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	 In this study, the current and flux linkage of a stator were used to develop a speed estimation 
direct torque control induction motor (IM) drive, and the speed estimation signal was derived 
from the stator flux observer.  Hall effect current sensors were used to obtain the stator current 
from the IM.  Voltage space vector pulse width modulation was used to establish a voltage 
source inverter (VSI) in place of a traditional switching table VSI to reduce the ripples of both 
the stator current and electromagnetic torque.  The Lyapunov stability theory was used to design 
the stator flux observer, and the gain matrix of this observer was acquired using the modified 
particle swarm optimization algorithm.  The operation speed was extended to greater than the 
base speed using field weakening.  The Matlab/Simulink© toolbox was used to develop this 
simulation system and all the control algorithms were realized using a Texas Instruments DSP 
6713-and-F2812 control card to generate pulse width modulation signals for the power stage to 
the actuate IM and validate this approach.  Both simulation and experimental results confirmed 
the effectiveness of the proposed system.

1.	 Introduction

	 Compared with the conventional vector control strategy, an induction motor (IM) drive 
based on the direct torque control (DTC) scheme has the advantages of a simple structure, rapid 
response, and no voltage or current decoupling.  The primary applications of the DTC scheme 
are electric vehicles, traction, and industrial high-performance drives.(1)  In traditional DTC, 
the stator flux and torque are separately and directly dominated by their hysteresis bounds, and 
then  proper switching patterns of the voltage source inverter (VSI) are selected on the basis of 
the hysteresis controllers to actuate an IM.(2)  Given that both the torque and stator flux control 
loop are inherently decoupled, the independent control is performed under a DTC condition.  
However, the torque ripple of a traditional switching table (ST) VSI DTC IM drive is notable 
because of the hysteresis controllers of both the torque and flux, which create shaking of the 
rotor shaft, especially at low speeds.
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	 The variable speed DTC IM drives contain constant-torque and constant-power operation 
modes.  In the constant-torque operation mode, the available speed ranges from zero to a base 
value, the flux command is set at the base value, and the available output power is proportional 
to the rotor speed.  In the constant-power operation mode, the available speed ranges from the 
base value to the maximum speed, the flux command decreases with an increase in rotor speed, 
and the increase in rotor speed decreases the available torque.  Implementation of a closed-loop 
DTC scheme requires a rotational position sensor, such as a resolver or an encoder, to detect the 
rotor-shaft speed.  This sensor, however, reduces the system reliability, increasing the cost of 
the drive, and is unsuitable for hostile environments.  A number of speed estimation approaches 
for DTC IM drives have been developed, including from a stator flux estimator or observer,(3–7) 
by the application of adaptive control theory,(8–11) from fuzzy logic control or a neural 
network,(12–15) and using an extended Kalman filter.(16–19)  In this system, the Lyapunov stability 
theory was used to design a stator flux observer, and the rotor speed of the speed estimation 
DTC IM drive was estimated from this observer.  Compared with the previously mentioned 
speed estimation schemes, the proposed speed estimation approach has the advantages of 
stability and easy implementation.  The operative speed ranges can be extended to the constant-
power mode using field weakening.  The manipulation strategy of the VSI’s power switching 
was used for voltage space vector pulse width modulation (VSVPWM) instead of the traditional 
ST scheme to diminish the ripples of both the stator current and electromagnetic torque.  The 
stator current was obtained from an IM using Hall effect current sensors to implement this 
speed estimation DTC IM drive.
	 This paper has five sections.  In Sect. 1, the research motivation, background, and a literature 
review on the speed estimation approaches for DTC IM drives are presented.  The principle of a 
DTC IM drive, the traditional ST VSI closed-loop DTC scheme, and the VSVPWM VSI closed-
loop DTC scheme are described in Sect. 2.  By considering the flux observer, the Lyapunov 
stability theory is applied to the design of the rotor speed estimation scheme, and then a particle 
swarm optimization (PSO) algorithm is used to acquire the observer gain parameters, as 
described in Sect. 3.  Simulations and experiments are discussed in Sect. 4 and a conclusion is 
given in Sect. 5.

2.	 DTC IM Drive

	 The state equations of an IM, expressed as the current and flux linkage of the stator in the 
stationary reference coordinate frame, are given by(20)
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 are the current, 
voltage, and flux linkage of the stator; Rs and Rr are the stator and rotor resistances, Ls, Lr, and 



Sensors and Materials, Vol. 32, No. 6 (2020)	 1957

Lm are the stator, rotor, and mutual inductances; σ = 1 − 2 /m s rL L L  is the leakage inductance 
coefficient; Lσ = σLs  is the stator leakage inductance; τr = Lr/Rr is the rotor time constant; ωr is 
the rotor speed; and p is the differential operator, respectively.
	 The estimated stator flux linkage is given by(21)
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where the symbol ∧ indicates an estimated value, s is the Laplace operator, τc is the time 
constant of the low-pass filter, and s

sλ
∗  is the command of the stator flux  linkage.

	 The estimated synchronous position angle to realize both the voltage vector ST and 
VSVPWM was obtained using the d-axis and q-axis estimated stator flux linkages from
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	 The developed electromagnetic torque of an IM under a DTC condition is given by

	
3 ˆ̂( )
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where P is the motor pole number.  The mechanical equation of the motor is acquired as(22)

	 e m rm m rm LT J p B Tω ω= + + ,	 (6)

where Jm and Bm are the inertia and viscous friction coefficient of the motor, respectively, TL is 
the load torque, and ωrm = (2/P)ωr is the mechanical speed of the motor shaft.
	 A block diagram of the traditional ST VSI closed-loop DTC IM drive is shown in Fig. 1, 
which includes a speed controller, a three-level torque hysteresis controller, a two-level flux 
hysteresis controller, voltage vector ST, sector detection, switching-state to stator-voltage 
calculation, torque calculation, stator flux linkage and flux position angle calculation, and 
3-phase stationary to 2-axis stationary coordinate transformation (3s3 2s s⇒2s).
	 A block diagram of the VSVPWM VSI closed-loop DTC IM drive is shown in Fig. 2, which 
includes a speed controller, torque controller, flux controller, VSVPWM, torque calculation, 
stator flux linkage and flux position angle calculation, and 3-phase stationary to 2-axis 
stationary coordinate transformation (3s3 2s s⇒2s).

3.	 Rotor Speed Estimation Based on Stator Flux Observer

	 In the proposed speed estimation DTC IM drive, the estimated rotor speed was derived from 
the stator flux observer, and the flux observer was established according to the flux linkage 
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and current of the stator.  The difference between the estimated stator current and actual stator 
current is calculated through the observer gain matrix to identify the estimated rotor speed, and 
this estimated rotor speed also serves as a feedback speed signal delivered to the VSVPWM 
VSI DTC IM drive.

Fig. 1.	 Traditional ST VSI closed-loop DTC IM drive.

Fig. 2.	 VSVPWM VSI closed-loop DTC IM drive.
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3.1	 Stator flux observer design utilizing Lyapunov stability theory

	 The observer gain matrix of the developed speed estimation VSVPWM VSI DTC IM drive 
was designed using the Lyapunov stability theory.(23)  According to Eqs. (1) and (2), the dynamic 
matrix equation of an IM in the stationary reference coordinate frame can be expressed as

	 [ ]rx A A x Buωω= + + ,	 (7)

	 y = Cx,	 (8)

where T[ ]s s s s
ds qs ds qsx i i λ λ= , T[ ]s s

ds qsy i i= , T[ ]s s
ds qsu v v= , 

1 1s

r r

s

R I I
A L L

R I O
σ σστ τ

  
− +  =   
 − 

, 

1J J
LA

O O
σω

 − =  
  

, 
T

1B I O
Lσ

 
=  
 

, [ ]C I O= , 1 0
0 1

I  
=  
 

, 
0 1
1 0

J
− 

=  
 

, 0 0
0 0

O  
=  
 

, and the 

symbol T stands for the matrix transpose.
	 From Eq. (7), the estimation state equation of the proposed speed estimation VSVPWM VSI 
DTC IM drive is derived as

	 [ ]ˆˆ rx A Aωω= + x̂ Bu+ + ˆ( )G y y− ,	 (9)

where G is an observer gain matrix.  By subtracting Eq. (9) from Eq. (7), the estimation error is 
obtained as

	 ˆ( )r re A A GC e A xω ωω ω= + + + ∆ ,	 (10)

where ˆe x x= −  and ˆr r rω ω ω∆ = − .  The Lyapunov function is defined as
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where Q is a symmetric positive define matrix, ρv > 0 is a constant, and the time derivative of 
the defined Lyapunov function can be derived as
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	 Setting T Tˆ[r x A Qeωω∆ T ˆ]e QA xω+  ˆ2( ) ( )r v rd dtω ρ ω= ∆ ⋅  in Eq. (12), if G and Q are selected 
to guarantee that the inequality in Eq. (13) is valid, then the time derivative of the defined 
Lyapunov function is a negative definite function.  According to the Lyapunov stability 
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theory, the estimation error is asymptotically stable and the developed stator flux observer is 
asymptotically stable.

	 T T( ) ( ) ( ) 0rA GC Q Q A GC A Q QAω ωω+ + + + + < 	 (13)

	 The adaptive law is

	 Tˆ( ) ˆrd e QA x
dt ω
ω

= .	 (14)

	 From Eq. (14), the estimation rotor speed is derived as

	
T
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where Kpλ and Kiλ are the adaptation gains.

3.2	 Observer gain matrix design using PSO algorithm

	 The modified PSO algorithm is utilized to acquire the gain matrix of the designed stator 
flux observer.(24)  In the modified PSO algorithm, the velocity and position of each particle are 
updated by applying an iterative procedure.  The best solution can be acquired by a periodic 
computation until the termination condition is satisfied or the maximum number of iterations is 
reached.  The updated velocity and position of the particle are given as follows.

	 1 2( 1) ( ) ( ) ( )i i best i best iv k v k rand P x rand G xγ γ+ = + ⋅ ⋅ − + ⋅ ⋅ − 	 (16)
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Here, vi(k) and xi(k) are the present velocity and position of the particle; vi(k + 1) and xi(k + 1)
are the next velocity and position of the particle; Pbest and Gbest are the best positions of the 
individual particle and swarm; γ1 and γ2 are the learning factors of the individual particle 
and swarm, and rand ∈ (0, 1], respectively.  vmax and vmin are the prescribed maximum and 
minimum velocities of the particle (a larger vmax gives a better global search and a smaller vmin 
gives  superior convergence of local searching ), and xmax and xmin are the prescribed maximum 
and minimum positions of the particle, respectively.
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	 The developed speed estimation VSVPWM VSI DTC IM drive based on the stator flux 
observer is shown in Fig. 3.  Here, by feeding the speed difference between the rotor speed 
command ( *

rω ) and the estimated rotor speed ( ˆrω ) into the VSVPWM DTC IM drive, the stator 
voltage ( s

sv ) can be obtained.  It is converted to the 3-phase command voltage ( *
av , *

bv , *
cv ) using a 

transformation 3s3 2s s⇒2s and then triggers the VSI to actuate the IM.  The difference between the 
estimated current ( ˆ s

si


) and measured current ( s
si


) of the stator is adjusted by the observer gain 
matrix (G) to identify the estimated rotor speed, and the measured stator current is obtained 
from the IM using the Hall effect current sensors and via the coordinate transformation 3s3 2s s⇒2s.
	 A block diagram of the proposed speed estimation VSVPWM VSI DTC IM drive based 
on the stator flux observer is shown in Fig. 4, which includes a speed controller, torque 
controller, flux controller, VSVPWM, torque calculation, stator flux linkage and flux position 
angle calculation, stationary coordinate transformation between the 3-phase and 2-axis, and 
estimation of the rotor speed based on the stator flux observer.
	 In this system, the proportion-integral (P-I)-type controllers for the speed control loop, flux 
control loop, and torque control loops were designed by the root-locus method.  The gain matrix 
of the stator flux observer was designed using the modified PSO algorithm.  The proportion 
gain (Kp), integral gain (Ki), and bandwidth (B.W) for the three P-I-type controllers are shown in 
Table 1.  

4.	 Simulation and Experiment Results

	 A simulation scheme of the proposed system was established by utilizing the toolbox 
Matlab/Simulink©, where the implementation program was executed by a Texas Instruments 
DSP 6713-and-F2812 control card and a VSI to actuate the IM to confirm the effectiveness.  

Fig. 3.	 Rotor speed estimation scheme based on the stator flux observer.
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A standard 3-phase, 220 V, 0.75 kW, Δ-connected, squirrel-cage IM was used to confirm the 
effectiveness of the proposed VSI DTC IM drive.  In a running cycle, the sequence of speed 
commands was designed as follows: forward-direction acceleration from t = 0 s to t = 1 s; 
forward-direction steady-state running over 1 ≤ t ≤ 2 s; forward-direction braking to reach zero 
speed in the interval 2 ≤ t ≤ 3 s; reverse-direction acceleration from t = 3 s to t = 4 s; reverse-
direction steady-state running over 4 ≤ t ≤ 5 s; reverse-direction braking to reach zero speed in 
the interval 5 ≤ t ≤ 6 s.
	 The simulated and experimental results for the traditional ST VSI and VSVPWM VSI 
closed-loop DTC IM drive are shown in Figs. 5–8, respectively.  Each figure includes four 
responses: (a) command (dashed line) and actual (solid line) rotor speed, (b) stator current, (c) 
electromagnetic torque, and (d) stator flux locus (q-axis vs d-axis).
	 As shown in Figs. 5–8, the speed ripple, stator current ripple, and electromagnetic torque 
ripple were reduced, and the stator flux-linkage locus had a smooth performance in the 
VSVPWM VSI DTC scheme.

Fig. 4.	 Speed estimation VSVPWM VSI DTC IM drive with the stator flux observer.

Table 1
Controller parameters and bandwidth.
Controller type Kp Ki B.W
Speed
Flux
Torque

0.881
28.9

1.89

44.05
5780
1890

142
406
481



Sensors and Materials, Vol. 32, No. 6 (2020)	 1963

	 The simulated and experimental results of the proposed speed estimation VSVPWM VSI 
DTC IM drive based on the stator flux observer are shown in Figs. 9–14.  Each figure includes 
six responses: (a) command (dashed line) and actual (solid line) rotor speed, (b) command 
(dashed line) and estimated (solid line) rotor speed, (c) stator current, (d) electromagnetic torque, 
(e) flux position angle, and (f) stator flux-linkage locus (q-axis vs d-axis).  The simulated and 
experimental results with 2 N-m load for reversible steady-state speed commands of 450 and 
1200 rev/min (below the base speed) and 2400 rev/min (above the base speed) are shown in 
Figs. 9 and 10, Figs. 11 and 12, and Figs. 13 and 14, respectively.

Fig. 5.	 (Color online) Simulated responses of the 
traditional ST VSI closed-loop DTC IM drive with 2 
N-m load for reversible steady-state speed command 
of 1200 rev/min. (a) Rotor speed, (b) stator current, 
(c) electromagnetic torque, and (d) stator flux-linkage 
locus.

Fig. 6.	 (Color online) Experimental responses of the 
traditional ST VSI closed-loop DTC IM drive with 2 
N-m load for reversible steady-state speed command 
of 1200 rev/min. (a) Rotor speed, (b) stator current, 
(c) electromagnetic torque, and (d) stator flux-linkage 
locus.

Fig. 7.	 (Color online) Simulated responses of the 
traditional VSVPWM VSI closed-loop DTC IM drive 
with 2 N-m load for reversible steady-state speed 
command of 1200 rev/min. (a) Rotor speed, (b) stator 
current, (c) electromagnetic torque, and (d) stator flux-
linkage locus.

Fig. 8.	 (Color online) Experimental responses of the 
traditional VSVPWM VSI closed-loop DTC IM drive 
with 2 N-m load for reversible steady-state speed 
command of 1200 rev/min. (a) Rotor speed, (b) stator 
current, (c) electromagnetic torque, and (d) stator flux-
linkage locus.

(a) (b)

(c) (d)

(a) (b)

(c) (d)

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Fig. 9.	 (Color online) Simulated responses of the 
proposed speed estimation VSVPWM VSI DTC IM 
drive with 2 N-m load for reversible steady-state 
speed command of 450 rev/min. (a) Actual rotor 
speed, (b) estimated rotor speed, (c) stator current, (d) 
electromagnetic torque, (e) flux position angle, and (f) 
stator flux-linkage locus.

Fig. 10.	 (Color online) Experimental responses of 
the proposed speed estimation VSVPWM VSI DTC 
IM drive with 2 N-m load for reversible steady-state 
speed command of 450 rev/min. (a) Actual rotor 
speed, (b) estimated rotor speed, (c) stator current, (d) 
electromagnetic torque, (e) flux position angle, and (f) 
stator flux-linkage locus.

Fig. 11.	 (Color online) Simulated responses of the 
proposed speed estimation VSVPWM VSI DTC IM 
drive with 2 N-m load for reversible steady-state 
speed command of 1200 rev/min. (a) Actual rotor 
speed, (b) estimated rotor speed, (c) stator current, (d) 
electromagnetic torque, (e) flux position angle, and (f) 
stator flux-linkage locus.

Fig. 12.	 (Color online) Experimental responses of 
the proposed speed estimation VSVPWM VSI DTC 
IM drive with 2 N-m load for reversible steady-state 
speed command of 1200 rev/min. (a) Actual rotor 
speed, (b) estimated rotor speed, (c) stator current, (d) 
electromagnetic torque, (e) flux position angle, and (f) 
stator flux-linkage locus.

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(e) (f)

(c) (d)

(a) (b)

(c) (d)

(e) (f)
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	 According to the results of the simulated and experimental tests in different reversible 
transient and steady-state operations, the developed stator flux observer could accurately 
estimate the different rotor speeds (reversible steady-state commands: 450, 1200, and 2400 
rev/min) under a load condition.  Additionally, diminished ripples of both the electromagnetic 
torque and stator current were attained, and the proper synchronous position angle and stator 
flux-linkage locus were achieved both below and above the base rotor speed (1800 rev/min).

5.	 Conclusions

	 A speed estimation VSVPWM VSI DTC IM drive was established by utilizing the stator 
flux observer to estimate the rotor speed.  The proposed stator flux observer designed on the 
basis of the Lyapunov stability theory guaranteed that the established system was stable.  The 
developed speed estimation VSVPWM VSI DTC IM drive could accurately estimate the rotor 
speed and reduce the ripples of both the stator current and electromagnet torque.  The design of 
the speed estimation scheme extended the available operation speed to the constant-power mode 
using field weakening.  The stator current signal measurement for implementing the speed 
estimation VSVPWM VSI DTC IM drive was provided by the Hall effect current sensors.  The 
simulation and experimental results for different reversible steady-state speed commands under 
a load condition confirmed the promising performance of the proposed VSVPWM VSI DTC 
IM drive.

Fig. 13.	 (Color online) Simulated responses of the 
proposed speed estimation VSVPWM VSI DTC IM 
drive with 2 N-m load for reversible steady-state 
speed command of 2400 rev/min. (a) Actual rotor 
speed, (b) estimated rotor speed, (c) stator current, (d) 
electromagnetic torque, (e) flux position angle, and (f) 
stator flux-linkage locus.

Fig. 14.	 (Color online) Experimental responses of 
the proposed speed estimation VSVPWM VSI DTC 
IM drive with 2 N-m load for reversible steady-state 
speed command of 2400 rev/min. (a) Actual rotor 
speed, (b) estimated rotor speed, (c) stator current, (d) 
electromagnetic torque, (e) flux position angle, and (f) 
stator flux-linkage locus.

(a) (b) (a) (b)

(c) (d) (c) (d)

(e) (f) (e) (f)
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