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Abstract—In this paper, a robust nonlinear stator currents
controller based on a known nonlinear technique is proposed
for a six-phase induction machine. First of all, a proportional-
integral regulator is used in an outer loop to control the speed.
Secondly, the inner loop based on a nonlinear method that
combines the nonlinear backstepping control scheme with the
time delay estimation consists of controlling the stator currents.
The chosen time delay estimation method can approximate the
unmeasurable rotor current while the nonlinear backstepping
can achieve good tracking performances. The stability analysis
of the current closed-loop error dynamics is provided based on
a recursive Lyapunov function. Numerical simulations have been
conducted to demonstrate the efficiency and the performance of
the developed nonlinear control method for the asymmetrical
six-phase induction machine.

Index Terms—Nonlinear backstepping, time delay estimation,
multi-phase induction machine, stator currents control, rotor
current estimation, uncertainties, Lyapunov.

I. INTRODUCTION

Nowadays, power electronics, control, machines and drives
communities pay a lot of attention to multiphase Induction
Machine (IM) drives since they present better features in com-
parison with classical three-phase IM [1]–[3]. Among these
features, we cite lower current/power ratings per phase for the
same nominal power, lower torque ripple, improved efficiency
and fault tolerant capabilities. For all these reasons, the use
of these machines has grown in several fields such as ships,
electric vehicles and wind energy generation systems [3], [4].
In power electronics and drives, most of the published works
considered the designed methods based on known techniques
for three-phase and then extended for multiphase machines
[5]–[13]. Nevertheless, robust nonlinear control techniques
have been developed for the same topology. The two main
used controllers are first and second order sliding mode [14]–
[17] and backstepping [18].

Nonetheless, even its good features, the obtained perfor-
mances using classical sliding mode are affected by the
chattering phenomenon that is dangerous for the controlled
systems [19]. Moreover, even its ability to reduce or to elim-
inate the chattering, the implementation of the second order
sliding mode is difficult because of the required information

This research is funded by the Consejo Nacional de Ciencia y Tecnologı́a
(CONACYT) - Paraguay, grant numbers 14-INV-101 and POSG16-05.

that is not always available. Hence, the backstepping method
[20] that is also one of the attractive techniques does not suffer
from chattering. The aim of this approach is to derive for some
system state variables an appropriate stabilization functions
based on recursive Lyapunov function candidates. Hence, the
stability is ensured at all times. However, the drawback of this
method remains on its sensitivity to unknown dynamics and
perturbations that can causes several complications during the
real-time implementation.

In literature, some works tried to solve this limitation since
this problem is common to all existing systems. Thereby, some
published papers proposed nonlinear backstepping combined
with conventional or second order SMC [21]–[23]. However,
these techniques meet the same aforementioned problems,
namely, chattering phenomenon and a difficult real-time im-
plementation. Otherwise, the combination of backstepping
with fuzzy logic [24], [25] or neural network [26], [27] has
been proposed. These last two intelligent techniques are well
known for their ability to reproduce a precise estimate of
the uncertainties and perturbations. However, the real-time
implementation of the introduced fuzzy rules or the large
number of parameters still difficult.

To cope with the aforementioned disadvantage, in this paper,
the inner stator currents control loop for the asymmetrical
six-phase IM drive is based on the nonlinear backstepping
method that is combined with Time Delay Estimation (TDE).
The proposed approach is simple and robust and has been
successfully implemented on a robotic manipulator system
[28], [29]. On one hand, without an exact knowledge of
the model and based on the time-delayed information of the
system’s state variables and the input signals, the TDE method
[30] can effectively approximate the uncertainties. On the other
hand, the resulting TDE error will be rejected by the nonlinear
backstepping.

The present paper is divided into five sections. Section II
introduces the mathematical model of the asymmetrical six-
phase IM while the development of the proposed nonlinear
backstepping with TDE method is detailed step by step based
on recursive Lyapunov function candidate in Section III. Sec-
tion IV supports the theoretical part by presenting simulation
results and a comparison study with the TDE method based
SMC. Finally, some conclusions are drawn in the last section.



II. MODEL OF THE MACHINE AND VSI

The studied machine depicted in Fig. 1 consists of an
asymmetrical six-phase IM supported by two 3-phase 2-Level
Voltage Source Inverter (2L-VSI). The dynamic model of the
considered machine is described in state-space representa-
tion [15] as follows:

ẋ(t) = A x(t) + B u(t) + d(t) (1)
y(t) = C x(t) (2)

where x(t) = [isα(t), isβ(t), isx(t), isy(t), irα(t), irβ(t)]
T

denotes the state vector with isα(t), isβ(t) are the stator
current in the α−β plane, isx(t), isy(t) are the stator current
in x− y plane and irα(t), irβ(t) represents the unmeasurable
rotor currents, u(t) = [usα(t), usβ(t), usx(t), usy(t)]

T de-
notes stator input voltages, y(t) represents the output vector,
d(t) is the (6 × 1) vector of perturbations due to uncertain
parameters and disturbances and the matrices A, B and C
are given by:

A =


a11 a12 0 0 a15 a16
a21 a22 0 0 a25 a26
0 0 a33 0 0 0
0 0 0 a44 0 0
a51 a52 0 0 a55 a56
a61 A62 0 0 a65 a66

 (3)

B =


b11 0 0 0
0 b22 0 0
0 0 b33 0
0 0 0 b44
b51 0 0 0
0 b62 0 0

 (4)

C =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

 (5)

The elements of the matrices A and B are given in the
Appendix. The above model is obtained by using the Vector
Space Decomposition (VSD) method. Hence, the α − β,

Fig. 1. Scheme of the 6-phase IM supported by two 3-phase 2L-VSI

x − y and the zero-sequence planes are obtained using the
decoupling transformation matrix T1 given by:
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(6)

Moreover, the rotor speed ωr(t) is defined as follows:

ω̇r(t) = −BM
JM

ωr(t) +
P

JM
(Te(t)− Tl(t))

Te(t) = 3 P (ψsα(t) isβ(t)− ψsβ(t) isα(t))
(7)

where Te and Tl denote respectively the generated torque and
the load torque, P represents the number of pole pairs, JM and
BM denote respectively the coefficients of inertia and friction,
ψsα(t) and ψsβ(t) are the stator fluxes.

Furthermore, the stator voltages are related to the VSI model
by the following formula:

Vdc T1 M = [usα(t), usβ(t), usx(t), usy(t)]
T (8)

where Vdc represents the DC-bus voltage and the VSI model
is defined by:

M =
1

3


2 0 −1 0 −1 0
0 2 0 −1 0 −1
−1 0 2 0 −1 0
0 −1 0 2 0 −1
−1 0 −1 0 2 0
0 −1 0 −1 0 2

ST (9)

where S = [Sa, Sb, Sc, Sd, Se, Sf ] denotes the the gating
signals vector such as Si ∈ {0, 1}.

III. CONTROLLER DESIGN

Let us select the desired stator currents trajectories vector

as y∗(t) =
[
i∗sα(t), i∗sβ(t), i∗sx(t), i∗sy(t)

]T
and the tracking

error vector as ỹ(t) = y(t)−y∗(t), the purpose is to develop
a robust nonlinear control vector u(t) that ensures the con-
vergence of ỹ(t) to zero and robustness against perturbations
and unknown dynamics (unmeasurable rotor current). To that
end, an outer and inner control loops will be designed. On
one hand, based on IRFOC, the outer loop consists of a PI
regulator to control the speed. The output of this loop will
provide the current reference i∗sq(t). Then, the desired stator
current in α−β plane is generated by choosing a desired i∗sq(t)
and using Park’s transformation. On the other hand, the inner
loop will use a TDE method based nonlinear backstepping to
control the stator currents. The block diagram of the closed-
loop system is depicted in Fig. 2.
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Fig. 2. Block diagram of the proposed control scheme.

The first step in the design procedure is to select the vector
of tracking error ỹ(t) as a regulated variable. Computing its
first time derivative yields to:

˙̃y(t) = ẏ(t)− ẏ∗(t)

= C ẋ(t)− ẏ∗(t)

= CA x(t) + CB u(t) + C d(t)− ẏ∗(t)

= A1 y(t) + B1 u(t) + D(t)− ẏ∗(t)

(10)

where A1, B1 and D(t) are defined by:

A1 =


a11 a12 0 0
a21 a22 0 0
0 0 a33 0
0 0 0 a44

 (11)

B1 =


b11 0 0 0
0 b22 0 0
0 0 b33 0
0 0 0 b44

 (12)

D(t) =


d1(t) +A15 x5(t) +A16 x6(t)
d2(t) +A25 x5(t) +A26 x6(t)

d3(t)
d4(t)

 (13)

In order to reach our goal (make the error ỹ(t) converge
to zero), a control will be derived by selecting the following
Lyapunov function:

V(t) =
1

2
ỹT (t) ỹ(t) +

1

2
εT (t) Γ ε(t) (14)

where Γ ∈ R4×4 is diagonal matrix with strictly positive
elements and ε(t) = D(t) − D̂(t) is the vector of estimation
error with D̂(t) is the estimate vector of D(t) that will be
determinate later. Computing the first time derivative of V(t)
gives:

V̇(t) =ỹT (t) ˙̃y(t) + εT (t) Γ ε̇(t)

=ỹT (t) [A1 y(t) + B1 u(t) + D(t)− ẏ∗(t)]

+ εT (t) Γ ε̇(t)

(15)

Selecting the following control law:

u(t) = B−11

[
ẏ∗(t)−A1 y(t)− D̂(t)−K ỹ(t)

]
(16)

where K ∈ R4×4 is a diagonal positive matrix. Hence,
substituting the above controller in V̇(t) yields to:

V̇(t) =ỹT (t)
[
D(t)− D̂(t)−K ỹ(t)

]
+ εT (t) Γ ε̇(t)

=− ỹT (t)K ỹ(t) + εT (t) [ỹ(t) + Γ ε̇(t)]
(17)

To ensure that the above equation is negative definite, the
following condition must be met:

ỹ(t) + Γ ε̇(t) = 0 (18)

Developing (18) gives:

D̂(t) = D(t) + L Γ−1 ỹ(t) (19)
Assuming that the uncertain vector is continuous and differ-
entiable and slow varying between two very close time period
such as D(t) ∼= D(t−L). Then, the term D̂(t) can be obtained
using TDE as follows:

D̂(t) = D(t− L) + L Γ−1 ỹ(t)

= ẏ(t− L) −A1 y(t− L) −B1 u(t− L) + LΓ−1ỹ(t)
(20)

where L represents the delay that is usually selected to be
equal to the sampling period.

Hence, substituting (16) and (20) in V̇(t) gives:

V̇(t) = −ỹT (t)K ỹ(t) ≤ −λmin(K)‖ỹ(t)‖2 (21)

where λmin(K) is the minimum eigenvalue of K. Hence, the
closed-loop system is stable.

IV. NUMERICAL SIMULATION

In this part, a simulation program using MATLAB/Simulink
has been carried out to prove the efficiency of the devel-
oped controller for the considered asymmetrical six-phase IM.
The mechanical and electrical parameters of the considered
machine can be found in [15] and in the Appendix. To
perform this simulation, the sampling frequency is chosen to
be f = 10 kHz while the delay L is selected to be 1/f ,
the torque load connected to the asymmetrical six-phase IM
is selected to be 2 N.m and the imposed d current has been
fixed at (i∗sd = 1 A). For the outer speed control loop, the PI
regulator gains are chosen as follows:

Kp = 9.17, KI = 0.027.

In this part, the performance of the proposed backstepping
with TDE will be quantified by a comparative study with the
proposed SMC combined to TDE in [14], [15], [31] based on
the Mean Squared Error (MSE) between the measured currents
and their respective references and on the Total Harmonic
Distortion (THD) in the α − β plane. These two indices are
defined by:

MSE(yi) =

√√√√ 1

N

N∑
k=1

ỹ2
i (k)

THD(yi) =

√√√√ 1

is1

N∑
j=2

i2sj

(22)



where N represents the total number of simulation samples,
is1 and isj represent respectively the fundamental and the
harmonic stator currents.

A. Results obtained via the proposed backstepping with TDE

The proposed control law described in the previous section
is given in (16). During the simulation, the gains of the inner
control loop are chosen as follows:

K = diag(500, 500, 200, 200),

Γ = diag(0.1, 0.1, 0.1, 0.1).

(a)

(b)

Fig. 3. Stator currents tracking in α−β and x−y planes: (a) Results obtained
via the proposed approach, (b) Results obtained via SMC with TDE.

For an i∗sαβ amplitude of 1.5 A, Fig. 3(a) shows the response
of the output vector. Moreover, Fig. 4(a) shows that the stator
currents in α−β plane track precisely their desired references
in the transient and the steady-state of the desired rotor speed.
Finally, the behavior of the control input signals are depicted
in Fig. 5(a).

B. Results obtained via SMC with TDE

A complete study of this method can be found in [15], [32].
The control law for the considered asymmetrical six-phase IM
is obtained as follows:

u(t) =B−1
1 [−A1 y(t) + ẏ∗(t) + B1 u(t− L) · · ·

· · · − ẏ(t− L) + A1 y(t− L) − η sgn(ỹ(t))]
(23)

where η is a (4 × 4) diagonal positive matrix chosen to
be diag(30, 30, 30, 30) such as the convergence and the closed-
loop stability are guaranteed in finite-time and sgn(ỹ(t)) =
[sgn(ỹ1(t)), · · · , sgn(ỹ4(t))]T such as sgn(ỹi(t)) for i = 1, · · · , 4
is defined as follows:

sgn(ỹi(t)) =

 1, if ỹi(t) > 0
0, if ỹi(t) = 0
−1, if ỹi(t) < 0

(24)

The simulation results in Fig. 4(b) shows the effectiveness of this
nonlinear technique thanks to the convergence of the controlled stator
currents in finite-time to their desired trajectories even in the presence
of unknown dynamics. However, this method still suffering from the
main disadvantage of the conventional SMC which is the chattering
as depicted in Fig. 5(b).

C. Discussion

The results of the comparative study are summarized in Table I.
Based on this quantitative comparison and on the behavior of tracking
and control inputs, the proposed method shows its superiority such
that the performances obtained are quite similar while the problem of
chattering and the control effort are greatly reduced, especially for the
stator current in x− y plane. This amelioration makes the proposed
controller more attractive since the generated control inputs are less
dangerous than the ones obtained using SMC with TDE that could
damage the motor.

TABLE I
COMPARATIVE STUDY IN TERM OF MSE AND THD OF THE STATOR

CURRENTS

Proposed method SMC with TDE
MSE(y1) 0.0311 0.0325
MSE(y2) 0.0309 0.0318
MSE(y3) 0.1942 0.01678
MSE(y4) 0.2118 0.01861
THD(y1) 23.61 23.55
THD(y2) 23.71 23.65

V. CONCLUSION

A robust nonlinear backstepping control with TDE method has
been proposed in this work for stator currents tracking in the α− β
and x− y planes. On the one hand, highly precise approximation of
the perturbations and the unmeasurable rotor current has been enabled
in a simple way via the TDE method. On the other hand, backstepping
scheme rejects the effect of the nonlinearities caused by TDE error
and ensures that the output vector tracks with high accuracy the
known desired vector of currents. The efficiency of the developed
technique has been supported by the results of Matlab/Simulink
simulations on an asymmetrical six-phase IM. The results showed
that the proposed approach allows high performances and provides
better results in comparison with the combined sliding mode with
time delay estimation.



(a)

(b)

Fig. 4. Stator currents tracking in α− β plane for a fixed rotor speed: (a) Results obtained via the proposed approach, (b) Results obtained via SMC with
TDE.



(a)

(b)

Fig. 5. Control input signals for stator currents: (a) Results obtained via the proposed approach, (b) Results obtained via SMC with TDE.

APPENDIX

The element of the matrices in (3) and (4) are defined as follows:

a11 = a22 = − LrRs

LsLr − L2
m

a12 = −a21 =
L2

m

LsLr − L2
m

ωr(t)

a15 = a26 =
LmRr

LsLr − L2
m

a16 = −a25 =
LmLr

LsLr − L2
m

ωr(t)

a33 = a44 = −Rs

Lls

a51 = a62 =
LmRs

LsLr − L2
m

a52 = −a61 = − LsLm

LsLr − L2
m

ωr(t)

a55 = a66 = − LsRr

LsLr − L2
m

a56 = −a65 = − LsLr

LsLr − L2
m

ωr(t)

b11 = b22 =
Lr

LsLr − L2
m

b33 = b44 =
1

Lls

b51 = b62 = − Lm

LsLr − L2
m



where Lm is the magnetizing inductance, Llr and Lls denote respec-
tively the leakage inductance of the rotor and stator, Lr = Llr +Lm

and Ls = Lls + Lm denote respectively the inductance of the rotor
and stator, Rr and Rs denote respectively the resistance of the rotor
and stator and ωr(t) represents the rotor electrical speed. The above
parameters are given in Table II.

TABLE II
ELECTRICAL AND MECHANICAL PARAMETERS OF THE SIX-PHASE IM

Parameter Value Parameter Value
Rr 6.9 Ω Ls 654.4 mH
Rs 6.7 Ω P 1
Lls 5.3 mH Bi 0.0004 kg.m2/s
Llr 12.8 mH Ji 0.07 kg.m2

Lr 626.8 mH Nominal Power 2 kW
Lm 614 mH Nominal Speed 3000 rpm
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[29] Y. Kali, M. Saad, J.-P. Kenné, and K. Benjelloun, Robot Manipulator
Control Using Backstepping with Lagrange’s Extrapolation and PI
Compensator. Singapore: Springer Singapore, 2019, pp. 137–161.

[30] K. Youcef-Toumi and O. Ito, “A time delay controller for systems with
unknown dynamics,” ASME J. Dyn. Syst. Meas. Control, vol. 112, pp.
133–141, 1990.

[31] Y. Kali, J. Rodas, M. Ayala, M. Saad, R. Gregor, K. Benjelloun, J. Doval-
Gandoy, and G. Goodwin, “Discrete-time sliding mode with time delay
estimation of a six-phase induction motor drive,” in Proc. IEEE IECON,
2018, pp. 5807–5812.

[32] Y. Kali, M. Saad, K. Benjelloun, and M. Benbrahim, “Sliding mode
with time delay control for MIMO nonlinear systems with unknown
dynamics,” in Proc. RASM, 2015, pp. 1–6.


