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Abstract—This paper develops a flux-linkage estimator 
using voltage model in stator reference based on an improved 
integrator with DC-offset PI-correction loop having the 
reference flux magnitude in the correction error. The DC-
offset and drift from acquisition channels and the flux-vector 
initial error are canceled. A phase locked-loop state estimator 
extracts the speed and position from the estimated rotor flux. 
This robust solution can be applied in all AC drives with 
sinusoidal flux distribution in wide speed range, including 
sensorless control. A sensorless DTC is investigated for both 
PMSM and IM drives. Simulation results for PMSM drive 
and also experimental results for IM drive prove high-
dynamic performances in large speed range step reversal, for 
zero to rated load-torque step. 
 

Index Terms—Direct torque control, flux estimator, 
integrator with DC-offset correction, sensorless control 

I. INTRODUCTION 
DVANCED control of electrical drives requires a 
decoupling control of electromagnetic torque and flux 

as for field oriented vector control (FOC) or direct torque 
and flux control (DTC) [1], [2]. DTC provides a very quick 
torque response (few ms) with good robustness to 
parameter variations and disturbances. Its implementation 
is simple, without complex field-orientation blocks. 

Two main strategies are used for DTC of AC drives:  
1) voltage-vector selection using a switching table [1]-[5], 
2) space-vector modulation (SVM) [6]-[8].  

The first strategy is commonly commercialized for 
industrial applications because it is very simple in concept 
and implementation. This is based on an independent 
hysteresis control of torque and flux, and an optimal 
switching table to directly command the voltage source 
inverter (VSI), without complex PWM techniques and 
without rotational operators. The main drawback is the 
high current/torque ripple in steady state operation, 
especially in low speed range. To obtain good 
performances high sampling rates are required ( 25=h  µs) 
[4], that constitute a high computational burden with 
standard microcontroller.  

The second strategy SVM provides a substantial 
reduction of current and torque ripples but increases the 
computational effort.  

The crucial problem of DTC and FOC for sensorless 
 

Manuscript received July 16, 2002; revised April 9, 2003. 
G. D. Andreescu is with the Automation and Industrial Informatics 

Department, University ”Politehnica”of Timisoara, Timisoara, RO-1900 
Romania, (e-mail: dandre@aut.utt.ro). 

A. Popa is with the Siemens VDO Automotive, Timisoara, RO-1900, 
Romania, (e-mail: adrian.popa@siemens.com). 

Publisher Item Identifier S 1682-0053(03)0168 

control of AC drives is the accurate dynamic estimation of 
the stator flux vector in wide speed range using only the 
terminal variables: currents, voltages. The electromagnetic 
torque can be easily computed from the estimated stator 
flux vector and the measured stator current vector. 

This paper is focused to develop a robust flux estimator 
for all vector-controlled AC drives with sinusoidal flux 
distribution, including sensorless control. This is based on 
an improved integrator using the voltage model with a DC-
offset PI-correction loop. The correction error utilizes the 
reference flux magnitude that forces the flux vector onto a 
circular trajectory. The speed and position are extracted 
from the rotor flux vector using a phase locked-loop (PLL) 
state estimator. As application example, a sensorless DTC 
is investigated based on this estimation technique, for both 
PMSM – by simulation, and IM – by experiment. The 
proposed solution is considered as an improved solution 
compared with [9] and can be applied in sensorless DTC. 

II. FLUX-LINKAGE ESTIMATORS 
The flux-linkage estimation can be obtained using 

current models (EI) or voltage models (EU) having 
different sensitivities regarding model parameter errors 
[10]-[13]. 

The EI flux estimators severely depend on magnetic 
parameters (inductances, permanent magnet of PMSM) and 
use the measured stator currents, and additionally the 
electrical angle or speed. They are recommended at low 
speed, even zero speed.  

On the other hand, the EUs flux estimator in stator 
reference (the superscript “s” refers to the reference frame) 
(1) is generally applicable to a lot of machines as IM, 
PMSM, synchronous reluctance motor, etc. 

0(0)     , λλiueλ =−== sss R& , (1) 

where: λ  – flux-linkage vector, 0λ  – initial flux value, e  
– electromotive force (emf) vector, si  – stator current 
vector, su  – stator voltage vector, sR  – stator resistance. 
The superscript “ • ” refers to the derivative operator. 

A. Emf Vector Estimation 
The estimation of the emf vector ê  uses the measured 

si , estimated sû  and estimated sR̂ , where the superscript 
“ ^ ” refers to estimated values. 

sss R iue ˆˆˆ −= . (2) 

At very low speed, the voltage-drop in inverter can be 
higher than the emf voltage, constituting a dominant 
disturbance. To obtain an accurate sû  estimation, a VSI 
model is used where the power devices are modeled by an 
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average threshold voltage thu , an average differential 
resistance dr  and the VSI dead time ( VSIτ ) [14]. Typically 
for IGBT: 21−=thu  V, 05.002.0 −=dr  Ohm, 

25.0 −=VSIτ  µs.  
The sû  estimation can be reconstructed from the 

inverter switching binary state }1,0{),,( ∈cba SSS  and the 
measured DC link-voltage ( dcV ) (3), with the correction 
(4). For DTC with voltage-vector selection using a 
switching table, the VSI applies a full voltage vector in a 
sampling period h , and thus the dead time compensation is 
as in (4).  

3/)(ˆj /3)(2ˆ  ˆ  SS V  SSSV cbdccbadcs −+−−=u , (3) 

) / )(12(ˆ huVV VSIthdcdc τ−−= , (4) 

fdsps RrRR ++= 2ˆˆ . (5) 

The equivalent stator-resistance estimation sR̂  (5) 
contains the stator phase resistance spR̂ , the power device 
resistance dr  and the feeder resistance fR . The resistance 

spR̂  is the most important and it linearly depends by the 
stator temperature. The sR̂  estimation could use low cost 
sensors to measure the stator temperature, or usually, real-
time parameter identification algorithms [14]-[17]. Really, 
to allow a correct flux estimation, especially at low speed, 
the equivalent resistance sR̂  is required to be correct 
adapted. 

B. Pure Integrator Drawbacks 
The EUs flux estimator seems to be a very attractive 

solution for sensorless control of AC drives. Unfortunately, 
the EUs flux estimator is obtained using a pure integrator 
(1) with the following drawbacks pointed out especially at 
low speed [14]-[19]: 
- DC-drift components coming from the analog to digital 

converters (ADC) of current or voltage transducers lead 
the pure integrator into saturation limit. 

- An incorrect initial value of the integrator 0λ  produces a 
constant DC-offset at the integrator output. 

- The DC-offset can be generated by rapid change in 
harmonic input signals, e.g., in speed reversal. 

C. Flux-Linkage Estimators Using Voltage-Model 
Recently, a wide diversity of sensorless flux-linkage 

estimators using voltage-model with equivalent integrators 
were investigated. All of them tend to have the same 
frequency behavior as the pure integrator: 

2πje)1( −= ωIH , where ω  is the input frequency. The 
main problems are the estimation accuracy at low speed, 
and to obtain high-estimation bandwidth in fast transient 
operations. Certain equivalent integrator solutions are 
discussed below. 

1) First Order Low-pass Filter 
 First order low-pass filter (LPF1) with a large time 

constant is used for cωω 4> , where ω  – stator frequency, 
cω  – cut-off filter frequency, usually 25.0 −=cω  Hz. The 

DC-offset is not fully avoided and it has a very slow decay. 
At low speed, important phase and amplitude errors occur 
in estimation. A narrow speed range 1:10 is obtained. 

2) Programmable-Cascade Adaptive Low-Pass Filter 
Programmable-cascade  adaptive  low-pass   filter   (PC- 

ALPF1n) with adaptive time constant τ  and gain g  
depending on the estimated flux frequency ω̂  is proposed 
in [18]; e.g., if 2=n , then ωτ ˆ1= , ω̂2=g , DC-offset 
amplification ω̂2=A . The cascade has an equivalent 
short time constant and thus the DC-offset has a fast decay. 
A large speed range 1:100 is obtained in practice. On the 
other hand, at low frequency, if sR̂  is not adequately 
identified in real-time, large estimation errors occur. All 
solutions based on the emf estimation have this drawback. 
PC-ALPF1n phase is a sum of ALPF1 component phases 
ω̂  depending. Therefore, the estimated flux phase presents 
a cumulative effect of errors from ALPF1 phase 
components. The PC-ALPF1n is not robust to ω̂  
deviation. 

3) Closed-loop Integrator Plus Adaptive LPF1 
Closed-loop integrator plus adaptive LPF1 (I+ALPF1) 

with adaptive time constant and gain depending on the 
estimated flux frequency ω̂  is an alternative challenge 
solution for PC-ALPF1n. The closed loop transfer function 
of the new equivalent integrator for 2=n  (can be 
generalized) is 2

12 )/()()( ωω ++= ssCsH , where 
ωω ˆ2 = , 414.2/ˆ1 ωω =  and 828.0=C . Therefore, the 

phase is –π/2, but ω̂/83.4=A . The I+ALPF1 phase is the 
difference between the )(sH  component phases and 
therefore, this estimator is more robust to ω̂  deviation if 

ωω ˆ> , in comparison with the PC-ALPF1n. 
4) Modified Integrator with Adaptive Compensation 

This solution is proposed in [19] for applications with 
variable flux-linkage magnitude, in 1:100 speed range, 
including sensorless control. In the adaptive mechanism, a 
PI compensator modifies the flux magnitude on the 
feedback to force the stator flux onto a circular trajectory. 
Intensive computation as Cartesian to polar and polar to 
Cartesian operators is used for each axis reference. While 
the flux is correctly estimated in steady state, there are 
large estimation errors during fast transient operations and 
also at start-up [14].  

III. INTEGRATOR WITH DC-OFFSET CORRECTION LOOP 

A. Flux-Linkage Estimation 
In the typical case of the flux control with constant 

magnitude, the trajectory of the harmonic flux-linkage 
vector hλ  in stator reference is a circle origin centered. If a 
DC-offset vector dcλ  appears, the trajectory of the resulted 
flux vector dch λλλ +=  is also a circle but with the origin 
drifted by dcλ  [2], [7], [14], [17]. Thus, the estimation 

hdc λλλ ˆˆˆ −=  gives information on the circle center 
eccentricity. The DC-offset vector dcλ  at the integrator 
output is the effect of the input DC-drift vector dce , or of 
errors in initial flux 0λ . 

A closed-loop integrator with a PI correction for DC-
offset is developed for flux-linkage estimation (Fig. 1). 

In order to cancel dcλ , a feedback correction error is 
used based on the estimated DC-offset flux vector dcλ̂  (6). 
The estimated flux λ̂  is obtained at the integrator output, 
and hλ̂  is approximated by the estimated reference flux *λ  
having the amplitude *λ  and the same phase λθ̂  as λ̂  
vector [14], [16], [17]. The superscript “ * ” refers to 
reference value. 

www.SID.ir



Arc
hi

ve
 o

f S
ID

IRANIAN JOURNAL OF ELECTRICAL AND COMPUTER ENGINEERING, VOL. 2, NO. 2, SUMMER-FALL 2003 128

-

-

-

-
(8)

(3),(4) PLL

si

ω̂

λ̂

VSIτ

abcS

dcV
uS /

sR̂

++
+

+

dce
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Fig. 1.  Flux estimator λ̂  using improved closed-loop integrator with DC-offset PI correction for all AC machines with sinusoidal flux distribution; sλ̂ , rλ̂  
estimations - for PMSM. 
 

λλ θθ λλ
ˆj**ˆj*       ,e ˆˆ      ,ˆˆ edc ==−= λλλλλ , or (6) 

  ˆˆˆ)ˆ1()ˆjˆ(  ˆ 22
βα

*

βαdc λλλ,     
λ
λ λλ +=−+=λ . (7) 

The disturbance compensation uses a PI compensator 
with parameters pk , ik  that estimates the DC-drift input 
vector dcipdc skk λe ˆ)/(ˆ += . The closed-loop flux 
estimation is given by 

 ))(ˆ-1( ˆˆ  ˆ
*

s
kk i

p +−=•

λ
λλeλ . (8) 

In essence, the correction term applied to the PI 
compensator is the difference between the estimated flux 
and the estimated reference flux. This procedure forces the 
flux vector onto a circular trajectory with asymptotic phase 
convergence. The DC-estimation dcê  is memorized by the 
PI integral component and it totally cancels the DC-drift. 
The flux estimator works as a pure integrator with zero-lag 
and high-dynamics. The proposed flux estimator can be 
applied for sensorless control of AC drives with sinusoidal 
flux distribution, in wide speed range, e.g., PMSM, IM, etc. 

B. PI Compensator Design 
The equivalent transfer function of the closed-loop 

integrator with PI compensator is given by 

ip ksks
ss

++
== 2ˆ

ˆ
)(

e
λH . (9) 

This expression points out that the structure from Fig. 1 
cancels the DC-offset; if dcee =ˆ  then 0λ =ˆ .  

The DC-drift input vector dce , produced by ADC offset 
and/or by error in initial flux 0λ , has very slow variations 
in practice. The PI integral component memorizes the dcê  
estimation. Therefore, *ˆ λλ =  in (8), the loop is open, the 
structure works as a pure integrator with high bandwidth. 

If *ˆ λλ ≠ , the loop correction is active and the 
equivalent structure is given by (9). To have a quick 
asymptotic estimation for dcê , we recommends to chose 
for the PI compensator design the following values: 

]1,5.0[,2
]8,4[,/,

0

min0
2

0

∈=
∈==

ξξω
ωωω

p

i

k
ddk

, (10) 

where minω  is the minimum input frequency. In this 
condition, the phase of the equivalent integrator (9) tends 
to 2/π− , and practically the phase error is very small if 

0ωω >> , even in presence of sR  identification error. 

C. Rotor Flux Estimation 
To extract the mechanical speed and position, the current 

model EIs is used to obtain estimated rotor flux ),ˆ(ˆ
sr iλλ . 

For PMSM with surface-mounted magnets, the PM rotor 

flux estimation rλ̂  is given by (11), where Lo − stator 
inductance, rθ̂  − rotor flux phase, and PMr λλ ˆˆ =  − PM-
flux. 

r
rrsor L θλ

ˆjeˆˆ  ,ˆˆ =−= λiλλ . (11) 

For IM, the rotor flux vector rλ̂  in stator reference is  

mrssr LLL /)ˆ(ˆ iλλ σ−= , (12) 

where mrs LLL ,,  are stator, rotor and mutual inductances, 
respectively, and srm LLL /1 2−=σ . 

D. Flux-Linkage Magnitude Correction 
Only if errors appear in sR̂  real-time identification, the 

PI correction-loop must compensate a harmonic error 
ssR i∆  by adjusting the estimated stator flux magnitude λ̂  

that fails. On the other hand, in the conditions (10), the 
stator flux phase estimation λθ̂  has minor errors [9]. Thus, 
for accurate stator flux estimation, a second estimation sλ̂  
is used.  

For PMSM, that is: 

soPMs Lr iλ += θλ
ˆjeˆˆ . (13) 

)(ˆ
rPM tλ  depends on the rotor temperature rt  that can be 

estimated from the measured or estimated stator 
temperature st . In first approximation, )1/( tsr sTktt += , 
where tT  – thermal time constant in range of minutes and 
k  – gain near to 1. For ferrites, PMλ  linearly decreases 
with rt , i.e., –10% per 50°C.  

On the other hand, if )(ˆ
ss tR  is correctly identified in 

real time, then PMPMrPM t λλλ ∆+= 0)(ˆ  with 

t
s

s

PM
PM sT

kR
R +

∆
λ

−=λ∆ λ

10

0 ˆ , (14) 

where )( 00 rrPMPM tt == λλ , )( 00 ssss ttRR == , 
0

ˆˆ
sss RRR −=∆ , 00 , rs tt – initial stator and rotor 

temperatures, respectively. 
For IM, the rotor resistance )(ˆ

rr tR  can be estimated 
following the same idea: rrrr RRtR ∆+= 0)(ˆ  with 

t

R
s

s

r
r sT

kR
R
RR

+
∆=∆

10

0 ˆ ,  (15) 

where )( 00 rrrr ttRR == . 
The electromagnetic torque estimation eT̂  is computed 

from the estimated stator flux sλ̂  and the measured stator 
current si , where p  is the number of pole pairs 

)( 23 ss αββα λ−λ= iipT sse
ˆˆ/ˆ . (16) 

IV. SPEED ESTIMATION 
The mechanical-rotor position and speed mainly depend 

on the position (phase) of the rotor-flux vector rλ . Two 
solutions are presented which  extract the estimations of the 
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θ̂je
21,kk

 
Fig. 2.  PLL rotor speed estimator from rotor flux rλ . 
 
rotor-flux position rθθ ˆˆ =  and the rotor-flux speed •= θω ˆˆ  
from the estimated rotor flux rλ̂ . The mechanical variables 
are calculated to the end of this chapter. 

A. Derivative Estimator 
The speed ω  is the derivative of the position θ , that is 

)ˆ/ˆ(atanˆˆ αβ λλθω rr
•• ==  and thus [16] 

2222 ˆˆˆ     ,ˆ/)ˆˆˆˆ(ˆ βαβααβ λλλλλλλλω rrrrrrrr +=−= •• . (17) 

The same solution can be obtained on the other way 
taking into account that •⊥ rr λλ , i.e., orthogonal vectors. 
The speed ω̂  is achieved from imaginary part )Im( #

rrλλ•  
where the superscript “ # ” refers to the conjugate operator. 
On the other hand, the real part 0)Re( # =•

rrλλ  leads to the 
orthogonal condition (18), not used in this approach. 

0ˆˆˆˆ =− ••
ββαα λλλλ rrrr . (18) 

Equation (17) can be implemented in discrete-time using 
Euler method [8], [16] where the subscript “1” denotes the 
variable delayed with one sampling period h . 

2
11

ˆ/)ˆˆˆˆ(ˆ rrrrr hλλλλλω αββα −= . (19) 

The derivative estimation of the speed ω̂  (19) gives fast 
estimation and compact computation. However, estimation 
accuracy is based on the accuracy of rotor flux estimation 

rλ̂  (11), (12) which depends on machine parameters. 
Moreover, the derivative methods are sensitive to noise via 
the measurement signals, i.e., the current vector si .  

B.  PLL Estimator 
The second solution to extract the estimation of rotor 

position θ̂  and speed ω̂  from the rotor flux vector 
)ˆ,ˆ(ˆ

βα rrr λλλ  uses an estimator based on phase locked-loop 
(PLL) technique. Only the phase θ̂  of rλ̂  vector is 
required, the magnitude rλ̂  is not used. The PLL basic idea 
consists on: the phase estimation error θθθ −=∆ ˆ  is 
obtained from the imaginary part )ˆIm( #

1λλ r , where 
θ̂j

1 e=λ is a unit vector. 
*/)ˆsinˆˆcosˆ( rrr λθλθλθ αβ −≈∆ . (20) 

The speed and position estimator (Fig. 2) employ a state 
observer (21) that leads the PLL phase error θ∆  (20) to 
zero. The position θ̂  uses the modulo π2  operator.  

  
0  0
1  0

2

1 θ∆





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+






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k
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ˆ

ˆ

ˆ

ˆ
 (21) 

To achieve a faster estimation convergence, a state and 
disturbance full-order Luenberger observer (22) based on 
the drive mechanical model can be used [12]. The main 
input is the estimated torque eT̂ ; the phase lag is reduced. 
The equivalent load torque LT̂  is the disturbance that really 
can be considered constant during a sampling period h . 
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ˆ

ˆ
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ˆ
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, (22) 

where oJ  is the equivalent mechanical inertia. The design 
of the correction gain matrix T

321 ],,[ kkk  can use a pole 
allocation method. The observer poles are chosen as a 
compromise between fast estimation convergence and 
noise rejection. 

C. Mechanical Speed Estimation 
From the rotor-flux speed ω̂ , estimated with one of the 

previous methods, the mechanical speed estimation mω̂  is 
given by: 

pm /ˆˆ ωω =            for PMSM, (23) 

slm p ωωω ˆ/ˆˆ −=    for IM, with (24) 

23
2

r

er
sl

T
p
R

λ
=ω ˆ

ˆˆ
ˆ , (25) 

where slω̂  − slip frequency, rR̂  − estimated rotor 
resistance (15), rλ̂  − estimated rotor-flux magnitude (12), 
or replaced by its reference value *

rλ , p  – pole pairs, eT̂  is 
given by (13). 

The slip frequency (25) is mainly sensitive to rotor 
resistance identification rR̂  (15) depending on rotor 
temperature and this could be a problem at low speed. 

V. SENSORLESS DIRECT TORQUE AND FLUX CONTROL 
A classical structure of the DTC with voltage-vector 

selection using a switching table [3] is applied for the 
sensorless control of PMSM drive [13] (Fig. 3).  

The direct control of the VSI switches aS , bS , 
}1,0{∈cS  selects the stator voltage discrete-vector from 8 

vectors, i.e. /31)-j(e32 πk
dck V/V =  for 6,...,1=k , or 0=kV  

for }7,0{∈k . The selection depends on three variables: 
iθ ( 6,...,1=i ) – stator flux sector of π/3 radians that has the 

voltage vector iV  as bisector, τ  – torque error, and φ  – 
stator flux error. The torque controller is three-position 
hystheresis type (3H) with the output )1,0,1( −τ . The flux 
controller is bi-position hystheresis type (2H) with the 
output )0,1(φ . The associated actions at the controller 
outputs, corresponding with the values from brackets, are: 
for )1,0,1( −τ  – increase, unmodified, decrease the motor 
torque eT , and for )0,1(φ  – increase, decrease the stator 
flux magnitude sλ . The VSI table of optimal switching is 
given in Table I [3], [5]. This table can be implemented in a 
ROM memory with six bits for the input address: two bits 
for τ , one bit for φ , and three bits for iθ ; and three bits 
for the output data – the inverter switching states 
( cba SSS ,, ) which select the stator voltage discrete-vector 

)7,...,0( =kVk . 
The stator flux sector )6,...,1( =iiθ  can be obtained from 

the Table II that is based on sign comparisons using stator 
flux components )λ,λ( sβsαs

ˆˆλ̂  [1]. 
The main part of the sensorless control is the observer 

that contains the improved flux estimator with DC-offset PI 
correction loop to estimate the stator flux vector sλ̂  and 
the estimated motor torque eT̂  (Fig. 1) and the PLL 
estimator to estimate the speed fω̂  (Fig. 2). 
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TABLE I 
TABLE OF OPTIMAL SWITCHING 

τ  – torque error iθ  – stator flux 
 sector 1 0 -1 

1 1+iV  70 ,VV  1−iV   

φ  – flux error 
0 Vi+2 70 ,VV  2−iV  

 
 
 

TABLE II 
STATOR FLUX SECTOR iθ  

)ˆ(sign sαλ  + + – – – + 
)ˆsign( βsλ   + +  – – 

)ˆˆ3sign( αβ ss λλ −  – + + – + + 

iθ  1θ  2θ  3θ  4θ  5θ  6θ  
 

3H
Table of

switchings
2H

τ

φ

Observer

iθ

(1,0,-1)

(1,0)
+

sλ̂

eT̂

+
*

eT

-

-

*λFlux*

Rω+

-
++

+

fω̂

VSI PMSM
abcS

3

2i

dcV*ω

 
Fig. 3.  Sensorless structure for classical DTC drive using the improved closed-loop integrator and PLL speed estimator. 
 

 
Fig. 4.  Transient torque eT , for reference torque 2* =eT  Nm step; very 
quick time response of 2 ms. 
 

The speed controller (Rω) is a PI anti-windup type with 
first order low-pass filter (LPF1) on the speed reference 

*ω . It is tuned after an extended symmetrical optimum 
criterion for the equivalent servo-system with DTC. 

VI. SIMULATION RESULTS 
Significant simulation results are selected to prove high-

dynamic performances in wide speed range of the 
sensorless DTC of PMSM drive (Fig. 3), having the 
parameters given in Appendix. 

The simulation uses Matlab-Simulink package with 
simple Euler method. The sampling rate is 100=h µs 
according to typical IGBT inverters. The scenarios take 
into account the following aspects.  

Fig. 4 presents the torque response for a step rated 
torque reference applied at 4 ms. The torque time response 
is very quickly of 2 ms - specifically in DTC, with 
acceptable chattering in steady state operation. 

Figs. 5 to 7 show high-dynamic performances in wide 
speed range operation (10-1000 rpm) step reversal, for zero 
to rated load-torque, with specified disturbances. The 
selected transient responses are: ω , ω̂  – real and 
estimated mechanical speed, eT  – electromagnetic torque, 
λ  – stator flux magnitude, )ˆ,ˆ(ˆ βα dcdcdc eee  – components 
of DC-drift vector estimation, θθ ˆ−  – electric rotor 
position error. 

Fig. 5 proves the correct estimation and compensation of 
the input DC-drift vector *

dce  and high-dynamics at very 
low speed step reversal ±10 rpm, for zero to rated load-
torque. The scenario consist of: 1) at 0=t s, step DC-drift 
vector  0.05 j  0.05- * +=dce  and step speed 10* −=ω rpm, 
2) at 3=t s, reversal step speed 10* =ω rpm, 3) at 4=t s, 
rated load-torque step 2* =LT  Nm. 

 
Fig. 5.  High dynamic with offset compensation at very low speed step 
reversal 10* ±=ω rpm, rated load-torque step 2* =LT Nm, with input drift 
vector  0.05 j  0.05- * +=dce . 
 

The DC-drift vector estimation dcê  converges to *
dce  

and compensates the DC-offset in the flux estimation λ . 
The position error converges to zero and practically does 
not depend on load-torque even at step applied. The 
transient speed estimation has a good accuracy with low 
ripple in steady state. On the other hand, when step rated 
load-torque is applied, a relative sharp-drop speed appears 
because the speed controller is not so fast (frequency 
bandwidth). 

Fig. 6 proves the cancellation of the flux error  
due to inaccurate identification of the stator resistance  

sR  with +10%, and high-dynamics at low speed step 
reversal  ±20 rpm, for  zero to  half-rated  step  load-torque.  
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Fig. 6.  High dynamic and robustness to sR  detuning at very low speed 
step reversal 20* ±=ω rpm, load-torque step 1* =LT Nm, with stator 
resistance error sos RR 1.1= . 
 
The scenario consists of: 1) at 0=t s, step speed 

20* −=ω rpm, 2) at 1=t s, reversal step speed 
20* =ω rpm, 3) at 2=t s, step load-torque 1* =LT Nm. 

In the first stage (no loaded motor), the DC-drift estimation 
dcê  converges to zero because the voltage drop ssR i  goes 

to zero. In the second stage (loaded motor), a harmonic 
error ssR i∆  is present at the integrator input, and a 
harmonic correction vector ssdc R ie ∆→ˆ  with stable 
magnitude compensates this parameter disturbance. After 
the transient operation, the stator flux magnitude λ  
converges to the reference flux *λ , and the rotor position 
(rotor flux angle) error θθ ˆ−  converges to zero. These 
significant results prove the effective robustness of the 
proposed solution regarding sR̂  identification error. 

The chattering in the electromagnetic torque from Figs. 4 
to 6 ( 1.0=h ms) could be reduced using a shorter sample 
rate h  with faster DSP controller and faster IGBT. 

Note: Referring to Fig. 1, the flux sλ̂  is correctly 
estimated while the flux λ̂  at the integrator output is rising 
in magnitude to compensate ssR i∆  error. The key 
procedure is based on the fact that parameter errors 
determine mainly magnitude flux estimation λ̂  error, but 
rather minor phase estimation θ̂  error [9]–[11]; this is the 
case of λ̂ . The convergence of the rotor-flux angle in 
presence of the stator resistance error (Fig. 6) proves the 
idea (13) to correct the flux magnitude in the design 
conditions (10).  

Fig. 7 proves high-dynamic performances at high-speed 
step reversal ±1000 rpm, for zero to rated load-torque step. 
The scenario consist on: 1) at 0=t s, step  
speed 1000* −=ω rpm, 2) at 3.0=t s, reversal step  
speed 1000* =ω rpm, 3) at  7.0=t s, rated load-torque step  

 
Fig. 7.  High dynamic at high-speed step reversal 1000* ±=ω rpm with 
rated load-torque step 2* =LT Nm. 
 

2* =LT Nm. The speed, torque and flux present good 
dynamic responses. 

VII. EXPERIMENTAL RESULTS 
For technical reasons, and also to prove the universality 

of the proposed estimation technique, a sensorless DTC for 
IM with parameters given in Appendix was investigated. 

The IM sensorless structure is similarly as in Fig. 3, but 
the VSI is controlled by space vector modulation (SVM). 

The experimental setup contains the elements [8]:  
- dual processor system: ADSP-21062 general purpose 

DSP and ADMCF328 motor controller DSP,  
- analog interface to measure two phase currents and the 

dcV  link voltage, 
- speed encoder (5000 lines) only for speed monitoring, 
- DC machine mechanical connected to IM, as load. 

The estimator structure for all estimated variables used 
in sensorless DTC of IM is summarized in Fig. 8. A real-
time identification algorithm estimates the stator resistance 

sR̂ . 
Fig. 9 presents the experimental results at low speed - 

step reversal 30* ±=ω rpm, at full load. The scenarios 
consist of: 1) 3.2~0=t s, 30* =ω rpm, steady state, 2) 

3.22 =t s, reversal step speed 30* −=ω rpm. 
These results prove good performance of sensorless 

DTC of IM drive in steady state and transient regimes at 
low- speed, with good speed estimation and fast speed and 
torque response. The stator and rotor flux magnitude is 
practically constant. 

www.SID.ir



Arc
hi

ve
 o

f S
ID

IRANIAN JOURNAL OF ELECTRICAL AND COMPUTER ENGINEERING, VOL. 2, NO. 2, SUMMER-FALL 2003 132

−

(8) (12)

(16) (25)

PLL
Fig. 2

+slω̂ +

rr θω ˆ,ˆ

ω̂eT̂

dcV

abcS λ̂ rλ̂

si

 
Fig. 8.  Estimator for λ̂ , rλ̂ , eT̂  and ω̂  in sensorless DTC of IM drive. 
Numbers in brackets represent the relevant equations. 
 

 Fig. 10 presents the experimental results, from startup, 
without initial flux installed, to step high-speed 

1500* =ω rpm. 
The speed, torque and flux responses are good. The 

speed response is long because the torque is in limitation 
(12 Nm) and equivalent rotor inertia is big 
( 08.0=echJ kgm2). The torque ripple at high-speed steady 
state is given by the poor technical nature of the DC-
generator as load. The stator flux is quickly installed at 
startup. There is a small error in steady state. 

VIII. CONCLUSIONS 
The main conclusions and contributions are as 

following. 
• A robust flux-linkage estimator with high-dynamic 

accuracy in wide speed range is developed for all AC 
drives with sinusoidal flux distribution, including 
sensorless control. 

• The flux-linkage estimator is based on an improved 
integrator using voltage model in stator reference with a 
DC-offset PI-correction loop that operates with the 
reference flux magnitude in the correction error. 

• The DC-drift vector estimation is memorized by the PI 
integral component and DC-offset is totally canceled; 
thus, the equivalent flux estimator works as a pure 
integrator with zero-lag and high-dynamic accuracy. 

• The stator resistance identification error affects the flux 
estimation at the integrator output mainly in magnitude, 
but rather plays a minor role in phase estimation error. 

• A phase locked loop is used as state estimator to extract 
the speed / position from the estimated rotor flux 
vector. 

• A sensorless DTC for PMSM drive is investigated by 
simulation using this estimation technique. Extensive 
simulation results prove high-dynamic performances 
and estimation robustness in large speed range step 
reversal: ±10 rpm, ±1000 rpm, for zero to rated load- 
torque step. They highlight input DC-drift cancellation, 
initial-flux error cancellation, and robust flux, speed/ 
position estimation to stator resistance identification 
errors. 

• The experimental results for a sensorless DTC for IM 
drive with space vector modulation and using the same 
estimation technique prove good transient and steady 
state performances in large speed range 30-1500 rpm, at 
step speed references. 

APPENDIX 

1) Parameters of the Sensorless DTC of PMSM Drive 
PMSM rated data: 3=aI A, 2=eT Nm, 1000=mω rpm,  

 
Fig. 9.  Experimental results at low speed step reversal 30* ±=ω rpm, full 
loaded: measured mechanical speed ω , estimated mechanical speed ω̂ , 
estimated electromagnetic torque eT̂ , estimated stator flux sλ̂  (upper 
trace) and estimated rotor flux rλ̂  (lower trace). 
 

100=dcV V, parameters: 004.0=J kgm2, 8.1=sR Ohm, 
001.0=B Nms/rad, 4=p , 1.0=PMλ Wb, 02.0=L H. 

- DTC: PMλλ 2.1* = , ee TT 04.0=∆ , *02.0 λλ =∆ , 
100=h µs. 

- Rω - speed controller PI anti-windup with *ω  LPF1: 
25.0=pwk , 03.0=iwT s, 03.0* =fwT s, 10=awk , 

3=eLimT . 
- Flux estimator (Fig. 1): 3=pk , 10=ik , ss RR =ˆ , 

LLo = . 
- Speed and position PLL estimator (Fig. 2): 1001 =k , 

500002 =k , 4=fT ms, LLo = . 
2) Parameters of the Sensorless DTC of IM Drive 

- IM rated data: 1.1=P kW, 380=sU V, 50=sf Hz, 
7=eT Nm; parameters: 46.5=sR Ohm, 45.4=rR Ohm, 
0.008=J kgm2, 0.07Load =J kgm2, 492.0== rs LL H, 

475.0=mL H 2=p . 
- VSI: 3.4=P kVA, type VLT5004 Danfoss. 

www.SID.ir



Arc
hi

ve
 o

f S
ID

ANDREESCU AND POPA: SENSORLESS DIRECT TORQUE CONTROL OF ELECTRICAL DRIVES BASED ON … 133

 
Fig. 10.  Experimental results at high speed step 1500~0* =ω rpm: 
measured mechanical speed ω , estimated mechanical speed ω̂ , estimated 
electromagnetic torque eT̂ , estimated stator flux sλ̂  (no initial flux 
installed). 
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