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Abstract: Fast torque and flux dynamic responses are delivered by direct torque control of interior permanent-
magnet synchronous motors. However, the major drawback is being the poor flux estimation at very low speeds. 

A majority of flux observers have been proposed for flux estimation, but most of them fail to check in the low-

speed region. In this paper, to improve flux estimation at very low speeds, a sliding-mode stator flux observer is 

proposed. This observer does not require any speed adaptation mechanism unlike conventional flux observers 

and is immune to speed estimation error. A novel stator resistance estimator is incorporated into the sensor less 

drive to compensate the effects of stator resistance variation. DC-offset effects are reduced by introducing a 

small elemental component in the observer gains. Simulation results at very low speeds, including 0 and 2 

r/min, without signal injection confirm the effectiveness of the proposed method. 
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Nomenclature 
i = (iα   iβ)

T               Stator current in the αβ reference frame. 

 id, iq                        Stator current in the dq reference frame. 

ἶ = (ἶα   ἶβ)
T

              Stator current estimation error 

I  = 
1 0
0 1

   

J = 
0 −1
1 0

  

L = 
𝐿𝑑 0
0 𝐿𝑞

  

Ld, Lq dq-axes inductances  

Rs Stator Resistance 

T  Electromagnetic Torque 

V=(Vα  Vβ)
T          Stator Voltage in the αβ reference  frame               

Vd, Vq                              Stator Voltage in the dq reference frame                      

θre                                        Rotor angle 

λ = (λα  λβ)
T           Stator flux linkage in the αβ reference frame                    

λd, λq Stator flux linkage in the dq reference frame                      

λf Permanent  magnetic flux linkage                       

҃λ = ( ҃λα  ҃λβ)
T Stator flux estimation error. 

ωre Rotor speed 
 

 

 

 

 

 

 

 

 

 

 



Sliding-Mode Observer based Direct Torque Control of an IPM-Synchronous Motor Drive at Very  

DOI: 10.9790/1676-09640817                                     www.iosrjournals.org                                             9 | Page 

Fig.1 Block Diagram Of The Dtc. 

 

I. Introduction 

Direct Torque Control: (DTC) is one method used in variable frequency drives to control the torque. This 

involves calculating an estimate of the motor's magnetic flux and torque based on the 

measured voltage and current of the motor. DTC was patented by Manfred Depenbrock in the US and in 

Germany. However, Isao Takahashi and Toshihiko Noguchi described a similar control technique termed DTC 

in an IEEJ paper presented in September 1984 and in an IEEE paper published in late 1986. The DTC 

innovation is thus usually credited to all three individuals. Since its mid-1980s introduction applications, DTC 

have been used to advantage because of its simplicity and very fast torque and flux control response for high 

performance induction motor (IM) drive applications. DTC techniques for the interior permanent magnet 

synchronous machine (IPMSM) were introduced in the late 1990s.There are many advantages of direct torque 

control when compared to conventional vector-controlled drives, such as elimination of coordinate 

transformation, lesser parameter dependence, and faster dynamic response [3]. 

DTC results fast responses, as the torque and flux are regulated directly and independently. 
Additionally, due to the absence of coordinate transformation, DTC is intrinsically sensorless. The main 

disadvantage is the inability to estimate the stator flux at low speeds precisely. Usage of an encoder for stable 

operation at low speeds seems to disprove the benefits of the DTC. Furthermore, the cost of the DTC increases 

due to the existence of this position sensor at the same time reducing the reliability of the system.  

The several solutions that have been proposed by many researchers to this problem are classified as follows: 

 Open-loop back-EMF-based estimators [3]–[6]; 

 Closed-loop adaptive observers based on advanced models [7]–[16]; 

 Estimation based on high-frequency signal injection, exploiting the saliency property of an IPMSM [17]–

[23]. 

Every solution has its own advantages and disadvantages and most of them (except the latter) fail to 

deliver efficient performance at very low speeds. The signal injection methods allow sensorless operation at 
standstill, even then there will be increase in the noise in the system resulting in reduced overall efficiency. 

Moreover, when this method is endorsed for sensorless control, the gesture of the system are shown to be 

stagnant. 

In this paper, a novel sliding-mode stator flux observer is proposed that has the capability of estimating 

accurate flux at very low speeds without signal injection. Since the concept of active flux was used by this 

observer the sensorless control could able to perform in a simpler way on an IPM machine. As the active flux is 

adopted, the proposed observer can be implemented in a dual reference frame which in turn allows it to be 

inherently sensorless. No speed adaption mechanism is required by the observer and thus, any inexactness due 

to speed estimation errors is eliminated [27]. This extremely improves the flux estimation at very low speed. 

Regardless, the effects of dc-measurement offset parameter variations were not taken into account as they pose 

significant problems at very low speeds. Furthermore, the observer gains selection, which may become critical 

at very low speeds, were not elaborated.  
The proposed sliding-mode flux observer in this paper is superior to that in [28]. To alleviate any effect 

of stator resistance variation at low speed, an online stator resistance estimator is integrated into the proposed 

flux observer. In the proposed observer the effect of variations in Lq is accounted for by the sliding-mode term. 

http://en.wikipedia.org/wiki/Variable_frequency_drive
http://en.wikipedia.org/wiki/Torque
http://en.wikipedia.org/wiki/Calculation
http://en.wikipedia.org/wiki/Magnetic_flux
http://en.wikipedia.org/wiki/Torque
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Induction_motor
http://en.wikipedia.org/wiki/Permanent_magnet_synchronous_generator
http://en.wikipedia.org/wiki/Permanent_magnet_synchronous_generator
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The observer gains selection procedure is also included. At low speeds, to overcome the undesirable effects of 

dc-measurement offset, an integral component is combined with the observer gain. Simulation results of the 

sensorless DTC drive at very low speeds, including standstill and 2r/min, are included to verify the effectiveness 
of the proposed approach. 
 

II. Sliding-Mode Observer (Smo) 
The performance of a sensorless drive is affected by the accuracy of the stator flux observer which is a 

key factor. In the stationary (αβ) or rotating frame (dq) the adaptive observers are commonly used because of its 

robustness towards disturbance rejection and parameter variations. However, these observers are always realized 

in a single reference frame that results in a rotor-speed-dependant term. Therefore, the observer has to be speed 

adaptive and the speed adaptation is usually performed as the last step of the estimation process in a digital 

realization. Hence, the speed estimate is affected by cumulative errors, noise, and delays. The flux and speed 

estimation  gradually worsen when the inaccurate speed value is fed back to the observer. This can easily lead 

the drive to instability, especially, at low speeds. 
 

A. Design Of The Observer  
If both the rotating (dq) and stationary (αβ) frames are used the speed dependency term can be eliminated. 

Defining the stator flux as the state variable and the stator current as the output, a closed-loop SMO without speed adaptation 

can be designed which is shown in Fig. 2. Depending upon the machine equations in the rotor (dq) reference  
 

 
Fig.2. Block Diagram Of The Proposed Sliding-Mode Stator Flux Observer. 

 

Frame, the stator flux observer can be mathematically expressed as follows:                                                                                                                                       
d

dt
λ  = - r̂s i + v + kĩ + ksmo sign(ĩ) 

Î = t-1(θr̂e) l
-1 t (θr̂e)λ̂ + 

λ f

Ld
 

Cos θ̂re

 – Sin θ̂re

                     (1) 

Where       t(θ re )=  
Cos θ̂re

 Sin θ̂re

    −sin θ̂re

        Cos θ̂re

  

                                                                                     

K and ksmo are the observer gains, and ˆ denotes the estimated quantities. The observer employs both linear and 

nonlinear feedback terms. The error dynamics and robustness  are determined by the linear and nonlinear gains, 

respectively. The estimated rotor angle is calculated from                                                                                                                                                                                                                                                                       

θ re =tan−1  
λ a ,β

λ α ,α
                (2) 

                                           

Where         
λ̂a,α = λ̂α

−Lq iα

λ̂a,β = λ̂β−Lqiβ

      (3) 

                                       

Is called the active flux [24]–[26]. The observer employs two reference frames—both the stationary 

(αβ) and rotor (dq) frames. To estimate the stator flux the voltage model  is implemented by the state equation in 

the stationary (αβ) frame. Based on (2) and (3) the active flux and estimated rotor position are calculated. Using 

the current model, the output equation of the observer estimates the current, assuming orientation. The current 
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estimation errors are then used as feedback signals for correction. The stator flux observer combines the 

advantages of the current model at low speeds and that of the voltage model at higher speeds. 
 

B. Observer Gain Selection 
The classical approach to observer gain selection is to design the observer poles proportional to the 

motor poles [9]. This approach allows the observer to be dynamically faster than the motor, but is susceptible to 

noise. This problem can be circumvented by designing the observer poles with identical imaginary parts as the 

motor poles, but shifted to the left in the complex plane [10]. This approach is adopted in this paper. The 

observer still possesses faster dynamics than the machine. Nevertheless, 

 
Fig. 3 Location of motor and observer poles for k = 150. 

 

The noise immunity of the observer is improved because the other pole, already having a large magnitude, is 

less amplified. It can be shown that poles of the machine as a function of rotor speed are given by 

p1,2 ωre  = −
Rs

Ld
, − 

Rs

Lq
                               (4) 

On the other hand, the poles of the observer are governed by the eigen values of [k1i + J (k2i − ωrel)] in (10). 

Shifting the observer poles to the left by k yields 

po1,2 ωre = −
Rs

Ld
− k,−

Rs

Lq
− k                (5) 

Where k > 0. Imposing this condition on the observer results in the following individual gains k1 and k2 as a 

function of rotor speed:− 

 
  
 

  
 k1 =

Rs

2
 

1

Ld
+

1

Lq
 + k

k2 =
1

2
 ωre ( Ld + Lq )

 +sign(ωre )    Ld − Lq  ωre
2 −  

Rs

Ld Lq
 

2

   

    (6) 

Since the actual speed ωre is not available, the estimated one is used instead. Fig. 3 illustrates the machine and 

observer poles in the complex plane for k = 150. On the other hand, Fig. 4 shows the machine and observer 

poles in the complex plane when constant gains k1 = 150 and k2 = 50 are used instead. It is evident that the 

imaginary component of the observer poles increases with speed and this induces unwanted oscillations at high 
speeds. 

If  KSMO =   
KSMO ,1 0

0 KSMO
  

Equation (11) yields 

KSMO ,1 ἶα  + KSMO ,2 ἶβ > 0                               (7) 

 Hence, KSMO,1,KSMO,2 > 0. Fig. 5 depicts the torque and flux estimation errors due to +20% detuning in Lq when 

KSMO,1 = KSMO,2 = 0. Fig. 6 illustrates smaller estimation errors when the sliding-mode gainsksmo,1 = KSMO,2 = 

0.1 are inserted. Larger values of KSMO,1 and KSMO,2 further increase the robustness of the observer, 
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Fig. 4. Location Of Motor And Observer Poles For Constant Gains K1 = 150, K2 = 50. 

 

 
Fig. 5. Torque And Flux Estimation Errors Due To +20% Detuning In Lq . 

 
Fig. 6. Torque And Flux Estimation Errors Due To +20% Detuning In Lq And Sliding-Mode Gains Ksmo,1 

= Ksmo,2 = 0.1. 
 

But may generate unwanted chattering. 0 < ksmo,1, ksmo,2 < 1 is practical for a real drive. 
 

 
Fig. 7. Block Diagram Of The Proposed Sensorless Dtc Scheme. 
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Table I: Switching Table Of The Classical Dtc 

 
 

 
Fig. 8. Regions Θ1 − Θ6 Of The Stator Flux Linkage Vector. 

 

C. Torque And Rotor Speed Estimation 
The electromagnetic torque is estimated from 

 T =
3

2
P(λ α iβ − λ β iα)     

(8) 

The rotor speed is only required for speed control. It can be calculated based on the derivative of (2) 

ω re =
λ α ,α  k−1 λ α ,β  k −λ α ,β  k−1 λ α ,α  k 

Ts (λ α ,α  k 
2 +λ α ,β  k 

2 )
   

(9) 
where Ts is the sampling period and k and k−1 denote two consecutive sampling instants. The speed signal is low-pass 
filtered to remove the noise. This is a compact, yet effective, speed estimation scheme. 
 

III. Simulation Results 
Simulation using MATLAB/SIMULINK has been done to verify the  effectiveness of the proposed 

sensorless DTC drive scheme. The block diagram of the sensorless drive is shown in Fig. 7. The Table I shows 

the switching logic of the DTC. Variables λ and τ are the 

 

Table II: Parameters Of IPMSM Used In This Paper 
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Table III: Control Parameters Of The Drive Used In This Paper 

 
 

Outputs of the flux and torque hysteresis controllers, respectively and λ = 1 implies that the estimated 

flux is smaller than its reference value and vice versa. The same thing applies to τ for torque control.  

Stator flux vector lies in the region θ1 − θ6, as defined in fig. 8. To carry out the real-time algorithm a 

ds1104 dsp card was used and for an inverter a three-phase insulated-gate bipolar transistor (igbt) intelligent 

power module is used. C language was used to code the  real-time control software. Ds1104 board generates the 

pulsewidth modulated (pwm) signals. In simulation, the sampling period of the drive was set to 50 μs. 

The armature current of the dc machine is separately regulated and it is used to contend the load. The 

ipm machine, whose parameters are tabulated in table ii, was used in this simulation. The position signal was 

solely used for comparison and not for control purposes and to obtain this an incremental encoder was used. To 

increase the efficiency of the drive system [4] the reference flux value was selected according to the maximum 

torque per ampere (mtpa) trajectory. Table iii shows the control parameters of the drive. The nonlinearities of 

the inverter severely affects the performance of the sensorless drive, especially, at low speeds. To sustain very-
low-speed sensorless operation, accurate forward voltage drop and dead-time compensation are mandatory [29].  

The high-frequency signal injection method [18] was used to estimate the initial rotor position only and 

not used subsequently for control purposes. The d-axis inductance ld and the permanent magnet flux λf stays 

relatively constant with variation in operating current. On the other hand, the q-axis inductance lq decreases as 

the operating current increases.  

 

 
   X-Y Plot 
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Fig.9. Sensorless Full-Load Operation At 5 R/Min. 

 

 
 

          X-Y plot 

 
 

 
Fig. 10. Sensorless Full-Load 10 R/Min. 

 

The steady-state operation at 5 r/min with full load is shown in Fig. 9. The same quantities are shown. 

The speed and torque ripples are now higher, but the system is stable. Low-speed 10 r/min with full load is 

depicted in Fig. 10. The actual speed, estimated torque and flux, and speed estimation error are shown. The 

estimated speed follows the actual speed very closely during the transient and steady state. The dynamic 

response during acceleration from standstill to 2 r/min is shown in Fig. 11. The machine was originally operated 

at zero speed with no load and was then accelerated to 1000 r/min. The estimated speed tracks the actual speed 

closely during the transient and steady state.  
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X-Y plot 

 
 

 
 

Fig. 11 Start-Up Response Of The Sensorless Drive. 
 

IV.       Conclusion 
In this paper, a sliding-mode stator flux observer for DTC of IPMSM drives was presented. Due to the 

adoption of the active flux concept, the stator flux observer was implemented in a dual reference frame. As a 

consequence, it does not require speed adaptation and is not susceptible to speed estimation errors, especially, at 

low speed. A novel online resistance estimator was proposed to further compensate for the effects of stator 

resistance variation. The effects of dc-measurement offsets were mitigated by incorporating an integral 

compensating term in the observer gain. The proposed sliding-mode flux observer is capable of delivering high 

performance over a wide speed range, including very low speeds. Simulation results at very low speeds, 
including standstill and 2 r/min, without signal injection demonstrate the effectiveness of the proposed sensorless 

drive. 
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