reference vector based on the distance 
formula between a point and a straight line. This results 
in the final voltage reference vector always existing outside 
the immeasurable area. High quality current reconstruction 
can therefore be realized without the switching pattern 
modification and the voltage and current distortion can 
be reduced. However, it is not suitable for the high speed 
range because the magnitude of the high frequency 
injection voltage signal increases according to the rotor 
speed. The proposed method was validated through the 
600W IPMSM drive system with a single current sensor. 
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