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Abstract. This paper presents a novel torque control 
strategy for the sensorless control of IPMSM. The proposed 
torque control strategy includes a new reference torque 
calculation method that is capable to develop maximum 
toque possible of the motor for an optimal current pair 
(id, iq) below rated speed, but also in flux weakening 
region (above rated speed) where voltage and current 
limitations impose constraints on the allowable (id, iq) 
currents. The motion sensorless control of the IPMSM is 
obtained via model-based stator flux estimation using the 
“active flux” concept. A comprehensive digital simulation 
of a wide speed motion sensorless control of IPMSM 
drive, operating down to 1 rpm and up to 6000 rpm 
demonstrates the effectiveness of the proposed control 
system. Experiments are due soon. 

Keywords: sensorless vector control, low speed 
operation, high speed operation, maximum torque per 
ampere, flux-weakening. 

 

1. Introduction 
Interior PM synchronous motors are becoming more 

and more favored in wide speed range applications. 
Eliminating the shaft position sensor is welcome, based 
on cost and reliability constraints. 

Thus, in the last few years the search for position 
sensorless control has emerged, involving very low [1]-
[7] and also very high speed. In the last case, it is difficult 
to make the acquisition of speed signal from the 
incremental encoder. 

Below rated speed, the maximum torque per ampere 
strategy (MTPA) is used to produce torque with the 
smallest possible stator current amplitude and to keep this 
way the copper loss at minimum [8]-[15]. 

Above rated speed, the torque capability of a 
synchronous motor is limited by the maximum current 
and the maximum voltage that the inverter can apply to 
the motor. 

Flux weakening operation is mandatory to produce the 
maximum torque that the machine could possibly develop 
at high speeds [16]-[22]. 

In this paper, for the motion sensorless control, the 
“active flux” observer was used, from which accurate 
rotor position and speed estimation are obtained.  

The “active flux” concept (or “torque producing flux”), 
which “turns all the salient–pole machines into 
nonsalient–pole ones” was developed in [5]. 

Though this concept is useful especially in achieving low 
speed operation, here it is used for wide speed operation. 

We include a torque close loop with a new reference 
torque calculation method that takes magnetic saturation 
into account. This method consists in providing maximum 
toque capability of the motor for an optimal current pair 
( di , qi ) below rated speed, but also in flux weakening 
region (above rated speed) where voltage and current 
limitations impose constraints on the allowable ( di , qi ) 
currents. 

To extend the torque/speed range automatic 
rearrangement of ( * *,

d q
i i ) is provided. 

In conclusion, the optimal d and q axis currents fully 
utilize the inverter capability, while maximizing the 
output torque and power. 

This proposed vector control strategy ensures that the 
machine is operated reasonably, close to optimal 
efficiency, for all loads. 

The digital simulation results demonstrate proper 
motion-sensorless operation down to 1 rpm and up to 
6000 rpm, without any signal injection. 

2. Mathematical model of ipmsm  
The mathematical model of a saturated IPMSM in the 

d-q synchronous reference frame is given by: 

 s
s ss r s

d
V R i j

dt
ψ

ω ψ= ⋅ + + ⋅  (1) 

 ( ) ( )d d d q q PMqs L i i L iψ ψ= ⋅ + ⋅ −  (2) 

 1
3 ( ( ) )
2e PMq d d q q dT p L i L i iψ⎡ ⎤= ⋅ ⋅ + − ⋅ ⋅⎣ ⎦  (3) 

where sV is the stator voltage, si is the stator current, 

sR is the stator resistance, dL , qL are the d-q axes 
inductances, sψ is the stator flux, PMqψ  is the PM flux 
linkage, eT  is the electromagnetic torque, rω  is the 
electrical rotor speed and 1p  is the number of pole pairs. 
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Fig. 1. The proposed sensorless control system 
 

3. Sensorless control system 
Fig. 1 illustrates the proposed sensorless control system 

for IPMSM, which consists in torque control strategy 
scheme, space vector modulator block (SVM), active flux 
observer and rotor position-speed estimator. 
As in usual vector control, the two PI current control 
loops have been implemented in a synchronous rotating 
dq reference frame having a better performance than 
stationary frame regulators, as they operate on dc 
quantities. 

The d component of the stator current acts on the stator 
flux, whereas the q component acts on the torque. 

The design of the controllers employs the relation (4): 

 (1 )i
p

kk
s

+  (4) 

The proportional and integral gains for the PI controller 
were chosen by trial and are given in Table 2 (see 
APPENDIX). 

The SVM block generates the switching signals for the 
voltage source inverter. 

The state observers provide rotor position, rotor speed 
and torque estimators, in order to achieve sensorless 
control of the IPMSM drive. 

Let us now present the torque control strategy. 
A speed controller provides the reference torque. 
For a certain speed the torque can be achieved with a 

variety of different d–q current pairs. For each d–q current 
pair a particular torque value is obtained.  

There is an optimum operating point (
_

*
d opt

i ,
_

*
q opt

i ) in 
which for a demanded torque, the line current amplitude 
is minimized. 

The upper part of the Fig. 2 illustrates that the d axis 
current component *

d
i is obtained by minimizing two 

curves: the magnetizing curve ( * *( )
d sdi ψ ) and 

_
* *( )
d opt ei T  

curve, which is obtained by Finite Element Method 
(FEM). 

The lower part of the Fig. 2, illustrates how the q axis 
current component *

q
i  is obtained. 

Based on the torque error between the reference and the 
estimated one, the PI torque controller produces a torque 
request by adjusting the q current component 

_
*
q opt

i according to (3) for given *
e

T and
_

*
d opt

i . 

The output signal of the PI torque controller is 
forwarded by a speed dependent torque curve. 

The signal obtained is then limited by the maximum q 
current component value for a certain speed (

_ max
* *( )
q ri ω ). 

Using the torque control strategy described so far, the 
reference current components *

d
i and *

q
i always ensure 

that the magnitude of the stator current vector does not 
exceed the maximum current maxsI : 

 

 2 2
maxd q si i I+ ≤  (5)  

 
In conclusion, below rated speed the current limit (5)

and the rated flux level *
sψ  determine the operating point 

corresponding to the maximum torque. 
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Fig. 2. The current references 

Above base speed, the torque control strategy is based 
on the flux weakening control method because here we 
need to reduce the stator flux magnitude in order to satisfy 
the voltage constraint:  

 2 2
maxd q sV V V+ ≤  (6)  

maxsV is the maximum voltage capability of the 
inverter.  

The voltage limitation (flux weakening) block from the 
Fig. 1 ensures though 

 
*
d FW

i that the voltage reference 
satisfies the voltage constraint. 

The angular phase of the reference voltage in dq 
coordinates, *

sV
θ is added to the estimated angle rotor 

position in order to ensure the machine operation in the 
stator reference frame. 

While operating in the base speed range, the condition 
(6) holds. In this case, the reference stator flux *

sψ  is 
limited to its rated value. 

If the voltage provided from the regulators exceeds its 
maximum value maxsV , the excitation of the machine is 
then reduced by reducing the reference stator flux 
value *

sψ . 
In order to accomplish this, a substantial reduction of 

the magnetizing current *
d

i (till 60% from it), though 

 
*
d FW

i , must be done. 

The current margin that is thus gained allows 
increasing the torque producing current component *

q
i . 

In conclusion, the operating point of the maximum 
possible torque corresponding to a certain speed value is 
defined by the intersection of the two curves: the voltage 
limit curve and the current limit curve. 

To obtain fast torque dynamics when operating at the 
voltage limit, in [21]-[22], for an induction machine case, 
a temporary voltage margin is created in a dynamic 
condition by deviating the trajectory of the stator flux 
linkage vector to flux values of lower magnitude. 

To accomplish this, the scheme illustrated in Fig. 3 is 
used. As it can be seen the speed error ωΔ  is used as a 
feedforward signal. A reaction is enabled by the condition 

0sVΔ ≤ that indicates operation at or close to the 
maximum available voltage. A signal δΔ (varying 
between 0 and 60 degrees) is then created and it rotates 

the stator voltage vector such that the stator flux linkage 
vector is deviated towards a trajectory of reduced 
diameter. 

In our IPMSM case, the temporary voltage margin is 
already created by the torque control strategy itself, and 
thus the scheme presented in Fig. 1 does not need to be 
used here. To demonstrate this, digital simulations 
operating at the voltage limit without and with δΔ are 
presented in Fig. 5. 

 
 

Fig. 3. The variation angle scheme 

 
Fig. 4. Torque transients from 1 Nm to 3 Nm during operation 
at the maximum available voltage (6000 rpm): angle variation 

correction δΔ  

 
Fig. 5. Torque transients from 1 Nm to 3 Nm during operation 

at the maximum available voltage (6000 rpm): reference 
(dashed line) and actual torque when operating without the 

angle variation correction δΔ  
 

 
Fig. 6. Torque transients from 1 Nm to 3 Nm during operation 

at the maximum available voltage (6000 rpm): reference 
(dashed line) and actual torque when operating with the angle 

variation correction δΔ  

As it can be seen the results are similar, though 
with δΔ contribution the torque response is smoother and 
a bit faster, at maximum speed of 6000 rpm. 
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4. State observers 
4.1 Active Flux Observer 

This observer is based on the “active flux” concept, as 
developed in [5]. 

The main claim of the “active flux” concept is that it 
turns all salient-pole rotor ac machines into fictitious 
nonsalient-pole ones such that the rotor position and 
speed estimation become simpler. 

This means that it leads to the estimation of both 
“active flux” amplitude a

dψ  and angle a
dΨ

θ with respect 

 
 

Fig. 7. The stator flux observer 

 

to stator phase a (for our IPMSM case 
2a

d
erΨ

θ θ π
= +  

(where erθ is the electrical angle rotor position)). 
For our IPMSM case, the “active flux” vector 
a
dψ observer, in stator coordinates, is: 

 s
as s s s

s ss comp dd = (V - R i +V )dt - L iψ ∫  (7) 

 ( )
as s s

sd sd s= - L i iψ ψ ⋅  (8) 

where Vcomp is the voltage compensation based on the 
current flux model and it employs the following equation, 
as it can be observed in Fig. 7: 

 � �( )( )
si su

s s
i

comp p
kV k
s

ψ ψ= + −  (9) 

The proportional and integral gains for the PI 
compensator were chosen by trial and are given in Table 2 
(see APPENDIX). 

In practical use, Vcomp is compensating the various 
errors in the as

dψ  estimation as inverter nonlinearities 
(power switch voltage drop, dead-time), integration dc-
offset, stator resistance correction, magnetic saturation.  

The operating principle for this observer is to extract 
the “active flux” information from the measured stator 
currents and reference stator voltages. 

 

The active flux observer implementation scheme is 
presented in Fig. 7 and it consists in a stator flux observer 

in stator coordinates from which the term ( ) s
s

d sL i i⋅  is 
subtracted(7). 

The stator flux observer combines advantages of the 
current model) at low speed with the voltage model at 
medium-high speed, using a compensation loop driven by 
the stator flux estimation error. 
4.2 Position-Speed Estimator 

The overall performance of the motion sensorless 
control depends strongly on the accuracy of the rotor 
position and speed estimation. 

 
 

Fig. 8. The position-speed observer  

The rotor position-speed estimator implementation is 
illustrated in Fig. 8. 

Usually a PLL (phase-locked-loop) estimator is used 
for rotor position-speed estimation. In what follows, 
however, we make use of the estimator in (10)- Fig. 9 
below: 

 �
$ a
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d

d
d t
ψ

ψ
θ

ω =  (10) 
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�
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d

a
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ω

ψ ψ
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=

+
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where h is the sampling time, and the index k-1 in Fig. 
10denotes variables delayed with one sampling period.  

The position estimator estimates the active flux rotor 
position $ a

dΨθ  and the electrical speed � a
dψω . 

The estimated angle $ a
dΨθ is used for supplying all 

vector transformations between the abc and dq frames. 

The rotor speed estimation � a
dψω in the whole speed 

range is required in the speed controller. 
4.3 Torque Estimato 

The estimated torque is obtained from (3), using the 
estimated stator flux components and the measured 
current components in stationary reference frame. 

5. Digital simulations results 
The digital simulation using the proposed sensorless 

vector control strategy has been processed in 
MATLAB/Simulink package for the IPMSM model 
specified in Table 1 (see APPENDIX).  
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The following digital simulation tests are performed to 
check the proposed sensorless vector control strategy: 

a. Start up response from 0 to the lowest speed of 1 
rpm followed by a full step torque load (Fig. 11 - 
Fig. 19) 

b. Start up response from 0 to the maximum speed of 
6000 rpm followed by a step load at 37% rated 
(base) torque (Fig. 20 - Fig. 30). 

 
 

 
Fig. 11. Start up response from 0 to 1 rpm followed by a full 

step torque load: stator phase voltages ( , ,a b cV V V ) 
 
 

 
Fig. 12. Start up response from 0 to 1 rpm followed by a full 

step torque load: stator phase currents ( , ,a b ci i i ) 
 
 

 
Fig. 13. Start up response from 0 to 1 rpm followed by a full 

step torque load: the d-q axes currents di (dashed line) and the 

q axis current qi  

 
 

 
Fig. 14. Start up response from 0 to 1 rpm followed by a full 
step torque load: reference (dashed line) and actual torque 

 
Fig. 15. Start up response from 0 to 1 rpm followed by a full 
step torque load: reference (dashed line) and actual speed 

 
Fig. 16. Start up response from 0 to 1 rpm followed by a full 
step torque load: the actual (dashed line) and estimated flux 

 

 
Fig. 17. Start up response from 0 to 1 rpm followed by a full 
step torque load: actual (dashed line) and estimated torque 

 

 
Fig. 18. Start up response from 0 to 1 rpm followed by a full 
step torque load: actual (dashed line) and estimated speed 

 

 
Fig. 19. Start up response from 0 to 1 rpm followed by a full 
step torque load: actual and estimated rotor angle position 

 
The actual speed is also given for reference. 
The Fig. 15 shows a quick speed recovery. 
Fig. 16shows that the flux increases at flux reference 

value only during torque transients in order to produce the 
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demanded torque; otherwise it is maintained at the PM 
flux (low) value. 

The same speed ripple in the actual speed waveform is 
visible in the estimated speed waveform (Fig. 18). 

The position estimation during torque transients is very 
reliable (Fig. 19). 

 
 

 
Fig. 20. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: stator phase voltages ( , ,a b cV V V ) 
 
 

 
Fig. 21. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: stator phase currents ( , ,a b ci i i ) 
 
 

 
Fig. 22. Start up response from 0 to 6000 rpm followed by a step 
load at 37% rated torque: the d-q axes currents di (dashed line) 

and the q axis current qi  

 
 
 

 
Fig. 23. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: reference (dashed line) and actual 
torque 

 
Fig. 24. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: reference (dashed line) and actual 
speed 

 
 

 
Fig. 25. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: the flux reference curve 
 
 

 
Fig. 26. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: the actual and estimated flux 
 
 

 
Fig. 27. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: actual and estimated torque 
 
 

 
Fig. 28. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: actual (dashed line) and estimated 
speed 
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Fig. 29. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: zoom of actual (dashed line) and 
estimated rotor angle position at start up 

 
Fig. 30. Start up response from 0 to 6000 rpm followed by a step 

load at 37% rated torque: zoom of actual (dashed line) and 
estimated rotor angle position at step load torque 

Fig. 20-Fig. 30 illustrate start up to 6000 rpm transients 
with step load perturbation. 

The voltage and current reduction after start up shows 
clearly the optimum torque/flux relationship to reduce 
losses at high speed and low torque. 

From Fig. 20 and Fig. 21 it is clear that during torque 
transients at 6000 rpm the machine uses the entire 
available voltage and current. 

Fig. 25 illustrates the flux reference curve in the flux 
weakening operation mode. 

Fig. 26 shows how, once the actual speed achieves the 
reference speed value, the flux is decreased until it 
achieves the PM flux linkage (low) value. 

Fig. 28 shows that above rated speed, when the flux 
weakening operation is reached (see also the torque curve 
in Fig. 27), the speed increases smoother than during the 
operation below rated speed. 

The estimated rotor position follows very well the 
actual rotor position even when the speed reference or 
load disturbance change quickly, as it is shown in Fig. 29 
and Fig. 30. 

As the magnetization curve ( )d diψ is considered, only 
at medium speeds the stator resistance error influences to 
some extent the active flux angle (rotor angle) position 
estimation. 

6. Conclusion 
The claim of the proposed torque control strategy is a 

new reference torque calculation and close loop method 
that is capable to develop maximum torque possible of the 
motor for an optimal current pair ( di , qi ) below rated 
speed, but also in flux weakening region (above rated 
speed) where voltage and current limitations impose 
constraints on the allowable ( di , qi ) currents. 

At low speed the voltage constraint does not effect the 
operation of the motor. But at higher speed (FW region) 
the voltage constraint becomes more effective. To avoid 
reaching the voltage constraint, the d-axis current should 

be controlled in such a way that it will weaken the 
magnetic flux. 

Using the proposed control strategy the motor uses the 
maximum torque capability in the whole speed range, 
maintaining the voltage and current constraints. 

The rotor position and speed estimation from the 
“active flux” is used in order to achieve robust sensorless 
control of the IPMSM. 

The effectiveness of the proposed model-based sensorless 
control strategy is confirmed by digital simulation, which 
operates down to 1 rpm and up to 6000 rpm. 

 

7. Appendix 
Table 1. 

Parameters of the prototype IPMSM 
Number of pole pairs (p) 2 
Rated power 2.2 kW 
Rated speed 2500 rpm 
Rated frequency 83.33 Hz 
Rated torque 8.2 Nm 
Rated phase to phase voltage 22 V(rms) 
Rated phase current 50 A(rms) 
Stator resistance per phase (Rs) 0.037 Ω 
d-axis inductance (Ld) 1.62 mH 
q-axis inductance (Lq) 0.45 mH 
Rotor permanent - magnet (λPM) 0.0136 V s rad-1 
Inertia of the rotating system (J) 1x10-3 kgm2 
Viscous friction coefficient (Bm) 1x10-4Nms/rad 

 
TABLE 2. 

GAINS USED IN DIGITAL SIMULATION 
kp_w 1 

PI speed controller 
ki_w 20 
kp_ T 1 

PI torque controller 
ki_T 1000 
kp_id 10 

PI id controller 
ki_id 400 
kp_ iq 10 

PI iq controller 
ki_iq 100 
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