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Abstract—This article tackles the problem of high-accurate
tracking of the stator currents of a six-phase induction motor in
the presence of unknown dynamics such as unmeasurable rotor
currents, parameter variation, and disturbances. Since the good
features offered by sliding mode theory motivate the community of
researchers on control, a time delay estimation based discrete-time
super-twisting controller is proposed. First of all, an outer loop
is carried out to regulate the speed and to generate the desired
stator currents. Second, the inner loop, based on an indirect rotor
field-oriented control, is executed based on the developed approach.
The structure of the proposed method allows a precise approxi-
mation of the unknown dynamics and an accurate tracking and
a fast convergence of the tracking error to a neighbor of zero.
The design procedure and the stability analysis are detailed for
the stator currents closed-loop system. Experimental tests have
been performed on a six-phase induction motor to demonstrate
the effectiveness of the developed discrete approach. In addition,
the performances obtained are compared to the ones obtained
using the discrete-time sliding mode with time delay estimation.
The results obtained highlighted the satisfactory stator currents
tracking performance in transient conditions and steady state and
under different sampling times, parameters mismatch, and load
and no-load conditions.

Index Terms—Multiphase motor drive, sliding model control,
stator currents control, super-twisting algorithm (STA), time delay
estimation (TDE).

NOMENCLATURE

LIST OF SYMBOLS

Lm Magnetizing inductance.
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Llr Leakage inductance of the rotor.
Lr Inductance of the rotor.
Lls Leakage inductance of the stator.
Ls Inductance of the stator.
Rr Resistance of the rotor.
Rs Resistance of the stator.
ωr Electrical speed.
ωm Mechanical speed.
ψs Stator fluxes.
vs Stator input voltages.
is Stator currents.
ir Rotor currents.
P Number of pole pairs.
TL Load torque.
Te Electromagnetic torque.
Fm Friction coefficient.
Im Inertia coefficient.
Ts Sampling time.

I. INTRODUCTION

INDUSTRIAL applications of multiphase motor drives are
becoming more common during the last decade. The 12-

phase Gamesa wind turbine, the 9-phase Hyundai traction sys-
tem for ultrahigh-speed elevators, and the 15-phase General
Electric motor for ship propulsion system are good examples
of multiphase machines commercial applications [1], [2]. The
possibility of split the power among more phases as well as
the post-fault operation without extra hardware makes multi-
phase machines an excellent choice for high-power applica-
tions. However, the control of multiphase machines is more
complicated than the three-phase machines due to the new
degrees of freedom [3]. This challenge has been tackled by the
research community by the extension of well-known control
techniques such as indirect rotor field oriented control (IRFOC)
with multiple proportional-integral (PI) pulsewidth modulator
current controllers or the direct torque control [4]. Thanks to the
advance of the digital platforms, the real-time implementation
of nonlinear controllers.

Among the developed and implemented methods, we quote
the fuzzy logic control [5], [6]. However, this intelligent method
does not provide always accuracy and its real-time validation
is a complicated task since extensive tests must be done to
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set exact fuzzy rules [7]. Another well-known method is the
model predictive control (MPC) that has been implemented on
different n-phase machines [8], [9], [10]. MPC provides a fast
dynamic response, it is easy to include constraints and has no
modulation stage. However, this technique not only requires a
lot of computations [11], but also suffers from the steady-state
error, a high x− y stator current resulting in energy losses and
instability at high rotor speeds. Furthermore, the nonlinear back-
stepping [12], [13] has been implemented on a speed sensorless
five-phase induction motor. The backstepping is designed recur-
sively such as the stability is ensured at each step. Nevertheless,
its sensitivity to uncertainties, disturbances, and electromagnetic
noise [14], [15] leads to undesirable performances. Recently, the
sliding mode control (SMC) [16], [17] has also been successfully
implemented for multiphase machines.

SMC is a well-known nonlinear robust technique for uncertain
dynamical systems [18]. Many works have proposed the use of
this variable structure controller because of its good features;
among them, invariance to matched uncertainties and perturba-
tions, reduction of the system order, convergence in finite-time,
simplicity of design, etc. The aim of SMC is to guarantee the
occurrence of a sliding mode on a designed manifold known
as a sliding surface by adding to the controller a switching
action (discontinuous action) that forces the trajectories of the
controlled systems to remain on the surface [18]. Nonetheless,
attempts to implement this method in real-time applications
were stopped by its major disadvantage, the famous chatter-
ing phenomenon. The origin of this serious problem that can
easily damage the controlled system comes from the fact that
the time of calculation in practice does not allow the required
infinite switching frequency [19]. In order to fix this problem,
sampled-data systems have been used. However, the obtained
performances are not always satisfactory because of the inher-
ent properties are no longer maintained. Thus, based on the
discrete-time dynamics, the Discrete-time SMC (DSMC) has
been derived. Most of the existing works that tackle the DSMC
derive the control law by discretizing the different proposed
continuous reaching laws [20], [21], [22]. It has been noticed
through different case studies that the DSMC ensures that the
states converge in predefined-time to the sliding surface but do
not slide along it. These works proved that after the states reach
the sliding surface, they evolve inside a band in the vicinity of
the switching function known as quasi sliding mode and finally,
the error converges to an ultimate bound even in the presence of
perturbations and uncertainties.

To improve the results obtained with the DSMC, a time delay
estimation (TDE)-based DSMC has been developed for multi-
phase induction motor (IM) drives [23]. The TDE [24] method
in this combination was used to approximate the disturbances
and the unknown dynamics caused by the unmeasurable rotor
current and parameter variations. Indeed, the TDE is able to re-
produce a good approximation by using the time-delayed signal
information of the computed voltages and the stator currents.
The proposed approach has been implemented in real-time on
a six-phase IM and a high-accurate stator currents tracking was
ensured due to the good estimation. However, because of the

chattering phenomenon, electric energy quality is poor due to the
high values obtained from the total harmonic distortion (THD).
To address this problem, the exponential reaching law [25] has
been added to the TDE-based DSMC and has been experi-
mentally validated on the same six-phase IM [26]. The results
showed a little amelioration but even not satisfactory.

Even if the abovementioned methods reduce the chattering
and provide better performances in comparison to the con-
ventional SMC, the most attractive method that improves the
SMC is the high-order sliding mode (HOSM). This technique
owes his success to two major improvements [27]. Indeed, the
performances obtained with HOSM are better compared to the
conventional SMC because HOSM allows a higher precision
since it ensures not only the convergence of the switching
function to zero but also its higher order derivatives. Moreover,
HOSM is a very effective method that reduces significantly the
chattering phenomenon since the switching action is acting on
the successive higher order derivatives of the control input which
makes the signal that fed into the system is continuous. However,
few works treated the discrete-time HOSM in the literature [28],
[29] especially the most popular algorithm, the so-called super-
twisting algorithm (STA) that was used in discrete form only as
an observer to reconstitute the systems states [30], [31], [32].

In this work, an attempt is made to develop and to implement
experimentally in real-time a robust stator currents controller
based on the combination of TDE and discrete-time super-
twisting control (DSTC) algorithm on an asymmetrical six-
phase IM drive. The contributions of this article are summarized
as follows.

1) The TDE will be used not only to approximate the uncer-
tainties, perturbations, and unmeasurable rotor currents
based on the computed voltages and measured stator cur-
rents one step backwards, but also to circumvent the fact
that upper bound of the unknown parts is obligatory when
designing the STA controller.

2) The estimation obtained will be added to the control action
and will allow the choice of smaller DSTC algorithm gains
to reduce the chattering and the control effort. The DSTC
is designed as a promising alternative to the DSMC since
to the author’s best knowledge this discrete algorithm has
been used as an observer and never as control. A detailed
stability analysis has been established for the closed-loop
error dynamics.

3) Finally, the presented discrete method is implemented
on a real six-phase IM to demonstrate the theoretical
findings and to show its suitability for the current control of
multiphase machines. The results obtained are compared
with those obtained with the DSMC with TDE [23] to
verify that the proposed one is more suited.

The rest of this article is organized as follows. In Section II,
the discrete-time dynamical model of the considered IM is
developed by using the Euler approximation method and the
control objective is enunciated. Section III details the devel-
opment of the proposed DSTC algorithm supported by TDE.
Moreover, the stability analysis has been established based on
a quadratic Lyapunov function. In Section IV, the results of the
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Fig. 1. Structure of the considered machine.

real-time application of the proposed DSTC algorithm with TDE
on a six-phase IM under different conditions are presented to
illustrate its efficiency and its superiority in comparison with the
DSMC with TDE. Finally, the conclusion is given in Section V.

II. PRELIMINARIES

A. Dynamic Model of Asymmetrical Six-Phase IM

The dynamic model of an asymmetrical six-phase IM pow-
ered by two three-phase two-level voltage source converter
(2L-VSC) (see Fig. 1) is described by [33]

dirα
dt

= Rsl1isα − l2 (Rrirα + Lmωrisβ + Lrωrirβ)− l1vsα

dirβ
dt

= Rsl1isβ + l2 (Lmωrisα + Lrωrirα −Rrirβ)− l1vsβ

disα
dt

= −Rsl3isα + l1 (Lmωrisβ +Rrirα+Lrωrirβ)+l3vsα

disβ
dt

= −Rsl3isβ + l1 (Rrirβ − Lmωrisα−Lrωrirα)+l3vsβ

disx
dt

= −Rsl4isx + l4vsx

disy
dt

= −Rsl4isy + l4vsy (1)

where the coefficients l1 to l4 are defined by: l1 = Lm

LrLs−L2
m

,

l2 = Ls

Lm
l1, l3 = Lr

Lm
l1, and l4 = 1

Lls
.

The mechanical equations of the system are described as
follows:

ω̇r = −Fm

Im
ωr +

P

Im
(Te − TL)

Te = 3 P (ψsα isβ − ψsβ isα) .

(2)

For a sufficiently small sampling time Ts, the discrete model
of the considered machine can be derived using the Euler ap-
proximation as [34]

χ(k + 1) = A(k) χ(k) +B v(k) + p(k) (3)

y(k) = C χ(k) (4)

where χ(k)=[irα(k), irβ(k), isα(k), isβ(k), isx(k), isy(k)]
T

is the state vector, v(k) = [vsα(k), vsβ(k), vsx(k), vsy(k)]
T is

the input vector,y(k) = [isα(k), isβ(k), isx(k), isy(k)]
T is the

output vector, p(k) ∈ R6 is the vector of uncertainties caused
by disturbances, unknown dynamics and parameters. Moreover,
A(k), B, and C are defined as follows:

A(k) =

⎡
⎢⎢⎢⎢⎢⎢⎣

A11 A12 A13 A14 0 0
A21 A22 A23 A24 0 0
A31 A32 A33 A34 0 0
A41 A42 A43 A44 0 0
0 0 0 0 A55 0
0 0 0 0 0 A66

⎤
⎥⎥⎥⎥⎥⎥⎦

(5)

B =

⎡
⎢⎢⎢⎢⎢⎢⎣

−Tsl1 0 0 0
0 −Tsl1 0 0
Tsl3 0 0 0
0 Tsl3 0 0
0 0 Tsl4 0
0 0 0 Tsl4

⎤
⎥⎥⎥⎥⎥⎥⎦

(6)

C =

⎡
⎢⎢⎣
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

⎤
⎥⎥⎦ (7)

with

A11 = A22 = 1− Tsl2Rr, A12 = −A21 = −Tsl2Lrωr(k)

A13 = A24 = Tsl1Rs, A14 = −A23 = −Tsl2Lmωr(k)

A31 = A42 = Tsl1Rr, A32 = −A41 = Tsl1Lrωr(k)

A33 = A44 = 1− Tsl3Rs, A34 = −A43 = Tsl1Lmωr(k)

A55 = A66 = 1− Tsl4Rs.

B. Problem Formulation

Ensuring a high precise tracking of the stator currents to
the desired currents in the presence of disturbances, parame-
ters variation, unknown dynamics such as the unmeasurable
rotor currents represents the principal objective in controlling
multiphase IM. Hence, the abovementioned objective can be
summarized as follows.

Let us define the (4× 1) error vector as e(k) = y(k)− y∗(k)
such as y∗(k) = [i∗sα(k), i

∗
sβ(k), i

∗
sx(k), i

∗
sy(k)]

T denotes the
vector of known desired stator currents in α− β and x− y
planes, the objective is to derive a nonlinear discrete-time con-
troller v(k) and to experiment it in real-time to guarantee the
robustness against uncertainties and the fast convergence of the
output vector y(k) to the desired vector y∗(k).

III. PROPOSED CONTROLLER

A. Outer Speed Control Loop

The mechanical speed is regulated in this outer loop. Thus,
a 1 Degree-of-Freedom (DOF) PI controller with saturator, de-
signed in [35], is used due to its robustness. The 1 DOF PI speed
regulator is responsible for generating i∗sq(k) that is the dynamic
current reference. Thereupon, the slip frequency (ωsl) estimation
is carried out in an equivalent process as IRFOC technique,
through the d− q stator current references (i∗sd(k), i

∗
sq(k)) and
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Fig. 2. Overall structure of the designed TDE-based DSTC algorithm for a
six-phase IM.

the rotor parameters Rr, Lr of the machine. Fig. 2 shows the
global structure of the stator currents controller. The following
equation represents the speed control:

i∗sq = Kp(ω
∗ − ωmeasured) +

Ki(ω
∗ − ωmeasured)

s
. (8)

B. Inner Stator Currents Control Loop

For this inner loop, a TDE-based DSTC algorithm will be
developed to ensure that each stator current (isα(k), isβ(k))
in the α− β subspace track with high accuracy his respective
desired references even if the rotor currents are unmeasurable
and to force the x− y stator current (isx(k), isy(k)) to remain
at 0 A in order to minimize the energy losses.

In general, nonlinear controllers are designed based on the
model. However, as it can be seen in (3), the machine suffers
from the uncertainties and has unmeasurable states. Hence, to
ensure high performances, the control gains should be high to
reject the effect of these uncertainties and unknown dynamics.
In real-time, this is not always possible and might lead to
undesirable performance because the controlled system might
not accept a high control effort. To that end, the TDE method
will approximate the unknown parts in a simple way such as no
high gains are required. In addition, since the gains can be chosen
smaller, the control effort and the chattering will be reduced so as
to avoid damage to the machine. Finally, DSTC has been chosen
since it reduces even more the chattering and ensures higher
precision in comparison with the DSMC. The design procedure
is detailed below.

First of all, let us select the switching surface as follows:

S(k) = e(k). (9)

Now, let us compute S(k + 1) as follows:

S(k + 1) = e(k + 1) = y(k + 1)− y∗(k + 1)

= Cχ(k + 1)− y∗(k + 1)

= CA(k)χ(k) +CBv(k) +Cp(k)− y∗(k + 1)

= A(k)y(k) +Bv(k) +P(k)− y∗(k + 1)
(10)

where

A(k) =

⎡
⎢⎢⎣
A33 A34 0 0
A43 A44 0 0
0 0 A55 0
0 0 0 A66

⎤
⎥⎥⎦ (11)

B =

⎡
⎢⎢⎢⎣
Tsl3 0 0 0

0 Tsl3 0 0

0 0 Tsl4 0

0 0 0 Tsl4

⎤
⎥⎥⎥⎦ (12)

P(k) =

⎡
⎢⎢⎢⎣
p3(k) +A31 irα(k) +A32 irβ(k)

p4(k) +A41 irα(k) +A42 irβ(k)

p5(k)

p6(k)

⎤
⎥⎥⎥⎦ . (13)

Otherwise, the discrete-time form of the modified STA [30] is
given by

S(k + 1) = Q1S(k)− TsΓ1sig
0.5(S(k)) + TsW(k)

W(k + 1) = Q2W(k)− TsΓ2 sign(S(k))
(14)

where Q1 = diag(Q1i) and Q2 = diag(Q2i) for i = 1, . . . , 4
are (4× 4) diagonal matrices where the elements are
chosen such as Qji ∈ R+ and Qji < 1 for j = 1, 2,
Γ1 = diag(Γ11, . . . ,Γ14), and Γ2 = diag(Γ21, . . . ,Γ24)
are diagonal positive matrices, sig0.5(S(k)) =
[|S1(k)|0.5sign(S1(k)), . . . , |S4(k)|0.5sign(S4(k))]

T , and
sign(S(k)) = [sign(S1(k)), . . . , sign(S4(k))]

T with

sign(Si(k)) =

⎧⎪⎨
⎪⎩

0, if Si(k) = 0

−1, if Si(k) < 0

1, if Si(k) > 0.

(15)

Combining (10) using (14) yields to the following control law:

v(k) = −B
−1 [

Ay(k)− y∗(k + 1) +P(k)−Q1S(k) · · ·
· · · +TsΓ1sig

0.5(S(k))− TsW(k)
]
.

(16)
The control performance might not be satisfactory since the

vector P(k) of perturbations and the non measurable rotor
currents is unknown. Then, assuming that the variations of the
elements of P(k) are not large during two consecutive sampling
times such as

|Pi(k)− Pi(k − 1)| ≤ Tsρi <∞. (17)

Hence, TDE method [23] can be used to approximate it as
follows:

P̂(k) ∼= P(k − 1) = y(k)−A(k)y(k − 1)−Bv(k − 1).
(18)

Theorem 1: Consider the six-phase machine described in (3)
and (4). Then, the proposed TDE-based DSTC for the stator
currents is obtained as

v(k) = B
−1
[
y∗(k + 1)−A(k)y(k)− P̂(k) · · ·

· · · +Q1S(k)− TsΓ1sig
0.5(S(k)) + TsW(k)

]
W(k + 1) = Q2W(k)− TsΓ2 sign(S(k))

(19)
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ensures the convergence of the error to a ball b that has a radius
rb smaller than

rb ≤

((
φ̄1
2

)2

‖Θ−1‖2 + φ̄2

)

r
(20)

if the conditions below are met

Γ1i > 0, Γ2i >
(1 +Q2i)

Ts
ρi, for i = 1, . . . , 4. (21)

Proof: Substituting the obtained controller (19) into (10)
gives

S(k + 1) = Q1S(k)− TsΓ1sig
0.5(S(k)) + TsW(k) +ΔP(k)

W(k + 1) = Q2W(k)− TsΓ2 sign(S(k))
(22)

whereΔP(k) = P(k)−P(k − 1) is the TDE error. The above
closed-loop error dynamics can be rewritten for i = 1, . . . , 4 as
follows:

Si(k + 1) = Q1iSi(k)− TsΓ1i|Si(k)|0.5sign(Si(k))

+ ΔPi(k) + TsWi(k)

Wi(k + 1) = Q2iWi(k)− TsΓ2isign(Si(k)).

(23)

For the convenience of this demonstration, let us introduce a new
variable defined by Zi(k) =Wi(k) + T−1

s ΔPi(k) such as (23)
can be rewritten as

Si(k + 1) = Q1iSi(k)− TsΓ1i|Si(k)|0.5sign(Si(k)) + TsZi(k)

Zi(k + 1) = Q2iZi(k)− TsΓ2isign(Si(k)) + ζi(k)
(24)

where

ζi(k) = T−1
s (ΔPi(k + 1)−Q2iΔPi(k)). (25)

Now, let us define ηi(k) = [Si(k), Zi(k)]
T ; then, (23) can be

written in a matrix form as

ηi(k + 1) = Ψηi(k) + Φ(k)sign(Si(k)) (26)

where Ψ and Φ(k) are defined as

Ψ =

⎡
⎣Q1i Ts

0 Q2i

⎤
⎦

Φ(k) =

⎡
⎣ −TsΓ1i|Si(k)|0.5
−TsΓ2i + ζi(k)sign(Si(k))

⎤
⎦ .

(27)

Now, consider the discrete Lyapunov function candidate as
follows:

V (k) = ηTi (k)Lηi(k) (28)

where L = LT ∈ R2×2 is symmetric definite positive matrix.
Then, one can imply

ΔV (k) = V (k + 1)− V (k)

= ηTi (k + 1)Lηi(k + 1)− ηTi (k)Lηi(k).
(29)

Combining (26) with (29) and using theΛ-matrix inequality [36]
ATB +BTA ≤ ATΛA+BTΛ−1B yields to

ΔV (k) = ηTi (k)(Ψ
TLΨ− L)ηi(k) + ΦT (k)LΦ(k)

+ 2ηTi (k)Ψ
TLΦ(k)sign(Si(k))

≤ ηTi (k)(Ψ
TLΨ− L)ηi(k) + ΦT (k)LΦ(k)

+ ηTi (k)(Ψ
TLΛLΨ)ηi(k) + ΦT (k)Λ−1Φ(k)

≤ ηTi (k)(Ψ
T (L+ LΛL)Ψ− (1− r)L)ηi(k)

+ ΦT (k)(L+ Λ−1)Φ(k)− rV (k)

≤ −ηTi (k)Θηi(k) + ΦT (k)RΦ(k)− rV (k)
(30)

where 0 < r < 1, R = L+ Λ−1 and Θ is a (2× 2) symmetric
definite-positive matrix that solves the matrix inequality [30]
such as: ΨT (L+ LΛL)Ψ− (1− r)L = −Θ. Now, let us ex-
pand the term ΦT (k)RΦ(k) as follows:

ΦT (k)RΦ(k) = φ1|Si(k)|+ φ2|Si(k)|0.5 + φ3 (31)

where φ1, φ2, and φ3 are computed as follows:

φ1 = T 2
s Γ

2
1iR11

φ2 = 2TsΓ1iR21(TsΓ2i − ζi(k)sign(Si(k)))

φ3 = R22(TsΓ2i − ζi(k)sign(Si(k)))
2.

(32)

Otherwise, ζi(k) is bounded by

ζi(k) = T−1
s (ΔPi(k + 1)−Q2iΔPi(k))

≤ T−1
s |ΔPi(k + 1)−Q2iΔPi(k)|

≤ T−1
s (|ΔPi(k + 1)|+ |Q2iΔPi(k)|)

≤ T−1
s (Tsρi +Q2iTsρi)

≤ (1 +Q2i)ρi.

(33)

Hence, ifΓ2i is chosen as in (21), the termφ2 will be always pos-
itive such as φ2|Si(k)|0.5 ≤ φ2(1 + |Si(k)|) and the following
inequality can be established:

ΦT (k)RΦ(k) ≤ φ1|Si(k)|+ φ2(1 + |Si(k)|) + φ3

≤ (φ1 + φ2)|Si(k)|+ φ2 + φ3

≤ φ̄1|Si(k)|+ φ̄2

(34)

where φ̄1 and φ̄2 are computed as follows:

φ̄1 = T 2
s Γ

2
1iR11 + 2TsΓ1iR21(TsΓ2i + (1 +Q2i)ρi)

φ̄2 = 2TsΓ1iR21(TsΓ2i + (1 +Q2i)ρi)

+R22 (TsΓ2i + (1 +Q2i)ρi)
2 .

(35)
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Substituting (34) into (30) and using the Choleskii decomposi-
tion, ΔV (k) becomes

ΔV (k) ≤ −ηTi (k)Θηi(k) + φ̄1|Si(k)|+ φ̄2 − rV (k)

≤ −‖Θηi(k)‖2 + φ̄1‖ΘΘ
−1
ηi(k)‖+ φ̄2 − rV (k)

≤ −
T 
+
(
φ̄1
2

)2

‖Θ−1‖2 + φ̄2 − rV (k)

≤
(
φ̄1
2

)2

‖Θ−1‖2 + φ̄2 − rV (k)

V (k + 1) ≤
((

φ̄1
2

)2

‖Θ−1‖2 + φ̄2

)
+ (1− r)V (k)

(36)

where Θ
2
= Θ and 
 = (‖Θηi(k)‖ − φ̄1

2
‖Θ−1‖). The solution

of the above discrete linear inequality is given by

V (k + 1) ≤
((

φ̄1
2

)2

‖Θ−1‖2 + φ̄2

)
k+1∑
i=1

× (1− r)i−1 + (1− r)k+1V (0). (37)

Consider the case where k goes to ∞, then it can be concluded
that

lim
k→+∞

V (k) ≤

((
φ̄1
2

)2

‖Θ−1‖2 + φ̄2

)

r
. (38)

Hence, the DSTC ensures the convergence of the trajectories
into a ball b that has a radius rb smaller than

rb ≤

((
φ̄1
2

)2

‖Θ−1‖2 + φ̄2

)

r
. (39)

This concludes the proof.

IV. EXPERIMENTAL RESULTS

In this section, exhaustive experimental results, as well as nu-
merical simulations, are developed to analyze the performance
of the proposed DSTC. In all tests, a predefined d current set
point (i∗sd = 1 A) has been used and stator currents set points in
x− y subspace are defined as i∗sx = i∗sy = 0 A with the purpose
of diminish the stator losses. The controller was also tested under
load and no-load situation, steady state, reversal, with parameter
mismatch and with two different sampling frequencies. More-
over, the following parameters of the DSTC algorithm with TDE
for the six-phase IM are obtained by a manual tuning while the
controller performance was checked by trial and error:

Γ1 =
1

Ts
diag(0.5, 0.5, 0.5, 0.5)

Q1 = Q2 = diag(0.7, 0.7, 0.7, 0.7)

Γ2 =
1

Ts
diag(0.3, 0.3, 0.3, 0.3)

W(0) = [0, 0, 0, 0]T .

TABLE I
SIX-PHASE IM’s PARAMETERS

Fig. 3. Experimental test bench.

A. Experimental Test Bench Description

A custom test bench has been used to validate the proposed
controller, which consists of an asymmetrical 6-phase IM en-
ergized by a 6-phase voltage source inverter (VSI), composed
of two three-leg VSI, powered by a dc voltage source. The
two three-leg VSI is activated by a dSPACE MABXII DS1401
controller, which is a real-time rapid prototyping platform with
MATLAB/Simulink version 8.2. Through the dSPACE, the ex-
perimental results are captured and then processed by a script
from MATLAB R2014b. The electrical parameters of the con-
sidered machine have been estimated using typical approaches
based on stand-still with VSC supply tests and ac time do-
main [37], [38]. These parameters are given in Table I.

The experimental tests were developed with current Hall
effect transducers LA 55-P s, which can perform on a fre-
quency bandwidth between dc and 200 kHz. Then, a 16-bit
A/D converter converts the measured currents to digital data.
A 1024 ppr incremental encoder is used to measure the machine
position, and the rotor mechanical speed is calculated from it.
The mechanical load on the six-phase IM is performed with a
5 HP Foucault current brake. Fig. 3 presents a block diagram of
the test bench, with some photos of the selected equipment.

B. Figures of Merit

The proposed controller performance is evaluated through
the mean-squared error (MSE) between the setpoint and the
measured currents in all the subspaces measured by the Hall
transducers, and the MSE for the rotor mechanical speed is
selected as a figure of merit. Moreover, the root mean squared
(rms) of the d− q currents are considered in order to obtain their
corresponding rms ripple and THD in α− β subspace are also
evaluated. The MSE is calculated as follows:

MSE(isγ) =

√√√√ 1

N

N∑
k=1

(isγ(k)− i∗sγ(k))2 (40)
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Fig. 4. Stator currents in α− β and x− y subspaces for three mechanical
speeds.

TABLE II
STEADY-STATE TEST OF STATOR CURRENTS d− q, α− β, x− y, MSE (A)

AND THD (%) FOR THREE DIFFERENT MECHANICAL SPEEDS (RPM)

where i∗sγ the stator currents set point, isγ the real stator currents
such as γ ∈ {d, q, α, β, x, y} whileN denotes the total num-
ber of used samples. At the same time, the rms ripple of d− q
subspace is calculated as shown

rms(rippleθ) =
√

rms(isθ)2 − Mean(isθ)2 (41)

where isθ are the stator currents in d− q subspace and Mean is
the mean value of currents ind− q. At last, the THD is computed
as

THD(is) =

√√√√ 1

i2s1

N∑
j=2

(isj)2 (42)

where is1 are the fundamental stator currents and isj are the
harmonic stator currents.

C. Numerical Simulation

A MATLAB/Simulink simulation was designed for the asym-
metrical six-phase IM to prove the performance of the DSTC
technique. Numerical integration is applied with the first-order
Euler’s discretization in order to predict the next value of the
state space variables in the time domain. Fig. 4 presents the polar
representation of stator currents for three mechanical speeds.
Table II shows the obtained results for a sampling frequency
of 8 kHz and three mechanical speeds, presented as MSE and
THD values of stator currents in all the subspaces. It shows a
good performance of the algorithm applied to the asymmetrical
six-phase IM in terms of current control, in all the subspaces.
A dynamic analysis was also included to study the behavior of
the system with a step change of the q current generated by a
reversal condition of speed (500 to −500 rpm), shown in Fig. 5,
where the overshoot of 66.3 % and a settling time of 2.5 ms.

Fig. 5. Dynamic behavior of q current from a speed reversal condition of 500
to −500 rpm from ωm.

TABLE III
STEADY-STATE TEST OF STATOR CURRENTS d− q, α− β, x− y, MSE (A)

FOR THREE DIFFERENT MECHANICAL SPEEDS (RPM)

TABLE IV
STEADY-STATE TEST OF STATOR CURRENTS: THD (%) IN α− β, RMS

RIPPLE (A) IN d− q, MSE (RPM) OF ROTOR SPEED (ωm), AT THREE

DIFFERENT DESIRED MECHANICAL SPEEDS (RPM)

D. Steady-State Analysis

The selected sampling frequencies are 8 and 16 kHz. The
eddy current brake is tuned to obtain a q current at 1.4 A for the
asymmetrical six-phase IM. For the steady-state analysis, three
mechanical speeds are set for the mechanical speed: 500, 1000,
and 1500 rpm. Table III shows the obtained results for different
sampling frequencies and mechanical speeds, presented as MSE
of stator currents in all the subspaces. The data shows good
performance of TDE-based DSTC algorithm applied to the
machine regarding the current control, in all the subspaces,
especially in α− β currents control tracking, showing a very
similar performance than the numerical simulation. Table IV
presents the obtained rms ripple in d− q currents, THD inα− β
currents and MSE of the mechanical speed. The results show
low THD with a lower sampling frequency and low mechanical
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Fig. 6. Stator currents in α− β and x− y subspaces for different mechanical
speeds at a sampling frequency of 8 kHz.

TABLE V
STEADY-STATE TEST OF STATOR CURRENTS d− q, α− β, x− y, MSE (A),

THD (%) IN α− β, RMS RIPPLE (RMSR) IN (A) IN d− q, MSE (RPM) OF

ROTOR SPEED (ωm) FOR TWO DIFFERENT MECHANICAL SPEEDS (RPM)

Fig. 7. Stator currents in α− β and x− y subspaces for 2000 and 2500 rpm
mechanical speed at a sampling frequency of 8 kHz.

speed, as higher sampling frequency amplifies perturbations. For
rms ripple results, there is a significant improvement with lower
sampling frequency in the three mechanical speed tests. At last
for the mechanical speed, a better performance is obtained at
lower sampling frequency and mechanical speed, but it is not
significant to the other performed tests.

Moreover, Fig. 6 shows the polar representation of stator
currents for three mechanical speeds. The analysis was per-
formed with a fixed q current reference, thus the amplitudes of
α− β stator currents maintain with different mechanical speeds.
The figures present also the x− y currents where it can be
noticed that they are reduced to a very low value in every case,
highlighting the tests at low sampling frequency. On the other
hand, α− β currents tracking is good, presenting more ripples
at high sampling frequency, showing a direct relation between
the disturbances and the sampling frequency.

E. High-Speed Operation

To perform a high-speed operation, the dc voltage is increased
to 600 V to operate at the nominal magnetic flux. The ripple is
also increased as the voltage switching is now higher. The results
for those two speeds are shown in Table V and are illustrated in

Fig. 8. Dynamic behavior of q current from a speed reversal condition of 500
to −500 rpm from ωm at a sampling frequency of 8 and 16 kHz.

Fig. 9. Transient response of stator currents for different step rotor speed
reference ω∗

r : first results from −500 to 1000 rpm, then from 1000 to −500.

Fig. 7. The system performance is decreased but it operates very
well without the need for adjusting the controller gains.

F. Dynamic Analysis

Then, a transient test, which consists of a step change in the
q stator current reference (i∗sq) produced by a reversal condition
(500 to −500 rpm) has been performed. Fig. 8 reports the test.
Fig. 8(a) and (b) presents a settling time of approximately 1.9
and 1.8 ms, respectively, and an overshoot of 42.1% and 68%
respectively, presenting a very fast dynamic response in both
cases.

At the same time, other transient tests were performed to
observe the controller’s performance with a change from −500
to 1000 rpm and then a second step change from 1000 to
−500 rpm. The only notable effect in the α− β currents is the
amplitude change of 4.25 to 1.2 A as presented in Fig. 9. In the
same figure, it shows the fast dynamic response of the DSTC
and a good tracking which are some of the advantages of the
TDE-based DSTC.

At the same time, MSE values are the following MSEα =
0.1539A, MSEβ = 0.1655A, MSEx = 0.1192A, and MSEy =
0.1145 A for the first step profile and MSEα = 0.0779 A,
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Fig. 10. Steady-state response of stator currents for a desired rotor speed
ω∗
r = 1000 rpm for a load torque step from no-load to nominal-load then for a

load torque step from nominal-load to no-load.

Fig. 11. Performance analysis of stator currents MSE (A) under 25 % of
variation of the nominal Lm.

MSEβ = 0.0734A, MSEx = 0.0654A, and MSEy = 0.0651A
for the second step profile.

G. Disturbance Response

Second, to show the robustness of the proposed method, it
is performed under steady-state conditions for a mechanical
speed of 1000 rpm by considering a load torque step from
no-load to the nominal-load and then a load torque step from
nominal-load to no-load. The results are shown in Fig. 10. It is
noticed the high accuracy tracking of the stator currents in the
α− β subspace. The results are very similar for 1000 rpm in
the previous tests and are appreciated in the MSE values which
for the first case are: MSEα = 0.0555 A, MSEβ = 0.0684 A,
MSEx = 0.0398 A, and MSEy = 0.0419 A, while the values
for the second test are: MSEα = 0.0647 A, MSEβ = 0.0776 A,
MSEx = 0.0424 A, and MSEy = 0.0513 A.

H. Parameter Sensitivity

On the other hand, Fig. 11 presents the control performance
with an Lm change of 25% of the determined value to verify the
control robustness to uncertainties. The results show that at low
speed, the control performance is practically the same, showing a

Fig. 12. Transient response of stator currents for different step rotor speed
reference ω∗

r with a variation of a 25% on Lm: from −500 to 1000 rpm, and
then from 1000 to −500 rpm.

TABLE VI
COMPARATIVE ANALYSIS (%) OF DSTC AND DSMC

AT DIFFERENT SPEEDS (RPM)

good robustness to this particular change. At higher rotor speed,
the results present a deteriorated tracking of approximately 21%
and 60%, compared to the unchanged Lm value, for 1000 and
1500 rpm, respectively, showing an increased sensibility in these
operation points.

The analyzed transient tests are conducted while considering
a variation of 25% on the machine Lm to prove the ability of the
developed method to reject the uncertainties and the unknown
dynamics. The obtained results are shown in Fig. 12. It is shown
that similar good performances are obtained. This is confirmed
by the obtained MSE values. The latter for the first case are:
MSEα = 0.1916 A, MSEβ = 0.2016 A, MSEx = 0.1665 A,
and MSEy = 0.1525 A while the values for the second case are:
MSEα = 0.0835 A, MSEβ = 0.0769 A, MSEx = 0.0712 A,
and MSEy = 0.0683 A. These values are almost equal to the
first transient tests, showing a good robustness of the proposed
controller on a transient state based of a reversal condition for
the six-phase IM at a sampling frequency of 8 kHz.

I. Comparative Analysis With Classic DSMC

At last, Table VI presents a comparative analysis of the perfor-
mance of TDE-based DSTC algorithm compared to TDE-based
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Fig. 13. Comparative performance (MSE (A)) of stator currents in α− β,
x− y, and d− q subspaces for a sampling frequency of 8 kHz.

DSMC, proposed in [23], in terms of %, where positive (+)
and negative (−) values mean improvement and deterioration
respectively, calculated as follows:

Imp (%) = 100
DSMCvalue −DSTCvalue

DSMCvalue
(43)

where “value” can be MSE of stator currents inα− β and x− y
subspaces, THD of α− β stator currents or rms ripple of stator
currents in d− q subspace. Fig. 13 summarizes the comparison
between TDE-based DSMC and TDE-based DSTC algorithm by
using the average value of MSE in every subspace for different
rotor speeds at a sampling time of 8 kHz.

V. CONCLUSION

This article has presented an inner robust TDE-based DSTC
for the problem of controlling the stator currents in the α− β
and x− y subspaces of an uncertain six-phase IM with an
outer speed loop. Based in the obtained results, TDE-based
DSTC presents an optimal behavior on current tracking with
low harmonic distortion values, ensures robustness, and delivers
fast dynamics, in terms of settling time and overshoot, and fast
convergence in all the operation points. In summary, TDE-based
DSTC is an optimal option, at low sampling frequency, for
low speeds and a good alternative for high speeds industrial
applications.
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