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	 A speed estimation scheme was proposed for the rotor-flux-vector-controlled (RFVC) 
induction motor (IM) drive. The decoupled RFVC IM drive was developed on the basis of stator 
current and rotor flux, with the measured stator current obtained from the IM using Hall effect 
current sensors. A model reference adaptive control rotor flux estimator was designed, utilizing 
both voltage-model and current-model rotor fluxes, and the adaptation mechanism was 
optimized using the ant colony optimization algorithm. The estimated rotor speed was derived 
from the adaptive rotor flux estimator. The MATLAB®/Simulink toolbox was employed to 
simulate this system, and all control algorithms were implemented on a TI DSP 6713 and F2812 
microcontrol card to validate the proposed approach. Both simulation and experimental results 
confirmed the effectiveness of the method.

1.	 Introduction

	 Induction motors (IMs) are commonly used in hostile environments owing to their inherent 
robustness, low maintenance requirements, and cost-effectiveness. The mathematical model of 
an IM is time-varying, coupled, and nonlinear, making it more complex to achieve precise and 
high-performance motor control compared with other types of motor. By applying the flux 
vector control (FVC) method, similar to that used in a separately excited DC motor, the torque 
and flux can be independently controlled. According to the FVC theory,(1) through coordinate 
transformation, the complex mathematical model of an IM can be decomposed into torque-
current and flux-current components. Since torque and flux are orthogonal to each other, the 
maximum torque-to-current ratio can be achieved. Generally, the motor drive maintains the 
rated flux and operates in the constant torque mode below the base speed. Above the base speed, 
the flux setting decreases as speed increases, operating in the constant power mode. In 
conventional rotor FVC (RFVC) IM drives, an encoder is typically required to detect the shaft 
position. However, this sensor degrades drive robustness and is unsuitable for hostile 
environments. Various speed prediction methods for RFVC IM drives have been published, 
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including speed determination by an observer or a flux estimator,(2–7) speed identification using 
fuzzy logic control or neural networks,(8–12) speed estimation using the extended Kalman 
filter,(13–16) and speed adjustment based on the adaptive control theory.(17–20) In this research, a 
decoupled RFVC IM drive was established on the basis of the stator current and rotor flux, with 
three-phase stator current measurements conducted using electromagnetic Hall effect current 
sensors. According to the model reference adaptive control (MRAC) theory, a rotor flux 
estimator was developed using both voltage-model and current-model rotor fluxes, with the 
estimated speed derived from this rotor flux estimator. The adaptation mechanism of the MRAC 
rotor flux estimator was designed using the ant colony optimization (ACO) algorithm. These 
approaches confirmed the successful implementation of a promising speed estimation RFVC IM 
drive using the adaptive rotor flux estimator.
	 This paper is organized into six sections. In Sect. 1, we present the research background and 
motivation and review the literature on speed estimation methods for RFVC IM drives. In 
Sect. 2, we describe the decoupled RFVC IM drive system. The development of the speed 
estimation scheme based on the MRAC rotor flux estimator is detailed in Sect. 3. In Sect. 4, we 
explain the adaptation mechanism design using the ACO algorithm. In Sects. 5 and 6, we discuss 
the simulation and experimental results, followed by the conclusions.

2.	 Decoupled RFVC IM Drive

	 The stator and rotor voltage equations of an IM in the synchronous reference frame are given 
as(21)

	 ,e e e e
s s e s s sR i j p vω λ λ+ + =

 


 	 (1)

	 0,e e e
r r sl r rR i j pω λ λ+ + =

 
 	 (2)

where j represents the imaginary part; e e e
s ds qsi i ji= +


 and e e e
s ds qsv v jv= +
  denote the stator current 

and voltage, e e e
s ds qsjλ λ λ= +


 and e e e
r dr qrjλ λ λ= +


 are the stator and rotor fluxes, and Rs and Rr are 
the stator and rotor resistances, respectively; e e e

r dr qri i ji= +


 is the rotor current; ωe is the speed of 
the synchronous reference frame; sl e rω ω ω= −  is the slip speed; ωr is the electrical speed of the 
rotor; and p d dt=  is the differential operator.
	 The stator and rotor fluxes are defined as

	 ,e e e
s s s m rL i L iλ = +


  	 (3)

	 ,e e e
r m s r rL i L iλ = +


  	 (4) 

where Ls and Lr represent the stator and rotor inductances, respectively, and Lm denotes the 
mutual inductance between the stator and the rotor.
	 Under a RFVC condition ( 0e

qrλ = ), the de-axis estimated rotor flux and estimated slip speed 
are respectively derived as
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where the symbol ˆ denotes the estimated value, r r rL Rτ =  is the rotor time constant, and s is the 
Laplace operator.
	 The developed electromagnetic torque under the RFVC condition is derived as

	 

3 ,
4

eem
drqs

r
eT L i

L
P λ= ⋅ ⋅ 	 (7)

where P is the number of motor poles. Since e
qsi  and ˆe

drλ  are orthogonal and can be independently 
controlled, the maximum torque-to-current ratio is achieved.
	 The mechanical equation of an IM is given by

	 ,m rm m rm e LB J p T Tω ω+ = − 	 (8)

where Bm is the viscous friction coefficient, Jm is the inertia of the IM, TL is the load torque, and 
(2 )rm rPω ω=  is the mechanical speed of the motor shaft.

	 Under the RFVC condition, with Eqs. (3) and (4), the state matrix of an IM is derived from 
Eqs. (1) and (2) as
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	 (9)

where 21 /m s rL L Lσ = −  is the leakage inductance coefficient.
	 In Eq. (9), an inspection of the right side of the first row reveals that the second and third 
terms are coupling components related to e

qsi  and ˆe
drλ , respectively. Similarly, an inspection of the 

right side of the second row shows that the first and third terms are coupling components related 
to e

dsi  and ˆe
drλ , respectively. On the basis of these coupling components, the de-axis and qe-axis 

stator voltage feed-forward compensations are given by
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Thus, the linear relationship of de-axis and qe-axis stator current control loops is achieved.
	 The voltage commands for the de-axis and qe-axis stator current control loops are respectively 
given by

	 ( )( )*

_1 / ,e e e
ds s ds ds fcv L v vσ ′= + 	 (12)

	 ( )( )*

_1 / ,e e e
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Here, e
dsv ′  and e

qsv ′  are the outputs of the de-axis and qe-axis stator current controllers, respectively. 
The decoupled linear state matrix of an IM is given by
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	 (14)

	 According to the first, second, and third rows of Eq. (14), the plant models for the de-axis and 
qe-axis stator current control loops and the flux control loop are respectively derived as

	 ( )_ ( ) 1/ / (1 ) / ,e
ds

s s rP iG s s R Lσ σ στ= + + − 	 (15)

	 ( )_ ( ) 1/ ,/e
qs

sP i sG s s R Lσ= + 	 (16)

	 ( ) ( )_ /( ) / 1 / .e
dr

m r rPG s L sλ τ τ= + 	 (17)

	 The plant of the speed control loop is derived from Eq. (8) as

	 ( ) ( )_ ( ) 1 / / ./
rmP m m mG s J s B Jω = + 	 (18)

	 The decoupled linear control block diagram of the RFVC IM drive is shown in Fig. 1. Here, 
(Kps, Kis), (Kpf, Kif), (Kpd, Kid), and (Kpq, Kiq) are the proportional and integral gain parameter 
pairs for the speed, flux, de-axis, and qe-axis stator current controllers, respectively. The control 
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gain of the internal control loop is much higher than that of the external control loop, allowing 
the closed-loop gain of the internal control loop to be regarded as unity. Therefore, Eqs. (17) and 
(18) are selected as the plant models for the flux and speed control loops, respectively.

3.	 Speed Estimation Based on MRAC Rotor Flux Estimator

	 The speed estimation RFVC IM drive requires an estimated rotor speed signal instead of the 
feedback rotor speed used in a convectional RFVC IM drive. In this research, the estimated rotor 
speed is derived from the MRAC rotor flux estimator.
	 In the stationary reference coordinate frame (ωe = 0), the current-model rotor flux estimator 
is derived from Eqs. (2) and (4) as

	  ( ) ( ) 1/ ˆ/ ,im r
s ss
r ri rs rp L i jτλ τ ω λ= − −
 



	 (19)

where   

s s s
ri dri qrijλ λ λ= +


. The voltage-model rotor flux estimator is derived from Eqs. (1), (3), and 
(4) as

	  ( )( )( ) ,/
s s s
rv s s s sr mp L v R iL L pλ σ= − +




 	 (20)

where   

s s s
rv drv qrvjλ λ λ= +


. According to the MRAC theory,(22) the voltage-model rotor flux 
estimator without the estimated rotor speed ( ˆrω ) is selected as the reference model, while the 
current-model rotor flux estimator containing ˆrω  is selected as the adjustable model. The 
difference between the reference and adjustable models is given by

	     .
s s s s
dri qrv qri drvε λ λ λ λ= − 	 (21)

Fig. 1.	 (Color online) Decoupled linear control block diagram of RFVC IM drive.
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	 The MRAC rotor flux estimator is illustrated in Fig. 2. Here, the difference (ε) is passed 
through an adaptation mechanism to obtain the estimated rotor speed.

4.	 Adaptation Mechanism Design Using ACO Algorithm

	 The ACO algorithm was employed to design the adaptation mechanism of the MRAC rotor 
flux estimator due to its robustness, parallel processing capability, and effective global search 
abilities. The ACO algorithm, inspired by the foraging behavior of ants in the biological world, is 
a simulated evolutionary algorithm.(23) Ants use group cooperation to find food, secreting 
pheromones to mark favorable paths. These pheromones attract more ants to follow the same 
path, which ultimately accelerates the search and leads to the discovery of the global optimal 
solution. The ACO algorithm naturally supports parallel processing, as each ant searches 
independently without the need for global message synchronization, facilitating distributed 
computing. The ACO algorithm comprises two main components: the transition rule and the 
pheromone update rule.(24)

(A)	 Transition rule: the probability of an ant moving from position i to position j is given by

	
[ ( )] [ ( )]

( )
[ ( )] [ ( )]
ij ij

ij
ij ij

t t
p t

t t

α β

α β

τ η

τ η
=
∑

,	 (22)

where τij  represents the pheromone concentration on path ij, α is the control influence coefficient 
for τij,  ηij is the initial value of pheromones on path ij, and β is the control influence coefficient 
for ηij . 
(B)	 Pheromone update rule:

	 ( 1) (1 ) ( ) ( ),ij ij ijt t tτ ρ τ τ+ = − + ∆ 	 (23)

Fig. 2.	 Block diagram of MRAC rotor flux estimator.
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where ρ is the pheromone evaporation rate, with 0 < ρ ≤ 1; Δτij represents the pheromones 
deposited by ants and Δτij is defined as

	 ( ) / ,ij kt Lτ β∆ = 	 (24)

where β is a constant and Lk represents the travel length of the k-th ant.
	 Figure 3 illustrates the flow chart of the proposed ACO algorithm adaptation mechanism 
design.
	 Figure 4 shows the block diagram of the proposed speed estimation RFVC IM drive based on 
the MRAC rotor flux estimator. This diagram includes a speed controller, a flux controller, de-
axis and qe-axis stator current controllers, de-axis and qe-axis decoupling calculations, a speed-
based flux command, 

*e
qsi -calculation, coordinate transformations between the three-phase 

system and the two-axis stationary reference frame (2 3s ⇐ , 2 3s ⇒ ), coordinate transformations 
between the two-axis synchronous reference frame and the two-axis stationary reference frame (
2 2e s⇒ , 2 2e s⇐ ), and the MRAC rotor flux estimator. In this system, the speed controller, flux 
controller, and de-axis and qe-axis stator current controllers were designed using root locus and 
Bode plot techniques. The adaptation mechanism for the MRAC rotor flux estimator was 
developed using the ACO algorithm. Furthermore, the three-phase currents (ias, ibs, and ics) were 
obtained from the IM using electromagnetic Hall effect current sensors.

5.	 Simulation Setup and Results

	 A three-phase, 220 V, 0.75 kW, Δ-connected standard squirrel cage IM was used as the 
controlled plant for experimentation to confirm the effectiveness of the proposed speed 

Fig. 3.	 Flow chart of proposed ACO algorithm adaptation mechanism design.
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estimation RFVC IM drive based on the MRAC rotor flux estimator. The speed command in a 
running cycle was designed as follows: forward acceleration from t = 0 to t = 1 s, forward 
steady-state running over 1 ≤ t ≤ 2 s, forward braking to reach zero speed within the interval 
2 ≤ t ≤ 3 s, reverse acceleration from t = 3 to t = 4 s, reverse steady-state running over 4 ≤ t ≤ 5 s, 
and reverse braking to reach zero speed within the interval 5 ≤ t ≤ 6 s.
	 The simulated and experimental responses of the proposed speed estimation RFVC IM drive 
based on the MRAC rotor flux estimator in both constant torque and constant power modes are 
shown in Figs. 5 and 6, and Figs. 7 and 8, respectively. Each figure presents six responses: (a) 
command (dashed line) and estimated (solid line) rotor speed, (b) command (dashed line) and 
actual (solid line) rotor speed, (c) qe-axis stator current, (d) electromagnetic torque, (e) estimated 
synchronous position angle, and (f) estimated rotor flux locus. The simulated and experimental 
responses under a 2 N-m load for reversible steady-state speed commands of 1200 and 
2400 rev/min are also shown in Figs. 5 and 6, and Figs. 7 and 8, respectively. Notably, the 
estimated rotor flux locus in constant power mode is smaller than that in constant torque mode.
	 On the basis of the simulated and experimental responses observed in different reversible 
transient and steady-state operations, the MRAC rotor flux estimator with the ACO adaptation 
mechanism accurately estimates rotor speeds in both constant torque and constant power modes. 
The qe-axis stator current and electromagnetic torque responses confirm the loading effect. The 
sawtooth pattern of the estimated synchronous position angle and the circular shape of the 
estimated rotor flux locus verify the accuracy of the coordinate transformation between the 
synchronous and stationary reference frames. Therefore, the developed speed estimation RFVC 
IM drive based on the MRAC rotor flux estimator has demonstrated that the desired performance 
can be achieved.

Fig. 4.	 (Color online) Block diagram of speed estimation RFVC IM drive based on MRAC rotor flux estimator.
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Fig. 5.	 (Color online) Simulated responses of the proposed speed estimation RFVC IM drive based on the MRAC 
rotor flux estimator with a 2 N-m load for a reversible steady-state speed command of 1200 rev/min: (a) estimated 
rotor speed, (b) actual rotor speed, (c) qe-axis stator current, (d) electromagnetic torque, (e) estimated synchronous 
position angle, and (f) estimated rotor flux locus (qe-axis vs de-axis).

Fig. 6.	 (Color online) Experimental responses of the proposed speed estimation RFVC IM drive based on the 
MRAC rotor flux estimator with a 2 N-m load for a reversible steady-state speed command of 1200 rev/min: 
(a) estimated rotor speed, (b) actual rotor speed, (c) qe-axis stator current, (d) electromagnetic torque, (e) estimated 
synchronous position angle, and (f) estimated rotor flux locus (qe-axis vs de-axis).
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Fig. 7.	 (Color online) Simulated responses of the proposed speed estimation RFVC IM drive based on the MRAC 
rotor flux estimator with a 2 N-m load for a reversible steady-state speed command of 2400 rev/min: (a) estimated 
rotor speed, (b) actual rotor speed, (c) qe-axis stator current, (d) electromagnetic torque, (e) estimated synchronous 
position angle, and (f) estimated rotor flux locus (qe-axis vs de-axis).

Fig. 8.	 (Color online) Experimental responses of the proposed speed estimation RFVC IM drive based on the 
MRAC rotor flux estimator with a 2 N-m load for a reversible steady-state speed command of 2400 rev/min: 
(a) estimated rotor speed, (b) actual rotor speed, (c) qe-axis stator current, (d) electromagnetic torque, (e) estimated 
synchronous position angle, and (f) estimated rotor flux locus (qe-axis vs de-axis).
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6.	 Conclusions

	 An MRAC rotor flux estimator was developed for the speed estimation RFVC IM drive. The 
decoupled RFVC IM drive was established on the basis of the stator current and rotor flux. 
Speed estimation was derived from the MRAC rotor flux estimator using both the voltage-
model- and current-model-estimated rotor fluxes, with the adaptation mechanism designed 
using the ACO algorithm. The three-phase stator current measurements required for 
implementing the speed estimation RFVC IM drive were conducted using Hall effect current 
sensors. Simulation and experimental responses for reversible steady-state speed commands 
under a load condition in both constant torque and constant power modes confirmed the 
promising performance of the proposed speed estimation RFVC IM drive based on the MRAC 
rotor flux estimator.
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