
412 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 23, NO. 2, JUNE 2008

Robust Adaptive Control of Linear Induction Motors
With Unknown End-Effect and Secondary Resistance
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and Li-Chen Fu, Fellow, IEEE

Abstract—This paper proposes a novel robust adaptive speed/
position tracking control for a linear induction motor (LIM) with
both end-effect and secondary resistance unknown. The practical
current-fed controlled LIM, with residual current error, is consid-
ered, i.e., the traditional ideal current-loop assumption is relaxed.
More practical conditions, such as bounded primary voltage and
a finite absolute-integral of current tracking error is considered.
To overcome the high nonlinearity and nonzero current error, a
backstepping method, combining virtual desired variable synthe-
sis, is developed for the speed and position tracking. Then, the
controller achieves asymptotic speed and position tracking even
with unknown parameters and immeasurable secondary flux. Fur-
thermore, the effect of the residual current error is attenuated in an
L2 -gain sense. The experiments for several scenarios are carried
out to verify the theoretical result.

Index Terms—Adaptive control, linear induction motors, posi-
tion tracking, semi-current-fed model, speed tracking.

I. INTRODUCTION

DUE TO HIGH starting thrust force, linear induction mo-
tors (LIMs) have been broadly used in industrial appli-

cations [1]–[5]. Compared to rotary induction motors (RIMs),
the absence of leadscrews between LIMs and motion devices
reduces mechanical losses, and lower noise. Although some lit-
eratures [5], [6] view the control problem of LIMs analogous to
RIMs, the LIMs are more complicated due to: 1) end-effects are
considered and dependent on the speed of the mover [7], [8];
and 2) larger electromechanical coupling constants. The end-
effect is induced due to the unbalanced air gap flux occurring at
both ends of the mover, which suppresses thrust force. Since the
main thrust force decreases with increasing speed of the mover,
the exact model is difficult to derive. In [9], a primary-flux-
oriented control is proposed to improve the controller’s robust-
ness to variation of the secondary resistance. Thus, the end-effect
and parametric uncertainties have not been considered together
in previous literature [10], [11]. In addition, large electrome-
chanical coupling constant leads to current-fed control [12],
[13] failure since small current errors in the current loop may
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cause large force tracking errors and poor performance. The
facts mentioned above motivate us to improve the control of
LIMs.

In the control literature [12]–[18] of RIM, the controller de-
sign is usually based on reduced-order dynamics. This is the
so-called current-fed RIM. Based on this concept, field-oriented
control [14] and nonlinear decoupled control [15]–[18] are the
main control methods. However, for LIMs, we can see that the
current command and desired secondary fluxes can be indepen-
dently designed using field-orientated control by a proper selec-
tion of state coordinates. Unfortunately, the ideal current loop is
not satisfied easily in practical applications due to uncertainties
and saturation. Furthermore, if the secondary flux is immea-
surable, flux observer-based schemes (e.g., [19]–[21]) usually
result in a complicated high-order control law. Therefore, for
a practical current-fed inverter, immeasurable secondary flux,
parametric uncertainties, and end-effects, lead to a challenging
control of LIMs.

In this paper, we propose a robust adaptive control scheme
for current-fed LIMs with practical current-loop constraints
mentioned above. Therefore, in contrast to an ideal current-fed
model, a relaxed version can be considered in this study (i.e.,
allowing nonzero current tracking error in the current loop).
Hence the system will be called the semi-current-fed LIM. Al-
though the dynamics of the current is considered, we only need
to design a desired current as the control input (i.e., the controller
is less complex and easier to be implemented). The end-effect of
LIMs is modeled as an unknown external load force dependent
on the mover speed. Next, a backstepping adaptive controller
is developed to cope with the effect of nonzero current error
and high coupling nonlinearity. To this end, virtual desired vari-
ables (VDVs) including virtual desired currents and fluxes are
synthesized. Although we will treat the VDVs as desired vari-
ables to be tracked by the real current and flux, they need to
be further defined indeed. This is why we call them as the vir-
tual desired variables. Here, the immeasurable flux is adaptively
reconstructed. If all mechanical parameters and partial electri-
cal parameters are unknown, L2-gain stability and asymptotic
speed/position tracking are assured. The asymptotic flux track-
ing is achieved if the internal signals of the LIMs vary in a
sufficiently rich manner (this is called persistent excitation (PE)
condition [22]).

The rest of the paper is organized as follows. In Section II,
we formulate the control problems of the practical current-fed
controlled LIMs. In Section III, the VDV-based speed con-
troller is derived. An extension to position control is addressed
in Section IV. Section V shows the experimental results and

0885-8969/$25.00 © 2008 IEEE

Authorized licensed use limited to: National Taiwan University. Downloaded on January 13, 2009 at 22:13 from IEEE Xplore.  Restrictions apply.



LIAN et al.: ROBUST ADAPTIVE CONTROL OF LINEAR INDUCTION MOTORS WITH UNKNOWN END-EFFECT AND SECONDARY RESISTANCE 413

comparisons of the proposed and traditional controllers. Finally,
some conclusions are made in Section VI.

II. PROBLEM FORMULATION

Denoting the state vectors i = [ipa ipb ]�, λ = [λsa λsb ]�,
and Vp = [Vpa Vpb ]�, the fifth-order dynamic model of the LIM
in a, b stationary reference frame is described by the following
vector compact form [1], [3], [21]:

σi̇ = −
(

LsRp

Lm
+

Lm Rs

Ls

)
i

−
(

π

�
npvmJ2 −

Rs

Ls
I2

)
λ+

Ls

Lm
Vp (1)

λ̇ =
Lm Rs

Ls
i +

(
π

�
npvmJ2 −

Rs

Ls
I2

)
λ (2)

Mv̇m = F − Fl − Dvm (3)

and

I2 =
[

1 0
0 1

]
and J2 =

[
0 −1
1 0

]
where
σ = LsLp/Lm − Lm ;
F = κi�J2λ;
κ = 3πnpLm /2�Ls ;
ipa(ipb) a-axis and b-axis primary current;
Vpa(Vpb) a-axis and b-axis primary voltage;
λsa(λsb) a-axis and b-axis secondary flux;
vm mover speed;
Rp(Rs) primary (secondary) resistance;
Lp(Ls) primary (secondary) inductance;
Lm mutual inductance;
� pole pitch;
M primary mass;
D viscous friction;
np number of pole pairs;
Fl load disturbance;
F electromechanical coupling force;
κ force constant.

Throughout this study, we assume that the parameters Rp,
Lp , Ls , and Lm are known constants whereas Rs,M , and D are
unknown constants. The longitudinal end-effect is approximated
by Taylor’s series and can be taken as an external load force

Fl = θ1 + θ2vm + θ3v
2
m (4)

with unknown constants θ1 , θ2 , and θ3 [6]. This end-effect in-
creases with the speed of the primary [7], [8].

Due to the limitation of the electromagnetic path of LIM,
the mutual flux between the primary and secondary will satu-
rate easily if high-gain current-loop control is used. For these
reasons, it is impractical to adopt the ideal current loop model,
where zero current tracking error is assumed. In other words i
in (2) cannot be directly replaced by the desired control input
i∗. Thus, the control problem of a practical current-fed LIM is
formulated as shown in the next subsection.

A. Robust Semi-Current-Fed LIM Control Problem

Consider an LIM driven by the PI current control law

Vp = −Kp(i − i∗) − Ki

∫ t

0
(i − i∗)dτ (5)

where Kp and Ki are proper loop gains. If the current loop
performs well and provides a bounded Vp (i.e., (i − i∗) ∈ L∞),
how will the desired current i∗ be properly designed such that
the closed-loop system satisfies the performance criterion∫ t

0
‖e(τ)‖2dτ ≤ ε1 + ε2

∫ t

0
‖̃i(τ)‖2dτ (6)

with ε1 , ε2 > 0, as tunable parameters and ĩ = i − i∗? Note that
e(t) consists of speed, position, or flux tracking errors.

B. Asymptotic Semi-Current-Fed LIM Control Problem

Consider a LIM driven by the PI current control law (5). If
the current controller (5) assures a bounded Vp and a finite
integrable current tracking error ĩ, how will the desired current
i∗ be properly designed such that the control error e(t) asymp-
totically converges to zero? In the above, the semi-current-fed
LIM means that the LIM is driven by a well-performed current
loop but the current error ĩ(t) is not negligible. This new con-
cept preserves the benefit (i.e., a reduced model-based design)
of traditional current-fed control while considering practical
situations.

Since the current error is not negligible, field oriented control
and vector control is hard to implement. Therefore, we introduce
a new design in the next section.

III. VDV-BASED SPEED CONTROL

Assume that the primary current, voltages, and mover speed
are measurable (but the flux is unmeasurable). The control ob-
jective is to track a desired speed vd which satisfies vd, v̇d ∈ L∞.
The controller is synthesized by three steps—mechanical loop
control, electrical loop control, and an adaptive mechanism
described below.

A. Mechanical Loop Control

First, consider the mechanical dynamics (3) and denote the
speed tracking error as ṽm = vm − vd . The error dynamics of
ṽm can be written as

M ˙̃vm + (D + kv )ṽm = F − Fd + (Fd − Yθ + kv ṽm )

where Fd denotes a VDV for the electromechanical coupling
force F, kv > 0 is an adjustable damping ratio; Y = [1 vm

v2
m vd v̇d ] is a regression matrix; θ = [θ1 θ2 θ3 D M ]� is

an unknown parametric vector; and the expression (4) has been
used. To provide the desired speed, we set the virtual desired
force

Fd = Yθ̂ − kv ṽm , (7)
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where θ̂ is the estimated vector of θ. This yields the error
dynamics

M ˙̃vm + (D + kv ) ṽm = F − Fd − Yθ̃ (8)

with the estimation error θ̃ ≡ θ − θ̂.
At this point, the speed tracking control problem has been

transformed into a force tracking problem. The remainder of
the control design is to let the electrical loop of the LIM to
generate the desired force Fd .

B. Electrical Loop Control

Next, consider the electrical dynamics (1) and (2). The fol-
lowing design scheme is somewhat similar to the well-known
backstepping control [23]. However, for our problem, direct im-
plementation of backstepping control is not trivial due to the
highly coupled nonlinearity of the LIM. To cope with this, two
other VDVs i∗ and λd are introduced for i and λ. Indeed, the
VDV i∗ is the desired current to be taken as an input of the
current loop (5). The VDV λd is the desired flux for generating
the optimal force. Meanwhile, the desired current i∗ and desired
flux λd are designed such that the electrical subsystem provides
the desired force Fd .

To this end, let VDVs i∗ and λd satisfy

Fd = κi∗�J2λd . (9)

This means that F converges to Fd once i and λ converge to
i∗ and λd , respectively. The convergence of i to i∗ depends on
the performance of the current loop controller. However, the
objective of λ → λd is achieved by an appropriate choice of
i∗ from (2). As a result, i∗ will be properly designed such that
λ → λd while satisfying (9).

To generate the optimal force, the virtual desired flux in the
primary-fixed frame is set in the form:

λd =
[

c cos(ρ(t))

c sin(ρ(t))

]
, (10)

where c = ‖λd‖ is the magnitude of the desired secondary flux;
and ρ(t) denotes the electrical angle with respect to the primary-
fixed frame, to be determined later. Next, we attempt to design
i∗ and ρ(t) such that λ → λd under the constraint (9).

Since the secondary flux is immeasurable, the direct error-
feedback approach is not possible. To solve this problem and
avoid using a flux observer, an alternative flux reconstruction is
derived here. By adding (1) and (2), we obtain that

σi̇ + λ̇ = η̇ (11)

with the first-order filter

η̇ = −LsRp

Lm
i +

Ls

Lm
Vp . (12)

By integrating (11), the flux can be represented as

λ = η−σi + c0 (13)

where η is the output of the filter (12); and c0 is an unknown in-
tegration constant vector dependent on initial conditions. From
(13), the flux is reconstructed in the form: λ̂ = η − σi + ĉ0 with
the estimation ĉ0 for c0 .

The filter (12) can be further represented as a stable filter:

η̇ = −LsRp

Lm σ
η +

LsRp

Lm σ
(λ − c0) +

Ls

Lm
Vp (14)

where the relation (13) has been applied. Hence, the effect due
to the unknown initial value of η(t) will fade out. In addition,
if the offsets in current and voltage measurements are present,
these offsets can be contained in c0 and coped by the adaptive
technique. Thus, the proposed flux reconstruction is suitable for
practical implementation.

To proceed further, we change the original flux tracking into
the tracking of reconstructed flux λ̂ to λd . Defining the new
tracking error as λ̃ = λ̂ − λd , we obtain

˙̃
λ =

(
π

�
npvmJ2 −

Rs

Ls
I2 −

RsLm kλ
Ls

I2

)
λ̃ + R̃sφr

+
π

�
npvmJ2 c̃0 − ϑ̃ +

Lm Rs

Ls
ĩ + ξλ − τa , (15)

where ξλ = (π
� npvmJ2 − R̂s

Ls
I2)λd + Lm R̂s

Ls
kλλ̃ − ϑ̂ + R̂s

Ls

ĉ0 + Lm

Ls
R̂s i∗ + ˙̂c0 − λ̇d + τa and φr = Lm

Ls
i∗ − 1

Ls
λd + 1

Ls

ĉ0 + Lm

Ls
kλλ̃. The detailed derivation is given in Appendix I.

In the above, R̂s is the estimated secondary resistance;
R̃s = Rs − R̂s is the estimation error; ϑ̂ is the estimated signal
of ϑ ≡ Rs

Ls
c0 ; ϑ̃ = ϑ − ϑ̂ is the estimation error; c̃0 = c0 − ĉ0 ;

kλ > 0 is a control gain; and τa is an auxiliary signal deter-
mined later. In (15), we take ξλ as a perturbation term and set
ξλ = 0 to determine i∗ and ρ (t). According to the conditions
ξλ = 0, (9) and λ̇d = ρ̇ (t)J2λd , we obtain

i∗ =
1

Lm

(
I2 +

1
c2 ψJ2

)
λd +

Ls

Lm R̂s

(ϑ̂ − ˙̂c0 − τa)

− kλλ̃ − 1
Lm

ĉ0 , (16)

ρ̇ (t) =
π

�
npvm +

R̂s

c2Ls
ψ, (17)

where ψ = Lm Fd

κ + (Lm kλλ̃ + ĉ0 + Ls

R̂s

( ˙̂c0 + τa − ϑ̂))�J2λd .

Obviously, the estimation R̂s(t) 	= 0 is needed for all t, which
will be achieved by a proper adaptive mechanism. Hence, the
design of λd and i∗ have been completed.

C. Adaptive Mechanism

Now, we are going to derive the update laws for all parameter
estimations. Based on the control law (5) with the desired current
(16), the error dynamics (8) and (15) are further expressed as

M ˙̃vm + (D + kv )ṽm = κ(i�J2 λ̃ + i�J2 c̃0 + ĩ�J2λd) − Yθ̃

(18)

˙̃
λ =

(
π

�
npvmJ2 −

Rs(1 + Lm kλ)
Ls

I2

)
λ̃

+ R̃sφr +
π

�
npvmJ2 c̃0 − ϑ̃ +

Lm Rs

Ls
ĩ − τa (19)
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Fig. 1. Structure of the adaptive speed controller.

where the current error ĩ appears in the error dynamics since a
semi-current-fed LIM is considered. Accordingly, update laws
of R̂s , θ̂, ĉ0 and ϑ̂ are suitably chosen for (18) and (19) such
that the tracking errors ṽm and λ̃ are convergent. To this end, let
us consider a Lyapunov function candidate as

V =
1
2
(
αMṽ2

m + αθ̃�Γ−1
1 θ̃ + λ̃

�
λ̃

+ γ−1
s R̃2

s + c̃�0 Γ−1
2 c̃0 + ϑ̃�Γ−1

3 ϑ̃
)

(20)

where α is an arbitrary positive constant; and γs,Γ1 = Γ�
1 ,

Γ2 = Γ�
2 ,Γ3 = Γ�

3 are positive definite adaptation gains. The
time derivative of (20) along the error dynamics (18) and (19) is

V̇ = −α(D + kv )ṽ2
m + αθ̃�

(
Γ−1

1
˙̃
θ − ṽmY�)

− Rs

Ls
(1 + Lm kλ)λ̃

�
λ̃ + R̃s

(
γ−1

s
˙̃
Rs + λ̃

�
φr

)
+ c̃�0

(
Γ−1

2
˙̃c0 + ακṽmJ�

2 i+
π

�
npvmJ�

2 λ̃
)

+ ϑ̃�(
Γ−1

3
˙̃
ϑ − λ̃

)
+ λ̃

�(
ακṽmJ�

2 i − τa

)
+ ĩ�

(
ακṽmJ2λd +

Lm Rs

Ls
λ̃
)
.

Therefore, the update laws for R̂s , θ̂, ĉ0 and ϑ̂ are respectively
chosen as

˙̂
θ = −ṽmΓ1Y� (21)

˙̂c0 = Γ2

(
ακṽmJ�

2 i+
π

�
npvmJ�

2 λ̃
)

(22)

˙̂
ϑ = −Γ3 λ̃ (23)

˙̂
Rs =

{
0, if R̂s = R0 and λ̃

�
φr < 0

γs λ̃
�
φr , otherwise

(24)

with the initial condition R̂s (0) > R0 , where R0 denotes a
lower bound of the unknown secondary resistance Rs . Note that
the update law for the estimation R̂s guarantees R̂s (t) > R0

and R̃s(γ−1
s

˙̃
Rs + λ̃

�
φr ) ≤ 0 for all t. However, the auxiliary

signal τa in (15) is obtained as

τa = ακṽmJ�
2 i.

As a result, the time derivative of V leads to

V̇ ≤ −α(D + kv )ṽ2
m − Rs

Ls

(
1 + Lm kλ

)
λ̃
�
λ̃

+ ĩ�
[

ακJ2λd
Lm Rs

Ls
I2

] [
ṽm

λ̃

]
. (25)

The overall structure of the control law along with the update
laws are illustrated in Fig. 1. Obviously, the convergence of ṽm

and λ̃ is dependent on the residual current error ĩ which exists in
practical current-fed control (i.e., ĩ = 0 for an ideal current-fed
control).

D. Main Results

First, the robust semi-current-fed LIM speed control problem
is solved below.

1) Result for the Robust Speed Control: Consider the virtual
desired force, flux, and current, accordingly, addressed in (7),
(10), and (16) along with update laws (21)–(24). If the control
gains satisfy

α > 0 (26)

D + kv − κc2

4Rs
> 0 (27)

1 + Lm kλ − L2
m

4Lsα
> 0 (28)

and current loop gains Kp,Ki are properly chosen such that
Vp ∈ L∞, then the robust semi-current-fed LIM speed control
problem is solved. The closed-loop system has all bounded
signals and achieves the performance criterion (6) with e(t) =
[ṽm λ̃

�
]�. �

The proof of this result is given in Appendix II. If the current-
loop controller (5) performs very well and assures Vp ∈ L∞ and
ĩ ∈ L1 , we have ĩ ∈ L2 . In light of this result, we have e ∈ L2 by
(6). In addition, the fact ė ∈ L∞ is concluded since all signals on
the right-hand sides of (18) and (19) are bounded. According to
e, ė ∈ L∞, e ∈ L2 and applying Barbalat’s lemma [22], we have
limt→∞ e (t). In other words, ṽm and λ̃ asymptotically converge
to zero as t → ∞. Hence, the asymptotic semi-current-fed LIM
speed control problem is solved below.
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2) Result for the Asymptotic Speed Control: Consider the
virtual desired force, flux, and current, accordingly, addressed
in (7), (10), and (16) along with update laws (21)–(24). If
the control gains satisfy (26)–(28) and the current loop gains
Kp,Ki are properly chosen such that Vp ∈ L∞ and ĩ ∈ L1 , then
asymptotic semi-current-fed LIM speed control is achieved, i.e.,
limt→∞ ṽm (t) = 0 and limt→∞ λ̃(t) = 0. �

From the robust speed control, the tracking errors ṽm and λ̃

with respect to the current error ĩ are finite-gain L2 stable for a
practical current-fed LIM. For zero-state response, we have

εQ‖e(t)‖2 ≤ αRs(κ + 1)‖̃i(t)‖2

with εQ = ‖Q‖ and Q in defined in Appendix II, which means
that the effect of the residual current error ĩ(t) on the track-
ing error e(t) is dependent on the parameters α,Rs , and κ.
Usually, the electromechanical coupling constant κ of LIMs is
much larger than the value of RIM. This means that the con-
trol performance of LIM is easily affected by the current error
when compared with RIM. From the above analysis, the pro-
posed scheme attenuates the effect of the residual current error
by control gain α. Therefore, we are able to obtain an expected
control performance by properly tuning the control gains kv , kλ,
and α even if the current-control loop does not work well.

Notice that, ṽm and λ̃ converge to zero asymptotically as
t → ∞ without needing the PE condition. If the internal sig-
nals are persistently excited, the secondary flux tracking error
(λ − λd) asymptotically converges to zero. Since the secondary
flux tracking error (λ − λd) equals to (λ̃ + c̃0), we need c̃0 → 0
to achieve λ → λd as t → ∞. In traditional adaptive approaches
[22], zero parameter errors are obtained only if the PE condition
is satisfied. Let

W� (t) =
[−αY ακi�J2 0 0

0 π
� npvmJ2 −I2 φr

]
.

If W (t) satisfies the PE condition, i.e., there exist two positive
constants ν and µ such that∫ t+ν

t

W (τ)W� (τ) dτ ≥ µI >0,∀t ≥ 0,

then asymptotic flux tracking will be achieved, that is,
limt→∞ (λ − λd) = 0. Therefore, the optimal force property
will be sustained if the PE condition is satisfied.

IV. POSITION CONTROLLER DESIGN

Based on the proposed speed control in the above section,
the block diagram of the position control design for the LIM is
formulated in Fig. 2. The position control is regarded as another
external control loop, i.e., the signal vd becomes a VDV for
the speed-control loop. Therefore, we only need to design the
virtual desired speed vd at this step.

Let us consider the desired position xd , its time derivative ẋd ,
and its second-order time derivative ẍd as bounded functions.
Denote the position tracking error as x̃ = x − xd and let the
virtual desired speed be:

vd = ẋd − kxx̃ (29)

Fig. 2. Concept of position control design for semi-current-fed linear induc-
tion motor.

with kx > 0. This yields the position error dynamics ˙̃x + kxx̃ =
ṽm . Thus, the position tracking error x̃ converges to zero as
long as limt→∞ ṽm = 0. Compared to (7), we further modify
the force command as

Fd = Yθ̂ − kv ṽm − x̃. (30)

Then, the remainder of the design is the same as the design
procedure addressed in Section III-B and III-C. Furthermore, the
stability can be obtained by considering the Lyapunov function
Vx = 1

2 αx̃2 + V . As a result, we give the following result for
the position tracking control of a practical LIM.

A. Result for the Position Tracking Control

Consider the virtual desired speed, force, flux, and current,
accordingly, addressed in (29), (30), (10), and (16) along with
update laws (21)–(24), where the control gains satisfy kx > 0,
and (26)–(28). If the current loop gains Kp,Ki are properly cho-
sen such that Vp ∈ L∞ and ĩ ∈ L1 , then the following properties
are satisfied: 1) the zero-state response yields

ε̄Q‖ē(t)‖2 ≤ αRs(κ + 1)‖̃i(t)‖2

where ē(t) = [ x̃(t) ṽm (t) λ̃
� ]� and ε̄Q = min{αkx, α

(D + kv − κc2

4Rs
), Rs

Ls
(1 + Lm kλ − L2

m

4Ls α )}; and 2) the asymp-
totic semi-current-fed LIM position control problem is solved,
i.e., limt→∞ē(t) = 0.

V. EXPERIMENTAL RESULTS

To further verify the validity of the proposed scheme, several
experiments of speed and position control are described in this
section. In our experiments, the developed controller is realized
by a DSP-based control card (Simu-Drive system), which takes
the TMS320F2812 DSP (fixed-point 32-bit) as the main control
core. The DSP control card also provides multichannel of A/D
and encoder interface circuits. Here, three-phase voltages and
currents are sampled by the A/D converters and fed into the
DSP-based controller. The speed and position are measured by
a linear encoder with precision 20 µm for one pulse. In addition,
the block-building MATLAB Simulink Toolbox and Real-Time
Workshop are taken as an interface between software and hard-
ware. When the build-up controller block is established, the
Real-Time Workshop plays the role of a compiler to transform
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TABLE I
SPECIFICATION AND PARAMETERS OF THE LINEAR INDUCTION MOTOR

Fig. 3. Speed regulation with abrupt load variation. (a) Speed tracking re-
sponse [reference (- - -), actual (—)]. (b) Speed tracking error. (c) Primary
current of one phase. (d) Primary voltage of one phase.

the controller into a C code, which is download to the DSP-based
control card. The specifications and parameters of the LIM are
listed in Table I.

Fig. 4. Speed regulation with abrupt load variation. (a) Response of estimated
secondary resistance. (b) and (c) Responses of estimated fluxes λsa and λsb .

A. Speed Control

The speed control parameters are chosen as follows: Kp =
120,Ki = 30, α = 0.045, kv = 300.5, kλ = 2.8, and c = 3.61.
Update gains are set to γs = 0.1,Γ1 = diag{10, 0.03, 0.001,
0.86, 0.03},Γ2 = diag{0.1, 0.1},Γ3 = diag{1.8, 1.8}.
Based on this setting, the following speed control experiments
are performed.

1) Experiment 1: Speed Regulation: Consider a speed reg-
ulation vd = 0.4 m/s with an abrupt external force variation,
where the external force 10 N is added at t = 0.4 s and removed
at t = 0.9 s. The speed response resulting from the proposed
controller (16) is shown in Fig. 3(a), while the speed tracking
error is shown in Fig. 3(b). The primary current of u-phase, iu
and primary voltage of u-phase, Vu are shown in Fig. 3(c) and
(d), respectively. Furthermore, the estimated secondary resis-
tance and flux are illustrated in Fig. 4.

2) Experiment 2: Sinusoidal Speed Tracking: Consider the
speed tracking command vd = 0.4 sin 2πt m/s. The speed re-
sponse resulting from the proposed controller (16) is shown in
Fig. 5(a), while the speed tracking error is shown in Fig. 5(b).
The primary current of u-phase, iu and primary voltage of
u-phase, Vu are shown in Fig. 5(c) and (d), respectively. All
the estimated parameters and flux are bounded, but not shown
here for space consideration.

3) Experiment 3: Triangular Speed Tracking: Consider a
triangular speed command illustrated in Fig. 6(a). The speed
response resulting from the proposed controller (16) is shown
in Fig. 6(a), while the speed tracking error is shown in Fig. 6(b).
The primary current of u-phase, iu and primary voltage of
u-phase, Vu are shown in Fig. 6(c) and (d), respectively.
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Fig. 5. Sinusoidal speed tracking. (a) Speed tracking response [reference
(- - -), actual (—)]. (b) Speed tracking error. (c) Primary current of one phase.
(d) Primary voltage of one phase.

To emphasize that our approach is robust from a practical
point of view, we also use a PI speed controller (a Simu-Drive
system default PI) for the speed control objectives in Experi-
ments 1 and 2. A comparison between the proposed controller
and PI controller is shown in Fig. 7. In addition, to illustrate
the effect of the end-effect compensation, we also apply the
proposed controller with Γ1 = diag{10, 0, 0, 0.86, 0.03}
(which neglects the end-effect) for Experiment 3 and obtain the
result shown in Fig. 8. Thus, a better performance is obtained
by the proposed controller.

B. Position Control

The position control parameters are chosen as follows: Kp =
120,Ki = 30, α = 0.045, kv = 300.5, kλ = 2.8, kx = 13, and
c = 7.61. Update gains are set to γs = 0.1,Γ1 = diag{10,
0.03, 0.001, 0.86, 0.03},Γ2 = diag{0.1, 0.1}, and Γ3 =
diag{1.8, 1.8}. Based on the controller setting, the following
position control experiments are performed.

Fig. 6. Triangular speed tracking. (a) Speed tracking response [reference
(- - -), actual(—)]. (b) Speed tracking error. (c) Primary current of one phase.
(d) Primary voltage of one phase.

Fig. 7. Using PI (- - -) and proposed (—) speed controllers. (a) Error of speed
regulation with abrupt load variation. (b) Error of sinusoidal speed tracking.
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Fig. 8. Response of triangular speed tracking error under end-effect compen-
sation (—) and without end-effect compensation (- - -).

Fig. 9. Triangular position tracking. (a) Position tracking response [reference
(- - -), actual(—)]. (b) Position tracking error. (c) Primary current of one phase.
(d) Primary voltage of one phase.

1) Experiment 4: Triangular Position Tracking: Consider a
triangular position command shown in Fig. 9(a). The proposed
controller in Section IV yields the position tracking response
shown in Fig. 9(a), while the position tracking error is shown in
Fig. 9(b). The primary current of u-phase, iu and primary volt-
age of u-phase, Vu are shown in Fig. 9(c) and (d), respectively.

Fig. 10. Sinusoidal position tracking. (a) Position tracking response [reference
(- - -), actual(—)]. (b) Position tracking error. (c) Primary current of one phase.
(d) Primary voltage of one phase.

2) Experiment 5: Sinusoidal Position Tracking: Consider a
position tracking command xd = 10 sin π

2 t cm. The position
response is shown in Fig. 10(a), while the position tracking error
is illustrated in Fig. 10(b). The primary current of u-phase, iu
and primary voltage of u-phase, Vu are shown in Fig. 10(c) and
(d), respectively.

To illustrate the good performance of the proposed scheme,
the Simu-Drive default PI controller is also applied to the tri-
angular and sinusoidal position tracking. A comparison of the
position tracking responses is shown in Fig. 11. It is apparent
that both fast transient response and small steady-state error are
obtained by the proposed controller.

Furthermore, to emphasize that our controller has great ro-
bustness, we purposely set the current loop gains as Kp = 80
and Ki = 100 , which are far away from their own optimal val-
ues. Then, Experiments 4 and 5 are repeated. The experimental
results compared with the original are illustrated in Fig. 12. The
small difference on the responses indicates that the proposed
scheme can tolerate the current-loop controllers which are not
well tuned.
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Fig. 11. Using PI (- - -) and proposed (—) position controllers. (a) Error of
triangular position tracking. (b) Error of sinusoidal position tracking.

Fig. 12. Comparison of using optimal setting (- - -) and bad setting (—) loop
gains. (a) Error of triangular position tracking. (b) Error of sinusoidal position
tracking.

VI. CONCLUSION

Considering practical current-fed LIMs, we have success-
fully developed novel adaptive control schemes for speed and
position tracking in this paper. Based on the problem formu-
lation, the semi-current-fed LIM allows nonzero current error
and hence, relaxes the ideal current loop assumption made in
typical current-fed model. On the other hand, the benefit of a
design using a reduced model is still preserved. Due to the high
nonlinearity and nonzero current error, the VDV-based back-
stepping design has been introduced and provides asymptotic
speed and position tracking without needing extra conditions.
Furthermore, the effect from the current error to speed/position
errors is attenuated to a prescribed level by appropriate control
gains, i.e., L2-gain control performance can be obtained even if
the current loop control is not good enough. In addition, the flux
tracking is achieved when the persistent excitation condition is
satisfied. The experimental results have shown better tracking
performances compared with the traditional control scheme.

APPENDIX I

In this appendix, we provide explicit derivation of equation
(15):

˙̃
λ = ˙̂

λ − λ̇d

= η̇ − σi̇ + ˙̂c0 − λ̇d

= λ̇ + ˙̂c0 − λ̇d

=
(

π

�
npvmJ2 −

Rs

Ls
I2

)
λ +

Lm Rs

Ls
i+˙̂c0 − λ̇d

Since λ = λ̂ + c̃0 and λ̂ = λ̃ + λd , it follows that

˙̃
λ =

(
π

�
npvmJ2 −

Rs

Ls
I2

)(
λ̃ + λd

)
+

(π

�
npvmJ2

−Rs

Ls
I2

)
c̃0 +
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Ls
ĩ +

Lm Rs

Ls
i∗+˙̂c0 − λ̇d

=
(

π

�
npvmJ2 −
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Ls
I2 −

RsLm kλ
Ls

I2

)
λ̃ +

R̃sLm kλ
Ls

λ̃

+
R̂sLm kλ

Ls
λ̃ +

(
π

�
npvmJ2 −

R̂s

Ls
I2

)
λd − R̃s

Ls
λd

+
π

�
npvmJ2 c̃0 −

Rs

Ls
c0 +

R̃s

Ls
ĉ0 +

R̂s

Ls
ĉ0

+
Lm Rs

Ls
ĩ +

Lm R̃s

Ls
i∗ +

Lm R̂s

Ls
i∗+˙̂c0 − λ̇d .

APPENDIX II

Proof of Result for the Robust Speed Control

Consider the inequality (25) again and rewrite it as

V̇ ≤ −εe‖e‖2 + εi ‖̃i‖‖e‖
where εe = min(α(D + kv ), Rs

Ls
(1 + Lm kλ)); and εi = supt

‖[ακJ2λd
Lm Rs

Ls
I2 ]‖ < ∞ dependent on bounded parameters

c, Ls, Lm , and Rs . If the current loop controller (5) performs
well such that Vp ∈ L∞ (i.e., ĩ ∈ L∞), then V is upper bounded
due to V > 0 and V̇ ≤ 0 for ‖e‖ ≥ εi ‖̃i‖/εe . Hence the error
signals ṽm and λ̃ are uniformly bounded. In other words, vm ,
λ̂ ∈ L∞ and all parametric errors R̃s , c̃0 , ϑ̃ and θ̃ ∈ L∞. Due to
λ = λ̂ + c̃0 and λ̂, c̃0 ∈ L∞, the secondary flux λ is therefore
uniformly bounded. The remaining thing is to investigate the
boundedness of signals i∗ and ρ̇(t). Let us rewrite the dynamics
of the current (1) in the form

σi̇+
(
LsRp

Lm
+

Lm Rs

Ls

)
i = −

(
π

�
npvmJ2 −

Rs

Ls
I2

)
λ+

Ls

Lm
Vp

From the fact vm , λ,Vp ∈ L∞, the above equation is taken as a
stable filter driven by a bounded input. This implies that the state
i is uniformly bounded. Thus, the fact ṽm , λ̃, i ∈ L∞ ensures that
i∗, ρ̇ (t) , update laws ˙̂

Rs,
˙̂
θ, ˙̂c0 ,

˙̂
ϑ, and auxiliary τa are uniformly

bounded. Finally, from the above analysis, we conclude that all
signals on the right-hand sides of (18) and (19) are bounded in
L∞, which means e and ė are uniformly bounded. In addition,
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since we only need selecting R̂s(0) > R0 for the update law
(24), the boundedness is concluded in a global manner.

Furthermore considering (25) and facts

ακṽm ĩ�J2λd ≤ ακc2

4Rs
ṽ2

m + ακRs ĩ� ĩ

Lm Rs

Ls
ĩ�λ̃ ≤ L2

m Rs

4L2
sα

λ̃
�
λ̃ + αRs ĩ� ĩ,

we are able to rewrite V̇ as

V̇ ≤ −α

(
D + kv − κc2

4Rs

)
ṽ2

m − Rs

Ls

(
1 + Lm kλ

− L2
m

4Lsα

)
λ̃
�
λ̃ + αRs(κ + 1)‖̃i‖2

= −e�Qe + αRs(κ + 1)‖̃i‖2 (31)

where

Q= diag

{
α

(
D + kv − κc2

4Rs

)
,
Rs

Ls

(
1 + Lm kλ − L2

m

4Lsα

)
I2

}
.

Note that Q is positive definite in accordance to properly chosen
kv , kλ, and α from (26)–(28). Integrating on both sides of (31)
leads to∫ t

0
e�(τ)Qe(τ)dτ ≤ V (0) + αRs(κ + 1)

∫ t

0
‖̃i(τ)‖2dτ

and thus completes the proof.
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