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 
Abstract—The precision of position estimation is highly 

dependent on the accuracy of multiple current sensors. 
Whereas the conventional error calibration strategies for 
current sensor accuracy uncertainty (SAU) problem have 
limitations regarding the position sensorless controlled 
drives. In order to solve this thorny problem, this paper 
proposes a mutual calibration strategy for the multiple 
current sensors in an IPMSM drive. The proposed current 
sensor error calibration strategy takes full advantage of the 
correlation among the multiple current sensors themselves 
without using any complicated observers. Moreover, the 
traditional seven-segment space vector pulse-width 
modulation (SVPWM) technology is applied without 
modification. The only change is reflected in several sets of 
the artificially added current sampling points. The 
effectiveness of the proposed strategy is verified by 
experimental results on a 5kW IPMSM motor prototype, 
which shows that the calibrated current sensors exhibit 
improved accuracy, and the position estimation accuracy 
is also guaranteed. 
 

Index Terms—Current sampling error, estimation error, 
interior permanent magnet synchronous motor (IPMSM), 
mutual calibration, position sensorless control. 
 

I. INTRODUCTION 
NTERIOR permanent magnet synchronous motor (IPMSM) is 
a promising motor for industrial and household applications 

due to its outstanding features compared with other kind of 
motors [1]-[5]. A vector controlled IPMSM drive usually 
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consists of one position and several current sensors [6], [7]. 
High accuracy and healthy conditions of these crucial sensors 
are of great significance to the normal operation of the drive [8]. 
Encoder, known as a widely used type of position sensor for 
IPMSM drives, requires additional volume, installation and 
cost for its application, which also suffers from faults [9]. 
Therefore, during the last few decades, many research efforts 
were devoted to achieving high performance for motor drives 
without employing encoders [10]-[14]. Among all these 
methods, sensorless control is the one that attracts much 
attention thanks to its fine feasibility and high estimation 
accuracy [15]-[21]. It is usually realized by using the current 
signals on the motor windings to estimate the rotor position 
information, which utilizes the characteristics of motor saliency 
or mathematical model. Therefore, in a manner of speaking, the 
accuracy of multiple current sensors determines the position 
estimation precision of sensorless estimation [22]. In [22], the 
author pointed out that the current measurement errors are the 
main source that causes the estimation error for stator model 
based flux estimator. 

Usually a sensorless IPMSM drive contains two phase and 
one DC-bus current sensors. The accuracy degradation of these 
crucial sensors due to temperature drift, aging or interfere will 
lead to a decline in the position estimation precision, thus 
causing deterioration in system performance or even crashes 
[23]. In an actual drive, the errors during the current sampling 
process come from different sources. Also, the errors may vary 
with the structure of the specific drive. The factors that may 
lead to these errors can be: 1) the errors of the current sensor 
itself, 2) the parameter error in the signal processing circuits, 3) 
parameter differences among all current sampling circuits, 4) 
discrete error in the digital signal processor (DSP), 5) other 
factors, such as temperature drift, magnetic field interference 
and so on. Therefore, in an actual drive, it is hard to distinguish 
those current sensors that encounter accuracy dilemmas from 
the healthy ones. To conveniently describe this thorny problem 
regarding current sensor accuracy degradation, the definition of 
current sensor accuracy uncertainty (SAU) is proposed. There 
are mainly three types of current SAU problem: 1) offset or 
biased error; 2) scaling or gain error; 3) random error [24]. At 
present, the influence of random error is usually eliminated by 
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means of averaging multi-samples. Particularly, if the random 
error is too large to be eliminated, the system will encounter 
faults instead of SAU problem, which is out of the scope of this 
paper. In this paper, the offset and scaling errors will be taken 
into consideration to eliminate their adverse effects on position 
estimation. The effect of random error will be discussed in 
Section VI of this paper. 

The offset and scaling errors respectively cause speed and 
torque ripples with one and two times the fundamental 
frequency, which have been investigated in [25]-[27]. Usually, 
the correlation between these sensor errors and system 
variables are given much attention to eliminate the detrimental 
effect of current SAU problem on system performance. 
However, due to the complexity of this correlation, many 
observers must be added to these error detection strategies. The 
additionally added observers not only increase the algorithm 
complexity, but also introduce the problem of response 
time-delay, thus reducing the feasibility of practical 
applications. Moreover, if an inertia load is driven, the 
effectiveness of these calibration methods which much depend 
on the speed fluctuation information will be threatened. This is 
because the influence of current SAU problem on the inertia 
load system mainly reflects on torque ripples rather than speed 
fluctuation. Whereas it is quite common for an IPMSM drive 
not to install a torque sensor, which might increase complexity 
and also cost of the system. 

For position sensorless control of IPMSM, the situation can 
be even more troublesome. This can be explained from three 
aspects: 1) the current SAU problem will have detrimental 
effect on position sensorless control; 2) the algorithm of the 
sensorless control strategies are usually too complicated for an 
actual drive to further introduce the existing current sensor 
error calibration methods which are also very complex; 3) there 
is a contradiction between the sensorless control and current 
sensor error calibration strategy. The multi-error 
self-circulation loop in a sensorless vector controlled IPMSM 
drive with error calibration for current SAU problem by 
applying conventional strategies is illustrated in Fig.1. In Fig.1, 
iABC represent the three-phase currents of the motor; θ and ω are 
the rotor position and motor angular velocity, respectively. 

The contradiction between the sensorless control and current 
sensor error calibration strategy is illustrated as follows. 
Accurate rotor position and speed are required for IPMSM 
drive operation, whereas the current SAU problem deteriorates 

the accuracy of rotor position and speed estimation. On the 
other hand, current sensor errors cannot be calibrated 
effectively without accurate information of rotor speed and 
position. With this contradiction, the multi-error 
self-circulation loop in the drive as illustrated in Fig.1 is hard to 
remove from the system. 

Therefore, aimed at solving the aforementioned problem, 
this paper takes full advantages of the correlation among the 
multiple current sensors themselves to calibrate the current 
sampling errors in IPMSM sensorless drives as shown in Fig.2. 
In Fig.2, iDC represent the DC-bus current; SABC denotes the 
switching states of the inverter. In the proposed 
multi-current-sensor mutual error calibration strategy, no 
complicated observer is applied, and only the current sampling 
signals are needed. Also, the most commonly applied 
seven-segment space vector pulse-width modulation (SVPWM) 
technology is applied, in which case the total harmonic 
distortion (THD) is not increased by applying the proposed 
error calibration strategy. 

This paper is organized as follows. In Section II, the impact 
of current SAU problem on position sensorless control is 
briefly illustrated. In Section III, the current SAU problem and 
basic principle for sensor mutual calibration are analyzed. In 
Sections IV & V, the proposed strategies for balancing of 
scaling errors and calibrating offset errors for multiple current 
sensors are illustrated, respectively. In Section VI, the overall 
control strategy is given. In Section VII, experimental results 
are presented. The conclusion is given finally in Section VIII. 

II. IMPACT OF CURRENT SAU PROBLEM ON IPMSM 
POSITION SENSORLESS CONTROL SYSTEM 

The sensorless control technologies for IPMSM drives are 
generally divided into two categories: saliency based [28]-[31] 
and model based strategies [32]-[34]. The saliency based 
methods are usually applied in the low-speed regions, whereas 
the latter is commonly utilized in the high-speed conditions. 

Among all the position sensorless control strategies based on 
motor saliency, the high frequency (HF) signal injection 
method is one of the most typical schemes [9]-[11]. A high-pass 
filter (HPF) or band-pass filter (BPF) is usually required for the 
system to obtain the HF current response before estimating the 
rotor position. Therefore, the offset error is filtered out during 
this process along with the fundamental frequency currents. 
However, the scaling errors of both the HF and fundamental 

 
Fig. 1.  Multi-error self-circulation loop in sensorless vector controlled 
IPMSM drives with current SAU problem. 
 

 
Fig. 2.  Proposed multi-error calibration strategy in sensorless vector 
controlled IPMSM drives. 
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frequency currents cannot be eliminated during signal 
processing, which results in a decline in the position estimation 
accuracy. 

The back electromotive force (EMF) estimation method is 
one of the model based sensorless control strategies for 
high-speed operations [12], [32], [33]. However, current 
measurement errors affect the precision of zero-crossing points 
(ZCPs) detection, which certainly degrades the position 
estimation accuracy. 

Moreover, sensorless control is not a fully intact control 
strategy for an IPMSM drive. It means that there must be some 
other basic control loops for the operations of the drive, e.g., the 
current and speed control loops for vector control in Fig.2. 
Sensorless control methods provide the crucial position and 
speed information for these two control loops. However, aside 
from these two signals, the three-phase currents are also 
essential for the vector control. As proven in [27], the offset and 
scaling errors cause one and two times the fundamental 
frequency of speed and torque ripples. 

All in all, the current SAU problem affects the accuracy of 
position estimation results and also the drive performance. 
Therefore, current sensor errors must be calibrated to ensure the 
drive can operate normally. 

III. CURRENT SAU PROBLEM AND BASIC PRINCIPLE FOR 
CURRENT SENSOR MUTUAL CALIBRATION 

Usually an IPMSM drive consists of one bus and two phase 
current sensors. Taking the current SAU problem into account, 
the errors in these sensors can be expressed as shown in (1) 


ADE A A A

BDE B B B

DCDE DC DC DC

=
=
=

i k i f
i k i f
i k i f

 
  
  

 

where iADE, iBDE, iDCDE, iA, iB, and iDC represent the detected (by 
the current sensors) and actual phase-A, B and DC-bus currents, 
respectively; kA, kB, kDC, fA, fB, and fDC are the scaling and offset 
errors of the phase-A, B and DC-bus current sensors, 
respectively. 

From (1), it can be seen that the detected currents do not have 
determinate relations with the actual ones. This is mainly 
caused by the uncertain types and values of the multiple current 
sensor errors. For an ideal case, if all the current sensor errors 
are eliminated, i.e., kA, B, DC = 1; fA, B, DC = 0, all the detected 
currents will have the same values as those of the actual ones. 

The accuracy of position sensorless estimation is highly 
dependent on the precision of current detection. Therefore, with 
all these above inevitable uncertain factors existing during the 
current sampling process, it is hard to guarantee the desired 
precision for position sensorless control is derived. As a result, 
in order to obtain accurate and stable position information, it is 
essential that the precise calibration of all the current sensors 
must be done prior to the estimation of the rotor position. 

This paper takes full advantage of the interrelations of all 
current sensors for mutual error calibration. The relationships 
among the measurements from all the current sensors can be 
developed through the switching states of the inverter, which 
has been proven by previous literatures and is given in Table I 

[26]. In Table I, the subscripts of the six active switching states, 
S100, …, S101, denote the status of turning on and off (0 is off; 1 
is on) of the upper power tube in each bridge arm of the inverter. 
It should be noted that the interrelation of all the current sensors 
in Table I is an ideal one, which takes the current SAU problem 
out of consideration. 

However, due to the inevitable current SAU problem, the 
relevance of all the current sensors in actual situation is given in 
Table II. It can be seen from Table II that the detected currents, 
i.e., iADE, iBDE, and iDCDE, have strong interconnectedness 
according to switching states. This interconnection feature is 
also directly related to the errors of the multiple current sensors. 
Therefore, it is possible to realize current sensor error mutual 
calibration upon the utilization of this feature. It should be 
noted that the actual three-phase currents, i.e., iA, iB, and iC, are 
not constant values, which are changing all the time. Whereas 
the error types and values in respect of the current SAU 
problem are relatively invariable even in the scale of minutes. 

IV. BALANCE OF SCALING ERRORS FOR MULTIPLE 
CURRENT SENSORS 

In this paper, the scaling errors are firstly analyzed using the 
relevance of all current sensors. Then, the scaling error 
differences are dragged to the same level, which can eliminate 
the detrimental effects of scaling errors on the position 
estimation and also normal operation of the drive. 

A. Calculation of kA/KDC 
There are four action vectors in one pulse-width modulation 

(PWM) cycle for the seven-segment PWM strategy. Among the 
four vectors, only two are active ones. For easy illustrations, the 
circular output voltage range is usually divided into six sectors 
(I, …, VI). Vector V100 (V1) is applied in sectors I & VI. The 
currents of iADE and iDCDE are both sampled during the action 
periods of V1. Because the action period of each active vector is 
divided into two symmetrical subintervals in each PWM cycle, 
the sampling points should also be set twice in each PWM cycle 
for higher detection accuracy. Therefore, in the continuous 
interval of sectors VI & I, there are many sets of current 
sampling values (assumed to be nA+ sets), which are given in (2) 

TABLE I 
RELEVANCE OF ALL CURRENT SENSORS IN IDEAL SITUATION 

Switching States S100 S110 S010 S011 S001 S101 

iDC iA -iC iB -iA iC -iB 
 

TABLE II 
RELEVANCE OF ALL CURRENT SENSORS IN ACTUAL SITUATION 

Switching States iADE iBDE iDCDE 

S100 

kA∙iA+fA kB∙iB+fB 

kDC∙iA+fDC 

S110 -kDC∙iC+fDC 

S010 kDC∙iB+fDC 

S011 -kDC∙iA+fDC 

S001 kDC∙iC+fDC 

S101 -kDC∙iB+fDC 
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

     
     

ADE A+ ADE_S1 A+ ADE_S2 A+

ARE A+ ARE_S1 A+ ARE_S2 A+

A+ A+

AVG ,

AVG ,

1,

i m i m i m

i m i m i m

m n

        


 
,

 

where AVG represents the average operation; subscript S1 and 
S2 are the two sampling points in each PWM cycle; mA+ is the 
sequence number of PWM cycles; iARE denotes the phase-A 
current obtained from the DC-bus current sensor. 

It should be noted that in (2), iADE(mA+) and iARE(mA+) are 
sampled at the same time in each PWM cycle. 

Assume that the actual phase-A currents at sampling points 
S1 and S2 are iA_S1(mA+) and iA_S2(mA+), respectively. The 
detected currents in each PWM cycle can be expressed as 



   
   
   
   

ADE_S1 A+ A A_S1 A+ A

ADE_S2 A+ A A_S2 A+ A

ARE_S1 A+ DC A_S1 A+ DC

ARE_S2 A+ DC A_S2 A+ DC

=
=
=
=

i m k i m f

i m k i m f

i m k i m f

i m k i m f

 


 


 
  

. 

By substituting (3) into (2), we obtain 



   
   

     

ADE A+ A A A+ A

ARE A+ DC A A+ DC

A A+ A_S1 A+ A_S2 A+AVG ,

i m k i m f

i m k i m f

i m i m i m

   
   


   

. 

In order to ensure high precision of current sensor mutual 
error calibration, the nA+ sets of current values are divided into 
two groups. Group 1: iADE'(n') and iARE'(n'), (nA+' sets); Group 2: 
iADE''(n'') and iARE''(n''), (nA+'' sets), which are given in (5) 



 
 

 
 

ADE A+

ARE A+

ADE A+

ARE A+

A+ A+ A+

, 1,...,
1

, 1,...,

, 1,...,
2

, 1,...,

i n n n
Group

i n n n

i n n n
Group

i n n n

n n n

          
      
 

    



   


. 

The criteria for the division of Group 1 & 2 is: For each 
n'=1, …, nA+', the value of AVG[iADE'(n') + iARE'(n')] is bigger 
than the value of AVG[iADE''(n'') + iARE''(n'')] for each n''=1, …, 
nA+'', which is given in (6) 


   

       

A+ A+

ADE ARE ADE ARE

1,..., , 1,...,

AVG , AVG ,

n n n n

i n i n i n i n

      

         
   

.

The dividing line (idiv_A) of the two groups is defined in (7) 

    
A+ A+

A+

=

div_A ADE A+ ARE A+
A+ =1

1 AVG ,
m n

m
i i m i m

n
    . 

It should be noted that the grouping method of the current 
sampling values in (5) ~ (7) is just one of the grouping methods. 
When grouping, we only need to ensure that the current 
sampling values within the two groups are different. In this 
grouping method, the sets of the two groups are very hard to be 
completely the same, which may result in a slight decrease of 
the compensation accuracy. Therefore, it is more accurate to 
divide the current values into two groups with a same group set 
value according to current sampling data, but the calculation 
may increase greatly in turn due to the high computational 
complexity of sorting work. 

According to the division of the detected currents, the nA+ 
sets of actual currents iA(mA+) can also be divided into two 
corresponding groups iA'(n') and iA''(n''): 


 
 

A A+

A A+

1: , 1,...,

2 : , 1,...,

Group i n n n

Group i n n n

    


   
. 

From (4), (5), and (8), we can obtain: 



   
   
   
   

ADE A A A

ARE DC A DC

ADE A A A

ARE DC A DC

=

=

=

=

i n k i n f

i n k i n f

i n k i n f

i n k i n f

    

    


   


   

. 

Here, two variables ΔiADE and ΔiARE are defined and derived 
using (9): 



   

   

A+ A+

A+ A+

= =

ADE A+ ADE A+ ADE
=1 =1

= =

A A+ A A+ A
=1 =1

=
n n n n

n n

n n n n

n n

i n i n n i n

k n i n n i n





 

 

 

 

       

 
          
 
 

 

 




   

   

A+ A+

A+ A+

= =

ARE A+ ARE A+ ARE
=1 =1

= =

DC A+ A A+ A
=1 =1

=
n n n n

n n

n n n n

n n

i n i n n i n

k n i n n i n





 

 

 

 

       

 
          
 
 

 

 
.

From (10) and (11), it can be seen that the value of ΔiADE and 
ΔiARE can be calculated by the existing variables. According to 
(10) and (11), we obtain the relationship between kA and kDC: 
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 A ADE

DC ARE
=k i

k i



. 

B. Calculation of kB/KDC 
Vector V010 (V3) is applied in sectors II & III. The current of 

iBDE and iDCDE are both sampled during the action periods of V3. 
The sampling points should also be set twice in each PWM 
cycle for higher detection accuracy. In the continuous interval 
of sectors II & III, there are many sets of current sampling 
values (assumed to be nB sets), which are given in (13) 



   
   

     

BDE B B B B B

BRE B DC B B DC

B B B_S1 B B_S2 B

B B

AVG ,

1,

i m k i m f
i m k i m f

i m i m i m

m n

  
   
    
   ,

 

where mB is the sequence number of PWM cycles; iBRE denotes 
the phase-B current obtained from the DC-bus current sensor. 

The nB sets of phase-B currents are also divided into two 
groups. Group 1: iBDE'(n') and iBRE'(n'), (nB' sets); Group 2: 
iBDE''(n'') and iBRE''(n''), (nB'' sets), which are given in (14) 


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

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. 

The criteria for the division of Group 1 & 2 for phase-B 
current is similar to that of phase-A. According to the division 
of the detected currents, the nB sets of actual currents iB(mB) are 
also divided into two corresponding groups iB'(n') and iB''(n''): 


 
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B B

B B
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. 

Similarly, two variables ΔiBDE and ΔiBRE are defined: 
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From (16) and (17), it can be seen that the values of ΔiBDE 
and ΔiBRE can be calculated by the existing variables. 
According to (16) and (17), we obtain the relationship between 
kB and kDC: 

 B BDE

DC BRE
=k i

k i



. 

C. Balance of Scaling Errors 
Combining (12) and (18), the relations among all the scaling 

errors can be finally obtained: 

      
A B DC
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: :

k k k
i i i i i i      

. 

Therefore, the compensation parameters of the scaling errors, 
kA_Com, kB_Com, and kDC_Com, can be obtained: 


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If the detected currents iADE, iBDE, and iDCDE are multiplied by 
the corresponding compensation parameters kA_Com, kB_Com, and 
kDC_Com, the scaling errors of the three current sensors can be 
dragged to the same level kAvg, thus the detrimental effects of 
scaling error differences on position estimation and system 
performance can be finally eliminated. 

V. CALIBRATION OF OFFSET ERRORS 
Vector V011 (V4) is applied in sectors III & IV. The current of 

iADE and iDCDE are both sampled during each action period of V4. 
The sampling points should also be set twice in each PWM 
cycle for higher detection accuracy. In the continuous interval 
of sectors III & IV, there are many sets of current sampling 
values (assumed to be nA− sets), which are given in (21) 
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
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where iADE− and iARE− are the phase-A currents obtained from 
phase-A and DC-bus current sensors, respectively; mA− denotes 
the sequence number of PWM cycles; iA− represents the actual 
phase-A current. 

By substituting (12) into (4), we can obtain: 
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i i m i i m
i f i f
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Here, we define parameter ΔiA+ as: 
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From (23), it can be seen that the value of ΔiA+ can be 
calculated by the existing variables. 

By simplifying (23) and taking advantage of (22), we obtain: 
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Similarly, we define parameter ΔiA− as: 
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From (25), it can be seen that the value of ΔiA− can also be 
calculated by the existing variables. 

By substituting (12) into (21), we can obtain: 
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By simplifying (25) and taking advantage of (26), we obtain: 
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Combining (24) and (27), we obtain: 


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Similarly, we define parameter ΔiB as: 



   
= =

BRE BDE BDE BRE
=1 =1

B B B B

B B

m n m n

B B
m m

B
B

i i m i i m

i
n

   

 
 

.

From (29), it can be seen that the value of ΔiB can also be 
calculated by the existing variables. 

By substituting (18) into (13), we can obtain: 
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By simplifying (29) and taking advantage of (30), we obtain: 
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Combining (28) and (31), we obtain: 
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The offset errors of the three current sensors are all 
calculated according to (28) and (32), thus the detrimental 
effects of offset errors on position estimation and system 
performance can be finally eliminated. 

It should be noted that the selection of the basic vectors and 
the corresponding compensation strategy are dependent on the 
preinstallation of the current sensors. That is, if the specific 
installation method of the current sensors is different from the 
aforementioned one, the selected basic vectors along with the 
corresponding calculation method should be modified. 
Whereas the compensation strategy is similar. 
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VI. OVERALL CONTROL STRATEGY 
From the analysis of Sections VI & V, it can be seen that the 

operation of error calibration for current SAU problem only 
utilizes several sets of current sampling values. The commonly 
used SVPWM strategy can be applied in the proposed strategy, 
which can be illustrated in Fig.3. In Fig.3, CSPs represent the 
multiple current sampling points, where the CSPs marked by 
red iA and iB at the middle of each PWM cycle are used for 
signal feedback of vector control. The dead time is a practical 
issue for motor drives, which can affect the output voltage 
vector. However, the dead time will not affect the accuracy of 
the proposed current sensor error calibration strategy as long as 
the switching action period of the inverter is completed. It 
should be noted that due to the existence of switching device 
dead time, diode recovery time, AD sampling time and so on, 
there must be a minimum action period of Tmin for effective 
current sampling of the CSPs with pink, green and blue marks. 
If any of these CSPs (except those with red marks) is with the 
action period shorter than Tmin, they will be removed. 

Another thing that should be noted is the influence of random 
error on the proposed error calibration strategy for current SAU 
problem. It can be seen from the above Sections that more than 
one set of current signals are sampled and analyzed for the 
proposed strategy, i.e., nA+ sets of currents iADE and iARE; nB sets 
of currents iBDE and iBRE; nA− sets of currents iADE− and iARE−. 
The random errors can be filtered out by averaging the effects 
of these multi-samples. 

It should be noted that the accuracy of the proposed current 
error calibration strategy is dependent on the sets of current 
sampling values. Therefore, in order to guarantee a high 
compensation accuracy, the number of current values should 
not be very small. In the normal operation of the drive, taking 
the high PWM switching frequency and current sampling 
frequency into consideration, when the output voltage vector 
passes all the required sectors, the current sampling values will 

be sufficient for the calibration purpose. However, in some 
unknown conditions, if the number of sampling currents is not 
large enough, we can pre-set a parameter of the minimum 
number of sampling data in advance in actual applications. The 
calculation will not be carried out unless the number of the 
current sampling values meet this requirement. 

It should also be pointed out that the output voltage 
modulation area will be one of the key factors that affect the 
accuracy of the compensation strategy. This is because in the 
low modulation area, usually the action time of the basic 
vectors is very short, which is contrary to the requirement of the 
action time of the basic vectors. Another factor that may affect 
the accuracy of the proposed compensation strategy is the 
operation current value. Therefore, in order to ensure the 
accuracy of the proposed strategy, the differences between the 
current values in the two divided groups should be large enough. 
Therefore, the load condition may also affect the accuracy of 
the calibration results - a heavier load may result in a higher 
calibration accuracy. 

VII. EXPERIMENTAL VALIDATION 
In order to verify the effectiveness of the proposed error 

calibration strategy for current SAU problem in IPMSM drives, 
an experiment setup is built as given in Fig.4. The main 
parameters of the IPMSM prototype are given in Table III. The 
system is powered by a three-phase 380 V alternating current 
(AC) source with a multi-level converter. The inverter is an 
integrated power module (IPM), Mitsubishi PM75RLA120, 
with the switching frequency of 8 kHz. The current sensors 
used in the drive are isolated hall-effect ones (HS01-100, 
maximum sample rate 100 kHz). The sensorless estimation 
method is based on the rotating HF voltage injection, with the 
injected frequency of 1 kHz and voltage of 30 V. 

In order to imitate the current SAU problem, the sensor 
errors are artificially added to the software. The six sensor error 
parameters are given in Table IV. In order to test the 
performance of the proposed current sensor error calibration 
strategy for high-precision position sensorless control, the 
motor is firstly controlled at 300 rpm with a full load of 15 N∙m. 
And for comparison purpose, both the system performances 

  
        (a)                                            (b) 

  
        (c)                                            (d) 

  
        (e)                                            (f) 

Fig. 3.  SVPWM strategy and current sampling method of the proposed 
error calibration strategy in sectors: (a) I, (b) II, (c) III, (d) IV, (e) V, (f) VI.
 

 
Fig. 4.  Experiment setup. 
 

TABLE III 
MAIN PARAMETERS OF IPMSM FOR EXPERIMENT. 

Parameter Value Parameter Value 
Rated power 5 kW Pole pairs 3 
Inverter DC voltage 540 V d-axis Inductance 4.2 mH 
Rated voltage 380 V q-axis Inductance 10.1 mH 
Rated current 8.5 A Phase resistance 0.18 Ω 
Efficiency 0.9 Maximum speed 3000 r/min 
Rated torque 15 N·m   
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with all current sensors healthy and sensors with errors are 
tested. In Fig.5, the experimental results of the sensorless 
estimation with all current sensors in healthy conditions are 
presented. In the figure, θ, θ' and Δθ are the actual, estimated 
and estimation error of rotor position, respectively. It can be 
seen that the estimated position follows the actual one 
accurately, with a small estimation error of about ±0.16 rad. 

If the sensor errors are taken into consideration, as displayed 
in Fig.6, the original three-phase currents and output voltage 
sectors are illustrated. The errors are artificially added to the 
software at the beginning of the experiment for comparison, 
which are presented in Fig.7. In Fig.7, iA', iB' and iC' are the 
three-phase currents obtained after the artificially added sensor 
errors, and ΔiA', ΔiB' and ΔiC' are the three-phase current errors 
compared to the original ones. The calibration process takes 
place from the middle of the scope that begins at the boundary 
between sectors V and VI and ends at the boundary between 
sectors IV and V. It can be seen that the three-phase currents 
before error calibration show very big differences from the 
original ones, and the errors are determined by the artificially 
introduced six parameters in Table IV. 

Therefore, in order to compensate the errors, the sensor 
mutual calibration strategy is implemented from the middle of 
the scope. After the calibration process is completed, the 
three-phase currents with artificially added sensor errors are 
pulled back to a higher accuracy compared to that before the 
calibration process. The calibration process begins with the 
output voltage sector of VI, and then passes sectors I, II, III and 
IV in sequence. Many sets of current values are obtained as a 
result. By dealing with these current data, the main variables 
can be calculated by using the proposed strategy, which are 
given in Table V. Finally, the six sensor error parameters are 
estimated. From Table IV and Table V, it can be seen that the 
proposed sensor error calibration strategy has high estimation 
accuracy. One reason is that the random error effects are 
eliminated by the obtained multiple sets of current values. It 
should be noted that the offset errors of all the current sensors 
can be precisely detected as long as the number of sampling 
data is large enough. Whereas the scaling errors are hard to be 
completely compensated, which is the limitation of the 
proposed strategy. 

In Fig.8, the sensorless estimation results of the three-phase 
currents with artificially added sensor errors are presented. 
Compared with the estimation results in Fig.7, it can be seen 
that the estimation error before error calibration increases 
obviously, which is about ±0.24 rad. After the error calibration, 
the estimation error is pulled back to the same level as in all 
sensor healthy condition, which is about ±0.16 rad. 

In Fig.9 and Fig.10, the experimental results of the sensorless 
control in the dynamic conditions are displayed. The motor 
operates at 500 rpm with load of 10 N∙m at the beginning. At 2s, 
the speed command changed to 100 rpm and then back to 500 
rpm at 6 s. A load of 7 N∙m is removed from the motor shaft at 

TABLE IV 
PARAMETERS OF SENSOR ERRORS. 

Parameter Value Parameter Value 
kA 1.2 fA 1.75 A 
kB 0.9 fB 1.5 A 
kDC 0.85 fDC -2.0 A 

 

 
Fig. 5.  Sensorless estimation with all current sensors healthy. 
 

 
Fig. 6.  Original three-phase currents and output voltage sectors before 
artificially added current SAU problem. 
 

 
Fig. 7.  Three-phase currents after artificially added sensor errors and 
calibration process for current SAU problem 
 

TABLE V 
MAIN VARIABLES DURING SENSOR ERRORS CALIBRATION PROCESS. 

Parameter Value Parameter Value 
ΔiADE 41010 A ΔiBDE 30846 A 
ΔiARE 29073 A ΔiBRE 29121 A 
ΔiA+ 133132 A2 ΔiA− -31090 A2 
ΔiB 105404 A2   
kA_Com 0.82 fA_Cali 1.75 A 
kB_Com 1.09 fB_Cali 1.50 A 
kDC_Com 1.16 fDC_Cali -2.00 A 
kA∙kA_Com 0.984 kB∙kB_Com 0.981 
kDC∙kDC_Com 0.986   
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10 s and then added back at 16 s. From the results it can be seen 
that due to the existing current sampling errors, the estimation 
error can only be controlled within about ±0.25 rad. By 
applying the proposed current sensor error calibration strategy, 
the estimation error is controlled within about ±0.15 rad. The 
accuracy of the position estimation result is improved. 

VIII. CONCLUSION 
Current SAU problem causes a decline in position estimation 

precision for IPMSM sensorless drives. The current sensor 
error calibration strategies proposed in the previous literatures 
have obvious limitations regarding sensorless control 
applications. Based on the correlation among the multiple 
current sensors, in this paper, the proposed multiple current 
sensor mutual error calibration strategy has many advantages, 
which can be summarized as follows: 
1) The algorithm is simple enough not to add additional 

computational burden to the IPMSM sensorless drives that 
already have very heavy computational burdens. Therefore, 
the proposed strategy is more applicable in actual situations. 

2) There is no need to change the PWM synthesis strategy for 
the implementation of the proposed strategy. As a result, it 
has all advantages of SVPWM technology. 

3) For an IPMSM sensorless drive with current SAU problem, 
the proposed strategy does not have a multi-error 
self-circulation loop that may exist in previous calibration 
strategies. 

4) Thanks to the multi-sets of current sampling signals, the 
proposed strategy can also eliminate the influence of random 
error. 

5) For an IPMSM drive with three independent phase current 
sensors or with a position sensor installed, the proposed error 
calibration strategy for current SAU problem can also be 
extended in a similar way. 

6) Better performance can be achieved by using current sensors 
with higher bandwidth, whereas the performance 
improvement is limited, and the cost is greatly increased. 
Therefore, this is a comprehensive consideration between the 
performance and cost. 
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