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Abstract—Recent advancement in design and control of
brushless doubly-fed induction machine (BDFIM) has sub-
stantially improved its performance. In this article, two high
efficient vector control schemes are proposed for the BD-
FIM drive based on Lyapunov nonlinear techniques. The
first scheme aims for speed control with a one-level struc-
ture without an inner loop controller, and the rotor speed er-
ror is delivered to a backstepping speed controller. The sec-
ond scheme has a two-level structure with a backstepping
controller and a model reference controller for torque and
speed control, respectively. To enhance the performance,
the proposed control schemes are based on a novel maxi-
mum torque per Ampere (MTPA) control strategy, and their
stability is proven by Lyapunov control theory. The pro-
posed controllers are validated experimentally on a 3-kW
prototype D132-BDFIM by a TMS320F2833 microcontroller
synchronized with a personal computer, and show superior
performance over optimal proportional-integral controllers
under changing reference speed and load torque.

Index Terms—Backstepping controller, brushless
doubly-fed induction machine, Lyapunov control theory,
model reference controller, speed control, vector control.

NOMENCLATURE
�V , �I, �λ Voltage, current, flux vectors.
R Winding resistance.
L Winding self-inductance.
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L1r, L2r Coupling inductances between the stator
windings and the rotor.

p Pole pair number.
f Frequency.
Nr Number of nests.
ω Angular speed.
δ Current angle.
Te, Tl Electromagnetic torque and load torque.
J, B Moment of inertia and friction coeffi-

cient.
K1, K2, K3 K4, K5 Controller gains.
a, b System coefficients.
am, bm Coefficients of the reference model.
θ1, θ2 Adjustable parameters.
Subscripts
1, 2, r PW, CW, and rotor.
α,β Stationary frame axis.
d, q Rotating frame axis.

I. INTRODUCTION

BRUSHLESS doubly-fed induction machine (BDFIM) is a
single frame induction machine with two sets of three-

phase windings on its stator. BDFIMs show advantages of
doubly-fed induction machines (DFIMs), but with higher relia-
bility due to removing brushes and slip rings from their structure.
BDFIMs enable synchronous operation in a wide speed range
through frequency control of a control winding (CW), are fault
tolerant, and can operate as an induction machine in case of
a converter fault. Therefore, BDFIMs have recently attracted
significant research interests in various applications, such as
variable speed drives [1], [2], wind generators [3], [4], and
propulsion systems [5].

Since a BDFIM is not stable in its entire operational speed
region, a closed-loop control system is required under dynamic
and steady state operations. A number of scalar control methods
have been proposed for BDFIMs, such as the phase-angle control
[6], open-loop control [7], and closed-loop current control [8].
Due to their relatively slow dynamic responses, these controllers
are only suitable for applications such as pumps. In practice,
to achieve accurate speed and torque control, BDFIMs require
more advanced control structures, such as vector control (VC).
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A VC system for BDFIMs was first proposed by Oregon State
University to control the angle between synchronous frames
of the power winding (PW) and CW [9]. However, this tra-
ditional multiple reference frames-based method is complex
and increases computational burden compared to standard VC
schemes. To simplify the control of BDFIMs, a more straight-
forward derivation of the two-axis model was later proposed
by Poza et al. [10]. This unified reference frame model has the
same structure as the well-known vector models of conventional
induction machines (IMs). Based on this model, a vector con-
troller oriented with the PW flux is proposed in [11], where the
feasibility of implementing speed vector control for BDFIMs
is discussed, two internal control loops for current control of
PW and CW and an external control loop for speed control are
designed.

In [12], a vector control method realized in the PW flux
reference frame is proposed for a BDFIM operating as a variable
speed generator. With this method, the rotor speed and reactive
power can be controlled simultaneously through a proportional-
integral (PI) controller. In [13], a vector model is developed for
the BDFIM with a nested-loop rotor, and vector transformations
for the vector model extraction are proposed in a general form
such that it can be adapted in various reference frames for dif-
ferent applications. In [14], a vector control system is proposed
for BDFIMs using the vector model in [13], and simulation
and experimental results are analyzed under various operating
conditions. In [15], to cancel the coupling between direct (d) and
quadrature (q) channels in vector control, a decoupling matrix is
introduced by modeling the BDFIM as a two input-two output
system. A model reference observer-based sensorless control
system for BDFIMs using errors of CW current is proposed
in [16]. The error signal, which is the product of two vectors
generated via the reference and adaptive models, is injected
to a phase locked loop estimator, and the estimator’s output
is the estimated rotor position angle. In [16], the observer’s
stability is proven, dynamic and steady state functionalities are
investigated. A proportional-integral-resonant controller-based
vector control system for BDFIMs in the grid voltage reference
frame is proposed in [17] for wind turbine applications. Tir
et al. [18] proposed a fuzzy proportional–integral–derivative
(PID) controller for a BDFIM-based variable speed wind energy
conversion system. This controller is adaptive with parameters
modified online by fuzzy rules.

The maximum torque per Ampere (MTPA) strategy is an ef-
fective solution to enhance the machine’s efficiency by providing
torque with a minimum current magnitude. Extensive research
has been done on energy savings using MTPA-based control
techniques for singly-fed electric machines in [19], [20], [21],
and [22], but only limited studies on efficiency optimization
and MTPA have been conducted for the family of brushless
doubly-fed machines, especially BDFIMs. In [23], a simple
search algorithm based on the microcontroller is introduced to
maximize the BDFIM pump drive’s efficiency, which can be
used to maximize the efficiency of any type of BDFIM variable
speed drives. In this algorithm, by choosing the CW’s current
value, the machine’s input power can be minimized under any
speed and loading conditions. An analytical method using a core
model to maximize the torque-to-current ratio of a BDFIM under

steady state is proposed in [24]. In [25], two control strategies
for brushless doubly-fed reluctance machines (BDFRMs) are
introduced based on the BDFRM model, the maximum torque
per inverter ampere, and the maximum torque per total ampere,
intended for variable speed drives. However, in their subsequent
studies, only the first strategy’s performance was investigated in
BDFRM drives [26], [27], [28]. In [29], a search method-based
MTPA strategy is proposed for a BDFIM drive, where the total
stator current is minimized for a given load torque by a stepwise
change of the CW’s direct (d)-axis current.

The literature review reveals that there is no inclusive control
system for BDFIM drive, which address the concepts of control
and efficiency improvement, simultaneously. This article at-
tempts to fill this void by presenting a nonlinear control strategy,
which shares the current fairly between the stator windings for
a given torque. The novelties of this article are summarized as
follows.

1) Two novel control schemes: BDFIMs experience nonlin-
ear dynamics during operation, which make their control
very challenging, and nonlinear control techniques are
certainly a suitable choice. Very few works have been
done so far in the literature on advanced VC methods,
such as nonlinear torque/speed VC, for BDFIMs. To fill
in this research gap, in this article, two new vector control
algorithms are presented based on nonlinear backstep-
ping controllers. The first control scheme realizes the
speed control of a BDFIM through a one-level structure
without needing an inner current loop controller. The
speed error signals are delivered to the proposed nonlinear
backstepping controller. The second control scheme has a
two-level structure: an integrator backstepping controller
is designed to control the electromagnetic torque; to gen-
erate the reference torque, a model reference adaptive
controller (MRAC) is designed for the speed loop con-
troller. In MRAC, the desired system operation is defined
through a model and control parameters are adjusted
based on the error between the model and the closed-loop
system.

2) The MTPA control strategy: To minimize the sum of
current magnitudes of PW and CW for a given torque,
a MTPA control strategy is developed based on the fifth-
order model of the BDFIM, in this article. To guaran-
tee realization of the proposed MTPA, the backstepping
speed controller forces the strategy criterion to zero in
the first control scheme, where the control outputs are
rotor speed and MTPA. In the second control scheme,
the deviation from the realization criterion is forced to
zero by the backstepping torque controller, and the inputs
of this controller are electromagnetic torque and MTPA.
To develop the proposed MTPA, a relationship is first
obtained for the total stator current versus phase angles
of currents of PW and CW. By deriving an auxiliary ex-
pression, the phase angle of PW current is then related to
the phase angle of CW current, and the total stator current
expression is derived using the phase angle of CW cur-
rent as a controllable variable. Since no straight-forward
analytical solution can be obtained for the derivative of
this expression, optimal values of the phase angle of
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Fig. 1. BDFIM concept: Rotational directions of the main magnetic
field components [32].

CW current are calculated by a numerical minimization
approach. The proposed method retains all advantages of
model-based approaches, such as fast response and high
accuracy.

II. BRUSHLESS DOUBLY-FED INDUCTION MACHINES

A. BDFIM Operations

A BDFIM has two three-phase balanced windings on the
stator, isolated from each other, one is directly connected to the
grid, known as PW, through which most of the power exchange
between the grid and the machine occurs. The other winding,
known as CW, is connected to the grid through a partially rated
converter with a capacity around 35% of the machine’s rated
power. The rotor of the BDFIM has a special cage structure
called nested-loop structure. The number of rotor nests is equal
to the sum of pole pairs of PW and CW. Depending on how
PW and CW are supplied, a BDFIM may operate in different
modes, including induction, cascade, and synchronous modes.
Among them, the synchronous mode is the desired mode of
operation, in which the voltage amplitude must be adjusted by
the power converter based on operating conditions [30]. This
mode is ensured when the voltage induced in rotor nested-loops
by the PW magnetic field matches the voltage induced by the
CW magnetic field. Both magnetic field components induce the
same frequency with an equal phase delay between rotor nests
[31]. The rotor will then produce two main harmonic rotating
field components, coupling with both PW and CW, as shown in
Fig. 1. In the synchronous mode, the rotor speed is independent
of the applied torque and can be expressed by

ωr =
ω1 + ω2

p1 + p2
. (1)

If the CW is fed by a dc source (ω2 = 0), the rotor will rotate
at a speed, known as the natural speed [6].

B. BDFIM Vector Model

The fifth-order model of BDFIMs in d-q frame is written by

v1d = R1 i1d +
dλ1d

dt
− ω1λ1q (2)

v1q = R1 i1q +
dλ1q

dt
+ ω1λ1d (3)

v2d = R2 i2d +
dλ2d

dt
− ω2λ2q (4)

Fig. 2. Current vectors used in equations and their interrelationship.

v2q = R2 i2q +
dλ2q

dt
+ ω2λ2d (5)

Te − TL = J
dωr

dt
+Bωr. (6)

The flux linkages in (2)–(5) are defined as

λ1d = Lσ1 i1d + (−Lσ) i2d, λ1q = Lσ1 i1q − (−Lσ) i2q (7)

λ2d = (−Lσ) i1d + Lσ2i2d, λ2q = − (−Lσ) i1q + Lσ2i2q
(8)

where Lσ1 = L1 − L2
1r

Lr
, Lσ2 = L2 − L2

2r

Lr
, Lσ = L1rL2r

Lr
. The

voltage equations of PW and CW are referred to the reference
frames rotating at ω1 and ω2, respectively [33].

III. BDFIM CONTROLLER DESIGN

A. MTPA Control Strategy

In this section, an equation for the total stator current against
the phase angle of CW current is derived. The total stator
current can, then, be minimized for a desired load torque. The
electromagnetic torque of a BDFIM can be calculated based on:
1) d- and q-axis components of the CW current and the PW flux
linkage, 2) d- and q-axis components of the PW current and the
PW linkage flux, and 3) d- and q-axis components of currents
of PW and CW

Te = ζ (λ1di2q + λ1qi2d) (9)

Te = ξ (λ1di1q − λ1qi1d) (10)

Te = η (i1qi2d + i2qi1d) (11)

where ζ = 3
2 (

NrL3

Lσ1
), ξ = − 3

2Nr, and η = −ξLσ . By align-

ing the d-axis reference frame with the PW flux (λ1d = |�λ1|)
and considering the relationship between the reference frame
positions for PW and CW in Fig. 2 (i1q = |�I1| sinδ1 and
i2q = |�I2| sinδ2), (9)–(11) can be rewritten, respectively, as

Te = ζ
∣∣∣�λ1

∣∣∣ ∣∣∣�I2∣∣∣ sinδ2 (12)

Te = ξ
∣∣∣�λ1

∣∣∣ ∣∣∣�I1∣∣∣ sinδ1 (13)

Te = η
∣∣∣�I1∣∣∣ ∣∣∣�I2∣∣∣ sin(δ1+δ2). (14)
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TABLE I
PHASE ANGLES OF CW CURRENT (δ2) FOR VARIOUS TORQUES UNDER THE

PROPOSED CONTROL STRATEGY

By comparing (12) with (14), and (13) with (14), the current
magnitudes of PW and CW are obtained in

∣∣∣�I1∣∣∣ = ζ
∣∣∣�λ1

∣∣∣ sinδ2

ηsin(δ1+δ2)
(15)

∣∣∣�I2∣∣∣ = ξ
∣∣∣�λ1

∣∣∣ sinδ1

ηsin(δ1+δ2)
. (16)

Accordingly, the total stator current |�IT | is expressed by

∣∣∣�IT ∣∣∣ = ∣∣∣�I1∣∣∣ + ∣∣∣�I2∣∣∣ =
∣∣∣�λ1

∣∣∣ (ζ tanδ2
cosδ1

+ ξ tanδ1
cosδ2

)
η (tanδ1 + tanδ2)

. (17)

The PW and CW currents are not independent due to the flux
and frame alignment conditions. To minimize the total stator
current, (17) must be derived in terms of the phase angle of CW
current δ2. Considering (7) and (10), the relation between phase
angles of the currents of PW and CW is determined by

tanδ1 =
i1q
i1d

=
Lσ1Tetanδ2

ξ
∣∣∣�λ1

∣∣∣2tanδ2 − Lσ1Te

. (18)

Using (18), |�IT | can be determined in terms of δ2. By con-
sidering cos δi = 1/(

√
1 + tan2δi), (i = 1, 2) and substituting

(18) in (17), |�IT | can be obtained as

∣∣∣�IT ∣∣∣ =
ζ

√(
ξ
∣∣∣�λ1

∣∣∣2tanδ2 − Lσ1Te

)2

+ (Lσ1Tetanδ2)
2

ηξ
∣∣∣�λ1

∣∣∣ tanδ2

+
Lσ1Te

√
1 + tan2δ2

η
∣∣∣�λ1

∣∣∣ tanδ2
. (19)

To determine the minimum value of |�IT | for a given torque,
the derivative of (19) with respect to tanδ2 must be zero. Due
to complexity of the derivative equation, no analytical solution
exists for this problem. As a result, the optimal value of δ2 is
determined through a numerical minimization method by im-
plementing a function, “fminsearch,” in MATLAB. The output
of this function is the phase angle of CW current. The variations
in the phase angle of CW current for different torques are shown
in Table I.

The relationship between d- and q-axis components of the
CW current is determined by

tanδ2 = i2q/i2d ⇒ i2dtanδ2 − i2q = 0. (20)

According to (20), the control strategy is realized when
i2dtanδ2 − i2q tracks zero as command.

B. Backstepping Torque Controller

In the backstepping approach, nonlinear terms are preserved,
and new nonlinear terms are added to the control system as
virtual controllers. The Lyapunov stability criteria is used in this
control method. By choosing x1 = λ1d , x2 = i2d , x3 = i2q ,

and x4 = ωr as state variables, U = [ u1 u2 ]
T

as the input
vector, the affine model is described as follows:

Ẋ = f (x) + g (x)U (21)

where

f (x)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

v1d − R1

Lσ1
x1 − R1Lσ

Lσ1
x2

1

Lσ2− L2
σ

Lσ1

(
R1Lσ

L2
σ1

x1 −
(
R2 +

L2
σ

L2
σ1

)
x2

− ω2

(
Lσ2 +

L2
σ

Lσ1

)
x3 − Lσ

Lσ1
v1d

)
1

Lσ2+
L2
σ

Lσ1

(
ω2

Lσ

Lσ1
x1 − ω2

(
Lσ2 − L2

σ

Lσ1

)
x2 −R2x3

)
1
J (Te − TL −B.x5)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

g1 (x) =

⎡
⎢⎢⎢⎣

0
1

Lσ2− L2
σ

Lσ1

0
0

⎤
⎥⎥⎥⎦ g2 (x) =

⎡
⎢⎢⎢⎣

0
0
1

Lσ2+
L2
σ

Lσ1

0

⎤
⎥⎥⎥⎦.

The control outputs are defined by

y1 = x2 tanδ2 − x3

y2 = Te . (22)

The reference value of the first output is zero. Accordingly,
the error dynamics will be

ė1 = ẋ2 tanδ2 − ẋ3

ė2 = Ṫe − Ṫref . (23)

As a result, we have[
ė1
ė2

]
=

[
Lfe1
Lfe2

]
+

[
Lg1e1 Lg2e1
Lg1e2 Lg2e2

] [
v2d
v2q

]
−
[

0

Ṫref

]
. (24)

In (24), Lfei (i = 1, 2) is the Lye derivate of ei with respect
to f(x). To derive the inputs and prove the stability of the control
system, the Lyapunov function is determined as follows:

V =
1

2
e21 +

1

2
e22. (25)

The derivative of the Lyapunov function is calculated by

V̇ = e1 ė1 + e2ė2

= e1 (Lfe1 + Lg1e1v2d + Lg2e1v2q ±K1e1)

+ e2

(
Lfe2 + Lg1e2v2d + Lg2e2v2q − Ṫref ±K2e2

)
= e1 (Lfe1 + Lg1e1v2d ±K1e1)

+ e2

(
Lfe2 + Lg2e2v2q − Ṫref ±K2e2

)
. (26)

To guarantee stability, the derivative of Lyapunov function
must be negative definite. Consequently, the control inputs are
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Fig. 3. Block diagram of Lyapunov-based MRAC for the first-order
system.

defined as follows:

v2d =
1

Lg1e1
(−Lfe1 −K1e1) (27)

v2q =
1

Lg2e2

(
−Lfe2 −K2e2 + Ṫref

)
. (28)

C. Model Reference Adaptive Speed Controller

There is no guarantee for an adaptive controller to result in
the closed-loop stability based on the Massachusetts Institute of
Technology rule [34]. Accordingly, in this article, the Lyapunov
theory has been adapted for the MRAC design. In the first step, a
differential equation involving adjustable parameters is derived
for the error. Afterward, a Lyapunov function and a tuning
mechanism are determined such that the error tends to zero. As
the time constant of electrical circuits is much smaller than the
mechanical system, a BDFIM can be modeled via the first-order
differential equation for the closed-loop speed control through
the reference model, as shown in Fig. 3

ω̇r = −aωr + bΔω∗
r. (29)

To achieve the desired response, the reference model is des-
ignated as follows:

ω̇rm = −amωrm + bmω∗
r. (30)

In (30), tuning coefficients of the reference model results in
the desired system operation, and the system output follows the
output of the reference model. Consistent with Fig. 3, the error
is defined as follows:

e = ωr − ωrm. (31)

The controller is defined by

Δ ω∗
r = θ1 ω

∗
r − θ2ωr. (32)

Substituting (29) and (30) in the time differentiate of (31), we
have

ė = ω̇r − ω̇rm = −ame− (bθ2 + a− am)ωr

+ (bθ1 − bm)ω∗
r. (33)

To derive a tuning mechanism that gives the desired θ1 and
θ2, the Lyapunov function is defined as follows:

V (e, θ1, θ2)=
1

2

(
e2+

1

bγ
(bθ1−bm)2+

1

bγ
(bθ2+a−am)2

)
.

(34)
In (34), it is assumed that bγ > 0. As a result, the Lyapunov

function is positive definite. To guarantee MRAC’s stability, the
following criteria must be satisfied:

V̇ < 0∀e �= 0

V̇ = 0∀e = 0. (35)

Consequently, based on (33) and (34), we have

V̇ = eė+
1

γ
(bθ1 − bm) θ̇1 +

1

γ
(bθ2 + a− am) θ̇2

= − ame2 +
1

γ
(bθ1 − bm)

(
θ̇1 + γω∗

re
)

+
1

γ
(bθ2 + a− am)

(
θ̇2 − γωre

)
. (36)

To satisfy (36), the adaptive law is determined by

θ̇1 = −γω∗
re θ̇2 = γωre. (37)

Consistent with (36) and (37), to proof the asymptotic stability
of the closed-loop system, the Barbalat’s Lemma [35] is imple-
mented. Thus, the second-order derivative of (36) is determined
by considering the adaptive law as follows:

V̈ = −2ameė. (38)

From (34) and (36), e is bounded. The reference signal ω∗
r,

the output signal of the reference model ωrm, and its first-order
derivative are bounded. From (31), the output signal of BDFIM’s
modelωr is bounded. From (33), the error derivative is bounded,
and thus, (38) is bounded. Based on the Barbalat’s Lemma
e → 0, the asymptotic stability is guaranteed.

D. Backstepping Speed Controller

To control the rotor speed directly, another backstepping
controller is designed in this section. By choosing x1 = i1d ,
x2 = i1q , x3 = i2d , x4 = i2q , and x5 = ωr as state variables,
the affine model is described by

Ẋ = f (X) + g (X)U (39)

where the parameters are defined in (40) shown at the bottom of
the next page.

Choosing the control strategy in (20) and the rotor speed as
the output variable, tracking errors are introduced as follows:

e1 = i2d tanδ2 − i2q = x3 tanδ2 − x4

e2 = ωr − ωref = x5 − x5ref . (41)

The error dynamics can be expressed in terms of Lie
derivatives by[
ė1
ė2

]
=

[
Lfe1
Lfe2

]
+

[
Lg1e1 Lg2e1
Lg1e2 Lg2e2

] [
v2d
v2q

]
−
[

0
ω̇ref

]
. (42)
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The Lyapunov positive definite function is defined by

V1 =
1

2

(
e21 + e22

)
. (43)

The error dynamics in the time derivative of the Lyapunov
function candidate can, thus, be derived as follows:

V̇1 = e1 [Lfe1 + Lg1e1v2d + Lg2e1v2q ±K3e1]

+ e2

[
1

j

(
−3

2
NrLσ (x1x4 + x2x3)− TL

j
− B

j
x5

)
±K4e2

]
.

(44)

To satisfy the Lyapunov stability criteria, the time derivative
of the Lyapunov function must be globally negative definite. The
first expression to achieve the control inputs is, thus, obtained
from (44) as follows:

Lg1e1v2d + Lg2e1 v2q = −K3e1 − Lfe1. (45)

Since the control inputs are not in the second term of (43), a
virtual variable is defined as follows:

(x1x4)ref = −x2x3 +
2

3NrLσ
(−TL −Bx5 + jK4e2) .

(46)
In the next step, we try to make x1x4 equal to its reference

value. Accordingly, the following error signal is defined:

e3 = x1 x4 − (x1x4)ref . (47)

The error dynamic can be obtained as follows:

ė3 = Lf e3 + Lg1e3v2d + Lg2e3v2q −
d

dt
(x1x4)ref (48)

where, unnumbered eq. shown at the bottom of this page.
The error dynamics equations can be rewritten by

ė1 = −K3e1

ė2 = −K4e2 +
1

j

(
−3

2
NrLσ

)

ė3 = Lf e3 + Lg1e3v2d + Lg2e3v2q −
d

dt
(x1x4)ref . (49)

Since the control inputs are in the third error dynamic, a
second Lyapunov function is used to design the final control
law as follows:

V2 =
1

2

(
e21 + e22 + e23

)
. (50)

Considering the time derivative of the second Lyapunov
function, and placing the first to third error dynamics in it, the
derivative of this function can be calculated by

V̇2 = e1 (−K3e1) + e2

(
−K4e2 +

1

j

(
−3

2
NrLσ

)
e3

)

+ e3

[
Lfe3 − 3

2
NrLσ

(
ṪL + jK4ė2

)
+Ax3 +Bx2

+

(
Lg1e3+

x3

σLσ

)
v2d+

(
Lg2e3−

Lσ1
x2

σL2
σ

)
v2q±K5e3.

(51)

X = [x1 x2 x3 x4 x5 ]
T = [i1d i1q i2d i2q ωr]

T

f (X) = [f1 f2 f3 f4 f5 ]
T =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

− 1
σ.Lσ

(
Lσ2

Lσ
v1d − R1.Lσ2

Lσ
.x1 + ω2. (Lσ2.x4 + Lσ.x2)−R2.x3

)
− 1

σ.Lσ

(
Lσ2

Lσ
v1q − R1.Lσ2

Lσ
.x2 + ω2. (Lσ2.x3 − Lσ.x1) +R2.x4 − ω1.Lσ2.|�λ1|

Lσ

)
− 1

σ.Lσ

(
v1d −R1.x1 + ω2.Lσ1.

(
x2 +

Lσ2

Lσ
.x4

)
− R2.Lσ1

Lσ
.x3

)
− 1

σ.Lσ

(
−v1q +R1.x2 + ω2.Lσ1.

(
x1 − Lσ2

Lσ
.x3

)
− R2.Lσ1

Lσ
.x4 + ω1.

∣∣∣�λ1

∣∣∣)
1
j (Te − TL −B.x5)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

g (X) = [g1 g2] = 1
σ.Lσ

.

[
−1 0 −Lσ1

Lσ
0 0

0 1 0 −Lσ1

Lσ
0

]T
, σ = 1− (Lσ1.Lσ2/L

2
σ

)
, Te = − 3

2Nr.Lσ. (x1.x4 + x2.x3)

(40)

d

dt
(x1x4)ref

=
x3

σLσ

(
Lσ2

Lσ
v1q − R1Lσ2

Lσ
x2 + ω2 (Lσ2

x3 − Lσx1) +R2x4 −
ω1Lσ2

∣∣∣�λ1

∣∣∣
Lσ

)
︸ ︷︷ ︸

A

− x3

σLσ
v2d +

x2

σLσ

(
v1d −R1x1 + ω2Lσ1

(
x2 +

Lσ2

Lσ
x4

)
− R2Lσ1

Lσ
x3

)
︸ ︷︷ ︸

B

+
x2Lσ1

σL2
σ

v2q +
2

3NrLσ

(
−ṪL − jK4ė2

)
.
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Fig. 4. Relative changes in|�IT | versus relative errors in: (a) Lσ1,
(b) Lσ2, and (c) σLσ .

Through a straightforward calculation, the Lyapunov criterion
is satisfied if(
Lg1e3 +

x3

σLσ

)
v2d +

(
Lg2e3 −

Lσ1
x2

σL2
σ

)
v2q = −K5e3

−Lfe3+
3

2
NrLσ

(
ṪL+jK4ė2

)
−Ax3−Bx2− 3

2j
NrLσe2.

(52)

Therefore, we have

V̇2 = −K3e
2
1 −K4e

2
2 −K5e

2
3. (53)

Finally, the required voltage space vector is calculated by[
v2d
v2q

]
=

[
Lg1e1 Lg2e1

Lg1e3 +
x3

σLσ
Lg2e3 − Lσ1

x2

σL2
σ

]−1

×

⎡
⎢⎣

−K3e1 − Lfe1

−K5e3 − Lfe3 +
3
2NrLσ

(
ṪL + jK4ė2

)
−Ax3 −Bx2 − 3

2jNrLσe2

⎤
⎥⎦ .

(54)

To study the sensitivity of the backstepping speed controller
to the motor parameter variations, relative changes in |�IT | versus
errors in Lσ1, Lσ2, and σLσ are shown in Fig. 4. Although the
minimum value of |�IT | is relatively sensitive to Lσ1 and Lσ2, it
is insensitive to the error in σLσ in the range of ±25%.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The proposed controllers are evaluated through experimental
tests. The block diagram of a BDFIM-based drive system is
shown in Fig. 5. The experimental setup is shown in Fig. 6,

TABLE II
PARAMETERS OF THE D132 BDFIM PROTOTYPE FOR EXPERIMENTS

consisting of a BDFIM coupled to a dc generator, and the
control drive system hardware. The DSP-based setup consists
of a voltage source inverter with a driver board, a sensor board
and a TMS320F28335 signal processor board designed by Texas
Instrument Co. for motor control applications with the floating
point computation capability, 68 KB RAM and 512 KB ROM.
The rotor speed is measured by a 1024 pulses incremental
encoder mounted on the BDFIM shaft. The stator phase currents
are measured using Hall-effect current sensors and line-to-line
voltages are detected by voltage sensors. The measured stator
current and voltage signals are filtered by analog second-order
low pass filters with a cut-off frequency of 2.6 kHz. The switch-
ing frequency should not be lower than half of the sampling
frequency [34]. Since the switching frequency is 10 kHz, the
sampling frequency is 20 kHz. Table II shows specifications of
a 3-kW prototype D132-BDFIM. There are six nests in the rotor,
and its natural speed is 500 r/min. This speed is considered as
the base value of the per-unit speed. To do the speed control
tests, the rotor speed must be first approached to the natural
speed. This operating point is obtained by shorting CW through
turning on three high-side (or low-side) switches of the power
electronic converter. After that, the switches are controlled nor-
mally, and the BDFIM operates in the synchronous mode. To
evaluate the performance, the test scenario is designed in a way
that the proposed control structures can be compared with the
vector control algorithm in [11]. To implement this method, the
machine flux is kept at the nominal value, the PI speed controller
is used, and the load torque increases from 0.4 p.u. to 1 p.u. at
a certain time.

Fig. 7(a) shows the total stator current with and without the
proposed MTPA control strategy. As expected, the implemen-
tation of the MTPA control strategy leads to reduction of |�IT |,
especially under light loads. In Fig. 7(b), the strategy criterion
fluctuates around the zero reference, which indicates that the
proposed MTPA control strategy is realized. As observed in
Fig. 7(c) and (d), by increasing the torque, |�I1| is relatively
constant, but |�I2| is considerably increased. This result is ex-
pected because the CW current is responsible for the torque
production, and thus, it mostly changes with the torque reference
variation. In Fig. 7(e), the speed control results are shown based
on three controllers: 1) the backstepping speed controller, 2)
the MRAC speed controller, and 3) the optimal conventional
PI controller. To make a fair comparison, the PI controller is
optimized using the genetic algorithm. The MTPA and speed
control loops are optimized under constant ωr = 50π/3 rad/s,
and the cost function of the optimization algorithm is defined by

F =

∫ t2

t1

(|ωr − ω∗
r|+ |ω∗

r| . |y|) dt (55)
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Fig. 5. Block diagrams of a BDFIM drive based on the vector control system. (a) BDFIM-based drive system. (b) One-level structure. (c) Two-level
structure. (d) PW flux angle estimator.

Fig. 6. Experimental setup. (a) Implementation block diagram. (b) BDFIM drive hardware.

where y is the MTPA realization criterion.
As can be seen, the two proposed controllers are successful

in tracking the speed reference immediately after increasing the
load torque, however, the PI controller performs unsatisfactorily
in terms of settling time. The proposed nonlinear controllers
are evaluated under large variations of the rotor speed, i.e., the
rotor speed transitions from the subsynchronous zone to the
supersynchronous zone. In the test, the load torque remains
constant, and the speed reference varies from 0.8 p.u. to 1.2
p.u. exponentially. Fig. 8 shows the control response for the rotor
speed reference change. The backstepping speed controller and

the MRAC speed controller perform substantially better than
the PI controller in terms of the response speed. Therefore, the
proposed nonlinear techniques achieve a stable control of the
BDFIM rotor speed. The speed VC results for step changes of the
rotor speed reference are shown in Fig. 9, where the load torque
remains constant and the rotor speed is increased from the natural
synchronous speed to track a step reference. As observed, the
dynamic response speed of the drive is significantly improved
using the proposed controllers. The values of rise time for
the MRAC controller, the backstepping controller, and the PI
controller are about 0.84 s, 0.92 s, and 4.77 s, respectively.
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Fig. 7. Experimental results of VC for load changes. (a) Total stator current with and without control strategy. (b) MTPA realization criterion. (c) PW
current magnitude. (d) CW current magnitude. (e) Rotor speeds for backstepping (BS) speed controller, MRAC speed controller, and PI controller.

Fig. 8. Experimental results of the VC for large variations in rotor
speed. (a) Backstepping speed controller. (b) MRAC speed controller.
(c) PI controller.

Table III shows a comprehensive summary of advantages of
the proposed controllers over a conventional PI controller. PI
controllers provide stability to the system around an equilibrium
point. If their parameters (gains of the proportional and integral
terms) are not chosen correctly, the controlled process input may
become unstable, causing its output diverges. In this context, it

Fig. 9. Experimental results of VC for step changes of the rotor speed
reference for the backstepping (BS) speed controller, the MRAC speed
controller, and the PI controller.

TABLE III
COMPARISON OF THE PROPOSED NONLINEAR CONTROLLERS AND

CONVENTIONAL PI CONTROLLER
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TABLE IV
COMPARISON OF THE PROPOSED NONLINEAR CONTROLLERS IN THIS ARTICLE AND DIFFERENT VECTOR CONTROL SCHEMES IN THE LITERATURE

 
This paper Nonlinear/Backstepping and MRAS Rotor speed and torque Motor Fast Experimental/Simulation 

Fig. 10. Electromagnetic torque during transient operations. (a) Simu-
lation result. (b) Experimental result.

is important to know the stability limits of a PI controller in
conjunction with the plant, since any variation could provoke
instability in the system.

A comparison of the proposed nonlinear controllers in this
article and existing methods in the literature for vector control
of BDFIMs is shown in Table IV, where their most significant
features are summarized.

Waveforms of the electromagnetic torque through simula-
tion and experiments for the two-level structure are shown in
Fig. 10. As observed, the electromagnetic torque can prop-
erly track the repeating sequence of the load torque between
0.4 p.u. and 1 p.u. A close agreement is observed between the
simulation and experimental results. Their difference is due to
using the reduced order model for simulation, and the magnetic
saturation and iron losses are not considered in the control
scheme.

V. COMPARISON OF THE PROPOSED BACKSTEPPING

CONTROLLER WITH SOME NONLINEAR CONTROLLERS

Nonlinear controllers have been proposed for BDFIMs in
the literature. In [2] and [37], two sliding mode controllers are
proposed for BDFIMs for wind turbine and electric drive ap-
plications, respectively. The results in [37] illustrate the robust-
ness of this method against parameter variations. Advantages

of the sliding mode controller include simple implementation,
disturbance rejection, strong robustness, and fast dynamic re-
sponses. However, its stabilization time is not finite and the un-
desired chattering appears in the controlled states. The compar-
ison between backstepping and sliding mode controllers shows
that the backstepping controller can provide a better tracking
performance, especially for complex nonlinear systems with
high-performance requirements. The back-stepping controller
can also handle systems with constraints on control inputs or
outputs more effectively than the sliding mode controller. In
[38], the decoupling between flux and torque of BDFIMs is
achieved through an input–output feedback linearization (IOFL)
controller. The IOFL is a technique used to linearize a nonlin-
ear system. The nonlinear system is transformed into a linear
system, which can be controlled using standard linear control
techniques. Although the IOFL controller is simpler to imple-
ment than the backstepping controller, nonlinear terms useful
for stability and tracking are removed in the IOFL controller
in the process of obtaining control inputs. In the backstepping
controller, not only nonlinear terms are not removed, but also
new nonlinear terms are added to obtain a better transient
performance.

VI. CONCLUSION

In this article, two novel nonlinear control structures of speed
control for the BDFIM were proposed based on backstepping
and model reference techniques to enhance dynamic perfor-
mance under load changes and rotor speed variations. The
proposed nonlinear controllers show superior performance com-
pared to the conventional linear PI controller. The two proposed
control schemes were based on a novel MTPA strategy, leading
to a fair current sharing between the two stator windings, and
a minimized total stator current for a given torque. Based on
experimental results, for load torques equal to 0.4p.u. and 1p.u.,
the reductions of the total current magnitude with MTPA are
11.86% and 4.52%, respectively.
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