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Abstract—Different advanced sensorless techniques have been 
proposed based on the model reference adaptive system (MRAS) 
principle to make the interior permanent magnet synchronous 
motor (IPMSM) drives mechanically more robust. However, in 
the special application such as high-power traction systems, the 
difference between the switching frequency and the calculation 
frequency is large, and the inconsistency between the command 
voltage and the actual voltage will affect the accuracy of the 
MARS estimator. To overcome such a drawback, this paper 
proposes a novel voltage reconstruction method to improve the 
accuracy of the MRAS estimator. Simulations and experiments 
are conducted to verify the effectiveness of the proposed method. 
Combining with the proposed algorithm, the problem of the 
inconsistency can be solved, and an accurate rotation estimation 
can be realized.

Index Terms—Model Reference Adaptive System (MRAS), 
Sensorless, Interior Permanent Magnet Synchronous Motor 
(IPMSM), Voltage Reconstruction, Switching Frequency, Calcu-
lation Frequency.

I. In t r o d u c t i o n

Interior permanent magnet synchronous motor (IPMSM) 

has established increasing popularity in high-power traction 

systems for its higher efficiency and wider speed range opera-

tions [1]. Presently, the primary concern of high-power traction 

systems is associated with its reduced reliability caused by 

position sensors, which have accounted for many system 

failures [2]. Therefore, for reliability improvement as well 

as cost reduction, significant efforts have been carried out in 

IPMSM drives to estimate the machine speed without position 

sensors, which are referred as sensorless control and have been 

a hot research focus for years [3]-[7].

Various advanced techniques have been proposed in the 

literature to make the sensorless IPMSM drives mechanically 

more stable. Such approaches can be broadly divided into two 

main categories: signal injection-based and model-based meth-

ods. Based on the types of injection signals, signal injection- 

based methods can be roughly classified into rotating injection 

[3], pulsating injection [4], and square-wave injection [5]. 

Although these methods are insightful and achieve a marked 

effect in obtaining an accurate rotor position, the audible noise 

caused by the injected signal is often harsh to hear [3]- 

[5]. On the other hand, model-based methods based on the 

mathematical model of the motor are well used in medium- 

and high-speed operation [6]-[9]. The model-based method 

is based on the principle of model reference adaptive system

(MRAS), where an error vector is formed from the outputs of 

two models, both dependent on different motor parameters [6]. 

MRAS-based methods, including rotor-flux MRAS, back EMF 

MRAS, reactive power MRAS, and stator current MRAS are 

divided according to how the error signal is calculated [7]. 

currently, MRAS-based methods are preferable due to their 

relatively simpler algorithm.

However, most of the aforementioned MRAS-based ap-

proaches need the information of the fundamental phase 

voltage and thus become less effective under low switching 

frequency, which is a significant issue in high-power traction 

systems [10]. Since the fundamental phase voltage cannot be 

measured directly, command voltage is usually applied instead 

of the actual one. Nevertheless, due to the undesirable char-

acteristics of inverters [11], it is hard to make the command 

voltage exactly the same as the actual one. Although dead-time 

compensation strategy in [11] and a current-control scheme 

in [12] can be applied to relieve the influence of voltage 

disturbance and improve the accuracy of speed estimation, the 

validity of both methods is still limited in high-power traction 

system [13]. Additionally, discrete-time full-order observers 

proposed in [2], [14] enable the position estimation of IPMSM 

to operate at low switching frequency but inevitably increase 

the computational burden. Therefore, a flexible solution with 

lower system complexity is worthy of promotion in practice 

to overcome the problem of inconsistency between command 

voltage and actual voltage, while realizing the accurate esti-

mation of rotor position and speed.

The main contribution of this paper is that a novel voltage 

reconstruction algorithm is proposed for sensorless IPMSM 

drives to improve the accuracy of rotor position and speed 

estimation based on stator-current MRAS in a high-power 

application, which is usually operated under low switching 

frequency. Realized through digital control units, the proposed 

algorithm is simple in practice. The rest of the paper is 

organized as follows. Firstly, the mathematical models of 

the IPMSM and MRAS estimator are established. Then, the 

defect of traditional method operating under low-switching 

frequency condition is analyzed. Thereafter, the proposed 

voltage reconstruction algorithm is described to overcome the 

inconsistency between command voltage and actual voltage. 

Finally, the effectiveness of the proposed method is validated 

by both simulation and experiments.
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Fig, I. Model-based sensorless IPMSM drive.

II. Ma t h e m a t i c a l  P r i n c i p l e  o f  Se n s o r l e s s  IPMSM 

D r i v e  Ba s e d  o n  MRAS E s t i m a t o r  a n d  t h e  d e f e c t  o f  

t r a d i t i o n a l  m e t h o d

A. Mathematical Model and Vector Control Scheme o f the 

Sensorless IPMSM
The IPMSM is mathematically modeled in the d - q  rotating 

reference frame. The d-axis is oriented along the permanent 

magnet flux, and the q-axis is created by rotating the d-axis 90 

degrees counterclockwise. The stator voltage and flux equation 

can be expressed as:

u d — R s i d +  d t  W r

Uq —  R s i q  +  +  ^d^r

^d — L d i d  +  ÿ f

^ q  —  L q  iq

where u d , u q , i d , and i q are the stator voltages and currents 

respectively; R s is the stator resistance; Ld and L q are the 

d  -  q  axis inductances; ÿ d and ÿ q are the d  -  q  axis stator 

magnetic flux; u r  =  is the rotor electrical angular speed, 

and ÿ f  is the permanent magnet flux. The equations (1) and 

(2) can be presented into matrix form as:

d

d t

i d

iq

Rs

r Ld  . L d

L q w  Wr
L d n !

L d
+

Ud
Ld

t z  -  Lz  * f
(3)

qì

Thereafter, electromagnetic torque T e can be obtained based 

on the number of pole pairs p  of the IPMSM:

Te — 2  [̂ f i q + (L d L q ) i d i q ] (4)

Fig. 1 shows the vector control scheme of the sensorless 

IPMSM drive based on the MRAS Estimator. Different vector 

control schemes including unit power factor (cos p  — 1) 

control, i d — 0 control, and maximum torque per ampere 

(MTPA) control can be chosen to optimize the IPMSM control.

B. Sensorless Stator-Current Based MRAS Estimator
The actual motor can be considered as a reference model of 

MRAS estimator, where the stator current can be calculated 

based on the voltage and flux models in (1) and (2), and 

rewritten in (5) as follows:

d

dt

\ i ,  +  t f .  1
i d  +  Ld

iq

Rs

LLd  
- k A  w,

L q

Wr
L d W

L d

\ i ,  +  ± L  1 
i d  +  Ld I

iq

Ud I R s ÿ f  

L d  +  LdUq
L q

(5)

To conveniently analyze the system, the system matrices are 

introduced as in (6) and (7):

A
_ R s  Lq w

r L d  Ld  W r
L d R s

' L Z W r  -  L d
(6)

B I d  0

0 i z
(7)

Then, the modified stator current and voltage vectors are 

defined:

i , +  f  
i d  +  Ld

iq  1 - iq  1

U d U d  +  R s ^ f

U q. U q

(8)

(9)

Thus, the reference model can be described as:

i
1s

u s

is — A1s +  B u s (10)

In order to simplify the IPMSM model in the position 

sensorless drive system, the error of the rotor position is 

ignored in this paper, which means that the IPMSM model in 

the rotating d  -  q  frame can be directly employed to estimate 

the rotor position and speed [15]. The rotor speed is used 

as the parameter of adjustable model to make the parameter-

current error between two models turn to zero according to 

the adaptation mechanism. After that, the estimation value Z r 
can be regarded as a correct speed ¿ r . The speed estimation 

can be described as follows:

d

d t
d

'q.

Rs
r Ld

d WL rL q

L d t
. R s  

Ld

V I

' 1 
Ld  

0

0
1 U d

i 'q . L q . U q.
(11)

All of the estimated parameters in (11) are marked by * and it 

can be rewritten as:

is — Ais +  B u s (12)

Subtracting (10) for the reference model from the correspond-

ing equations for the adjustable model, the following state 

error equations are obtained:

d

dt

£ d

_£ q_

Rs

LLd  
- L a  w ,

L q

L q w  Wr
L d n l

Ld

£ d
— L q  i  ' 

Ld i  q

£ q_ L d i 1
L Lq ^d J

(W r w r  )

(13)

Thus,

si — A s -  D W (14)

Where, W  — [ - ^ i q , p d i d ]T (¿ r  -  ¿ r ), and e — [£ d , £ q ]T —

[id -  i d , i q -  i q ]T. By choosing D — I, the adjustable models 

are linear time-varying systems. Since Z r  is a function of the 

state error, these equations describe a nonlinear-feedback sys-

tem as illustrated in Fig. 2. Therefore, the established MRAS 

estimator will be stable based on the Popov hyperstability 

theory [15], [16].
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Linear block

Non-linear time-varying block

Fig. 2. Equivalent structure of the MRAS estimator.

Fig. 3. Established stator-current based MRAS Estimator.

Finally, the estimated speed x ,  can be achieved as:

-Kr,

K,

L.d .7

T vdILq l„\ - h
L d

Ki d ■/
^  ^  -

L„
L d q

A,

dy (0)+

dr

\L q .  •- L d . .- ( L q L d\
-l -Ld V d  -  

L q Í T d ~ L ¡ )

t l
Ln 1-q -  *q

Lq L d
Ld L„

K  i
L a

* d * q
t l
Ln

Ld

In i

* d * q

L d. .

" ~ r*qL q

dr +  Ù-(0)

(15)

In the above equation, i A and i q are achieved by the trans-

formation of the measured stator currents *a, i b ; i c, i A and *q 

are calculated through the adjustable model in (11); 0 / can be 

regarded as a constant. Thus, rotor position 6 r can be obtained 

by integrating the estimated speed. The established MRAS 

estimator is illustrated in Fig. 3. The inputs of the estimation 

block are the three phase command voltage derived by the 

switching states S'abc and actual current of the real motor, and 

the outputs are the estimated speed and position.

C. Defect o f Traditional Method at Low Switching Frequency
In a digital PWM controller, the command voltage is 

calculated only at periodic time instants [17], [18]. Hence, 

sampling values can be stored in the processor memory with 

the modulation index as a parameter. Based on these, the 

switching instants can be obtained as the respective points

Control algorithm

Command

(a)

Fig. 4. Construction of the estimated voltage (a) Ts = Tc (b) Ts = 5Tc.

where the triangular slope reaches the sampled value, as shown 

in Fig. 4(a). Under most conditions, command voltage uc can 

be used directly in the control algorithm, because according to 

the area equivalent principle, coimnand voltage u c is exactly 

the same as the mean value of the real phase voltage u r in 

each control computation period, as the switching frequency 

/ s is equal to the control calculation frequency f c:

u c = u r (16)

However, in high-power traction systems, f s must be set 

low to achieve fewer losses, which is dozens of times less 

than the f c. Hence, there would be a significant error between 

the ur and the u c, if u c is still applied into the motor control 

algorithm. Taking n = 5 as an example, as illustrated in 

Fig. 4(b), the existing error at the x th  period is:

fxTc
ur dt — tc

C J ( x - 1 ) T C

(1 ^O^dc X = 1, 5

ducjc X = 3 (17)

(3d -  2)udc/2 X = 2,4.

227

Authorized licensed use limited to: TU Delft Library. Downloaded on May 28,2021 at 08:53:43 UTC from IEEE Xplore.  Restrictions apply. 



Control algorithm t

(a)

(b)

Fig. 5. Reconstruction of the estimated voltage (a) T s = 5Tc (b) Ts = nT c.

5

Where u c = duAc. Although J2 £x =  0 in each switching
X =  1

period, the error does exist in every calculation period, which 

affects the accuracy of MRAS observer and the stability of 

control algorithm.

III. P r o p o s e d  V o l t a g e  R e c o n s t r u c t i o n  A l g o r i t h m

To overcome such a significant drawback, a novel algorithm 

to eliminate the coimnand voltage error under low switching 

frequency and high MRAS calculation frequency is proposed. 

As shown in Fig. 5(a), Ts =  5Tc, and transition calculation 

periods are T2 and Td, where the reconstructed coimnand 

voltage is defined as (5d -  2)udc/2. Then, the reconstructed 

coimnand voltage in T\ and T5 is set to udc, and that in T3 

is 0. Generalizing the algorithm to general cases in Fig. 5(b), 

the period of transition can be first decided by:

| Cl = floor ( ^ n ) +  1 (18)

I co = n -  ci +  1

Thereafter, the number of calculation periods with the value

of Udc, n c =  c i — 1 +  n  — c2, is derived, which detennines the

Fig. 6. Flowchart of the proposed command voltage reconstruction algorithm

value of reconstructed voltage over the x th  calculation period

u x as:

(
 Udc x  <  c i or x  >  C2

(dn — n c)udc/2  x  = c1; c2 (19)

0 c i <  x  <  C2.

The flowchart of the proposed command voltage reconstruc-

tion algorithm is shown in Fig. 6. With lower calculation 

burden, the algorithm is simple to apply in the practice. 

Consequently, the error between coimnand voltage and actual 

voltage can be eliminated, and more precise infonnation of 

coimnand phase voltage will be achieved, which will improve 

the accuracy of the MRAS estimator.

IV . S i m u l a t i o n  a n d  E x p e r i m e n t a l  V e r i f i c a t i o n

In order to verify the effectiveness of proposed command 

voltage reconstruction strategy, simulations and experimen-

tal tests are conducted. Firstly, a model of PWM inverter- 

fed IPMSM drive system is built in MATLAB/SIMULINK 

platfonn. Then, the proposed position sensorless control 

has been operated on a digital-control hardware platfonn 

with ARM (STM32F743) plus Altera cpld (MAX3000A 

EPW3128ATC100-10N). The parameters of the IPMSM used 

in both simulation and experiment are listed in TABLE I.

A. Simulation Results

In the simulation system, the IPMSM is operated with 

position sensor and the cunent MRAS estimator both with and 

without coimnand voltage reconstruction algorithm are used to 

observe the accuracy of the estimated speed.

Fig. 7 shows the change of the estimated rotor speed with 

the decline in MRAS calculation frequency f c, which is set to 

be equal to the switching frequency. It can be seen that when 

f c =  30 kHz, the estimated rotor speed matches well with 

the reference. However, it has oscillation with f c reduced to 

5 kHz, and it turns to be unstable when f c falls into 650 Hz.
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t a b l e  i

IPMSM Pa r a m e t e r s

Parameters Value

Rated Power 45 kW

Rated Speed 1300 r/min

Rated Voltage 233.7 V

Rated Current 135 A

Rated Torque 331 N-m

Resistance 0.045 n

d-axis Inductance 0.7649 mH

q-axis Inductance 2.1374 mH

Number of pole pairs p 4

Permanent magnet flux 0.2337 wb

(a )

(b)

(c )

|
¡-

a

1500

1000

500

0.05 0.1
<(s)

0.15 0.2

0

0

(d)

Fig. 7. Estimated rotor speed with the decline in the calculation frequency

Therefore, f c needs to be set high to maintain the stability and 

the accuracy of speed estimator.

Fig. 8 shows the comparison between the estimated speed 

with proposed algorithm and that using the command voltage 

directly under f c =  30 kHz and f s = 650 H z  operating con-

dition. Although both estimated results succeed in matching

(a )

1500

£  1000

500 
a

0
0 0.05 0.1 0.15 0.2

<(s)

(b)

Fig. 8. Comparison between the estimated speed with common voltage 
command and that with the reconstructed voltage command

the reference, it is evident that the MRAS estimator with the 

reconstructed command voltage is more accurate. Therefore, 

the validity of the proposed method is verified.

B. Experimental Validity
Fig. 9 shows the steady-state control performance at 1300 

r/min under 50% rated load. d- and q-axis current and estima-

tion with reconstructed command voltage and with common 

command voltage are shown in Fig. 9(a) and Fig. 9(b) respec-

tively. It can be seen that with the reconstructed command 

voltage, the estimated values of the d- and q-axis current track 

the measured values better, which is able to estimate the ripple 

fluctuations in current, while the other can merely estimate 

their mean value. As a result, the position estimation error 

obtained in Fig. 9(c) is much lower than that in Fig. 9(d). 

It is worth noting that although the MRAS estimator with 

common command voltage can also make the IPMSM work 

under low switching frequency, the increased ripple of position 

estimation error may affect the accuracy and stability, resulting 

in unexpected system fault.

V. Co n c l u s i o n

This paper has proposed a novel voltage reconstruction 

algorithm to improve the accuracy of MRAS estimator for 

sensorless IPMSM drives, where the difference between the 

switching frequency and the control frequency is large. The 

mathematic model has shown that the inconsistency between 

the command voltage and the actual voltage will affect the 

accuracy of the MARS estimator in tradition method, which 

can be totally eliminated by the proposed algorithm. Finally,
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Re f e r e n c e s

(b)

Time (12.5ms/div)

(c)

-2 «

u < 3 O U O
Time (12.5ms/div)

(d)

Fig, 9. Steady-state control performance at 1300 r/min under 50% rated load,
(a) d- and q-axis current and estimation with reconstructed command voltage
(b) d- and q-axis current and estimation with common command voltage (c) 
position and error with reconstructed command voltage (d) position and error 
with common command voltage.

both simulations and experiments have verified the effective-

ness and superiority of the proposed method.
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