
 

Abstract-- This paper presents an improved direct torque 
and flux control of a sensorless control system with Interior 
Permanent Magnet Synchronous Motor (IPMSM). The 
estimation of torque and flux is enhanced by the real-time 
update of machine parameters including stator resistances, d- 
and q- axis inductance, permanent magnet flux linkage. The 
estimation of rotor speed and position is based on the 
measurement of current slopes at one zero- and two active- 
voltage vectors during every PWM cycle. The d- and q- axis 
inductances are estimated at PWM frequency based on those 
current derivatives and the DC bus voltage. The stator 
resistance and permanent magnet flux linkage which vary 
slowly due to temperature and aging factors are estimated 
based on the use of recursive least square technique. The 
numerical simulation and experimental study of the proposed 
methods show the effectiveness of the proposed parameter 
identification method and the improvement of estimated torque 
and flux of the sensorless control system. 

Index Terms— Direct torque and flux control, Sensorless 
control, IPMSM, Machine Parameter Identification, Current 
Derivative Measurement. 

I.  INTRODUCTION 

Permanent magnet synchronous motors (PMSM) have 
been applied widely in the industry due to high efficiency 
and high-power density. There are two main control 
schemes for PMSM including Field Oriented Control (FOC) 
and Direct Torque Control (DTC). The DTC brings faster 
control bandwidth of the torque control compared to FOC; 
however, DTC leads to higher current and torque ripples [1]. 
The Direct Torque and Flux Control can mitigate the current 
and torque ripple by introducing torque and flux controllers 
in addition to the space vector modulation technique [2].  

Sensorless control which is the elimination of mechanical 
sensor, such as encoder, resolver have been developed 
significantly over recent decades. Sensorless methods helps 
to reduce the size and cost of the drive system. Especially, 
sensorless control also results in higher reliability of the 
drive system where the proper operation of mechanical 
sensors is affected by temperature range and vulnerable in 
the hostile working environment. The estimation of rotor 
speed and position can be based on the machine model [3, 4] 
or the injection of the test signals [5, 6]. The former methods 
are robust at medium and high speeds. However, at low and 
very low speed operations the low signal to noise and the 
non-linearity of the system affect significantly to the 
estimation accuracy of those methods. The approaches based 
on the injection of test signals and processing of the 

response are robust at low and very low speeds. However, 
these techniques result in high the current, torque ripple, and 
acoustic noise. The injected signal also limits the 
modulation index, hence the speed range. In addition, the 
bandwidth of the position and speed estimator is limited by 
the filters [7]. In order to overcome the weakness of the 
signal injection methods, the approaches utilize the 
fundamental pulse width modulation as the excitation have 
been developed. The slopes of phase current at voltage 
vectors during PWM cycles are used to estimate the rotor 
speed and position [8-10].  

Direct torque and flux control scheme normally utilizes 
the nominal value of d- and q- axis inductances and 
permanent magnet flux linkage to estimate machine torque 
and flux as the feedback of their corresponding control 
loops. However, due to the saturation effect the machine 
inductances, especially the q- axis inductance varies 
significantly according to the variation of operating load 
current. In addition, due to the demagnetization the 
permanent magnet flux linkage varies after long running 
time. Consequently, the estimation of machine torque and 
flux using the nominal values suffers high deviation from 
the actual values. As a result, the dynamic performance of 
the control system deteriorates significantly. Therefore, 
there is a crucial need to identify these machine parameters 
fast and accurately and apply the estimated values to the 
torque and flux estimators. 

So far, there have been a number of methods developed 
to identify machine parameters. These can be classified as 
off-line and on-line techniques. The off-line methods 
normally require the clamping system to lock the motor 
shaft [11] or a mover to rotate the rotor at the rated speed 
[12]. The weakness of the off-line methods is that it requires 
additional hardware for the test, takes time and effort to 
process a huge number of data. In addition, the variation of 
parameters due to aging factor and various operating states 
cannot be handled by these techniques. The on-line method 
based on the machine model and the application of recursive 
least square method, affine projection algorithm, model 
adaptive reference system can overcome the limits of the 
off-line methods [13-15]. However, these methods suffer the 
slow update of the estimated values due to the recursive 
nature of the algorithm, thus are unable to apply during fast 
transient operation. Furthermore, the injected signal of the 
methods for improvement of convergence capability results 
in the increase of current and torque ripple.  
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Therefore, this paper proposes a new method to estimate 
machine parameters to improve the direct torque and flux 
control of the IPMSM control system. The d- and q- 
inductances are estimated very fast by measuring current 
derivatives at two active-voltage vectors and one-zero 
voltage vector during each PWM cycle. The stator resistance 
and permanent magnet flux linkage which varies slowly to 
the change of temperature and aging factor are identified by 
using the recursive least square approach. The current 
derivatives used to estimate machine inductances are also 
used to estimate rotor speed and position for sensorless 
control. Extensive numerical simulation and experimental 
studied have been conducted to verify the effectiveness of 
the proposed on-line parameter identification method and 
improvement of direct torque and flux control of the 
sensorless IPMSM control system.  

II.  PROPOSED SENSORLESS AND ON-LINE PARAMETERS 

ESTIMATION 

A.  Estimation of rotor speed and position 

Dynamic model of IPMSM can be presented as: 

 ௌܸ = ܴௌܫௌ + ௌܮ ௗூೄௗ௧ +  ௌ                 (1)ܧ

where 

ௌܸ = ൥ ௔ܸܸ௕ܸ௖ ൩ ; ௌܫ	 = ൥݅௔݅௕݅௖൩ ; ௌܮ = ൥ܮ௔௔				ܮ௔௕				ܮ௔௖ܮ௕௔				ܮ௕௕				ܮ௕௖ܮ௖௔				ܮ௖௕				ܮ௖௖ ൩ ; ௌܧ = ൥݁௔݁௕݁௖൩ 	
    	
where Va, Vb, VC are stator voltage of phase A, B and C; ia, 
ib, ic are the stator current of phase A, B, and C; RS, the 
stator resistance; eA, eB, eC are the stator back EMF of phase 
A, B and C; Laa, Lbb, Lcc are the stator self-inductance of 
phase A, B and C respectively; Lab, Lba, Lac, Lca, Lbc, Lcb are 
the mutual inductances between respective phases. 
where ܮ௔௔ = ܮ + ∆ܮ cos(2ߠ௘) ܮ௕௕ = ܮ + ∆ܮ cos ൬2ߠ௘ + 3ߨ2 ൰ 

௖௖ܮ = ܮ + ∆ܮ cos ൬2ߠ௘ + 3ߨ4 ൰ ܮ௕௖ = ௖௕ܮ = − ௅ଶ + ∆ܮ cos(2ߠ௘)                     (2) 

௔௕ܮ = ௕௔ܮ = 2ܮ− + ∆ܮ cos ൬2ߠ௘ − 3ߨ2 ൰ 

௔௖ܮ = ௖௔ܮ = 2ܮ− + ∆ܮ cos ൬2ߠ௘ − 3ߨ4 ൰ 

where θe is the electrical angle of the rotor. ఀܮ = ௅೏ା௅೜ଷ 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ௱ܮ	(3) = ௗܮ − ௤3ܮ  

where Ld, Lq are direct- and quadrature- axes inductances 
respectively. 

Assume that during every PWM the rotor angle is 
unchanged, the back EMFs of three phases remain constant 
and the voltage drop on stator resistance is negligible to DC 
bus voltage, the positional scalar pa, pb, pc can be calculated 
as shown in Table I [9]. 

where ݌஺ = ଶ௅೩௅೸ )ݏ݋ܿ ஻݌  (௘ߠ2 = ଶ௅೩௅೸ )ݏ݋ܿ ௘ߠ2 −  (4)                         	(3/ߨ2

஼݌ = ఀܮ௱ܮ2 )ݏ݋ܿ ௘ߠ2 −  (3/ߨ4

 

In Table I, the superscript 0÷6 indicates the voltage 
vector where current derivatives are measured to calculate 
the positional scalars; g is the quantity which is calculated 
based on measured current derivative as shown in Table II. 
The calculation of g is based on the assumption that during a 
PWM cycle the positional scalars are unchanged [9]. 

The positional scalar pα and pβ on the stational reference 
frame can be calculated as: ݌ఈ = ଶ௣ಲି௣ಳି௣಴ଷ = ଶ௅೩௅೸ )ݏ݋ܿ (௘ߠ2 ఉ݌ (4)              = ௣ಳି௣಴√ଷ = − ଶ௅೩௅೸ )݊݅ݏ  (௘ߠ2

The phase lock loop is then applied to estimate the rotor 
speed and position [9]. 

B.  Estimation of machine inductances 

Quantity g shown in Table II can be also expressed as the 
function of DC bus voltage and the inductances in the 
stational reference frame as followed [16]: ݃ = ଽଶ௏ವ಴ (ఀܮ) ൬1 − ቀ௅೩௅೸ቁଶ൰                     (5) 

From (4), the following equation can be derived: 

TABLE I 
POSITION SCALARS OF IPMSM WITH STAR CONNECTION 

 
Voltage 
vector 

pA pB pC 

V1, V0 
(1) (0)

2 A Adi di
g

dt dt

 
− − 

 
 

(1) (0)

1 C Cdi di
g

dt dt

 
− − − 

 
 

(1) (0)

1 B Bdi di
g

dt dt

 
− − − 

 

V2, V0 
(2) (0)

1 B Bdi di
g

dt dt

 
− + − 

 

(2) (0)

1 A Adi di
g

dt dt

 
− + − 

 
 

(2) (0)

2 C Cdi di
g

dt dt

 
+ − 

 

V3, V0 
(3) (0)

1 C Cdi di
g

dt dt

 
− − − 

 

(3) (0)

2 B Bdi di
g

dt dt

 
− − 

 
 

(3) (0)

1 A Adi di
g

dt dt

 
− − − 

 

V4, V0 
(4) (0)

2 A Adi di
g

dt dt

 
+ − 

 

(4) (0)

1 C Cdi di
g

dt dt

 
− + − 

 
 

(4) (0)

1 B Bdi di
g

dt dt

 
− + − 

 

V5, V0 
(5) (0)

1 B Bdi di
g

dt dt

 
− − − 

 

(5) (0)

1 A Adi di
g

dt dt

 
− − − 

 
 

(5) (0)

2 C Cdi di
g

dt dt

 
− − 

 

V6, V0 
(6) (0)

1 C Cdi di
g

dt dt

 
− + − 

 

(6) (0)

2 B Bdi di
g

dt dt

 
+ − 

 
 

(6) (0)

1 A Adi di
g

dt dt

 
− + − 

 
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௅೩௅೸ = ට௣మഀା௣మഁଶ                         (6) 

Solving (5) and (6) yields the incremental inductances: ܮ௤ = ௚௏ವ಴ଷቌଵିට೛మഀశ೛మഁమ ቍ                             (7) 

ௗܮ = ௚௏ವ಴ଷቌଵାට೛మഀశ೛మഁమ ቍ 

In order to obtain the apparent inductances, the 
integration of the incremental in terms of RMS phase 
current must be implemented. The estimated apparent 
inductances are stored in a look-up table corresponding to 
every RMS phase current at the resolution of 0.1 A in this 
study and updated every PWM cycle [16]. 

 

C.  Estimation of stator resistance and permanent magnet 
flux linkage 

The dynamic model of the IPMSM for parameter 
estimation is described in the synchronous reference frame 
as followed: ෠ܸௗ = ෠ܴ௦݅ௗ + ෠ௗܮ ௗ௜೏ௗ௧ − ෝ߱௥௘ܮ෠௤݅௤  ෠ܸ௤ = ෠ܴ௦݅௤ + ෠௤ܮ ௗ௜೜ௗ௧ + ෝ߱௥௘(ܮ෠ௗ݅ௗ +  መ௙)           (8)ߣ

where ෠ܸௗ and ෠ܸ௤  are the estimated the stator voltage; id 

and iq are the stator currents; ෝ߱௥௘ is the estimated electrical 
rotor speed; ෠ܴ௦ is the estimated stator resistance; ߣመ௙ is the 

estimated permanent magnet flux linkage; ܮ෠ௗ and ܮ෠௤ are 
the estimated inductances, which are updated every PWM 
cycle.  

The RLS algorithm for estimating Rs and λf is described 
by equations (9): 

௘௦௧(௞)ߠ   = ௘௦௧(௞ିଵ)ߠ + (௞)ߝ  (௞)ߝ(௞)ܭ = (௞)ݕ − ߮(௞)் (௞)ܭ  ௘௦௧(௞ିଵ)ߠ = (ܲ௞ିଵ). ߮(௞). .ߣ] ܫ −߮(௞)் . (ܲ௞ିଵ). ߮(௞)]  

(ܲ௞ିଵ) = ܫ] .(௞)ܭ− ߮(௞)் ]. (ܲ௞ିଵ)/(9)               ߣ  

where y is the output matrix, θest is the estimated parameter 
vector, ϕ is the feedback matrix, λ is the forgetting factor, I 
is the identity matrix, ε is the estimation error, and K and P(k) 
are correction gain matrices. ݕ = ቈ ෠ܸௗ + ෝ߱௥௘ܮ෠௤݅௤෠ܸ௤ − ෝ߱௥௘ܮ෠ௗ݅ௗ ቉ ; ߮(௞)் = ൤݅ௗ				0݅௤				߱௥௘൨ ; ௘௦௧ߠ = ቈ ෠ܴ௦ߣመ௙ ቉		(10) 

The sampling frequency of the recursive least square 
algorithm is the same as the switching frequency, which is 
also the sampling frequency of the control system. 

III.  EXPERIMENTAL SETUP 

Fig. 1 shows the experimental setup for sensorless direct 
torque and flux control of an IPMSM. The tested machine is 
the commercial Kollmorgan IPMSM, of which the 
parameters are shown in Table III. The DC machine is 
coupled with the tested IPMSM for loading. An H-bridge is 
connected to the DC machine for varying the load current. 
DS1103 is used to implement the control scheme, the 
estimation of rotor speed, position and the identification of 
all four machine parameters. The phase currents of the 
machine are sensed by using the Anisotropic 
Magnetoresistance (AMR) current sensors with bandwidth 
up to 2 MHz. The currents transducers are connected to the 
analog input of DS1103 for current feedback of the control 
system. At the same time the sensed currents are sampled by 
three channels 16 bits Analog to Digital Converter (ADC 
FM164) which is plugged in the High Pin Count (HPC) of 
the Field-programmable gate array (FPGA). FPGA is used 
to generate the PWM signal for the SiC Inverter and 
calculate the current derivatives based on the sampled 
currents. FPGA communicates with DS1103 via digital 
input and output signals.  

 

 

Fig.1.  The setup for experiment.  

TABLE II 
 CALCULATION OF g 

Voltage vectors  g 

V1 and V2 (1) (0) (2) (0)

3

A A B Bdi di di di

dt dt dt dt
− + −

 

V2 and V3 (2) (0) (3) (0)

3

A A B Bdi di di di

dt dt dt dt
− + −

 

V3 and V4 (4) (0) (3) (0)

3

A A C Cdi di di di

dt dt dt dt

−

− + −
 

V4 and V5 (4) (0) (5) (0)

3

A A B Bdi di di di

dt dt dt dt

−

− + −
 

V5 and V6 (5) (0) (6) (0)

3

A A B Bdi di di di

dt dt dt dt

−

− + −
 

V6 and V1 (1) (0) (6) (0)

3

A A C Cdi di di di

dt dt dt dt
− + −
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The block diagram of the sensorless direct torque and 
flux control system is presented in Fig. 2. The rotor speed, 
position and machine parameters are estimated in DS1103 
based on the current derivatives received from FPGA, d- 
and q- currents, and the estimated d- and q- voltage. The 
estimated machine parameters are then used to estimate 
machine torque and flux for the feedback of the torque and 
flux control loop, respectively.  

The estimated torque and flux are expressed as followed: 

ௗ௦ = ෠ௗ݅ௗ௦ܮ + ෠௙                          (11) 

௤௦ =   ෠௤݅௤௦ܮ

෠ = ටௗ௦ଶ + ௤௦ଶ   ෠ܶ = ଷ௉ଶ ൣ෠௙݅௤௦ + ൫ܮ෠ௗ −  ෠௤൯݅ௗ௦݅௤௦൧             (12)ܮ

 

 

 

IV.   SIMULATION AND EXPERIMENTAL RESULTS 

A. Simulation results 

The d- and q- axis inductances of the tested IPMSM were 
first measured by using the off-line standstill test as shown 
in [17]. The off-line measured machine inductances are 
shown in Fig. 3. It is noted that when the operating current 
varies from 0.1A to 3 A (rated value), Ld is almost 
unchange, however, Lq decreases from about 0.13 H to about 
0.102 H due to the saturation of the magnetic. 
 

 
Fig. 3. Machine inductances identified by off-line method. 
 

The proposed sensorless direct torque an flux control 
system was simulated in Matlab-Simulink. The values of 
off-line measured inductances (Ld off-line and Lq off-line) 
corresponding to the operating RMS phase current, which 
are fitted by the polynomial curves as shown in (13) and 
(14) are set in the IPMSM simulation model as the Ld ref 
and Lq ref, respectively. ݀ܮ	݈݂݂݁݊݅݋ = ௥௠௦ଷܫ0.096 − ௥௠௦ଶܫ0.654 + ௥௠௦ܫ1.469 + ݈݂݂݁݊݅݋	ݍܮ  (13)      43.775 = ௥௠௦ଷܫ5.268 − ௥௠௦ଶܫ27.325 + ௥௠௦ܫ27.439 + 124.95    (14) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE III 
PARAMETERS OF THE TESTED IPMSMS  

 
Number of pole pair     2 

Stator resistance        5.8 Ω 

Permanent magnet flux linkage    0.533 Wb 

d-axis inductance          44.8 mH 

q-axis inductance          102.7 mH 

Phase voltage   230 V 

Phase current 3 A 

Rated torque             6 Nm 

Rated speed           1500 rpm 

 

Fig. 2. The block diagram of the sensorless direct torque and flux control system. 
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Fig. 4 shows the estimation of machine inductances 
during the speed acceleration from 0 rpm to 1450 rpm under 
no load condition. The first plot of Fig. 4 shows the 
operating RMS of the phase current, while the second plot 
presents the operating speed. The third and the fourth plots 
of this figure display the estimated inductances (Ld est and 
Lq est) and the setting inductances of IPMSM model (Ld ref 
and Lq ref), respectively. 

In order to evaluate the accuracy of the inductance 
estimation, the estimated and setting inductances 
corresponding to the phase RMS current during the speed 
acceleration are shown in Fig. 5. It is clear that the estimated 
Ld est and Lq est are matched closely with the setting Ld ref 
and Lq ref of the IPMSM model, respectively. 

 
Fig. 4. Estimation of machine inductanes during the speed acceleration 
from 0 to 1450 rpm under no load condition (simulation). 
 

 
 
Fig. 5. Estimation of machine inductances versus phase RMS current 
during the speed acceleration from 0 to 1450 rpm under no load condition 
(simulation). 
 

Fig. 6 shows the estimation of torque, flux and rotor 
position of the proposed method when the machine 
accelerate from 0 to 1450 rpm under no load condition. The 
first plot shows the actual torque (Torque actual), torque 
estimated by using nominal values of machine parameters as 
shown in table III (Torque normal) and the estimated torque 
by the proposed method obtained according to (12) (Torque 
proposed). The second plot presents the actual flux (Flux 
actual), the flux estimated by using the nominal values of 
machine parameters (Flux normal) and estimated flux by the 
proposed method using (11) (Flux propsed). It is obvious 
that the estimated torque and flux by the proposed method 
match more closely to the actual ones than the estimated 
torque and flux using the nominal parameter values during 
the steady and transient operation, especially during the 
transient state when there is a signifcant variation of q- axis 
inductances. The third and fourth plots of Fig. 6 display the 
operating speed and the position estimation error, 
respectively. The position estimation error is within 3 

electrical degree during the steady and transient operation, 
while the speed estimation error is within 12 rpm during the 
transient state and within 5 rpm during the steady state.. 

Stator resistance and the permanent magnet flux linkage 
are estimated during the steady operating state of the control 
system. The estimation results of all four parameters of the 
machine when running at 1000 rpm under full load 
condition are presented in Fig. 7. It is clear that the 
estimation errors between the estimated and the setting 
inductances are about 1 mH and that the estimated stator 
resistance and permanent magnet flux linkage track very 
well with the setting values of the IPMSM model, which are 
5.8 Ω and 0.533 Wb, respectively.  

 
Fig. 6. Estimation of machine torque, flux, speed and position during the 
speed acceleration from 0 to 1450 rpm under no load condition 
(simulation). 
 

 
Fig. 7. Estimation of all four parameters at the speed of 1000 rpm under full 
load condition (simulation). 

B. Experimental results 

Fig. 8 shows the estimation of machine inductances when 
the machine accelerate from 0 to 900 rpm. At the time 1.02 
s, the machine starts accelerating, the RMS current ubruptly 
increases from 0.9A to 2.6A. The estimated Lq drops 
ubruptly from about 138 mH to 110mH, while the estimated 
Ld remains almost unchanged. When the speed reaches the 
stable state, the RMS current recovers to nearly 1 A and the 
Lq returns to about 137mH. It is obvious that, the estimated 
inductances track very fast with the variation of the actual 
values. 

Ld
 (H

)
Lq

 (H
)
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 Fig. 9 compares the estimation of Ld and Lq by the 
proposed method and the off-line method shown in [17] 
when the machine operates stably at 900 rpm under different 
load levels from no load to 120% of rated torque. It is clear 
that the on-line estimated inductances closely match the off-
line measured ones. The deviation of the on-line estimated 
and the off-line measured value are very small compared to 
the nominal values of 102.7mH and 44.2mH for Lq and Ld, 
respectively. 

 
Fig. 8.  Estimated inductances versus RMS current during the acceleration 
from zero to 900 rpm (experiment). 
 

 
Fig. 9.  Estimated  inductances at 900 rpm under different current levels 
(experiment).  

V.  CONCLUSION 

This paper has presented an improved sensorless direct 
torque and flux control technique for an IPMSM drive 
system. The current derivatives at one zero- and two active- 
voltage vectors during every PWM cycles are measured to 
estimate rotor speed, position and machine inductances. The 
stator resistance and permanent magnet flux linkage are 
identified on-line by using the recursive least square 
method. The simulation results have shown that all four 
parameters of the IPMSM including stator resistance, d- and 
q- axis inductances, and permanent magnet flux linkage are 
estimated with high accuracy. The simulation results also 
demonstrate the improvement of torque and flux estimation 
during steady and transient state operation as the 
consequence of using accurate update of machine 
inductances and permanent magnet flux linkage. The 
experimental results have shown the fast update of machine 
inductances and the similar accuracy as the off-line standstill 
method.  
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