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Online MTPTA and MTPIA Control of Brushless
Doubly Fed Induction Motor Drives

Hamidreza Mosaddegh Hesar , Hossein Abootorabi Zarchi , and Gholamreza Arab Markadeh

Abstract—This article proposes a nonlinear controller for brush-
less doubly-fed induction motor (BDFIM) drives on the basis
of input–output feedback linearization (IOFL). In the proposed
control approach, first, the maximum torque per inverter ampere
(MTPIA) control strategy is considered by applying a fifth-order
(reduced-order) model of BDFIM. By realizing the MTPIA, the
control winding (CW) current magnitude is minimized under the
constraint of constant torque. The realization criterion of MTPIA
approach is independent of torque level and CW frequency. To
fairly share the current between stator windings and minimizing
the total current magnitude for a given torque, the MTPIA idea
should be extended. Since, the power winding (PW) of BDFIM is
not controllable, obtaining this purpose is a challenge. Therefore,
to solve this problem, the model-based maximum torque per total
ampere (MTPTA) control is introduced for BDFIM drives and the
conditions for realizing this strategy are determined. It should be
noted that the total amperes refer to the sum of the PW and the
CW current magnitudes. In addition, using the fifth-order model
of BDFIM, a nonlinear controller is developed based on IOFL
technique which is capable to force the deviation from realization
criterion of both proposed strategies to zero while the torque is
controlled with high accuracy. The overall stability of the proposed
controller is proven using the Lyapunov control theory. The validity
of the proposed approach is finally verified by simulation and
experimental results.

Index Terms—Brushless doubly fed induction motor (BDFIM),
control winding angle, fifth-order model, input-output feedback
linearization (IOFL), maximum torque per total ampere (MTPTA).

NOMENCLATURE

�V , �I, �ψ Voltage, current, flux vectors.
T e Electromagnetic torque.
R Winding resistance.
Ll Leakage inductance.
L1r,L2r Coupling inductances between stator windings and

rotor.
p Pole pair number.
Nr Number of nests.
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ω1,ω2 Angular speed.
s Slip.
θ Current angle.
f Frequency.
Subscripts
1, 2, r PW, CW, and rotor.
d, q Rotating frame axis.
α,β Stationary frame axis.

I. INTRODUCTION

BRUSHLESS doubly-fed induction machines (BDFIMs)
have been shown promising prospect as a potential alter-

native to the existing commercial solutions. In generator mode,
the BDFIM (which is also known as a self-cascaded machine)
is considered to be an emerging competitor for older structures,
such as squirrel cage induction generator, doubly-fed induction
generator, and permanent magnet synchronous generator, due to
its unique specifications. In the field of adjustable speed drives
(ASDs), the first efforts in research and development of BDFIM,
were carried out in Kanazawa institute of technology, Japan, and
Oregon state university, USA, early in the 1990s [1]. Meanwhile,
the capabilities of BDFIM for using in ASDs were investigated
by A. K. Wallace. The laboratory results confirmed the benefits
of BDFIM compared to the conventional drives. The ability of
this machine has been investigated for wind turbine applications
[2], [3], industrial drives [4], [5], and small hydro plants [6], as
well as supplying power to ships [7].

A multitude of high performance techniques of BDFIM
drives including field oriented control (FOC) and direct torque
control have been proposed [8]–[10], so far. The control of
BDFIM constitutes a theoretically challenging problem, due to
its inherent nonlinear dynamics. To achieve the better dynamic
performance of BDFIM, FOC is a proper option that ensures
independent torque and flux control. The proportional-integral
(PI) based FOC approach partially linearizes the BDFIM drive
by controlling it in a frame which rotates with the power winding
(PW) flux vector. To entirely linearize and decouple the BDFIM
model, this control scheme can be upgraded by implementing a
nonlinear controller such as input-output feedback linearization
(IOFL). The IOFL is a nonlinear control technique that its
main idea is to transform an inherently nonlinear plant into
an equivalent linear plant. As a result, a linear controller is
designed for linear plant and then it is possible to determine
the control inputs using the decoupling matrix [11]. However,
the IOFL control conventionally suffers from internal dynamics
which cannot be often proven to be stable under the transient and
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steady-state conditions. This means that the control system will
be only locally stable if the controller gains are properly adjusted.
As a result, the Lyapunov-based IOFL control is proposed in this
article for BDFIM drives to analytically proven the total stability
of the controller.

In the last few decades, an extensive amount of research on
the subject of energy saving standing on maximum torque per
ampere (MTPA) based control technique has been considered for
singly-fed ac motor drives [12]–[15]. However, a few research
has been published with the aim of efficiency improvement
of doubly-fed motor drives in general and implementation of
MTPA strategy in particular. One of them given in [16] deals
with steady-state efficiency optimization of BDFIM based on an
offline search algorithm (look-up table approach). Theoretical
analysis of some of the important control properties of the ideal
brushless doubly-fed reluctance machine (BDFRM), including
maximum torque per total ampere (MTPTA), has been proposed
by Betz and Jovanovic [17]. For singly-fed machines which
are fully controllable, the implementation of the MTPA control
strategy is routine and it has not any complexity. To do this,
the stator current is minimized for a given torque by model or
search-based approaches. For doubly-fed machines, the min-
imization of total stator current magnitudes is not however
straightforward by a fractionally rated frequency converter. A
search-based MTPTA control strategy has been introduced in
[18], for simulated BDFIM drive. It is shown that by tracking
the power winding (CW) d-axis current as reference signal, the
proposed strategy is realized.

This article will attempt to present a theoretical approach for
realization of model-based MTPTA strategy, as one of the most
important control property of BDFIM. In this regard, using the
CW current angles which are mathematically approximated by
an appropriate curve, the minimum value of total current magni-
tude is determined for each given torque. The proposed strategy
preserves all benefits of model-based control approaches such
as fast response and high accuracy. The other contributions of
this article are highlighted as follows.

1) The parameter-free maximum torque per inverter ampere
(MTPIA) control strategy is applied and it is proven to
have the minimum inverter rating, the CW d-axis current
should be kept at zero (i2d = 0). It is worth noting that the
realization criterion of MTPIA strategy is independent of
the torque level and CW frequency.

2) In order to enhance the performance of BDFIM drives, a
nonlinear control technique is developed based on IOFL
theory. Consequently, the control inputs are chosen so
that the Lyapunov function candidate satisfies the stability
criterion. Later, in this article, the detailed description of
the nonlinear controller will be presented.

In this article, to overcome the complexities of the complete
model of BDFIM caused by the rotor state variables, a fifth-order
model of BDFIM is used which facilitates the control approach
implementation without loss of accuracy. This model formed
by ignoring the contribution of direct cross couplings is a much
better approximation to represent the complete model of BDFIM
compared to the core model derived only for analyzing the
BDFIM performance [19]. The core model is an oversimpli-
fied version of the equivalent circuit of BDFIM obtained by

Fig. 1. Steady-state equivalent circuit of BDFIM.

omitting the magnetizing reactances and the stator and the rotor
resistances [20]. Considering the fifth-order model, the BDFIM
model turns into a conventional doubly-fed induction machine
(DFIM), and consequently the BDFIM can be modeled and
controlled similar to DFIM.

The rest of this article is organized as follows. In Section II,
the fundamental of BDFIM and method for its model order
reduction are discussed. Section III presents the MTPIA and
MTPTA strategies principles. The IOFL nonlinear controller is
developed for BDFIM in Section IV. In Section V, the simula-
tion and experimental results are evaluated. Finally, Section VI
concludes the article.

II. FUNDAMENTAL OF BDFIM AND MODELING

The BDFIM is a single frame and brushless machine which
has two sinusoidally distributed stator windings, i.e., the PW
and the CW. The PW has p1 pole pair directly connected to the
grid and the CW has p2 pole pair supplied by variable frequency
converter with less capability than the BDFIM (synchronous
mode). To avoid direct coupling, it is essential that the two stator
windings have different number of pole pairs [21]. There are
two distinct modes of operation; the induction mode (simple
induction and cascade induction) and the synchronous mode.
The most attractive mode of operation is synchronous mode. In
this mode, due to the indirect coupling effect, the frequencies of
the rotor currents induced by the two counter-rotating fields of
the two stator windings become identical [22]. This constraint
leads to the so-called synchronous rotor speed

ωr =
ω1 + ω2

p1 + p2
. (1)

When the PW excitation is at grid frequency and the CW
excitation is at zero frequency, the natural synchronous speed
will achieve. Equation (1) indicates that the BDFIM rotor speed
can be controlled by adjusting the CW frequency. In other words,
the synchronous rotor speed is independent of the load torque
unless a severe disturbance occurs [23]. The slips for the two
stator windings are defined as

siΔ
ωi/pi − ωr
ωi/pi

=
ωi − piωr

ωi
i = 1, 2. (2)

The steady-state equivalent circuit of BDFIM has been de-
picted in Fig. 1. This circuit is valid for all operation modes of
BDFIM including synchronous mode. In this mode, the BDFIM
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TABLE I
BDFIM PARAMETERS

Fig. 2. Steady-state equivalent circuit of BDFIM for fifth-order model.

consists of three torque components. The first component is the
synchronous torque which exists due to the indirect coupling of
two stator windings magnetic fields. The other two components
are asynchronous torques composed by direct cross-coupling of
the PW and the rotor (first induction machine), as well as the
CW and the rotor (second induction machine). The couplings
between stator and rotor fields are poorer than the indirect cross-
coupling between stator fields, hence the induction machines
are negligible [20]. The asynchronous torque components are
caused by Rr/s similar to the conventional induction machine.
By varying the rotor speed in the range of ±30% around the
natural speed, the rotor slips due to the magnetic fields of
the PW (s1) and the CW (s2) are high. For instance, for the
BDFIM given in Table I, s1 is in the range of 0.57 to 0.77.
So, the asynchronous torques corresponding to the resistance
Rr/s1are relatively small and therefore can be neglected [19],
[24]. Although the induction machine without presence of the
rotor resistance cannot produce torque, the power conversion
and the torque production will accomplish in BDFIM, even
by neglecting the rotor resistance. In [20], it has been shown
by ignoring the rotor resistance, the torque expression can be
written similar to a conventional synchronous machine.

In light of foregoing, regardless of the resistance Rr/s1and
by applying delta-to-star transform to the rotor loop reactances
in Fig. 1, the steady-state equivalent circuit of BDFIM turns
into a fifth-order model, as shown in Fig. 2. For this model, the
following expressions are obtained based on the inductances of
BDFIM complete model [19]:

Lnewl1 = Ll1 +
L1r.Llr

L1r + L2r + Llr
, Lnew

l2

= Ll2 +
L2r.Llr

L1r + L2r + Llr
L12 = − L1r.L2r

L1r + L2r + Llr
.

(3)

Fig. 3. Current vectors used in the equations and their interrelationships.

The two-axis dynamic fifth-order model of BDFIM is written
as [19]

�V1 = R1
�I1 +

d�ψ1

dt
+ jω1

�ψ1 (4)

�V2 = �R2
�I2 +

d�ψ2

dt
+ j ω2

�ψ2 (5)

�ψ1 = (Lnew
l1 + L12). �I1 + L12

�I∗2 = Lp�I1 + L12
�I∗2 (6)

�ψ2 = (Lnew
l2 + L12). �I2 + L12

�I∗1 = Ls�I2 + L12
�I∗1. (7)

In deriving the two-axis voltage equations, we referred (4)
and (5) to reference frames rotating at ω1 and ω2, respectively.
This interpretation of reference frames has been reported in
[17]. The electromagnetic torque of fifth-order model can be
expressed as

Te = −3

2
Nr. L12Im

[
�I∗1�I

∗
2

]
. (8)

Equation (8) is derived by substituting (4) and (5) into space
vector expression of total three-phase active input power.

III. PROPOSED CONTROL STRATEGY

A. MTPIA Control

The MTPIA strategy is obtained with minimization of CW
current magnitude under the constant torque. Hence, the torque
equation should be rewritten in terms of the CW current. For
this purpose, (8) is written as follows:

Te = α(ψ1di2q + ψ1qi2d) (9)

where α = 3
2 (
Nr.L12

Lp
).

The PW flux orientation is achieved by aligning d-axis of
the synchronous reference frame with the PW flux vector. The
resultant d and q-axis PW flux components are

ψ1d =
∣∣∣�ψ1

∣∣∣ , ψ1q = 0. (10)

From Fig. 3, one can see that i2q = |�I2| sinθ2, and conse-
quently, the MTPIA is written as

Te/|�I2| = α
∣∣∣�ψ1

∣∣∣ sin θ2. (11)
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Fig. 4. PW and CW current magnitudes under MTPIA.

It is apparent that Te/|�I2| will maximize when θ2 = π/2.
In other words, for MTPIA realization, the CW d-axis current
should be equal to zero. This criterion which leads to minimum
inverter rating, has been also proved for cascaded doubly-fed in-
duction machine [25], and for BDFRM [26], [27]. Fig. 4 presents
the individual current magnitudes flowing in the BDFIM.

B. MTPTA Control

A desirable strategy for controlling the BDFIM is the maxi-
mum torque per total amperes of the machine. In this strategy,
it is necessary to derive expressions for the torque and the total
current magnitude based on the PW and the CW current angles.
In the following, it is demonstrated how these equations are
derived.

1) Derivation of Electromagnetic Torque: In this section, the
procedure for deriving the torque formula used for MTPTA
strategy is proposed. The basic expression of torque (8) can be
manipulated into a variety of forms. Another form of torque is
stated in terms of two-axis components of PW flux and current

Te = β.(ψ1di1q − ψ1qi1d) (12)

where β = 3
2Nr.

In FOC scheme, the PW flux orientation has been selected,
therefore (9) and (12) can be written as

Te = α
(∣∣∣�ψ1

∣∣∣ i2q) (13)

Te = β
(∣∣∣�ψ1

∣∣∣ i1q) (14)

Therefore, the torque can be controlled by the PW and the
CW q-axis current, respectively. From Fig. 3, it can be seen
that i1q = |�I1| sinθ1 and i2q = |�I2| sinθ2. So, (13) and (14) are
rewritten as follows:

Te = α
∣∣∣�ψ1

∣∣∣ . ∣∣∣�I2∣∣∣ sin θ2
Te = β

∣∣∣�ψ1

∣∣∣ . ∣∣∣�I1∣∣∣ sin θ1. (15)

Substituting �I1 = |�I1| ejθ1 and �I2 = |�I2| ejθ2 into (8), and
after a few manipulations, we can derive the following equation:

Te = γ
∣∣∣�I1∣∣∣ . ∣∣∣�I2∣∣∣ sin(θ1 + θ2) (16)

where γ = β.L12.
Comparing (15) and (16), (17) and (18) are, respectively,

obtained for the PW and the CW current magnitudes

∣∣∣�I1∣∣∣ =

∣∣∣�ψ1

∣∣∣ sin θ2
Lp sin(θ1 + θ2)

(17)

∣∣∣�I2∣∣∣ =

∣∣∣�ψ1

∣∣∣ sin θ1
L12 sin(θ1 + θ2)

. (18)

Substituting (17) and (18) into (16), we have

Te = γ

∣∣∣�ψ1

∣∣∣ sin θ2
Lp sin(θ1 + θ2)

.

∣∣∣�ψ1

∣∣∣ sin θ1
L12 sin(θ1 + θ2)

sin(θ1 + θ2)

= β.

∣∣∣�ψ1

∣∣∣2 sin θ1. sin θ2
Lp sin(θ1 + θ2)

. (19)

2) Derivation of Total Current Magnitude: As mentioned
earlier, to realize the MTPTA, the sum of the PW and the
CW current magnitudes (|�IT |) should be minimized for a given
torque. Considering (17) and (18), the total current magnitude
is defined as

∣∣∣�IT ∣∣∣ = ∣∣∣�I1∣∣∣+ ∣∣∣�I2∣∣∣ =
∣∣∣�ψ1

∣∣∣ sin θ2
Lp sin(θ1 + θ2)

+

∣∣∣�ψ1

∣∣∣ sin θ1
L12 sin(θ1 + θ2)

.

(20)
The current angles are not independent due to flux and frame

alignment conditions. In order to minimize (20), we need to find
the relationship that exits between θ1and θ2. In this regard, by
(6) and (14)

i2q
i2d

= tan θ2 =
TeLp

β
∣∣∣�ψ1

∣∣∣ (∣∣∣�ψ1

∣∣∣− Lpi1d

) (21)

which can be simplified to give

i1d =
β
∣∣∣�ψ1

∣∣∣2 tan θ2 − TeLp

β
∣∣∣�ψ1

∣∣∣Lp tan θ2 . (22)

Likewise, from (14) and (22)

i1q
i1d

= tan θ1 =
TeLp tan θ2

β
∣∣∣�ψ1

∣∣∣2 tan θ2 − TeLp

. (23)

Equation (23) is the fundamental relationship that should exit
between the current angles, and it is allows us to convert the
expression for |�IT |to be in one variable.

We can manipulate (20) as follows:

∣∣∣�IT ∣∣∣ =
|�ψ1|L12 tan θ2

cos θ1
+

|�ψ1|Lp tan θ1
cos θ2

LpL12(tan θ1 + tan θ2)
. (24)

Now, by knowing cos θi = 1/(
√
1 + tan2θi), (i = 1, 2) and

substituting (23) into (24), an expression is achieved for |�IT | in
terms of θ2

∣∣∣�IT ∣∣∣ =
√
(β

∣∣∣�ψ1

∣∣∣2 tan θ2 − Te Lp)
2

+ (Te Lp tan θ2)
2

β Lp

∣∣∣�ψ1

∣∣∣ tan θ2
+
LpTe

√
1 + tan2θ2

β L12

∣∣∣�ψ1

∣∣∣ tan θ2 . (25)

To obtain the minimum value of|�IT |for a given torque, differ-
entiate of (25) relative to tanθ2 should be equal to zero. Due to
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Fig. 5. CW current angles (θ2) under MTPTA.

Fig. 6. PW and CW current magnitude components under MTPTA [according
to (17) and (18)].

the complexity of resultant derivative expression, there is no
analytical solution for it. Therefore, the optimal value of θ2
is calculated by using “fminserach” function and a numerical
minimization approach is implemented in MATLAB. The CW
current angles required for realization of MTPTA are shown in
Fig. 5. The best fit to optimal CW current angle is constructed
by curve fitting. For this purpose, the Curve Expert software,
Version 1.3 is used. The following prototype curve is used for
curve modeling of the CW current angle versus torque:

θ2 = d+
a− d(

1 + (Te/c)
b
)m . (26)

It has found that the following parameters give the best fit:
a = 30.31314, b = 2.92411, c = 0.45286, d = 96.63678, and
m = 0.26947. According to (26), the optimal CW current angle
is determined for a given torque. As a result, the realization
criterion of MTPTA is achieved as follows:

tan θ2 = i2q/i2d ⇒ i2d tan θ2 − i2q = 0. (27)

Equation (27) indicates for realization of MTPTA, i2dtanθ2 −
i2q , which is chosen as the first control output, should be forced
to zero. The MTPA control strategy is realized for an ideal
induction machine as the stator current angle isπ/4. For BDFIM,
the CW current angles, which depend on the torque level, are
however less or more than π/4. Fig. 6 shows the individual
current magnitudes for different torques under MTPTA. This
plot shows that the change in the total current is largely due to
changes in the CW current magnitude.

It is obvious that (25) is dependent on having knowledge
of Lp and L12. The question then arises as to how accurately
these parameters must be known. In order to determine this, a
sensitivity analysis is carried out to determine the effect that
inaccurate knowledge ofLp andL12 has on |�IT | under MTPTA.
The results are plotted in Fig. 7. It can be seen that even though
the minimum value of |�IT | is relatively sensitive to L12, this

Fig. 7. Relative change in minimum value of total current magnitude against
error in (a) Lp and (b) L12 (simulation).

value is insensitive to an error in Lp when it is in the range
of ±50%.

IV. INPUT–OUTPUT FEEDBACK LINEARIZATION FOR BDFIM

In order to obtain the control inputs, the nonlinear control
technique is applied to the BDFIM drive system This article
does not develop the IOFL theory (see e.g., [28]), but shows
directly its application on the BDFIM. Therefore, by choosing
x1 = i1d, x2 = i1q , x3 = i2d, x4 = i2q , and x5 = ωr as state
variables, y = [ y1 y2 ]

T as output vector, and u = [u1 u2 ]
T

as input vector, the fifth-order affine model is described by

Ẋ = f(X) + g(X)U (28)

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

T , the
equation shown at the bottom of this page
and

g(X) = [g1 g2] =
1

σ.L12
.

[
1 0 − Lp

L12
0 0

0 −1 0 − Lp

L12
0

]T

where σ = 1− (Lp. Ls/L
2
12) and Te =

3
2Nr . L12.(x1. x4 +

x2. x3).
Choosing MTPTA strategy (27) and BDFIM torque as output

variables, the tracking errors are introduced as

e =

[
ey1
ey2

]
=

[
y1 − y1ref
y2 − y2ref

]
=

[
i2d tan θ2 − i2q

Te − Te,ref

]
(29)

Therefore, the error dynamics are defined as[
ėy1
ėy2

]
=

[
Lfy1

Lfy2

]
+

[
Lg1y1 Lg2y1

Lg1y2 Lg2y2

]
.

[
u1

u2

]
−
[

0

ẏ2,ref

]

(30)

whereLfyi and (i = 1, 2) are the directional (or Lie) derivative
of state function y(x) : Rn → R along a vector field f (x) =
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[f1(x), . . . , fn(x)]

Lfy(x) =

n∑
i=1

∂y(x)

∂x
fi(x). (31)

Choosing (32) as a Lyapunov function candidate, the control
inputs are determined in such a manner that the asymptotically
stable criterion is satisfied

V =
1

2
eT e > 0. (32)

Time derivative of the Lyapunov function is given by

V̇ = −eTΓ e < 0 (33)

whereΓ = [
cy1 0
0 cy2

]is a positive definite matrix.

Based on the above relations, the control inputs are obtained
as [

u1 = V ∗
2d

u2 = V ∗
2q

]
=

[
tan θ2 −1

x4 − Lp

L12
.x2 −

(
x3 +

Lp

L12
.x1

)]−1

×

⎡
⎢⎣

σ.L2
12

Lp
.(tan θ2.f3 − f4 + cy1e1)

−σ. L12.(x4.f1 + x3.f2 + x2.f3 + x1.f4)

− σ
1.5.Nr

.(cy2e2 − ẏ2,ref )

⎤
⎥⎦ . (34)

Therefore, the error dynamics equations are

ėy1 = −cy1 .ey1 , ėy2 = −cy2 .ey2 . (35)

These equations show that for positive cy1 and cy2, ey1 and
ey2 exponentially converge to zero. In order to achieve the
acceptable performance, the controller coefficients are tuned in
the simulation and the experiment. The control inputs of MTPIA
are derived similar to the proposed procedure for MTPTA [see
Appendix].

In order to study the sensitivity of the proposed controller
(MTPTA-IOFL) to the motor parameters variation, relative
change in |�IT | due to k1 = Lp/L12 , k2 = σL12 and k3 =
Ls/L12 are shown in Fig. 8. According to (34), these coefficients
perform key roles for the derived control inputs. The conclusion
which can be achieved from these plots is that the controller is
more sensitive to error in k1 and k3 compared to k2. If the value
of k2 is known with the accuracy of ±50%, the variation of |�IT |
will not be too great. However, k1 and k3 need to be known to
an accuracy of ±20%.

Fig. 8. Relative change in minimum value of total current magnitude against
error in, (a) k1, (b) k2, and (c) k3.

TABLE II
DC GENERATOR SPECIFICATIONS

V. RESULTS AND DISCUSSIONS

The performance of control strategies are studied in the sim-
ulation and the experimental tests at different operating condi-
tions. The overall block diagram of the proposed drive system
is illustrated in Fig. 9. Tables I and II show the specifications of
BDFIM and dc generator, respectively. It should be noted that
the natural speed is considered as base value for per-unit speed.

In order to evaluate the effectiveness of the proposed
control scheme, some simulations are performed in MAT-
LAB/Simulink. The MTPIA strategy is first considered. As
shown in Figs. 10(a) and (b), the torque and the MTPIA strategy
realization as two control objectives are satisfied using the

U = [u1 u2]
T , f(X) = [f1 f2 f3 f4 f5]

T

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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)
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L12
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Fig. 9. Structural block diagram of BDFIM-based drive system.

Fig. 10. Simulation results of MTPIA control strategy during steady-state
operation. (a) Electromagnetic torque. (b) MTPIA realization criterion. (c) PW
current magnitude. (d) CW current magnitude.

nonlinear controller. The CW d-axis current always fluctuates
around zero which means that the MTPIA strategy is realized.
The magnitude of stator currents are illustrated in Figs. 10(c)
and (d), respectively. As observed in Fig. 11, along with the
realization of MTPTA strategy, the electromagnetic torque prop-
erly tracks the repeating sequence of reference torque between
0.4 and 1 p.u. Fig. 11(c) and (d) shows that the PW and the CW
current magnitudes change with respect to the torque command.
It can be found that by realizing the MTPIA strategy, the CW
current magnitude reduces in comparison with MTPTA one.

As shown in Figs. 10(d) and 11(d), for Te = 0.4 p.u., the
CW current magnitudes under MTPIA and MTPTA strategies
are approximately 0.58 and 0.62 p.u., respectively. Referring
to Fig. 11(c), the magnitude of PW current is 0.97 p.u., under
the case of Te = 1 p.u. This value which is almost equal to CW
current [see Fig. 11(d)], is consistent with that obtained in Fig. 6.

It is shown in Fig. 11, by increasing the torque, the PW current
magnitude is relatively constant but the CW current magnitude
considerably increases. This result, which is confirmed through
Fig. 6, is not unexpected since the CW current angle is larger
than the PW current angle. Then, variations in the CW current
magnitude will reflect more in the q-axis current. This current
is responsible for the torque production; therefore it is the CW
current that mostly changes with changing torque demands.

The practical evaluation of the actual system performance
is fulfilled through a DSP-based prototype system. The exper-
imental setup shown in Fig. 12 consists of a voltage source
inverter with corresponding driver board, a sensor board, and
a TMS320F28335 signal processor board designed with Texas
Instrument Co. The rotor speed is measured by a 1024-pulse
incremental encoder mounted on the BDFIM shaft. The stator
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Fig. 11. Simulation results of MTPTA control strategy during transient op-
eration. (a) Electromagnetic torque. (b) MTPTA realization criterion. (c) PW
current magnitude. (d) CW current magnitude.

phase currents are measured using Hall-effect current sensors
and the line-to-line voltages are detected by voltage sensors.

The performance of MTPIA and MTPTA control schemes are
experimentally verified for steady-state and transient conditions
by adopting the same objectives as the simulation results. As
shown in Figs. 13 and 14, a close agreement is observed between
the simulation and experimental results. Any difference can be
explained because of using the reduced order model for simu-
lation, magnetic saturation, and iron loss that are not taken into
account for the BDFIM control scheme, etc. Fig. 14 illustrates
how the magnitude of the PW and the CW currents change with
torque variations. These results are consistent with Fig. 6 and
similar to those already obtained in the simulation section. The
high torque ripple appearing in Figs. 13(a) and 14(a) is due to
the nested-loop rotor structure. Because the rotor is designed to
couple two main harmonic field components, it produces a large
space-harmonic distortion. This affects the machines operating
behavior. The increased space harmonic distortion increases
rotor leakage inductivity, which could be used beneficially to
improve low voltage ride through performance [29]. The draw-
back of increased space harmonic is that it causes additional
torque ripple in the BDFIM.

The performance of both MTPIA and MTPTA strategies are
also evaluated at the same experiment for Te = 0.4 p.u. In this

Fig. 12. Experimental setup. (a) Laboratory implementation block diagram.
(b) BDFIM drive system hardware.

Fig. 13. Experimental results of MTPIA control strategy during steady-state
operation. (a) Electromagnetic torque. (b) MTPIA realization criterion. (c) PW
current magnitude. (d) CW current magnitude.
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Fig. 14. Experimental results of MTPTA control strategy during transient
operation. (a) Electromagnetic torque. (b) MTPTA realization criterion. (c) PW
current magnitude. (d) CW current magnitude.

regard, the MTPIA strategy is firstly fulfilled by forcing the CW
d-axis current to zero. Then, this strategy is removed and the
MTPTA strategy is simultaneously applied to the BDFIM, as
illustrated in Fig. 15. Even though the MTPTA strategy results
in an increment on the magnitude of CW current, the sum of
the PW and the CW current magnitudes decreases compared to
MTPIA one.

An additional scenario is carried out to further evaluate the
achievement of the MTPTA control strategy. Accordingly, the
control strategy is compared to the conventional FOC with rated
flux. In this condition, the BDFIM drive system is equipped with
the closed-loop speed control and the error signal of speed with
respect to the actual value is delivered to the PI controller. Torque
command is then determined by speed loop controller output.
The rotor speed is controlled at nr = 1.2 p.u. [see Fig. 16(a)].
The load torque is first stepped up from 0.4 to 1 p.u. Then, the
load torque is stepped down to 0.4 p.u. and, as a result, the
BDFIM returns to its initial operating condition. The step change
of load torque can be provided by connecting/disconnecting
the dc generator field supply, which results in a sluggish re-
sponse and time delay due to the large time constant of the
dc generator excitation circuit. In order to avoid this, the load

Fig. 15. Comparison of MTPIA and MTPTA performance. (a) PW current
magnitude. (b) CW current magnitude. (c) Total current magnitude.

Fig. 16. Experimental results of BDFIM speed control. (a) Rotor speed.
(b) Total current magnitude with and without MTPTA.

torque is standardly changed by connecting/disconnecting the
load resistor. Fig. 16(b) shows the total current magnitude of
the BDFIM with and without the proposed strategy. It can be
seen that under the MTPTA control method, |�IT | considerably
reduces in comparison with the constant flux method. The stator
current waveforms under MTPTA, which is obtained from this
experiment, are also plotted in Fig. 17. In order to clearly show
the dynamic changes in both stator winding currents, the time
interval is between 9.7 to 10.3 s.

In a similar way, the operation of BDFIM drive is evaluated
under speed control with and without MTPIA control strategy.
To do this, the rotor speed reference is set on 1.2 p.u., and Tl =
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Fig. 17. Experimental PW/CW currents under MTPTA with speed control
(f1 = 50 Hz and f2 = 10 Hz). (a) PW current. (b) CW current.

Fig. 18. CW current magnitude with and without MTPIA.

0.4 p.u. As observed in Fig. 18, by implementing the MTPIA,
the CW current magnitude decreases about 8% in comparison
with the FOC.

VI. CONCLUSION

In this article, a control strategy was proposed which max-
imizes the ratio of torque to total input currents flowing into
the BDFIM stator windings. This strategy is essentially trying
to share the current more evenly between the windings for a
given torque. Due to the flux and frame alignment conditions, the
PW and CW current angles are not independent. Accordingly,
a fundamental relationship was obtained between these angles
which allow us to derive the expression of total stator current
magnitude in terms of CW current angle. The optimal angle
which realizes the MTPTA control strategy was then calculated
by using a numerical minimization procedure. Moreover, the
MTPIA strategy was proposed and it was proven to minimize the
CW current magnitude for a given torque, the CW current angle
should be always constant. In the experiments, the proposed
strategy was compared to the conventional FOC and it was
shown that for load torque periodically changed between 0.4
and 1 p.u., the reduction of total current magnitude is nearly
12.23% and 4.15%, respectively.

APPENDIX

[
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