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ABSTRACT 
  

This paper proposes a new speed sensorless direct torque and flux controlled interior permanent magnet synchronous 

motor (IPMSM) drive. Closed-loop control of both the torque and stator flux linkage are achieved by using two 

proportional-integral (PI) controllers. The reference voltage vectors are generated by a SVM unit. The drive uses an 

adaptive sliding mode observer for joint stator flux and rotor speed estimation. Global asymptotic stability of the observer 

is achieved via Lyapunov analysis. At low speeds, the observer is combined with the high frequency signal injection 

technique for stable operation down to standstill. Hence, the sensorless drive is capable of exhibiting high dynamic and 

steady-state performances over a wide speed range. The operating range of the direct torque and flux controlled (DTFC) 

drive is extended into the high speed region by incorporating field weakening. Experimental results confirm the 

effectiveness of the proposed method. 
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1. Introduction 

 

Interior permanent magnet synchronous motors 

(IPMSMs) are receiving increased attention in recent years 

because of their high efficiency, large torque to volume 

ratio and reliable operation. In many drive applications, 

field oriented control (FOC) or vector control is used. In 

the late 1990’s, the DTC was successfully implemented on 

interior permanent magnet synchronous motors 

(IPMSMs)
[3-6]

. The block diagram of the classical DTC is 

depicted in fig. 1. When compared to conventional vector 

controlled drives, DTC possesses several advantages such 

as elimination of coordinate transformation, less parameter 

dependence and faster dynamic response
[7]

. As the torque 

and flux are regulated directly and independently, DTC 

features fast responses. Furthermore, due to the absence of 

coordinate transformation, DTC is inherently sensorless. 

Nevertheless, the inability to accurately estimate the stator 

flux at low speeds is its main drawbacks. As a result, 

sensorless operation at low speeds is a problem common 

to both the DTC and the FOC. Usage of an encoder for 

stable operation at low speeds seems to negate the benefits 

of the DTC. In addition, the presence of a position sensor 
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increases the cost while reducing the reliability of the 

system.  

Several algorithms have been suggested in recent 

literature to achieve sensorless operation. Back-emf based 

estimators with explicit compensation for nonlinear 

properties, parameter variation and disturbances have been 

proposed
[5-7, 12-13]

. The open-loop estimator of the 

traditional DTC falls into this category. This method 

works reasonably well at high speeds but at low speeds, its 

performance deteriorates drastically due to the fact that the 

back-emf being too small to be detected.   

Estimation based on high frequency signal injection, 

exploiting the saliency property of an IPMSM have been 

reported
[10, 14-16]

. High frequency signal injection offers a 

solution at standstill and low speeds but as the speed 

increases, its performance deteriorates drastically. 

Furthermore, it may require accurate and precise 

measurements of the machine parameters. 

Since this is not possible, the third form of observer is 

sometimes more favorable due to its robustness to 

parameter variations and its excellent disturbance rejection 

capabilities. The Extended Kalman Filter (EKF) approach 

has been suggested
[11,19-20]

. The EKF can give recursive 

optimum state estimation for IPM machines using terminal 

signals that may be polluted by noise but is highly 

computational extensive because it involves vector and 

matrix operations. Furthermore, extreme care has to be 

exercised in selecting the noise covariance matrices and 

initial values for the algorithm to avoid instability. Until 

now, there is no clear approach to choosing these matrices.  

The application of an adaptive sliding observer for 

direct torque controlled IPM synchronous motor drives 

has been reported
[17, 18]

. In this approach, stable operation 

at 10 rpm with half-full load was achieved. But, it is worth 

noting that this was achieved with a reduction in inverter 

gain. In addition, the model is very complicated due to the 

inclusion of the extended electromotive forces (EEMFs) as 

state variables.   

In this paper, a sliding mode observer in the rotating 

(d-q) reference frame for joint stator flux and rotor speed 

estimation is proposed. Sliding mode observers present 

several benefits such as high state estimation accuracy, 

excellent dynamic properties, robustness to parameter 

variations and their ability to handle nonlinear systems 

like the IPMSM very well. The stability of this observer 

can be determined via Lyapunov stability analysis. At low 

speeds, the high frequency signal injection approach is 

used in conjunction with the observer to enable stable 

operation down to zero speed. The estimated torque and 

flux linkage are then regulated via the direct torque and 

flux control (DTFC) approach
[16]

. This method uses the 

space vector modulation (SVM) technique and hence, it 

suppresses the torque and flux ripples significantly. 

This paper is organized as follows. Firstly, the 

SVM-DTFC technique is highlighted. Next, an elaborate 

presentation of the adaptive sliding mode observer 

followed by a brief review of the high-frequency signal 

injection technique is given. Next, the maximum torque 

per ampere (MTPA) and field weakening (FW) regimes 

are briefly treated. Finally, experimental results to validate 

the effectiveness of the proposed sensorless SVM-DTFC 

drive are presented. 

 

2. SVM-DTFC Scheme 

 

The stator flux linkage vector, s and the rotor flux 

linkage vector, f can be drawn in the rotor flux (d-q), 

stator flux (x-y) and stationary (α-β) frames. The various 

reference frames are depicted in Fig. 2. The machine 

equations in the rotor (d-q) reference frame are as 

follows
[3]

: 

 

d
d s d re q

q
q s q re d

d
v R i

dt

d
v R i

dt


 


 


  


   


                     (1)  
 

Fig. 1.  Block diagram of the classical DTC. 
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                                        (2) 

 

where dL , qL and sR are the machine dq axes inductances 

and stator resistance respectively. With (3), these 

equations can be transformed to the x-y reference frame. 
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s i n c o s

x d

y q

F F

F F

 
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    
                (3) 

 

Where δ is the load angle and F represents voltage, current 

or flux linkage. Furthermore, it can be shown that the 

torque T of an IPMSM in the x-y reference frame is given 

by: 

 

    
3

2
s yT P i                               (4) 

 

where P is the number of pole pairs in the machine. From 

(4), we can deduce that the torque is directly proportional 

to the y-axis component of the stator current if the 

amplitude of the stator flux linkage is constant. 

Substituting (1) into (3), we obtain: 

 

2

3

sx
x s x s x

s
y s y s x s s

s

dd
v R i R i

dt dt

R
v R i T
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

   

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       (5) 

 

Equation (5) shows that the stator flux can be directly 

regulated by the x-component of the stator voltage. In 

addition, provided that the amplitude of the stator flux is 

constant, the y-component of the stator voltage is qualified 

to regulate the torque of the machine. 
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Fig. 2.   The stator and rotor flux linkages in various reference 

frames. 

Based on the above analysis, a DTFC method based on 

SVM for independent torque and flux regulation can be 

developed. The SVM-DTFC controller consists of two PI 

regulators – one for flux and one for torque. The inputs of 

the PI controllers are the torque and flux errors while the 

outputs are the x-y reference voltage vectors. Since PI 

controllers are present in both the flux and torque channels, 

the disturbance terms s xR i and s s  in (5) can be ignored.  

The reference voltage vector should be transformed to the 

stationary frame via (6) before using the SVM algorithm. 

  

cos sin

sin cos
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v v
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
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                 (6) 

 

where
s  is the stator flux angle and it can be calculated 

from: 

 

1tans









  
  

 
                             (7) 

 

The stator flux linkage and the torque are estimated 

using the adaptive sliding mode observer which will be 

explained next.  

 

3. Adaptive Sliding Mode Observer 

 

3.1 Design of the Observer 

Assuming orientation, the stator current ,d qi i  is taken 

as the output. Based on the machine model in (1) and (2), 

the structure of the adaptive sliding mode observer can be 

expressed as:  
 

 

1
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        (8) 

 

where ^ denotes estimated quantities and K  and   are 

gains of the observer. The observer uses both linear K  

and nonlinear   feedback terms. The linear feedback 
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gain is responsible for the desired closed loop error 

dynamics while the nonlinear gain ensures the robustness 

of the observer. The sliding hyperplane is defined upon 

the stator current errors. 
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                 (9) 

 

3.2 Lyapunov stability analysis 

The state estimation error dynamics is given by: 
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where: 
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In order to determine the stability of the designated 

observer, let the Lyapunov function be: 

 

2 2

1 2

1
( )

2

T re sR
V x x



 
                        (11) 

 

where 1 2, 0   . Assuming that the rotor angular velocity 

and stator resistance are constant within a sampling 

interval, 
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substituting (10) into (12) yields: 
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For global asymptotic stability, 0V  . Thus, the 

following equations are obtained: 

 

 ( ) 0A KC                                 (14) 

 

                      (15)  

   

                       (16) 

 

( ) 0Tx sign x                              (17) 

 

From (14), the eigenvalues of ( )A KC  are required to be 

in the left-half plane. Hence, the gain K  can be found by 

pole placement. Furthermore, if 
11

22

0

0

 
   

 
, from 

(17), then 11 22, 0   . Larger values of 11 22,   

increase the robustness of the observer but may generate 

unwanted chattering. 

From (18) and (19), the following update laws for rotor 

speed and stator resistance estimation can be deduced: 

 

        

 

4. FVD and Dead-time Compensation 

 

Voltage drops across power switches in the inverter 

reduce the terminal voltage seen by the machine. At very 

low speeds, the voltage drop can be higher than the 

induced voltage and hence introduce a severe disturbance. 

It is shown that the error voltage vector of the three 

inverter legs can be represented by
[25]:

 

 

22
[sgn( ) *sgn( ) *sgn( )]

3
fvd CE A B CV v i i i       (20) 

(18) 

(19) 
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where 2 /3je    and CEv  is the forward voltage drop of 

the switch. From (20), it is seen that the voltage error vector 

only depends on the polarity of the three-phase currents. 

Hence, for the purpose of compensating the error vector, 

only the polarities of the three phase currents are needed. 

 There is a time in each switching cycle where both the 

high and low side switches in the same leg of the inverter 

are off and the current flow is through the diodes. This is 

known as dead-time which is inserted into the gate signal 

of the switch that is to be turned on to avoid a direct short 

circuit across the DC bus voltage source. This dead-time 

delay causes a change in and distortion of the stator 

voltage vector applied to the machine. 

 Fig. 3 shows the PWM control signal as an example 

and the switching signals of a single inverter leg. The 

control signals for the upper and lower switches are shown 

together with the dead-time. The turn-on and turn-off time 

of the power switches are also considered in the figure. In 

the last two subplots of Fig. 3, the expected and the actual 

output voltages are compared. It is seen that due to the 

effect of dead-time td, the turn-on delay tON and the 

turn-off delay tOFF, there is distortion between the 

expected and the actual output voltages.  

 The dead-time error vector between the expected output 

and the actual voltage vector is given by (21) for different 

directions of the current vector. This error can be 

compensated for by detecting the polarity of the output 

current. 

 

22
[sgn( ) *sgn( ) sgn( )]

3
dt dead a b cV V i i i           (21) 

 

 
 

Fig. 3.  PWM switching signals of the inverter with positive    

current considering the effect of dead-time and 

switching delays in the power switches. 

where:   
d o n o f f

d e a d d c
s

t t t
V V

T

  
  

 
           (22) 

 

where dcV  and Ts are the dc-link voltage and switching 

periods respectively. The compensation in (22) must be 

made to the reference voltage vector refV  which is used 

by the observer as the input Vα,β for more accurate 

observation.  

  

, ( )ref fvd dt refV V V V V V             (23) 

 

5. HF Signal Injection 

 

At very low speeds, the stator voltage becomes very 

small and the effects of inverter nonlinearities become 

severe. This can easily lead the drive system to instability. 

To solve this problem, the high frequency (HF) signal 

injection method can be combined with the proposed 

sliding mode observer. Several HF injection methods can 

be found in the literature. These methods can be classified 

into α-β reference frame rotating injection
[21]

, d-q 

reference frame pulsating injection
[22]

 and d-q reference 

frame rotating injection
[23]

. In this paper, the d-q reference 

frame persistent HF rotating carrier injection is 

implemented, where an alternating voltage is used for 

injection. A carrier excitation signal fluctuating at angular 

frequency ωc, and having amplitude Vc, as shown in (24), 

is superimposed on the d- component of the stator voltage 

in the estimated rotor reference frame. 

 

    cos( )hf c cV V t                           (24) 

 

The frequency of the injected voltage carrier, ωc, should 

be high enough to ensure sufficient spectral separation 

between itself and the fundamental excitation to reduce 

the requirements of the band-pass filters. An alternating 

HF current response is detected in the q direction of the 

estimated rotor reference frame with its amplitude 

modulated by the rotor position estimation error. The 

method of the demodulation process is shown in Fig. 4. 

The high frequency component of the measured current in 

the q-direction, iqc, is obtained by band-pass filtering 

(BPF) of the q component of the measured current. The 

HF current signal is then demodulated and low-pass 
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filtered (LPF) to extract an error signal given by: 

 

 
{ sin( )}qc cLPF i t                           (25) 

 

This error signal is ideally
[15]

: 

 

  s i n ( 2 )mK                                              
(26) 

 

Assuming the estimated error is small, (26) can be 

approximated by: 
 

2 mK                                                   
 (27) 

 

The error signal is used for correction of the estimated 

rotor position by augmenting the sliding mode observer as 

follows: 
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       (28) 

 

where: p iK K dt            (29) 

 

In this configuration, the signal injection method 

persists in a steady-state while the sliding mode observer 

dominates during transients. To ensure a smooth transition 

between the low and high speed regions, the amplitude of 

the injected signal, Vc and the PI controller gains, Kp and 

Ki are decreased linearly with increasing speed, i.e.: 
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Fig. 4.   Demodulation scheme used to obtain error signal. 
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Fig. 5.   Speed-dependant function ˆ( )ref  . 
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Fig. 6.   T-λs plane of an IPM machine. 

 

6. Trajectory Control for the DTFC IPM  

Motor Drive 

 

One prominent advantage of an IPM motor is its wide 

constant power region or high flux weakening capability. 

In a DTFC drive, the operation area on the sT   plane 

is restricted by a current limit and voltage limit trajectories 

at different speeds. The sT   plane of a typical IPM 

machine is illustrated in fig. 6. 

In order to achieve high efficiency, the maximum 

torque per ampere (MTPA) control is adopted for an IPM 

motor below base speed. For operation above the 

crossover speed, field weakening control
[24]

 is selected 

since the voltage would go beyond its limit if the torque 

and stator flux linkage were still controlled along the 

MTPA trajectory. If the rotor speed is between the base 

speed b  and crossover speed c , the torque determines 

the control action. If the voltage requirement of the actual 

torque exceeds its limit, the control action switches to flux 

weakening mode. Otherwise, constant torque operation is 

selected although the rotor speed is above the base speed. 

Fig. 7 depicts the flow chart for switching between the two 

control modes
[4]

. 
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Fig. 7.  Determination of the reference stator flux linkage at 

different speeds. 

 

6. Experimental Results 

 

The effectiveness of the proposed sensorless drive 

scheme was tested experimentally. The block diagram of 

the sensorless drive is shown in fig. 8. A DS1104 DSP 

card was used to carry out the real-time algorithm. A 

three-phase insulated gate bipolar transistor (IGBT) 

intelligent power-module is used for an inverter. Coding 

of real-time control software was done using C language. 

The PWM signals were generated on the DS1104 board. 

In experiments, the sampling period of the drive was set to 

200μs. A dc machine whose armature current is separately 

regulated is used to emulate the load. The IPM machine 

(IPM I) whose parameters are tabulated in table 1 was 

used in the experiments. An incremental encoder was used 

to obtain the position signal which was used solely for 

comparison and not for control purposes. The reference 

flux value was selected according to the maximum torque 

per ampere (MTPA) trajectory to increase the efficiency of 

the overall drive system. 

 

Table 1.  Parameters of IPMSM used in this paper. 

 

  IPM I IPM II 

Number of poles      P 4 4 

Stator resistance      Rs 5.8 Ω 5.5 Ω 

Magnet flux linkage   λf 0.533 Wb 0.297 Wb 

d-axis inductance     Ld 0.0447 H 0.0868 H 

q-axis inductance     Lq 
0.1024 H 0.1697 H 

Phase voltage        V 132 V 115 V 

Line current          I 3 A 1.9 A 

Base speed           ωb 
1500 rpm 1500 rpm 

Rated torque         T 6 Nm 2.85 Nm 

 

Sensorless zero speed operation with nominal torque 

steps is depicted in fig. 9. Hence, the combined signal 

injection-adaptive sliding mode observer is capable of 

persistent zero speed operation with a full-load. The load 

was initially applied to the machine and was subsequently 

removed. It can be observed that the estimated speed 

tracks the actual speed very well and that the position 

estimation error is very small during the transients and 

steady-state. Hence, the sensorless DTFC drive is capable 

of persistent zero speed operation with a full-load. 
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Fig. 8.   Block diagram of the sensorless SVM-DTFC scheme. 
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Fig. 9.   Full-load steps at standstill. 
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Fig. 10.   Full-load speed reversal from -10 rpm to + 10 rpm. 
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Fig. 11.   Speed reversal from -1000 rpm to + 1000 rpm.  
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Fig. 12.   Full-load step at 1000 rpm. 

 
The low-speed dynamic response of the sensorless drive is 

shown in fig. 10. The machine is reversed from -5rpm to 

5rpm with a full-load. The estimated speed follows the 

actual speed very well during the reversal, confirming the 

effectiveness of the combined sliding mode-high 

frequency signal injection observer.  

The dynamic performance of the proposed sensorless 

drive when the machine is accelerated from -1000 rpm to 

1000 rpm is illustrated in fig. 11. There exists a transition 

from the HF signal injection method to the sliding mode 

observer. The transition speed is ωt = 300 rpm. The speed, 

torque and flux responses in fig. 11 indicate a smooth 

transition between both observers. Clearly, the estimated 
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Fig. 13.  Field weakening operation from start-up to 3500 

rpm. 
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speed tracks the actual speed closely during the transition. 

The steady-state performance of the sliding mode observer at 

1000 rpm under a full load condition is depicted in fig. 12. The 

machine was initially running at no-load and nominal torque was 

abruptly applied to its shaft. From the figures, we can observe 

that the proposed sliding mode observer is effective even under 

loaded conditions at high speeds.  

To demonstrate the field weakening operation of the 

sensorless DTFC drive, another IPM machine (IPM II) 

with flux weakening capability is used. The parameters of 

IPM machine II is also listed in table 1. IPM machine II 

has a base and crossover speeds of 1500 rpm and 2400 

rpm respectively. Hence, the MTPA trajectory is followed 

up to 1500 rpm while flux weakening mode is selected for 

speeds above 1500 rpm. Both the MTPA and FW 

trajectories are stored in a look-up table to save a 

considerable amount of computation time. 

The field weakening performance of the sensorless 

DTFC drive can be appreciated from fig. 13. The IPM 

machine is started-up from rest to its maximum speed of 

4000 rpm. The transitions from the signal injection to the 

sliding mode flux observers and from MTPA to FW 

modes are smooth with the estimated speed following the 

actual speed closely during the transition period. The 

sT   characteristics of IPM machine II and the actual 

torque-flux trajectories are shown in fig. 14. The torque 

and flux values actually coincide with the MTPA and FW 

trajectories. Hence, the DTFC drive is able to deliver a 

high flux weakening performance without a speed sensor. 

 

5. Conclusions 

 

In this paper, a novel adaptive sliding mode flux observer 

for direct torque and flux control of interior permanent 

magnet synchronous motor (IPMSM) drives was presented. 

Global asymptotic stability was achieved via the Lyapunov 

stability analysis. The proposed observer was combined 

with the high frequency signal injection method to further 

enhance the performance of the drive at very low speeds 

including standstill. Hence, the observer is capable of 

exhibiting a high steady-state and dynamic performances 

over a wide range of speeds.  Field weakening was 

integrated into the sensorless scheme to further extend the 

operating speed region. The proposed method is capable of 

handling a full-load over the entire speed range. 

Experimental results demonstrate the effectiveness of the 

proposed wide speed sensorless DTFC drive.  
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Fig. 14.  The sT  characteristics of IPM machine II. 
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