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	 An adaptive speed-identification scheme based on the firefly algorithm (FA) is presented 
for an air-gap flux vector-controlled (AGFVC) induction motor (IM) drive. The AGFVC IM 
drive was established using a stator current and air-gap flux. The stator current was acquired 
from an IM using a Hall effect sensing element. The Hall effect element was employed as an 
electromagnetic sensor to detect the stator current while the AGFVC IM was rotating under 
different reversible steady-state speed commands. Model reference adaptive control (MRAC) 
was utilized to develop a synchronous speed-identification scheme based on the reactive 
power of the motor, and the rotor speed was estimated by subtracting the slip speed from the 
estimated synchronous speed. The MRAC adaptation mechanism was designed using the FA. 
The MATLAB/Simulink© toolbox was used to simulate the proposed AGFVC IM drive system, 
and all the control algorithms were implemented using a TI DSP 6712-and-F2812 control card 
to generate pulse width modulation signals through the power stage to actuate the motor. Both 
simulation and experimental results verified the effectiveness of the proposed system.

1.	 Introduction

	 Intelligent manufacturing requires numerous high-performance motor drives to actuate 
appliances. Induction motors (IMs) are commonly used under their conditions as high-
performance motor drives because of their robustness, low cost, low maintenance, and 
suitability in hostile environments. However, IM control is more difficult than DC motor control 
because the mathematical model of IM control is nonlinear, coupled, and time-variant. In 
accordance with the flux vector control (FVC) principle of IMs,(1) the complicated mathematical 
model of IMs can be transformed into torque–current and flux–current components via 
coordinate transformation. Both components are orthogonal and can be separately controlled, 
thus allowing the attainment of the maximum torque-to-current ratio. FVC IM drives are 
classified into rotor, stator, and air-gap types. Most studies on FVC IM drives have focused on 
the rotor and stator types,(2–5) with the air-gap flux vector-controlled (AGFVC) drive receiving 
less attention. Developing a conventional FVC IM drive requires a speed sensor, such as a 
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digital encoder or an analog resolver, to detect the shaft position. However, this sensor reduces 
the IM robustness and is unsuitable for hostile environments. Hence, the development of 
speed-identification schemes to replace the shaft position sensor is required. Several speed-
identification schemes of FVC IMs have been published, including speed adjustment through 
an extended Kalman filter,(6–8) speed estimation derived from an adaptive control system 
scheme,(9,10) speed determination according to a flux estimator or the electromotive force of 
an IM,(11–13) and speed estimation from a neural network or fuzzy logic control.(14,15) In this 
study, model reference adaptive control (MRAC) was utilized to develop a synchronous speed-
identification scheme based on the reactive power of an IM, and the estimated rotor speed 
was obtained by subtracting the slip speed from the estimated synchronous speed. The firefly 
algorithm (FA) was used to design an adaptation mechanism of MRAC because it has rapid 
convergence and is suitable for various conditions. Compared with the abovementioned speed-
identification schemes, this scheme has the advantages of adaptability, structural simplicity, and 
ease of implementation. Hall effect current sensors were used to measure the IM stator current 
during the implementation of this speed-identification adaptive AGFVC IM drive.
	 This paper is divided into sections as follows. Section 1 presents the research background, 
motivation, and a literature review on the speed-identification methods for FVC IM drives. 
Section 2 discusses the decoupled AGFVC IM drive system used in this study. Section 3 
describes the MRAC synchronous speed-identification scheme based on the reactive power of 
an IM. Section 4 describes the design of an MRAC adaptation mechanism using the FA. Section 
5 gives experiment results and a discussion, and the conclusions are presented in Sect. 6.

2.	 Establishment of AGFVC IM Drive

	 The vector state equations of an IM expressed in terms of the stator current and the air-gap 
flux in the synchronous reference coordinate frame are given by(16)

	 ( ) ( )1 1e e e er
s r s m r e r sl sl m rl s r r r ag s

Lpi L R L R j L L j L L i R j L v
L L Lλ λ λ

ω ω ω λ= − + − + − +

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where j is the imaginary unit; e e e
s ds qsv v jv= +
  and e e e

s ds qsi i ji= +


 are the voltage and current of 
the stator, e e e

ag dag qagjλ λ λ= +


 is the air-gap flux; Rs and Rr are the stator and rotor resistances; Ls, 
Lr, and Lm are the stator, rotor, and mutual inductances; Lsl = Ls − Lm and Lrl = Lr − Lm are the 
stator and rotor leakage inductances, respectively; Lλ = LmLrl + LrLsl; ωe is the speed of the 
synchronous reference coordinate frame; ωr is the speed of the rotor; ωsl = ωe − ωr is the slip 
speed; and p is the differential operator.
	 Under an AGFVC condition and with 0e

qagλ =  set in Eqs. (1) and (2), the estimated slip speed 
and the d-axis air-gap flux are derived as
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where the symbol ∧  indicates an estimated value and s is the Laplace operator.
	 The second term on the right side of Eq. (4) is a coupling component in relation to the q-axis 
stator current. Using this term, the d-axis stator current feed-forward compensation can be 
defined as

	 _
ˆ

( ) 1
e esl rl r
ds comp qs

rl r

L Ri i
L R s
ω

=
+

.	 (5)

	 This compensation _
e
ds compi  is placed on the output of the d-axis stator current control loop. 

Hence, the linear control relationship between the d-axis air-gap flux and d-axis stator current 
can be derived as
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	 The developed electromagnetic torque of an IM under an AGFVC condition is given by

	 3
4

e e
e qs dag

PT i λ= ,	 (7)

where P is the motor pole number. e
qsi  and e

dagλ  are orthogonal in Eq. (7) and can be separately 
controlled. The developed electromagnetic torque of an IM is dominated by e

qsi , and the 
maximum torque-to-current ratio can be attained under an AGFVC condition. The mechanical 
equation of the motor is acquired as

	 m rm m rm L eJ p B T Tω ω+ + = ,	 (8)

where Jm and Bm are the inertial and viscous friction coefficients of the motor, respectively; TL 

is the load torque; and ωrm = (2/P)ωr is the mechanical speed of the motor shaft.
	 Furthermore, with 0e

qagλ =  set in Eqs. (1) and (2), the d-axis and q-axis stator voltage 
equations under an AGFVC condition are respectively obtained from

	 ( ) e e e e
s sl ds e sl qs dag dsR L p i L i p vω λ+ − + = ,	 (9)

	 ( ) e e e e
s sl qs e sl ds e dag qsR L p i L i vω ω λ+ + + = .	 (10)
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	 An inspection of Eq. (9) shows that the second and third terms on the left side are the 
coupling components in relation to the q-axis stator current and d-axis air-gap flux, respectively. 
Furthermore, an inspection of Eq. (10) shows that the second and third terms on the left side 
are the coupling components in relation to the d-axis stator current and d-axis air-gap flux, 
respectively. By definition, the d-axis and q-axis stator voltage feed-forward compensations are 
expressed as

	 _
e e e
ds comp e sl qs dagv L i pω λ= − + ,	 (11)

	 _
e e e
qs comp e sl ds e dagv L iω ω λ= + .	 (12)

The linear relationships of the d-axis and q-axis stator current control loops are thus obtained.
	 The voltage commands of the d-axis and q-axis stator current control loops are given by

	 *

_
e e e
ds ds ds compv v v′= + ,	 (13)

	
*

_
e e e
qs qs qs compv v v′= + ,	 (14)

where e
dsv ′  and e

qsv ′  are the outputs of the d-axis and q-axis stator current controllers, respectively. 
By using Eqs. (9) and (11) and Eqs. (10) and (12), the plants of the d-axis and q-axis stator 
current control loops are obtained from
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	 Given that the bandwidths of the stator current control loops are much higher than those of 
the flux and speed control loops, the closed-loop gain of the stator current control loops can be 
regarded as a unity.(17) In accordance with Eqs. (6) and (8), the plants of the flux control loop 
and the speed control loop are obtained from

	 _
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3.	 MRAC Synchronous Speed-identification Scheme 

	 The feedback speed signal is replaced by an estimated speed in the speed-identification 
AGFVC IM drive, and this estimated speed can be derived using the designed MRAC 
synchronous speed-identification scheme based on the reactive power of an IM. The d-axis and 
q-axis stator voltages in the synchronous reference coordinate frame are obtained as follows:

	 ( )e e e e e
ds s sl ds e sl qs dag e qagv R L p i L i pω λ ω λ= + − + − ,	 (19)

	 ( )e e e e e
qs s sl qs e sl ds qag e dagv R L p i L i pω λ ω λ= + + + + .	 (20)

	 The reactive power of an IM acquired from the power source can be expressed as

	 e e e e
qs ds ds qsQ v i v i= − .	 (21)

By substituting Eqs. (19) and (20) into Eq. (21) and setting qagλ = , the reactive power of an IM 
under the AGFVC condition can be expressed as

	 2 2ˆ ( (( ) ( ) ) )e e e e e e
e sl ds qs dag ds qs dagQ L i i i i pω λ λ′ = + + − .	 (22)

	 According to the MRAC theory,(17) Eq. (21) can be selected as the reference model because it 
does not contain the estimated synchronous speed ˆeω . Given that Eq. (22) contains ˆeω , it can be 
selected as the adjustable model. The difference between the reference model and the adjustable 
model is fed to an adaptation mechanism to identify ˆeω . The proposed MRAC synchronous 
speed-identification scheme is shown in Fig. 1. The adaptation mechanism of this scheme was 
designed using the FA. Here, the stator current is measured from an IM using Hall effect current 
sensors.

Fig. 1.	 MRAC synchronous speed-identification based on the reactive power of an IM.
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	 In accordance with Fig. 1 and by using Eq. (3), the estimated rotor speed is acquired as

	 ˆr e slω ω ω= −ˆ̂r e slω ω ω= − ˆr e slω ω ω= − .	 (23)

	 Furthermore, the estimated synchronous position angle for implementing a coordinate 
transformation between the synchronous and stationary reference coordinate frames is given by

	 1ˆ ˆe es
θ ω= ⋅ .	 (24)

4.	 MRAC Adaptation Mechanism Design Using FA 

	 Swarm intelligence algorithms, such as the particle swarm optimization algorithm, wolf 
pack search algorithm, artificial fish school algorithm, and FA,(18,19) have been utilized to 
identify the controller parameters of the adaptation mechanism. These algorithms simulate the 
biotic habitual behavior of birds, fish, or fireflies to solve optimization problems and search 
for global optimal solutions through iterative computations. In other words, the algorithms are 
optimal for solving mathematical problems. Swarm intelligence algorithms are different from 
genetic inheritance algorithms, which do not require the crossover and mutation processes. 
In a swarm optimization search, each individual is provided with intelligence (memory); the 
search is guided toward the best solution in accordance with the individual learning experience 
or the best learning experiences among the swarm; that is, the individual and swarm learning 
experiences are combined. The search can be realized by the communication of learning 
experiences between individuals and the swarm. The conditions of interaction and containment 
occur among these individuals, resulting in a global search that continuously approaches the 
desired target.  
	 In the FA, multiple fireflies are randomly generated in the search space with positions, 
an, n = 1, 2, ..., N, such as i

na  is the current position at the ith search stage; N is the number 
of firefly agents, which can search for the optimal solution from N directions at each search 
stage; i = 1, 2, ..., imax is the iteration number; and imax is the maximum number of iteration 
computations. Each firefly carrying a luminescence quality is attracted to adjacent brighter 
fireflies, as attractiveness δ(rn) decreases with the increase in the Cartesian distance rn. 
Attractiveness is proportional to the firefly brightness, and a firefly with less brightness moves 
toward a brighter one.

• To search for a brighter firefly, the following equations are used:

	 2( ) , 1, 2, ... ,i i
n best n best nr a a a a n N= − = − = ,	 (25)

	 2
0( ) exp( )n nr rδ δ γ= − .	 (26)

https://www.sciencedirect.com/topics/engineering/attractiveness
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	 When the Cartesian distance rn approaches zero, two fireflies attract each other and have the 
same brightness (possessing the maximum attraction δ0); otherwise, rn → ∞, and the attraction 
between the two fireflies approaches zero (δ(rn) → 0), and therefore, communication cannot 
occur between the two fireflies. In Eq. (26), γ is the light absorption coefficient.
	 Suppose abest is a firefly brighter than any other firefly i

na  at the ith iteration computation; 

then, firefly i
na  moves to a new position. 

• The position of the firefly is updated as follows:

	 1 ( )( ) ( 0.5)i i i
n n best na a r a a randδ α+ = + − + − ,	 (27)

where the second term is the attraction of firefly abest to the adjacent firefly i
na ; the third term is 

the randomization of the movement with the randomization parameter [0, 1]α ∈ ; and rand is the 
randomization parameter from a Gaussian distribution [0, 1]rand ∈ . Parameters β0 = 1 and γ = 1 
are used in this study, as recommended in the literature.(18,19) The third term on the right of Eq. 
(27) is the random flight concept, which reduces the probability of the algorithm falling into a 
local solution during the solving process and promotes the solving efficacy. A flow chart of the 
proposed FA adaptation mechanism is shown in Fig. 2.

Fig. 2.	 Flow chart of the proposed FA adaptation mechanism design.
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Fig. 3.	 Adaptive speed-identification AGFVC IM drive based on FA.

	 A block diagram of the proposed adaptive speed-estimation AGFVC IM drive based on the 
FA is shown in Fig. 3; the drive includes a speed controller, flux controller, q-axis and d-axis 
stator-current controllers, slip speed estimation, d-axis air-gap flux estimation, d-axis stator 
current feed-forward compensation, d-axis and q-axis stator voltage feed-forward compensation, 
coordinate transformation, and an MRAC estimation rotor speed design based on the FA.
	 In this system, the proportion–integral (P–I)-type controllers for the speed, flux, and 
d-axis and q-axis stator-current control loops were designed using the root-locus method. The 
adaptation mechanism of the MRAC-identified synchronous speed was designed using the FA.

5.	 Experimental Results and Discussion

	 A simulation scheme of the proposed AGFVC IM drive system was established using 
the MATLAB/Simulink© toolbox, where the implementation program was executed by a 
Texas Instruments DSP 6713-and-F2812 control card and a power stage to actuate the IM. A 
standard three-phase, 220 V, 0.75 kW, Δ-connected, squirrel-cage IM was used to confirm the 
effectiveness of the proposed adaptive speed-identification AGFVC IM drive using the FA. 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 
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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 simulation and experiment results of the proposed adaptive speed-identification 
AGFVC IM drive using the FA are depicted in Figs. 4–7. Each figure includes six responses: 
(a) command (dashed line) and estimated (solid line) rotor speed, (b) command (dashed line) 
and actual (solid line) rotor speed, (c) electromagnetic torque, (d) stator current, (e) air-gap flux 
position angle, and (f) air-gap flux locus (q-axis vs d-axis). The simulation and experimental 
results with a 2 N-m load for reversible steady-state speed commands of 200 and 1800 rev/min 
are shown in Figs. 4 and 5 and Figs. 6 and 7, respectively.
	 According to the results of the simulated and experimental tests in different reversible 
transient and steady-state operations, the developed MRAC speed-identification scheme based 
on the FA adaptation mechanism can accurately estimate different rotor speeds (reversible 
steady-state commands: 200 and 1800 rev/min) under a load condition. Furthermore, as seen 
in subfigures (e) and (f) in Figs. 4 to 7, the sawtooth shape air-gap flux position angle and 

Fig. 4.	 (Color online) Simulated responses of the 
proposed adaptive speed-identification AGFVC IM 
drive based on FA with 2 N-m load for reversible 
steady-state speed command of 200 rev/min: (a) 
estimated rotor speed, (b) actual rotor speed, (c) 
electromagnetic torque, (d) stator current, (e) air-gap 
flux position angle, and (f) air-gap flux locus.

Fig. 5.	 (Color online) Experimental responses of 
the proposed adaptive speed-identification AGFVC 
IM drive based on FA with 2 N-m load for reversible 
steady-state speed command of 200 rev/min: (a) 
estimated rotor speed, (b) actual rotor speed, (c) 
electromagnetic torque, (d) stator current, (e) air-gap 
flux position angle, and (f) air-gap flux locus.

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)

(e) (f)
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circular air-gap flux locus confirmed the exactness of the coordinate transformation. In contrast 
to previous studies,(20,21) in Ref. 20, the stator current and rotor flux were used to establish a 
rotor flux direct-vector-controlled IM drive. A rotor flux estimator was developed according to 
the model reference adaptive system (MRAS) based on the voltage-model and current-model 
estimated rotor fluxes, and the estimated rotor speed was derived from this rotor flux estimator. 
The adaptation mechanism of the MRAS rotor flux estimator was designed using a fuzzy 
logic control strategy. In addition, in Ref. 21, an air-gap flux observer based on the Lyapunov 
stability theory was developed, and the estimated rotor speed was acquired from this air-gap 
flux observer. The observer gain matrix of the air-gap flux observer was designed using the 
particle swarm optimization algorithm. In this study, an AGFVC IM drive was established using 
the stator current and air-gap flux. A synchronous speed-identification scheme was developed 
according to MRAC based on the reactive power, and the estimated rotor speed was obtained 
by subtracting the estimated slip speed from the estimated synchronous speed. In adaptive 
synchronous speed estimation, the adaptation mechanism of the RAC synchronous speed-
identification scheme was designed using the FA.

Fig. 6.	 (Color online) Simulated responses of the 
proposed adaptive speed-identification AGFVC IM 
drive based on FA with 2 N-m load for reversible 
steady-state speed command of 1800 rev/min: (a) 
estimated rotor speed, (b) actual rotor speed, (c) 
electromagnetic torque, (d) stator current, (e) air-gap 
flux position angle, and (f) air-gap flux locus.

(a) (b)

(c) (d)

(e) (f)

(a) (b)

(c) (d)

(e) (f)

Fig. 7.	 (Color online) Experimental responses of 
the proposed adaptive speed-identification AGFVC 
IM drive based on FA with 2 N-m load for reversible 
steady-state speed command of 1800 rev/min: (a) 
estimated rotor speed, (b) actual rotor speed, (c) 
electromagnetic torque, (d) stator current, (e) air-gap 
flux position angle, and (f) air-gap flux locus.
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6.	 Conclusions

	 A speed-identification AGFVC IM drive was established using an FA-based MRAC 
adaptation mechanism. The air-gap flux and stator current were used to develop a decoupled 
AGFVC IM model. An MRAC synchronous speed-identification scheme based on the reactive 
power of an IM was developed, and the rotor speed was estimated by subtracting the slip speed 
from the estimated synchronous speed. The adaptation mechanism of the MRAC was designed 
using the FA. The stator current signal measurement for implementing the adaptive speed-
identification AGFVC IM drive was provided by Hall effect current sensors. Both the simulation 
and experimental results for different reversible steady-state speed commands under a load 
condition verified the promising performance of the proposed adaptive speed-identification 
AGFVC IM drive.
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