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This paper investigates a novel direct torque control (DTC) for a 
sensorless interior permanent magnet synchronous motor (PMSM) based 
on a sliding mode technique (SMC). The speed and position of the 
interior PMSM are estimated online based on active flux concept. To 
overcome the large ripple content associated with the direct torque, a 
torque/flux sliding mode controller has been employed. Two integral 
surface functions are used to construct the sliding mode controller 
(SMC). The command voltage is estimated from the torque and flux 
errors based on the two switching functions. The idea of total sliding 
mode is used to eliminate the problem of reaching phase stability. The 
space vector modulation (SVM) is combined with the sliding mode 
controller to ensure minimum torque and flux ripples and provides high 
resolution voltage control. The proposed scheme has the advantages of 
simple implementation, and does not require an external signal injection. 
In addition, it combines the merits of the direct torque control, sliding 
mode controller, and space vector modulation beside the sensorless 
control.   
Simulation works are carried out to demonstrate the ability of the 
proposed scheme at different operating conditions. The results confirm 
the high performance of the proposed scheme at standstill, low and high 
speeds including load disturbances and parameters variation. 

KEYWORDS: Active flux concept – Speed sensorless control – Direct 
torque control – Sliding mode control – Space vector modulation.   

 
I- INTRODUCTION   

Today, permanent magnet synchronous motor (PMSM) receives a great attention for 
drive applications. In particular, an interior permanent magnet synchronous motor has 
high efficiency due to the capability of producing reluctance torque. Speed or position 
control of the IPMSM needs the knowledge of the rotor speed or rotor position. 
However, the speed sensors or encoders have several drawbacks such as reliability, 
machine size and drive cost [1-3].  

Recently, the advancement in the field of digital signal processing encouraged 
researchers to investigate many methods for speed estimation. The popular algorithm 
depends on estimating the emf in a rotating reference frame [1-4]. This algorithm gives 
acceptable performance at medium and high speeds and fails at low speeds. Other 
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algorithms estimate the motor speed using the stator inductance variation with the rotor 
position [5-7]. Although these algorithms give a good performance at low speed and 
standstill operation it requires high frequency signal injection, which increases the 
drive complexity. In addition, a negative torque may be generated and thereby 
degrades the motor performance.  
 

NOMENCLATURE 

abci  Three phase stator currents 
∗V  Reference voltage amplitude 

βα ii ,  Stationary axes  current components Greek Symbols 

qL  q-axis stator inductance δ  Load angle 

dL  d-axis stator inductance βα φφ ,  
Stationary axes stator flux 
components 

p  Differential operator 
sφ̂  Estimated stator flux amplitude 

P  Number of pole pairs fφ  Permanent magnet flux 

sR  Stator resistance γ  Voltage vector angle with respect 
to d-axis 

abcS  Switching state of the inverter aθ  
Estimated angular rotor position 
(active flux position) 

eT  Electromagnetic  torque *
rω  Reference motor speed 

abcv  Three phase stator voltages rω  Actual rotor speed 

βα vv ,  Stationary axes voltage components rω̂  Estimated rotor speed 

qd VV ∗∗ ,  
Reference voltage in synchronous 
rotating frame eω  Electric angular rotor speed 

 
Speed observers have been employed also in many literatures. Sliding mode 

observer is used to estimate the motor speed or position based on the estimated flux [8-
11]. However, the chattering phenomenon, and the need for high frequency signal 
injection are the drawbacks of this method. Also, extended Kalman filter [12-14] is 
employed to estimate the speed of the IPMSM using measured voltage and current 
signals. However, large computational burden is considered the main disadvantage of 
this technique. In [15], a linear model of the IPMSM based on the stationary reference 
frame is constructed. Then, a speed/position observer is designed based on the γ- 
positive real problem. However, large speed error appears at rated value. In addition, 
the sensorless control at low speed under load torque disturbance can not be realized 
successfully. In [16], a new observer is constructed based on multirate time system 
which estimates the applied voltage on the motor. In addition, a full order observer is 
used to estimate the stator flux and therefore the rotor position. However, this 
algorithm can not be applied at zero speed. In [17], an observer based on the motor 
model is used to estimate the rotor flux and the motor speed of the induction motor. 
This method is sensitive to the parameters variation.  

In some literatures the induction motor speed is estimated from the stator flux, 
speed and either the load torque angle as in [18] or the slip speed as in [19]. However, 
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the speed error is significant especially at low speed under load disturbance. Also, 
the motor parameters must be known accurately. Active flux concept [20] is used also 
for speed estimation. This method has the advantages of obtaining wide range of speed 
control without any signal injection. In addition, it uses a simple algorithm.  

In this paper, the merits of the DTC together with the SMC are combined to 
control the IPMSM. Also, the active flux concept is employed to estimate the motor 
speed online. A torque/flux SMC combined with SVM are used to replace the 
hysteresis comparators and look up table of the classical DTC. The total sliding mode 
idea is used to design the SMC to eliminate the phase stability problem. The proposed 
scheme does not require additional complicated algorithms or signal injection schemes 
at very low speed. Computer simulations are carried out to evaluate the performance of 
the proposed scheme. The results show the superiority of the proposed scheme at 
different operating conditions.    

 
II. MATHEMATICAL MODEL OF IPMSM 

The mathematical voltage model of an IPMSM in the synchronous rotating frame is 
given by [14] 

uxgxfxp )()(][ +=                                                                       ………………. (1)  
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The stator flux components can be estimated from the current model of the 
IPMSM in the synchronous frame as follows:    

qqq iL=φ                                                                                                        ………(2)   

fddd iL φφ +=                                                                                                ………..(3) 

 
III- SPEED ESTIMATION OF THE IPMSM 

The concept of active flux (or torque producing flux) for the IPMSM is defined as 
follows [20]: 

dqdfa iLL )( −+= φφ                                                                    ………….. (4)  

The pervious equation indicates that the active flux vector is aligned with the 
d-axis of the rotor frame. 
Using equations (3) and (4), one can obtain: 

dqda iL−= φφ                                                                                   ………….(5) 

Equation (2) can be rewritten as: 

qqq iL−= φ0                                                                                    …………..(6) 
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Combining equations (5) and (6) , the active flux can be described in the space 
phasor form as:  

sqsa iL−= φφ                                                                                       ……………(7) 

Where  aφ   , sφ  ,  si    are the active flux , stator flux and stator current 

space vectors respectively. 
Substituting the stator flux in equation (7) by the integration of the back emf , 

the active flux becomes: 

sqsssa iLdtiRV −−= ∫ )(φ                                                              ………. (8)  

Equation (8) indicates that the active flux vector can be estimated using the 
stator voltage and current space vectors. The active flux can be expressed in the polar 
form as:  

aaa θφφ ∠=                                                                                                        …….(9) 

Where aφ  , and aθ  are the amplitude and angle of the active flux space vector. Since 

the active flux vector is aligned with the d-axis of the rotor frame, then the rotor 
position is estimated from:   
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Where  aαφ   and  aβφ   are the components of the active flux in the stator frame. 

The motor speed can be estimated from the time differentiation of equation (10) as:  
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Where the active flux components are calculated at the samples k and 1−k   , and  sT   

is the sampling interval. A low pass filter may be used with the speed estimator to 
reduce the noise. 

 
III. DIRECT TORQUE CONTROL OF AN IPMSM 

Direct torque control is considered the simplest control technique of PMSM for 
industrial applications where torque control is desirable. For IPMSM, the torque 
equation can be written as [21-22]: 

)]2sin()()sin(2[
4

3 δφδφφ
dqsqf

qd

s
e LLL

LL

P
T −−=                                        ...........(12) 

The torque equation consists of two terms, the first term is the excitation 
torque and the second term is the reluctance torque. For constant stator flux amplitude, 
the torque can be controlled by controlling the load angle )(δ . In other words, the 
torque can be controlled by controlling the stator flux speed with respect to the rotor 
speed. The stator flux components are estimated using the measured stator voltage 
components: 
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Therefore, the stator flux amplitude is estimated from: 

 5.022 )(ˆ
βα φφφ +=s                                                                                         …….(14) 

Also, the electromagnetic torque can be estimated using the stator current and 
voltage components:                     

)(5.1
^

βααβ φφ iiPTe −=                                                                                  ……… (15) 

In the classical DTC, the errors between the reference and the estimated values 
of torque and flux are fed to their band hysteresis comparators to give digital outputs. 
The outputs of the hysteresis controllers and the number of sector are fed to a lookup 
table which selects the switching procedure based on the inverter states. The inverter 
state does not change till the output of the hysteresis controller or the sector number 
changes. In turn, the inverter states changes slowly, especially, at low speed [23-24]. 
For speed control based on the DTC, a proportional- integral (PI) controller is used to 
generate the reference torque from the difference between the reference and measured 
speeds.  
 

IV. DESIGN OF A TORQUE/ FLUX SMC 

The sliding mode strategy is based on the design of the discontinuous control signal 
that drives the system states toward special manifolds in state space. The manifolds are 
chosen in such a way that the system will have the desired behavior as the state 
converges to it. The principle of the DTC is the tracking of the electromagnetic torque 
by controlling the voltage input to the motor. The SMC is designed to generate the 
stator voltage command from the torque and flux errors. Two integral switching 
functions are used for torque and flux control. The stator voltage command is 
generated based on the two integral switching functions. The switching functions of 
the torque and flux are chosen as:   

∫+=
t
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                                                                                       ………(16) 
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where  

eeT TTe ˆ* −=                                                                                                    ….…. (18) 

sse φφφ
ˆ* −=                                                                                                    …..… (19) 

and ip KK , are positive gains. 

The stator flux linkage amplitude and the electromagnetic torque can be 
estimated respectively in the synchronous frame as follows: 

5.022 )(ˆ
qds φφφ +=                                                                                       ………..(20) 

)(ˆ
dqqdte iiKT φφ −=                                                                                     ……….(21) 
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Where  PK t 2

3=  

The task is to design a control law that drives the state trajectory to the 
intersection of the surfaces described earlier. The time differentiation of the sliding 
surfaces are:  

TiTpT eKeKs += &&                                                                                         …….(22) 

φφφ eKeKs ip += &&                                                                                         …….(23) 

Combining equations (1-3), and (18-20) will yield: 
DuFMs −+=&                                                                                    ………..(24)  
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Taking the uncertainties into account, equation (24) will become   
WuDFMs nn +−+=&                                                                                        ............ (25) 

Where 
nn FD ,  are the nominal values of FD, . 

and   W  is the lumped uncertainty which can be expressed:  
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Putting 0=s& , the control effort law (reference voltage) can be obtained as 
follows:  

))((1** ssignFMDVu nn α++== −                                                                 …. (27) 
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and   φαα ,T are positive gains.   

The stability of the proposed SMC is proved using Lyapunov stability theorem 
in the appendix.  

The stator flux and the torque can be regulated by the stator voltage 
components.  The highly nonlinear and coupled dynamics of the 
matrices ),( 1

nn FD − complicate the design of the SMC. However, if the stator flux 

amplitude is controlled to be constant, the variables of the matrices ),( 1
nn FD − can be 

analyzed as bounded disturbances regulating the stator flux and the torque. So, it can 
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be added to the lumped uncertainties. The control effort equation can be written as 
follows:  

)(1
* ssignMV α+=                                                                                      ……… (28) 

Where    
nn FDW 1

1
−+>α  

The control effort is designed in equation (26) such that the system trajectory 
is forced towards the sliding surface 0=s . However, this control strategy produces 
some drawbacks associated with large control chattering that may wear coupled 
mechanisms and excite unstable system dynamics. In addition, the sensitivity of the 
controlled system to uncertainties still exists in the reaching phase. To overcome these 
problems, the total sliding mode control idea is chosen [25-26]. The control effort of 
the total torque/ flux SMC can be written as:  
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Where     
λ+

=
S

S
Ssat )(  ,   and    

cT KKK ,, φ and  λ  are positive gains. The function 

)(Ssat is used instead of the function )(Ssign to reduce the chattering in the control 
effort.  
The reference voltage amplitude and position are estimated as follows: 

2*2**
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As shown in figure (1), the reference voltage position with respect to α -axis 
in a stationary frame is expressed as:   

aθγθ +=*                                                                                                  ……… (32) 
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Fig.(1) Space position of the stator voltage and flux vectors. 
 

V. SPACE VECTOR MODULATION 

Although the SMC can provide high performance and low ripple content, the variable 
switching frequency problem is not overcome. The sinusoidal pulse width modulation 
can be combined with SMC to solve this problem but it has some drawbacks. Thus it is 
unable to fully utilize the dc voltage, and gives more total harmonic distortion.  The 
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SVM is preferred for DTC over PWM technique [27-28]. It is based on the space 
vector representation of the stator voltage in the ),( βα stationary frame. For two level 
inverters, there are eight states available for this vector according to eight switching 
positions as shown in figure (2). The SVM principle is based on the switching between 
two adjacent active vectors and two zero vectors during one switching period [28]. In 
order to reduce the number of switching actions and make full use of active turn-on 
time, the vector is commonly split into two nearest adjacent voltage vectors and zero 
vectors 7V and 0V  in an arbitrary sector. For example, during one sampling interval, 

the stator voltage space vector in sector (I) can be expressed as: 

7
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2
2
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where TS   is the sampling time, and       VdcV
3
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The required time period spending in each of the active and zero states are given by  
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The pulse command signals pattern for the inverter for Sector I can be 
constructed as in Figure (3).  For the sectors II-VI the same rules can be applied.  
 

 

Fig. (2). Space voltage vectors of two level inverter. 
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Fig.(3). Pulse command signal pattern of sector (I). 
 

The block diagram of the speed sensorless torque/flux sliding mode controller 
of an IPMSM is shown in figure (4). The stator flux vector and the motor torque are 
estimated from the measured voltage and current signals (eqns. 12-13). The rotor 
position and speed are estimated from the active flux vector (eqns.10-11). The figure 
shows also that the SMC generates the stator reference voltage based on the torque and 
flux errors. No additional measurements or axis transformation are required. Space 
vector modulation is used to generate the inverter switching states with constant 
switching frequency. In a conventional DTC, a single voltage vector is applied during 
each sample period.  When SVM is used, as shown in figure (3), six voltage vectors 
are applied during each sample. The number of switching states increases, and in turn, 
the torque and flux ripples decrease. Thus, the SVM provides high resolution output 
voltage.  For speed control based DTC, a proportional- integral (PI) controller is used 
to develop the torque command for the SMC from the speed error.  

Torque / 
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Fig.(4) Block diagram of the proposed sensorless sliding mode control scheme. 
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V- SIMULATION RESULTS 

Simulation works are carried out to evaluate the performance of the proposed scheme. 
The simulations are performed using the MATLAB/ Simulink simulation package. The 
parameters and data of the IPMSM used for simulation procedure are listed in table 
(1). The following settings are chosen for the control system: 

Gains of the PI speed controller are selected as: Ksp = 0.01, Ksi = 0.5.   
Switching frequency of SVM = 6 KHz.     
Sampling time of speed estimator = 10 KHz.   
The parameters of the torque/ flux sliding mode controller are selected as:  

100 == φKKT
, 100 =cwK , [ ]T2002001 =α , 2 =pK , iK  =30. 

 
Table (1) Parameters and data of the IPMSM 

No. of pole pairs 2 Base speed ω (rpm) 1500 

Rs (Ω) 6 Magnet flux linkage   Φf  (Wb) 0.337 

Lq (H) 0.1024 Rated torque  Te (N.m) 3 

Ld (H) 0.0448 Vdc  (volt) 300 

 
To evaluate the performance of the proposed scheme, the simulations are 

carried out at standstill, low and high speed operation with load disturbance and 
parameters variation.  

 
Case (1) Standstill operation: 

The motor is assumed to be operated at zero speed along the simulation period. The 
load torque is assumed to be 2 N.m (66.6% of rated torque) at starting and increased 
steeply to 4 N.m (133.3%)at t = 4 sec. The flux command is assumed to be fixed at 0.5 
Wb. The damping coefficient and the moment of inertia are detuned by 50%. The 
simulation waveforms are shown in figure (5). The figure shows that the actual and 
estimated speeds are aligned. A speed dip occurs at the instant of load disturbance and 
recovered in less than 0.5 second. The figure depicts that the speed error between the 
actual and estimated is about 0.1 rpm at steady state and 1 rpm at load disturbance. As 
a result of using torque/flux SMC with space vector modulation, it is indicated that the 
ripples in the torque and flux waveforms are shown to be very low. The flux ripple is 
about ±0.01 Wb (2%) and the torque ripple is ±0.07 N.m (3.5 %) at 2 N.m.  
 
Case (2) Low speed operation with load disturbance: 

In this case, the motor is assumed to be accelerated from zero to 100 rpm in 0.5 sec. 
and kept constant at this value till t = 4 second.  Then, the command speed is decreased 
steeply to 50 rpm. The flux command is assumed to be kept constant at 0.5 Wb. The 
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load torque is stepped from 2 to 3 N.m at t = 2 sec. As in the pervious case, the 
damping coefficient and the moment of inertia are assumed to be less than nominal by 
50%. The simulation waveforms are shown in figure (6). It is seen that the actual and 
estimated speeds can track the trajectory of the reference speed very well. The speed 
error is found to be less than 0.5% at 100 rpm. A small dip occurs in the estimated and 
actual speeds at the instant of load disturbance. The speed waveforms are enlarged at 
the instant of speed change to demonstrate the fast speed response of the proposed 
scheme. The figure shows that the torque and flux waveforms contain low ripples. The 
stator flux ripple is about ±0.015 wb (±3%) and the torque ripple is ±0.15 N.m at 3 
N.m (5 %). The torque waveform is enlarged to show that the system has fast torque 
dynamic response. Figure (7) illustrates that the actual and estimated rotor positions 
are aligned and there is no phase difference between them. The figure depicts also that 
the absolute error is nearly zero. Figure (8) shows the locus of the stator flux at 100 
rpm in the stationary frame. It is noticed that the flux profile attains its circular shape 
very quickly. This means that the stator flux has fast transient response and its 
components are sinusoidal and displaced in phase by 900.  
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Fig. (5) Simulation output of the proposed scheme at standstill operation. 
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Fig. (6) Simulation waveforms at low speed (100 rpm). 



A. A. Hassan, A. M. El-Sawy, Y. S. Mohamed, and E. G. Shehata 190
 

0 1 2 3 4 5 6 7 8
0

1

2

3

4

5

6

7
Actual and estimated rotor position(rad)

0 1 2 3 4 5 6 7 8
-5

0

5
x 10

-4

time (sec)

Rotor position error (rad)

 

Fig. (7) Actual and estimated rotor position and their difference at 100rpm. 
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Fig.(8) Locus of the stator flux in the stationary reference frame at 100 rpm.  
 
Case (3) High speed operation: 

In this case, the performance of the proposed scheme is tested under high speed 
operation. The command speed is assumed to be increased from zero to 1500 rpm in 1 
second. The flux command is fixed at 0.5 Wb. The load torque is increased from 2 to 3 
N.m at t = 3 second.  The stator resistance of the motor is assumed to be increased 
steeply by 50 % at t = 6 second. The damping coefficient and the moment of inertia are 
increased by 100 % at t = 1 second. 

Figure (9) shows oscillations in the estimated speed waveforms. These 
oscillations can be reduced by selecting the appropriate cut-off frequency of the filter 
and the PI-speed controller gains. At steady state, the speed error is about 3 rpm 
(±0.2%) which increases to 5 rpm (±0.33%) with the increase of the stator resistance.  
Also, the figure shows smooth torque and flux waveforms where, the stator flux ripple 
is about ±0.03 wb (6%) and the torque ripple is ±0.25 N.m at 3 N.m (8.33 %). 
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Fig. (9) Simulation waveforms at high speed operation. 
 

VI- CONCLUSION 

This paper presents the torque and flux control of the IPMSM based on the direct 
torque technique. Active flux concept is proposed to estimate the motor speed and 
position online. To solve the high ripple content problems associated with the classical 
DTC, a torque/ flux SMC is introduced in the DTC scheme. The SMC has been 
designed based on the torque and flux errors. The control law of the SMC is designed 
to reduce the chattering phenomenon and ensure reaching phase stability. Also, a SVM 
is used to provide constant switching frequency and reduces the ripple content. 
Simulation results demonstrate that the proposed scheme still preserve the fast 
dynamic response of the DTC. In addition, the system has good performance at all 
speeds including standstill and low speeds in the steady state. Also, the proposed 
scheme has high robustness against parameters variation and load disturbance.    

 

APPENDIX  

The stability of the proposed SMC can be proved using Lyapunov stability theorem. 
Defining  Lyapunov  function as:  

 ssV T

2

1=                                                                                                        ……….(36) 

The time derivative of  V on the state trajectory is given by  
ssV T
&& =                                                                                                        ………….(37)  

Substituting equation (30) in equation (37), one can obtain:  
WsuDsFsMsV T

n
T

n
TT +−+=&                                                                ….…….(38) 

Substituting the control effort from equation (29) into equation (38) 
))(1

TT
n

TTT
n

TT ssignsFsMsWsFsMsV α−−−++=&                                      ….…..(39)  
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i.e   TT sWsV 1α−=&                                                                                          …….(40) 

For W>1α , equation (40) will ensure 0≤V& .        This proves the stability of the 

proposed scheme.  
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التحكم فى سرعة محرك تزامنى ذى أقطاب مغناطيسية دائمة بدون جهاز استشعار بناء 

  على مفهوم الفيض الفعال
  

للمحـــرك التزامنـــى ذى ) Novel direct torque control(مـــا مباشـــرا جديــدا يقــدم هـــذا البحـــث تحك

 Sliding(الأقطــاب المغناطيســية الدائمــة بــدون حســاس الســرعة أعتمــادا علــى نظــام المــتحكم الأنزلاقــى

mode controller . (هـوم الفـيض الفعـالتحسب  سرعة و زاوية العضو الدوار للمحرك  بناء علـى مف .

و للتغلب على التموجـات العاليـة التـى تعيـب نظـام الـتحكم المباشـر فـى العـزم يـتم أسـتخدام مـتحكم أنزلاقـى 

و قـــد تـــم أســــتخدام دالتـــى تكامـــل لتصـــميم المــــتحكم . للـــتحكم فـــى العـــزم و الفـــيض المغناطيســــى للمحـــرك

م المطلــوب والعــزم الفعلــى و الفــرق بــين حيــث يقــوم المــتحكم بحســاب الجهــد مــن الفـرق بــين العــز . الأنزلاقـى

و لضمان ثباتية النظـام . كثافة  الفيض المغناطيسى و كثافة  الفيض  الفعلى اعتمادا على دالتى التكامل

كمــا تمــت أضــافة نظــام ضــبط المتجــه . أثنــاء زاويــة الوصــول تــم أســتخدام فكــرة المــتحكم الأنزلاقــى الكلــى

للحصول على أقل تموجات فى العـزم و الفـيض المغناطيسـى ) (Space vector modulationالفراغى 

. يتميز النظام المقترح ببساطة و عدم الحاجة الى نظام حقن خـارجى. للمحرك و زيادة نقاء موجة  الجهد

كمــا يجمــع النظــام مميــزات كــل مــن الــتحكم المباشــر فــى العــزم و المــتحكم الأنزلاقــى مــع عــدم الحاجــة الــى 

حكــم علــى اداء الــتحكم المقتــرح  تــم عمــل محاكــاة للنظــام المقتــرح عنــد ظــروف لل. حهــاز أستشــعار ســرعة

حيث أوضحت النتائج الأداء المتميز للنظام المقترح عند البدء و السرعات البطيئـة و العاليـة مـع . مختلفة

 .تغير معاملات المحرك او الحمل على المحرك


