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ABSTRACT In this paper a robust vector control method based on second order Super Twisting Sliding
Mode Controllers (STSMCs) for two series-connected Five-Phase Permanent Magnet Synchronous Motors
(FP-PMSMs) supplied by a single five-leg inverter is suggested. The vector control method of the two
series-connected FP-PMSMs is based on six regulation loops for currents and speeds that are usually based
on proportional integral controllers. Thus, the first aim of this paper is to replace the proportional integral
controllers by the proposed second order STSMCs in order to enhance the control system performance in
terms of robustness under uncertainties, external disturbances and tracking accuracy. Indeed, the second order
STSMCs are proposed in order to overcome the limitations of the proportional integral controllers in terms
of sensitivity against the variations in FP-PMSMs parameters and load disturbances and to overcome the
first order sliding mode control chattering problem. However, the suggested second order STSMCs require
information about the load torques applied to the two FP-PMSMs, which are estimated using sliding mode
load torque observers hence reducing the cost and maintenance rate of the electromechanical system due
to the elimination of load sensors. Our simulation studies conducted in MATLAB/Simulink check whether
the proposed topology of the two series-connected FP-PMSMs controlled by the suggested vector control
based on second order STSMCs can regulate the speed at the same time under various conditions. These
conditions include load disturbances, parameter variations in both machines, and disturbances resulting from
the opening of a phase. Our objective is to demonstrate the excellent robustness of the suggested second
order STSMCs based vector control approach in terms of independent speed control of the two FP-PMSMs
even at low or reversed speeds, compared with the conventional proportional integral control strategy. In this
comparative study, various performance indices are used to demonstrate the robustness of the proposed vector
control method based on second order STSMCs control strategy in comparison to the vector control method
based on proportional integral controllers.

INDEX TERMS Five-phase PMSMs, vector control strategy, second order sliding mode control, supertwist-
ing algorithm, faulty operation modes.

The associate editor coordinating the review of this manuscript and

approving it for publication was Paolo Giangrande .

I. INTRODUCTION
In high-power industrial applications that require high opera-
tional reliability, unconventional structured electric machines
provide an interesting solution. They are used in various
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electromechanical systems such as electric propulsion in
the field of railway traction, aerospace application [1], [2],
electrical vehicles [3] and marine applications [4]. Uncon-
ventional structured electric machines refer to electric motor
designs that differ from conventional configurations such as
inductionmotors or synchronousmotors. Thesemachines can
include configurations such as variable reluctance machines,
axial flux machines, and Permanent Magnet Synchronous
Motors (PMSMs). The PMSMs have become attractive due
to their high power density, high efficiency, and low iner-
tia [5]. The key advantage of these machines is their ability
to meet the high-energy demands of mechanical loads. How-
ever, when high power is required, problems arise in terms
of operational safety, acoustic discretization, and constraints
on static switches in the inverter which need to switch high
currents. Multiplying the number of phases allows, on the
one hand, power segmentation, leading to a reduction in con-
straints on the components used in static converters. On the
other hand, it enables a degraded operation while ensuring the
continuity of service with low and acceptable torque ripples
compared to three-phase machines [6]. This is particularly
important in industrial applications where the failure of a
propulsion system can have severe consequences in terms
of safety, costs and operational efficiency. In PMSMs, the
rotor excitation is provided by permanent magnets. Unlike
other types of motors, PMSMs do not require an additional
direct current power supply to ensure rotor excitation. This
characteristic presents a significant advantage as it eliminates
power losses associated with rotor windings and allows for
a pseudo-linear Park model that is well suited for the real-
time implementation of variable speed control structures.
The rapid evolution of power electronics and control the-
ory has enabled robust control of the multiphase electrical
machines used in electric propulsion. These advances have
contributed significantly to the replacement of mechanical
propulsion due to their increased reliability [7]. In addi-
tion, these machines are generally lighter and more compact
and they often have better dynamic characteristics than tra-
ditional mechanical propulsion solutions. Like multiphase
electrical machines, some research work has dealt with differ-
ent innovative topologies for controlling multiple machines
connected in series or in parallel, thus reducing the weight
without compromising performance [8], [9], [10], [11], [12].
To control the torque and flux of a multiphase system, gener-
ally only the direct (d) and quadrature (q) current components
were used. The remaining current components could be allo-
cated to control other machines fed by a single multi-leg
inverter [13]. In a series connection topology, independent
control of each machine would require specific coupling.
However, it was important to consider an appropriate phase
transposition when connecting. With proper phase transposi-
tion of the series connectedmachines, the current components
produced independent control of each machine [14]. The
torque ripples of one motor then depended on the speed of
the other motor. These torque ripples severely degraded the

efficiency of the system. In fact, a series connection of two
PMSMs powered by a single five-leg inverter offers several
advantages: Firstly, it reduces to half the number of transistors
needed to control the motors. This results in a reduction in
the investment costs and the overall system mass, which is
particularly important in the aerospace and marine industries.
In addition, independent control of the motors allows for
better control of the speed and torque of each motor. This
is particularly important in applications that require high
precision or equal distribution of the load between different
motors. This series topology can appear as an interesting
application for electric propulsion in ships, even when both
propellers are operated at reduced power and for different
maneuvering modes, because it significantly reduces invest-
ment costs. This structure has been used for several years in
the aerospace and maritime industries. Finally, the authors
in [15] explored the advantages of this configuration and pro-
posed solutions to improve system reliability and resilience.
However, when a phase opening fault occurred in the inverter,
the robust control of the inverter would allow the system to
continue operating even with very small oscillations in the
speeds of the two machines. This strategy produced good
results with the drive studied in [15].

In this context and thanks to the benefits of the multiphase
PMSMs and their operation in series connection, especially
in the field of electric vehicles and ship driving, our research
work is oriented towards the development of robust and
high performance control of the aforementioned machines.
Nevertheless, the application of the Vector Control (VC)
strategy, proposed by Blascke in 1972, has been widely used
for PMSMs where high-precision speed control in dynamic
and static regimes is required [16], [17]. However, this control
method is vulnerable to external disturbances and uncertain-
ties related to parameters, since it uses Proportional Integral
(PI) controllers. The PI controller performs well in a variety
of industrial applications, but the main problem is that it is
insufficient to counteract parameter changes and outside dis-
turbances [18], [19], which subsequently impairs the system
stability and dynamics. Indeed, in [20], the authors proposed
an efficient control of two synchronous series-connected five-
phase motors, which offered useful results. However, the two
motors were controlled by a vector control method based on
PI controllers. Moreover, the control technique performance
was not evaluated under parameter variations and at very low
speed ranges. In [10], the authors investigated a series con-
nection of two five−phase permanent magnet synchronous
motors supplied by a single inverter. Indeed, in the latter
work, a decoupling control approach based on an improved
dual−frequency vector modulation and a harmonic current
compensation method was proposed to prevent the torque
ripples. The performance of the proposed approach was ver-
ified by digital simulation and experimentation. However,
the robustness performance of this approach is not verified
since it used six control loops based on PI controllers. More-
over, PI controller offered limited performance and it seemed
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unsuitable for controlling complex non-linear systems that
operated under severe conditions, like the electric vehi-
cle applications. Recently, the electric vehicles have gained
increasing importance for several reasons, driven by environ-
mental, economic and technological factors [21], [22], [23].
However, the complexity of electric vehicle operation the
need to optimize their efficiency and range and the dynamic
nature of driving conditions require robust control methods
for electric motor management. These methods ensure that
the vehicle performs efficiently, safely and predictably across
a wide range of scenarios. In [21], the authors proposed
a nonlinear robust H-infinity control technique for improv-
ing trajectory following performance of autonomous ground
electric vehicles. To remedy the above-mentioned limitations
of the PI controllers, several researchers have suggested
different non-linear control approaches, such as the backstep-
ping approach [24], the fuzzy logic control [25] the input-
output linearization control [26], the adaptive control [27],
the nonlinear robust H-infinity control [21], the robust finite
frequency H∞control strategy [22], Robust Vibration Con-
trol [23] and the Sliding Mode Control (SMC) [28].
Among the above-mentioned control techniques, the SMC

technique is characterized by high performance in terms
of excellent dynamics, rapid response and high durability
in the face of changes affecting system parameters [29].
Consequently, effectively limiting these disturbances will be
extremely difficult if linear control methods such as PI con-
trollers are adopted [30]. Therefore, the SMC is a nonlinear
control method renowned for its robustness under restricted
disturbance conditions or in the presence of limited errors
in the modeling of internal parameters, as well as for spe-
cific nonlinear behavior [31]. It should be noted that the
main disadvantage of the SMC is the appearance of an
undesirable effect known as ‘‘chattering’’. This phenomenon
involves high-frequency oscillations that lead to unstable sys-
tem dynamics, resulting in the loss of precision. To reduce the
chattering phenomenon, researchers have proposed several
solutions [32]. These include the use of functions smoother
than the ‘‘sign’’ function, such as the hyperbolic tangent
and the ‘‘sat’’ saturation functions [33]. Moreover, in [34],
the authors proposed adaptive sliding mode control for five-
phase PMSM. The suggested approach was well presented
and it provided useful results. However, the chattering phe-
nomenon was attenuated by replacing the ‘‘sign(s)’’ term by
a term with softer variation related to saturation function
‘‘sat(s)’’. The use of the saturation functions reduced the
phenomenon of chattering, but it could affect the precision
of control [35].
In [36], a first order SMC was designed to regulate the

speed of the five-phase salient-pole PMSM based on cur-
rent measurements and estimations of the rotor speed and
position. However, the chattering phenomenon was not inves-
tigated and the controller was tested only in a steady state
operation and without parameter variations. Indeed, a new
method was put forward in [37] to avoid chattering by

modifying the non-linear component of the SMC with a new
expression in order to reduce the chattering. Nevertheless,
this method was applied to a three-phase induction motor; it
was not tested at low speed ranges and under motor parameter
variations. Similarly, extensive research has been conducted
on the combination of a fuzzy inference system and SMC
for multiphase machines in order to design a hybrid con-
troller that would achieve better performance, calculate the
constant used in the discontinuous component of control
law in particular, and limit the chattering phenomenon [38].
Indeed, the fuzzy logic system was proposed to replace the
discontinuous control action used in the conventional SMC
technique which would reduce the chattering. However, the
performance of the controller was not studied in details, since
the operation at very a low speed, a locked rotor and under
parameter robustness were not presented. In [39] and [40],
the authors proposed several advanced controllers, such as the
combination of nonlinear SMC and artificial neural networks.
In [39] neural network combined with the SMCmethodology
was used to eliminate the chattering phenomenon and to
improve the error performance of SMC for a multi-machine
web winding system. This intelligent controller was tested
within the criteria of speed overshoot and chattering reduc-
tion. However, the use of intelligent techniques considerably
would increase the complexity of the control algorithm in
terms of design and practical applications. In [41], the authors
suggested improved Sliding Mode Reaching Law (SMRL)
based field oriented control for a three-phase PMSM to
reduce the sliding mode chattering. Indeed, according to the
choice of a piecewise function term, the proposed SMRL
adaptively selected the reaching velocity of the sliding mode.
The authors demonstrated that the suggested SMRL offered
satisfactory performance in steady state operations, but the
rotor speed deviation when the load was applied would be
higher and approximately equal to 200 rpm. Moreover, the
authors in [42] proposed a fractional order SMC for the per-
formance improved of a three-phase PMSM. This controller
offered satisfactory performance in terms of speed tracking
accuracy, but it used a high number of parameters for tuning.
In the aforementioned paper, the authors introduced a neural
network algorithm with reinforcement learning to determine
the optimal parameters of the suggested controller, which
offered better performance of control, but it increases the
control system complexity.

To overcome the limitations of the aforementioned solu-
tions, the Second-Order SMC (SOSMC) algorithms were
proposed by Levant and other researchers [43], [44]. The
most popular SOSMC used for controlling electrical systems
and for observation were discussed by the authors in [45],
which were the suboptimal algorithm, the prescribed con-
vergence law algorithm, the quasi-continuous algorithm, the
twisting algorithm and the super twisting algorithm. In the
aforementioned paper, the SOSMC was used for controlling
a five-phase interior PMSM, but the simulation results were
insufficient to demonstrate the performance of the controlled
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system in terms of accuracy, fast convergence, chattering
reduction, etc. In [46], the authors put forward adaptive
SOMC for multiple three-phase PMSM control systems.
However, the SOSMC design required the calculation of the
real-time higher-order derivatives of the outputs [47].
Among the control algorithms presented in [45], the super

twisting algorithm was one of the most promising SOSMC
algorithms.

Thus, the main advantages of STSMC include [48]:
(i) compensation for Lipschitz perturbations/uncertainties,
(ii) only information about the S sliding variable,
(iii) requiring finite-time convergence to the origin for both
S and the surface derivative Ṡ are simultaneously provided,
and (iv)chattering reduction by continuous control signals.
This algorithm is applied for controlling the rotor speed of
three-phase induction machine when direct torque control is
applied, and it provides satisfactory performance in terms of
tracking accuracy and chattering attenuation [19]. In [49],
the authors synthesized a speed controller with a super-
twisting sliding-mode algorithm for a three-phase PMSM.
The obtained results confirmed that the proposed controller
offered satisfactory performance, but it was not tested under
sever conditions like very low and reversal speeds, locked
rotors or parameter variations. Thanks to its excellent robust-
ness under uncertainty and non-linearity, the supertwisting
SOSMC was applied for controlling electrical motor that
driven electric vehicles [50]. Indeed, the authors studied the
path-following control problem for four-wheel-independent-
drive electric vehicles. They took into account modeling
mistakes and complicated driving scenarios. A supertwisting
SOSMC strategy was used to ensure the operational safety
and robustness. In the same vein, the super twisting SOSMC
could be considered as a promising solution for manufac-
turers for controlling electromechanical systems like electric
vehicles [21], [22], [23].

In this context, the first contribution of our article consists
in combining a Super-twisting SMC (STSMC) with a vector
control strategy for two Five-Phase PMSMs (FP-PMSMs)
connected in series and supplied by a single five-leg inverter.
Referring to the previously published research work, this idea
has not been investigated yet. Indeed, each control loop of
speeds and currents based on a PI controller is replaced by
the suggested STSMC, which improves consequently the per-
formance of the control system in terms of robustness under
load disturbances and stator resistance variations, chattering
reduction, very fast convergence with excellent accuracy, and
low torque ripples.

Moreover, the proposed STSMC of speeds for each
machine requires the information about the load torques,
which can be measured by torque sensors or estimated using
an observer or estimator. However, the torque sensors used
increase the system cost, the maintenance rate and the system
complexity. In this context, the second contribution of this
paper is to synthesize a robust Super-Twisting Load Torque

Observers (ST-LTOs) to estimate the load torques for each
FP-PMSM. Thus, the developed control schemes combine the
functionalities of robust control and robust torque estimation
of two series-connected FP-PMSMs.

To sum up, the main goals and contribution of this paper,
for both theory and simulation studies, are summarized as
follows:
1) A newly modified vector control scheme based on

STSMCs for two FP-PMSMs connected in series and
supplied by a single five-leg inverter is introduced. The
advantages of the proposed control scheme is to improve
the system performance in terms of robustness under
load disturbances and stator resistance variations, chat-
tering reduction, very fast convergence with excellent
accuracy, prevented chattering, and reduced torque rip-
ples. A single five-leg inverter instead of two inverters
reduces the power system cost and power losses. In the
literature, they used a two series-connected FP-PMSMs
fed by a single five-leg voltage source inverter and uti-
lized them with PI-based or SMC- based vector control,
without applying super-twisting SMC.

2) Robust ST-LTOs is put forward for load torque esti-
mation, which consequently reduces the system cost,
the complexity of the control system and the main-
tenance rate by eliminating the load sensors. Up to
our knowledge, this has been the first time to use
ST-LTOs in the literature in the structure of two series-
connected FP-PMSMs fed by a single five-leg voltage
source

3) In simulation aspects, the proposed vector control
strategy with STSMC and ST-LTOs are designed
under Matlab/Simulink environment and shows excel-
lent robustness under load torque disturbances, stator
resistance variations and fast dynamic responses with
excellent accuracy and acceptable performance under
one phase opening.

4) A comparative study by numerous scenarios of simula-
tion between the PI and the suggested STSMC is carried
out. Concerning results, the suggested controller pro-
vides better performance using several criteria, such as:
speed response time, speed overshoot, robustness under
load disturbances and parameter variation, chattering
and torque ripples, as well as the operation continuity
under an open phase.

The rest of the paper can be organized as follows: In section II,
the mathematical model of an FP-PMSM and a brief
presentation of a VC strategy of a two series-connected
FP-PMSM and a brief presentation of a VC strategy of a two
series-connected FP-PMSMs are presented. In section III, the
STSMC and sliding mode observers for the load torque are
developed. In section IV, the simulation results are presented
to test the performance of the suggested VC method based
on synthesized STSMC. Finally, the paper is concluded in
section 6.
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II. FP-PMSM MODELING AND PRINCIPLE OF
VC METHOD
A. MODELING OF SINGLE FIVE-PHASE PMSM
A synoptic representation of a five-phase PMSM is given
in Figure.1, where the angle ‘‘2π /5’’ is the geometric angle
between each two successive phases. In the (a, b, c, d, e)
stationary reference frame, the voltage equation of the five-
phase PMSM can be expressed as follows [6], [8]:

[Vabcde] = [Rs] [iabcde] +
d [8abcde]

dt
(1)

where Rs denotes the resistance, 8abcde is the stator flux
linkage, L is the stator inductance, Va, Vb, Vc, Vd, Ve,ia, ib,
ic, id and ie are respectively the stator voltages and currents
in the (a, b, c, d, e) axis.

8abcde = [Ls] iabcde + ek

[Ls] =


L M1 M2 M2 M1
M1 L M1 M2 M2
M2 M1 L M1 M2
M1 M2 M2 L M1
M1 M2 M2 M1 L

 (2)

where ‘‘L’’ is the stator inductance ek is the EMF induced in
the kth phase by the permanent magnet rotor,M1 is the mutual
inductance between two adjacent phases which are phase-
shifted by an electrical angle of ±2π /5, andM2 is the mutual
inductance between two non-adjacent phases (electrical shift
angle ±4π /5).

FIGURE 1. Illustration of FP-PMSM.

Modeling in the natural basis of the PMSM does not allow
for an easy control model because of the strong magnetic
coupling of the phases. It is interesting to exploit the sym-
metry and circularity of the inductance matrix to model the
PMSM in a basis ensuring a magnetic decoupling of the
phases. This new basis is obtained by applying a Concordia
transform of order 5 defined as a matrix [C] of the passage
from the natural basis to the decoupling basis defined in [20]
and recalled in the appendix. The multi-phase machine is
then split into several single-phase and fictitious two-phase
machines, which are magnetically independent but mechan-
ically coupled on the same shaft, which can be called main
(plane α, β), secondary (plane x, y) and zero-sequence (h) [8].

This transformation results in:

−→
V αβ = Rs

−→
i αβ+LP

(
d
−→
i αβ−P

dt

)
+

−→e αβ

−→
V xy = Rs

−→
i xy+Ls

(
d
−→
i αβ−s

dt

)
+

−→e xy

−→
V h = Rs

−→
i h+Lh

(
d
−→
i h
dt

)
+

−→e h

(3)

The values of Lp and Ls can be calculated directly from L,
M1 and M2. Their expressions are given by [8]:

Lp = L + 2(M1cos(
2π
5
) +M2cos(

4π
5
))

Ls = L + 2(M1cos(
4π
5
) +M2cos(

2π
5
)) (4)

In order to express all quantities in the same reference
frame, the application of Park’s transformation leads to the
following system of d-q equations [16]:

Vd1 = Rsidp+ Lp
didp
dt

− P�Lpiqp

Vq1 = Rsiqp+ Lp
diqp
dt

+ P�Lpidp+

√
5/
2ωe8f

Vd3 = Rsids+ Ls
dids
dt

− 3P�Lpiqs

Vq3 = Rsiqs+ Ls
diqs
dt

+ 3P�Lsids

(5)

where 8f , Pand � denote the rotor flux created by the
magnets and closed on the stator, the number of pair poles
and the mechanical rotor speed, respectively.

Considering the mechanical load, the dynamic equation of
the PMSM can be expressed as:

J
d�

dt
= Tem − Tr − f� (6)

where Tem is the electromagnetic torque, Tr is the load torque,
J is the moment of inertia and fis the friction coefficient.

B. SERIES-CONNECTED TOPOLOGY OF TWO FP-PMSMS
WITH SINGLE 5-LEG VSI
For the system under study, two multi-phase machines con-
nected in series are considered. No coupling is provided on
the windings of the first machine, but the windings of the
second machine are coupled in star. This series connection
respects a particular phase transposition defined in [8] and
[14] and shown in Figure 2. This connection leads to the
possibility of independent control of both machines. The
multi-phase power supply of the two machines is provided
by a single five-arm inverter whose outputs are numbered by
the capital letters A, B, C, Dand E. On the other hand, the
phase sequence of the two machines, respecting the spatial
distribution of the windings (see Figure 1), is identified by
the letters lower case a, b, c, d and e.
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FIGURE 2. Topology of series-connected two five-phase PMSMs supplied
by single inverter.

C. CASE OF TWO SERIES-CONNECTED PMSMS
To establish the equivalent model for the series connection
of two FP-PMSMs, we start with the given model of a single
FP-PMSM in equation (5). The modeling process involves
transforming the system into different frames for analysis.
First, we realize the equivalent model in the natural frame
abcde. Next, we transform it into the α-β-x-y frames. Finally,
we convert it into the d1q1-d3q3 frame. Considering the topol-
ogy in Figure 1, the inverter output voltages, relative to the
neutral point, are determined as the sum of the voltages across
the windings of the two machines. The vector notation is as
follows [14]:

[Vs] =


VA
VB
VC
VD
VE

 =


Va1 + Va2
Vb1 + Vc2
Vc1 + Ve2
Vd1 + Vb2
Ve1 + Vd2

 (7)

The output currents of the inverter are given by:

iA = ia1 = ia2
iB = ib1 = ic2
iC = ic1 = ie2
iD = id1 = ib2
iE = ie1 = id2 (8)

Applying the Clark transformation matrix to the system in
Figure 2 gives a new representation in the α-β-x-y frames:

V inv
α

V inv
β

V inv
x
V inv
y
V inv
o

 = [C]


Va1 + Va2
Vb1 + Vc2
Vc1 + Ve2
Vd1 + Vb2
Ve1 + Vd2

 =


Vα1 + Vx2
Vβ1 − Vy2
Vx1 + Vα2
Vy1 + Vβ2
0

 (9)

The relationship between the output currents of the inverter
and the currents of the two machines is expressed by:

iinvα = iα1 = ix2
iinvβ = iβ1 = −iy2
iinvx = ix1 = iα2
iinvy = iy1 = iβ2

(10)

The new equation for the series connected substitution of
equations (9) and (10) is given by:

V inv
α = Riinvα + (Lp1 + Ls2)

diinvα

dt
− ωe18f 1

√
5
2
sin(θ1)

V inv
β = Riinvβ + (Lp1 + Ls2)

diinvβ

dt
− ωe18f 1

√
5
2
cos(θ1)

V inv
x = Riinvx + (Ls1 + Lp2)

diinvx
dt

− ωe28f 2

√
5
2
sin(θ2)

V inv
y = Riinvy + (Ls1 + Lp2)

diinvy
dt

+ ωe28f 2

√
5
2
cos(θ2)

(11)

where Rs1 is added to Rs2 to give a global resistance R =

Rs1 + Rs2. ωe1 and ωe2 denote the electric speeds for the
FP-PMSM1 and ωe2 for FP-PMSM2.
The model obtained in equation (11) above followed by

the Park transformation is a transformation into a two-phase
system with two distinct rotations that are each defined by
a sub matrix and grouped into the following matrix [P] that
satisfies the special case of transposition.

[P] =


cos(θe1) sin(θe1) 0 0
−sin(θe1) cos(θe1) 0 0

0 0 cos(θe2) sin(θe2)
0 0 −sin(θe2) cos(θe2)

 (12)

The application of the Park transformation leads to a sys-
tem of d-q equations in which the current, the voltage and the
EMF are constant. The angle θe in (12) is the instantaneous
position of the rotor, which is different from the twomachines
and takes the value θe1 for the first machine and θe2 for the
second [14]. The equivalent model of the series connection of
the two PMSMs in the d-q frame is:

V inv
d = Riinvd + (Lp1 + Ls2)

diinvd
dt

− ωe1(Lp1 + Ls2)iinvq

V inv
q = Riinvq + (Lp1 + Ls2)

diinvq
dt

+ ωe1(Lp1 + Ls2)iinvd

+8f 1

√
5
2
ωe1

V inv
x = Riinvx + (Ls1 + Lp2)

diinvx
dt

− ωe2(Ls1 + Lp2)iinvy

V inv
y = Riinvy + (Ls1 + Lp2)

diinvy
dt

+ ωe2(Ls1 + Lp2)iinvx

+8f 2

√
5
2
ωe2

(13)

where 8f 1 and 8f 2 are the total cash flow caused by the
magnets and closed on stator 1 and stator 2, respectively. The
expressions of the electromagnetic torques are written as:{

Tem1 = p1
√
5/2.8f 1.Iq

Tem2 = p2
√
5/2.8f 2.Iy

(14)

Once again, we emphasize the independence of these
two expressions: Each developed electromagnetic torque is
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FIGURE 3. Block diagram of PI independent speed control of two series connected FP- PMSMs.

controlled exclusively by the current of its main fictitious
machine: iq for the first machine and iy for the second
machine.

D. VECTOR CONTROL OF TWO SERIES-CONNECTED
FP-PMSMS
The drive system shown in Figure 2 consists of two
FP-PMSMs fed by a single 5-leg voltage source inverter.
Figure 2 illustrates the phase transposition rules for a series-
connected system of two FP-PMSMs, where indices 1 and
2 identify the two machines. This particular transposition
of stator windings enables the independent control of the
two machines. Considering this series connection of the two
machines (Fig. 2), the relationships between the inverter volt-
ages and the voltages of each machine are as follows:

V ∗
A
V ∗
B
V ∗
C
V ∗
D
V ∗
E

 =


V ∗

a1 + V ∗

a2
V ∗

b1 + V ∗

c2
V ∗

c1 + V ∗

e2
V ∗

d1 + V ∗

b2
V ∗

e1 + V ∗

d2

 (15)

The inverter phase current references are given by:
iA
iB
iC
iD
iE

 =


ia1
ib1
ic1
id1
ie1

 =


ia2
ic2
ie2
ib2
id2

 =


i∗a1 + i∗a2
i∗b1 + i∗c2
i∗c1 + i∗e2
i∗d1 + i∗b2
i∗e1 + i∗d2

 (16)

Equations (13) and (14) are very independent, so we can
control each machine separately. Among the used strategy
is the vector control, based on PI controllers, where the id
and ix components are maintained at zero. We control the

torques solely through the iq and iy currents. The overall
voltage references are then provided by the current controllers
according to the functional diagram of the vector control
shown in Figure 3.
As shown in figure 3, the vector control strategy of the two

series connected FP-PMSMs is based on six control loops
based on a PI controllers. The calculation procedure of these
controllers’ parameters is detailed as follows:

1) SYNTHSIS OF SPEED CONTROLLER
The block diagram of the closed-loop speed controller is
depicted in Figure 4. The speeds loop is implemented using a
Proportional Integral (PI) controller, where the proportional
coefficient is denoted as kp�j, (j=1, 2) of each machine,
respectively.

FIGURE 4. Block diagram of the closed-loop speed control.

The parameters of the speed controller are chosen to
achieve the desired performance of the closed-loop system
by specifying the damping ratio ζ and the natural frequency
ω0 [51], [52]. The speed control loops of FP-PMSM2 are
not discussed separately as they are essentially the same as
FP-PMSM1. The transfer function of closed loop Gcl1 for
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Figure 4 is given by:

Gcl1 =
�1

�∗

1
=

1

Ti�1J1
Kp�1

s2 + Ti�1(1 +
f1

Kp�1
)s+ 1

(17)

The transfer functionGcl1 exhibits a second-order dynamic
response.

Gcl1 =
1

1
ω2
0
s2 +

2ξ
ω0
s+ 1

(18)

By identifying the denominator of Gcl1 in a canonical form
of (18), we obtain the following relationships.

1

ω2
0

=
Ti�1J1
Kp�1

2ξ
ω0

= Ti�1(1 +
f1

Kp�1
)

(19)

To achieve a response without overshoot, the damping
coefficient is set to ζ = 1, which corresponds to the relation
ω0.trep = 4.75, as provided in Table 5 in Appendix. Here,
trep denotes the time for the speed response. Therefore, the
parameters of the speed controller are determined as follows: Ti�1 =

2 J1 ω0 − f1
J1 ω2

0
Kp�1 = 2 J1 ω0 − f1

(20)

The output of the speed controller is the desired electro-
magnetic torque (reference torque), which is then multiplied
by a constant k, to determine the reference q-axis current
component. The reference currents for the d-axis (d), the
direct-axis (x), and the q-axis (y) are maintained at zero. The
parameter k can be expressed as:

k =

√
2
5

1
8f1 P1

(21)

2) SYNTHSIS OF CURRENTS CONTROLLERS
The current control loops are implemented in the (d, q);
(x, y) frame. In this frame, the reference currents is contin-
uous, allowing the use of PI controllers, which streamline the
control process and enhance its efficiency. Figures 5 and 6
illustrate the block diagrams for the closed-loop current
control along the (q, y) axis. As for the current models in
(d, x), they are not discussed separately since they are essen-
tially the same as the current loops in the (q, y) frame. The
system involves two parameters that need to be determined:

• The PI controller of (d, q) axis current loop.
• The PI controller of (x, y) axis current loop.
As the current models are the same in the (d, q) axis

and in the (x, y) axis, the two current controllers in the
(d, q) axis, and the two current controllers in the (x, y) axis
should be designed with the same integration time constant
and the same proportionality coefficient, respectively. The
proportional coefficients are kpp and kpq in the (d, q) axis and
kpx and kpy in the (x, y) axis. The corresponding integral time
constants in the (d, q) axis and (x, y) axis are respectively

FIGURE 5. Block diagram of the closed loop Iq current control.

FIGURE 6. Block diagram of the closed loop Iy current control.

denoted as τip and τix. Consequently, the transfer functions
of the PI controllers are as follows:

• In axis (d, q)

Kpp(τips+1)
τips

(22)

• in axis (x, y)

Kpx(τixs+1)
τixs

(23)

The parameters of the PI current controllers are selected
based on two criteria [53]: (1) ensuring that the zero of
the current controller cancels the pole of the dominant time
constant of the process, and (2) choosing a feedback loop time
constant that is lower than that of the process.

The transfer function of the open loop for the current along
the q axis is expressed as follows:

Gqol =
Kpp(τips+1)

τips
1
R

1
(1 + τps)

(24)

τp =
Lp1+Ls2

R is the electrical time constant of the d - q axis
current loop.

Considering the first rule

τip1 + 1 = 1 + τps (25)

The simplified transfer function of the feedback loop sys-
tem is:

Gqcl =
1

1 + R τip
Kpp

s
=

1
1 + Tos

(26)

The time constant T0 of the feedback loop in the (d, q) axis
current loop is set at a fixed value according to [52].

T0 = R
τip

Kpp
= 0.116 ∗ τp (27)
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The integral time constant and the proportional coefficient
of the PI current controller in the (d, q) axis are determined
by solving equations (25) and (27).

Therefore, the parameters of the (d, q) axis current con-
troller are given by: Kpp =

R
0.116

τip = τp

(28)

The y axis current is regulated by the previously described
d-q axis current loop. Consequently, the integral time constant
and the proportionality coefficient of the current controller
in the x-y axis are determined by solving the following
equations:  τixs + 1 = 1 + τss

R
τix

Kpx
= T0x

(29)

τs =
Ls1 + Lp2

R is the electrical time constant of the
x-y axis current loop. Additionally, the time constant Tox of
the feedback loop in the x-y axis current loop is fixed at a
certain value.

T0x = 0.116 ∗ τs (30)

III. SLINDING MODE CONTROL OF SERIES-CONNECTED
TWO FP-PMSMS
A. PRINCIPLE OF SMC
SMC is considered robust due to its inherent ability to main-
tain stable control in the presence of uncertainties, distur-
bances and variations in the system dynamics. The robustness
of SMC is primarily attributed to the following key character-
istics of the control technique [28], [45]:

✓ Sliding surface: SMC employs a sliding surface that
guides the system state trajectory to track a desired reference
trajectory. The sliding surface acts as a ‘‘virtual wall’’ that
the system is forced to follow. This means that regardless
of the system’s inherent uncertainties or external distur-
bances, the control action is designed to keep the system state
on this sliding surface.

✓ Discontinuous control action: SMC utilizes a discon-
tinuous control law that switches the control action to keep
the system on the sliding surface. This control action changes
instantaneously, essentially ignoring small perturbations and
focusing on maintaining the system on the sliding surface.

✓ Invariance principle: The fundamental idea behind SMC
is the invariance principle, which states that if the system
reaches the sliding surface, it will stay on it indefinitely.
This invariance ensures that the system remains robust to
uncertainties and disturbances, as it is designed to stay on the
sliding surface despite external influences [48].

✓ Chattering: While chattering (rapid switching between
control modes) is considered an undesirable feature of SMC,
it contributes to the robustness of the control approach.
Chattering helps counteract uncertainties and disturbances by

rapidly adapting the control action to the changing dynamics
of the system.

The SMC concept consists of three phases: an initial phase
of reaching in which the state trajectory is driven to the sur-
face S=0 and attains it in a finite time. This is succeeded by
a sliding phase in which the trajectory slides on the switching
surface to an equilibrium point. The fundamental principle of
SMC is illustrated in Figure 7 [19].
The SMC principle is described by the following actions
i) Choice of a sliding surface.
ii) Determination of a control law u(x, t) that can attract

all state trajectories towards the sliding surface in finite
time.

iii) Maintaining the trajectory state around this surface using
an appropriate switching logic

FIGURE 7. Different modes of SMC principle.

It is important to note that while SMC is robust to many
types of uncertainties and disturbances, it may still have lim-
itations or practical challenges, such as control chattering or
sensitivity to high-frequency noise. Proper design and tuning
of the control parameters are crucial to achieving the desired
performance and Robustness in practical applications. The
second order STSMCs is used in this paper to remove the
chattering phenomenon without creating an accuracy prob-
lem, and at the same time save themain advantage of classical
first- order SMC in terms of robustness against a very large
class of uncertainties and/or perturbations.

In this study, the second-order STSMCs applied to the
series-connected two PMSMs is twofold: to ensure a speed
tracking according to the reference trajectory and to constrain
the stator current components to their reference values, as in
(31), shown at the bottom of the next page, where Vd, Vq, Vx,
Vy and Id, Iq, Ix and Iy are the voltage and current components
of the main and secondary d and q axes. Equation (13) proves
that the permanent magnet synchronous machine is a non-
linear multivariable system. In equation (31) Id, Iq, Ix, Iy, �1
and �2 represent the state vector, and Vd, Vq Vx and Vy
represent the control input vector.

The first step of the SMC design consists in defining a
number of switching surfaces S(x). In this paper we consider
the following expression of the sliding surface [55], [56].

S(t) =

(
d
dt

+ λ

)r−1

e(t) (32)
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where e(x) = x−xref is the tracking error vector, λ is the
positive constant and r denotes the relative degree and cor-
responds to the number of times that the surface needs to be
differentiated before reaching the system input.

The second step consists in designing the control law to
satisfy the condition Ṡ(x) = 0 to ensure the convergence
towards the sliding surface, and the attractiveness condition
is given by:

S(X ).Ṡ(X ) < 0 (33)

To satisfy the convergence of the system state trajectories
to the sliding surface S(X)= 0 in finite time, the discontinuons
control action can be defined as follows [54].

Un = Kisgn(S(X )) (34)

where Ki is a constant that must be chosen large enough to
compensate for the disturbances of the system and for the
difference between the output and its reference. It is important
to note that the discontinuous nature of the control technique
guarantees the robustness of the system to disturbances and
uncertainties. The discontinuous term of the control law leads
to the ‘‘chattering’’ phenomenon. A solution proposed to
mitigate the effects of this phenomenon is to use a saturation
function instead of the sign function, in order to achieve a
smoother discontinuity [56], as illustrated in equation (35)
and in Figure 8.

sat(S(X )) =

 sgn(S(X )) if |S(X )| > δ
S(X )

δ
if |S(X )| < δ

(35)

where δ is the width of the boundary layer.
Remark: the saturation function provides better perfor-

mance in terms of chattering attenuation, but the accuracy
will be affected. Thus, the steady-state error will always exist.
The problem of first order SMC can be solved using second-
order STSMC, which will be synthesized in the following
subsection.

B. PROPOSED SECOND-ORDER STSMC
The concept of higher-order SMC extends the idea of
first- order SMC by using higher-order derivatives of the

FIGURE 8. Saturation function.

sliding surface. This approach maintains the same robust-
ness and performance as SMC, but significantly reduces the
chattering phenomenon [19], [46], [47], [48], [49], [50], [51],
[52], [53], [54]. The objective of designing a super-twisting
controller is to develop a suitable control law that enables
the system control output to rapidly and accurately track the
reference trajectory. This algorithm is capable of delivering
a continuous control action using only the information on S.
To determine the nth-order sliding mode, we must proceed as
follows:

S = Ṡ = S̈ = . . . S(n−1)
= 0 (36)

The second-order STSMC law integrates two parts. The
first one is noted as ‘‘U1’’ which includes a discontinu-
ous time derivative function, while the second component,
‘‘U2’’, represents a continuous function of the sliding vari-
able [26], [55]. The continuous control law of the STSM in
given as follows:

UST = U1 + U2 (37)

with: {
U1 = −β

√
|S|sgn(S)

U̇2 = −γ sgn(S)
(38)

The gain parameters of the control law, β and γ (both≥ 0),
are crucial. By adjusting these gains in an arbitrary manner,



diinvd
dt
diinvq
dt
diinvx
dt
diinvy
dt
d�1
dt
d�2
dt


=



−
R

(Lp1+Ls2)
iinvd + ωe1iinvq +

1
(Lp1+Ls2)

V inv
d

−
R

(Lp1+Ls2)
iinvq − ωe1iinvd −

√
5/2ωe18f 1

(Lp1+Ls2)
+

1
(Lp1+Ls2)

V inv
q

−
R

(Ls1+Lp2)
iinvx + ωe2iinvy +

1
(Ls1+Lp2)

V inv
x

−
R

(Ls1+Lp2)
iinvy − ωe2iinvx −

√
5/2ωe28f 2

(Ls1+Lp2)
+

1
(Ls1+Lp2)

V inv
y√

5/2P18f 1

J1
iinvq −

f
J1

�1 −
1
J1
Tr1√

5/2P28f 2

J2
iinvy −

f
J12

�2 −
1
J2
Tr2



(31)
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limited time convergence can be achieved [55]. Generally,
gain β has a stronger effect on the system response, while
γ particularly affects the steady-state precision. The condi-
tions required to ensure satisfactory finite-time convergence
are outlined as follows [55]:

γ >
φ

0min

β2
≥

4φ0max(γ + φ)

0
3
min(γ − 8)

(39)

The positive bounds of the uncertain function8 are defined
byφ. The positive upper and lower bounds of the uncer-
tain function µ, which represents the second derivative of
the sliding manifold, are represented by 0min and 0max,
respectively [26].

8 > φand 0max ≥ µ ≥ 0min (40)

�̈ = φ(x, t) + µ(x, t)u̇ (41)

C. APPLICATION OF SECOND ORDER STSMC TO
TWO FP-PMSMS
In this subsection a combination between the VC approach
and second-order STSMC is presented. Thus, the PI con-
trollers for the rotor speeds and currents are replaced by
STSMC in order to perform a robust control strategy fea-
tured by high robustness under external disturbances, stator
resistance variations and a chattering-free phenomenon. The
different controllers will be synthesized below.

1) SYNTHESIS OF STSMC OF SPEEDS
In the present study, the error between the measured speeds
and the reference ones for the two FP- PMSMs is cho-
sen as the sliding mode surface, as given by the following
expression [26]:

S(�j) = �j − �jref , j = 1, 2 (42)

By taking the time derivative of the sliding surface given
by equation (42) and using the mechanical equations of the
two machines, we obtain the following equations:

Ṡ�1 = �̇1 − �̇1ref =
1
J1
(Tem1 − f1�1 − Tr1) − �̇1ref

Ṡ�2 = �̇2 − �̇2ref =
1
J2
(Tem2 − f2�2 − Tr2) − �̇2ref

(43)

where Trj, Jj, �j and fj denote the load torque, the inertial
value, themechanical rotor speed and the damping coefficient
of each machine, respectively.

From equation (43), equivalent control ensuring condition
Ṡ� = 0 gives:{

Tem1eq = J1 �̇1ref +Tr1 + f1�1

Tem2eq = J2 �̇2ref +Tr2 + f2�2
(44)

The reference torque produced by second-order SMC is
expressed as follows:{

Tem1ref = Tem1eq + UST1
Tem2ref = Tem2eq + UST2

(45)

The equivalent control ensuring condition Ṡ� = 0 gives
the components of the equivalent control vectors iinvqref and i

inv
yref

given by the following relation:
iinv
qref

=
(�̇1ref +

f1
J1

�1 +
1
J1
Tr1)

p1
√
5/28f 1
J1

iinv
yref

=
(�̇2ref +

f2
J2

�2 +
1
J2
Tr2)

p2
√
5/28f 2
J2

(46)

To ensure finite-time convergence to the sliding surface,
the control law is defined by:{

iinv
q

= iinv
qref

+ UST
iinv
y

= iinv
yref

+ UST
(47)

where iinvqref is defined in (46), and

UST = −k1
√

|S|sgn(S) −

t∫
0

k2sgn(S) (48)

The expression of currents iinvq and iinvy have the following
structure:

iinv
q

=
(�̇1ref +

f1
J1

�1 +
1
J1
Tr1)

p1
√
5/28f1
J1

− β�1
√

|S�1|sgn(S�1)

−

t∫
0

γ�1sgn(S�1)

iinv
yref

=
(�̇2ref +

f2
J2

�2 +
1
J2
Tr2)

p2
√
5/28f2
J2

− β�2
√

|S�1|sgn(S�2)

−

t∫
0

γ�2sgn(S�2)

(49)

In order to investigate the stability of the switching surface,
the generalized Lyapunov scalar function V(x, t) is employed,
which is defined to be positive.

V (X ) =
1
2
S2(X ) (50)

The super twisting control law needs to satisfy the Lya-
punov stability condition in order to ensure the stability of
speed control. The time derivative of the Lyapunov function
is characterized by:

Ṡ(X ).S(X ) ≺ 0 (51)
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By substituting, (45) in (43) we obtain:
Ṡ�1 = −

1
J1
(β�1

√
|S�1|sgn(S�1) +

t∫
0

γ�1sgn(S�1)dt)

Ṡ�2 = −
1
J2
(β�2

√
|S�2|sgn(S�2) +

t∫
0

γ�2sgn(S�2)dt)

(52)

Subsequently, the Lyapunov stability condition can be
expressed as follows:
S�1Ṡ�1=−

S�1

J1
(β�1

√
|S�1|sgn(S�1) +

t∫
0

γ�1sgn(S�1)dt)

S�2Ṡ�2=−
S�2

J2
(β�2

√
|S�2|sgn(S�2) +

t∫
0

γ�2sgn(S�2)dt)

(53)

And it becomes:
S�1Ṡ�1=−

β�1

J1
|S�1|

3
2 sgn(S�1) − S�1

γ�1

J1

t∫
0

sgn(S�1)dt

S�2Ṡ�2=−
β�2

J2
|S�2|

3
2 sgn(S�2) − S�2

γ�2

J2

t∫
0

sgn(S�2)dt

(54)

It is evident that both components of (54) are negative,
provided that β�j and γ�j(j = 1, 2) are positive. As a result,
the stability requirement is assured.

2) SYNTHESIS OF STSMCS OF CURRENTS
The goal of the control is to track the desired currents trajec-
tories with excellent accuracy. Therefore, the sliding surfaces
can be determined as follows:

S(Id ) = Id − Idref
S(Iq) = Iq − Iqref
S(Ix) = Ix − Ixref
S(Iy) = Iy − Iyref

⇒

Ṡ(Id ) = 0
Ṡ(Iq) = 0
Ṡ(Ix) = 0
Ṡ(Iy) = 0

(55)

Using equation (31), we can rewrite equation (55) as
follows:

Ṡ(Id ) = −
R

(Lp1 + Ls2)
I invd + ωe1I invq +

1
(Lp1 + Ls2)

V inv
d

− İ invdref

Ṡ(Iq) = −
R

(Lp1 + Ls2)
1invq − ωe11invd −

√
5/
2ωe18f 1

(Lp1 + Ls2)

+
1

(Lp1 + Ls2)
V inv
q − İ invqref

Ṡ(Ix) = −
R

(Ls1 + Lp2)
I invx + ωe2I invy +

1
(Ls1 + Lp2)

V inv
x

− İ invxref

Ṡ(Iy) = −
R

(Ls1 + Lp2)
iinvy − ωe2iinvx −

√
5/
2ωe28f 2

(Ls1 + Lp2)

+
1

(Ls1 + Lp2)
V inv
y − İ invyref (56)

Therefore, it is possible to select the control laws for the
equivalent voltage reference as follows:

V inv
d_eq =

1
(Lp1 + Ls2)

(İ invdref − ωe1I invq +
R

(Lp1 + Ls2)
I invd )

V inv
q_eq =

1
(Lp1 + Ls2)

(İ invqref + ωe11invd +

√
5/
2ωe18f 1

(Lp1 + Ls2)

+
R

(Lp1 + Ls2)
1invq )

V inv
x_eq =

1
(Ls1 + Lp2)

(İ invxref − ωe2I invy +
R

(Ls1 + Lp2)
I invx )

V inv
y_eq =

1
(Ls1 + Lp2)

(İ invyref + ωe2iinvx +

√
5/
2ωe28f 2

(Ls1 + Lp2)

+ −
R

(Ls1 + Lp2)
iinvy )

(57)

To ensure finite-time convergence to the sliding surface,
the control law is defined by:

V inv
d

= V inv
d_eq + USTd

V inv
q

= V inv
q_eq + USTq

V inv
x

= V inv
x_eq + USTx

V inv
y

= V inv
y_eq + USTy

(58)

where Vinv
d−eq, V

inv
q−eq, V

inv
x−eq and Vinv

y−eq are defined in (57).
By replacing terms USTd, USTq,USTx and USTy by their
expressions, equation (58) can be rewritten as follows:

V inv
d

= V inv
d_eq − βd

√
|Sd |sgn(Sd ) −

t∫
0

γd sgn(Sd )

V inv
q

= V inv
q_eq − βq

√∣∣Sq∣∣sgn(Sq) −

t∫
0

γqsgn(Sq)

V inv
x

= V inv
x_eq − βx

√
|Sx |sgn(Sx) −

t∫
0

γxsgn(Sx)

V inv
y

= V inv
y_eq − βy

√∣∣Sy∣∣sgn(Sy) −

t∫
0

γd sgn(Sy)

(59)

D. SYNTHESIS OF ST-LTO
The proposed ST-LTO system relies on load torque informa-
tion, which is typically considered as an unknown variable.
To get high performance in terms of accuracy, uncertainty
reduction and tracking capability, it is recommended to
employ a load torque observer based on the super-twisting
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FIGURE 9. Block diagram of SMC of two FP- PMSMs connected in series.

algorithm. The mechanical equations of the two FP-PMSMs
are given as follows:

�̂1 =

∫
(
1
J1
(Tem1 − Tr1) −

f1
J1

�1)dt

�̂2 =

∫
(
1
J2
(Tem2 − Tr2) −

f2
J2

�2)dt
(60)

The sliding surfaces of the load torques can be represented
as follows:

ST (�j) =
⌢

�j −�j, j = 1, 2 (61)

For the FP-PMSM, the load torque can be estimated using
equation (62) and equation (63), respectively ofmachine1 and
machine2: T̂l1 = µT

∣∣∣S�1

∣∣∣ 12 sign(ST (�T )) + T̂l11
˙̂Tl11 = δT sign(ST (�1))

(62)

 T̂l2 = µT

∣∣∣S�2

∣∣∣ 12 sign(ST (�T )) + T̂l22
˙̂Tl22 = δT sign(ST (�2))

(63)

Finally, the suggested VC strategy based on both pro-
posed STSMC and the ST-LTOs for FP-PMSMs connected
in series, according to the transposition of Figure. 2, is given
by Figure 9.

IV. SIMULATION RESULTS
This section presents the simulation study of two FP-PMSMs
connected in series, supplied by a single five-leg inverter
and controlled by a VC strategy based on PI controllers
(VC-PI) and a VC strategy based on the suggested STSMC
(VC- STSMC). The model of the power system and the
control strategies is designed under a Matlab/Simulink envi-
ronment. The solver used in the Simulink model is ode8
(DORMAND-Prince), with a sampling time of 50e–5. The
parameters of the two FP-PMSMs are illustrated in Table 4.
In order to evaluate the performance of the two control
strategies, VC-PI and VC-STSMC, applied to the topology of
two FP-PMSMs connected in series, various indices provide
quantitative measures that reflect different aspects of perfor-
mance. Moreover, other criteria are utilized for performance
evaluation: (1) the Integral of Absolute Error (IAE), (2) the
Integral of Squared Error (ISE) and (3) the Integral of Time
multiplied by Absolute Error (ITAE).

The speeds errors are defined as:{
e1 = �1 − �1ref

e2 = �2 − �2ref
(64)

where �1ref and �2ref are the reference speeds for both
machines, and�1 and�2 are the actual speeds of FP-PMSM1
and FP-PMSM2, respectively. IAE, ISE and ITAEare defined
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as follows [55]: 

IAE =

t∫
0

|e(t)|dt

ISE =

t∫
0

e(t)2dt

ITAE =

t∫
0

t |e(t)|dt

(65)

In order to illustrate the performance of both control
strategies, different tests are performed for various operating
scenarios. Therefore, the comparative study is conducted for
four different modes as described below:
➢ First scenario
The main objective of this scenario is to test and analysis
the performance of the suggested VC-STSMC in steady-state
and reversal-speed operations. Indeed, the reference speeds
of the two machines are identical and have a form of ramp,
as given in Figure 10 (a, b). They increase slowly to reach
157 rad/s at t= 0.2s. Then they decrease at t=1s by applying a
negative ramp that reaches−157 rad/s at t= 1.2s. We assume
that both machines start at no load. After that, a load torque
of 15 Nm is applied at t = 0.3s and then removed at t =

0.9s. Subsequently, a negative torque of−15 Nm is applied at
t = 0.9s. Figure 10, Figure 11 and Figure 12 below show the
corresponding simulation results.

Graphs (a), (b), (c) and (d) in Figure 10 show the rotor
speeds responses and speed errors evolutions for PF-PMSM1
and PF-PMSM2, respectively. It can be seen that both control
strategies perform well, ensuring good speed tracking. How-
ever, in this case, the variations in load torques are applied to
both machines, gradually from 15 to −15 Nm, to evaluate the
performance and robustness of control strategies with respect
to the load variation in the drive system of two FP-PMSMs
connected in series. However, in Figures 10(a)-(b), when the
load torque is applied at t = 0.3 sec, it can be seen that
when the machines are controlled by the VC method based
on PI controllers, the rotor speeds present a larger steady-
state errors, which are approximately equal to 3 rad/s for the
FP-PMSM1 and 3.8 rad/sec for the FP-PMSM2. In contrast,
when the two machines are controlled by the VC strategy
based on STSMC, the rotor speeds present a low deviations
which are evaluated by 1.6 rad/sec for the FP-PMSM1 and
1 rad/sec for the FP-PMSM2, which consequently demon-
strate the robustness of the suggested second order STSMC
under load disturbances.

Furthermore, in transient regime the dynamic speeds errors
are equation to 3.144 rad/sec and 3.95 rad/sec when both
machines are controlled by VC based on PI controllers.
However, the dynamic error is neglected when the proposed
VC based STSMCs is employed, as illustrated in Figure 10
(c, d). This means that the motors effectively and promptly
respond to the load, adjusting their speeds to reach the desired

values with excellent accuracy without any undesirable oscil-
lations or overshooting. In the same context, the VC-PI
approach results in a longer recovery time for the speeds
of the FP-PMSM1 and FP-PMSM2 when the load torques
are applied, which are approximately equal to 4.8ms and
5.7ms, respectively. This implies that the VC-PI approach
requires more time for the motors to reach their reference
speed after the application of the load torque. Additionally,
it is mentioned that the VC-PI approach leads to overshoot-
ing, which means that the speeds can temporarily exceed
the reference value before stabilizing. This can be unde-
sirable in certain applications. When the load is removed
at t = 0.9 s, the VC-STSMC approach results in a very
low overshoot of 0.7 rad/s for FP-PMSM1 and 0.4 rad/s
for FP-PMSM2. This represents a significant reduction in
overshoot compared to the PI approach, which is approxi-
mately 3.5 rad/s, with a reduction rate of about 75%. During
load variations, the STSMC controllers keep the speeds close
to their reference values, avoiding significant overshooting
or drops. Therefore, it can be concluded that the STSMC
exhibits greater robustness in the face of load variations.
We also observe in Figure 10 (a)-(b) a very fast rise time
for the STSMC, compared with the PI controller. This high-
lights the enhanced tracking precision achieved through the
STSMCs approach and suggests potential avenues for further
performance improvement. Consequently, it can be consid-
ered that the STSMC is more robust in the face of load
variations.

Figure 11 shows the torque evolution of the two machines:
FP-PMSM1 and FP-PMSM2. The torque of each machine
remains constant, as depicted in Figure 11(a) and 11(b) using
both PI and STSMC based-VC strategies. It is clear that the
torque ripples for the STSMC have lower levels than those
of the PI controller. Moreover, referring to the figure it can
be seen that the estimated load torque converges perfectly
towards the applied load, which proves that the synthesized
ST-LTO operates well. To sum up, there is remarkable con-
sistency between the measured and estimated load torques
during both steady-state and transient operations.

Figure 12 depicts the converter current waveforms for the
two proposed control strategies, VC-PI and VC-STSMC.
It can be observed that all five inverter currents exhibit perfect
sinusoidal behavior, attributed to both machines being driven
at the same speed. It is clear that the sine wave of the current
for the STSMCs is better compared with the one using the PI,
as shown in Figure 12(a, b). However, the currents under the
VC-STSMC control exhibit a smoother waveform, resulting
in reduced copper losses compared to the VC-PI control,
as illustrated in Figure 12(a). The PI controller exhibits wave-
forms with higher harmonics and a higher starting current,
leading to an increase in the copper losses in comparison to
the STSMCs. In addition, as presented in Figure 13(b), the
Total Harmonic Distortion (THD), when the machines are
controlled by the suggested VC-STSMC is equal to 0.32%.
However, the THD is equal to 5.16% when the machines
are controlled by the VC-PI as depicted in Figure 13(d).
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FIGURE 10. Comparative study between VC-STSMC and VC-PI controllers:
(a) Speed of FP-PMSM1; (b) Speed of second FP-PMSM2; (c) Speed error
for FP-PMSM1; (d) Speed error for FP-PMSM2.

Hence, thanks to the suggested VC-STSMC performance,
a reduction rate of around 93.8% is gained.

Figure 13(a) shows that the current ia at the converter
output under STSMC is smoother than the current delivered
under VC-PI, which has a high distortion rate as illustrated in
Figure 13(a). Moreover, the proposed VC-STSMC strategy
exhibits better performance indices such as IAE, ISE and
ITAE, which demonstrates its superiority compared to the
VC-PI strategy, resulting in an almost 100% performance
improvement.

FIGURE 11. Comparative study between VC-STSMC and VC-PI controllers:
(a) Electromagnetic torque, load torque and estimated load torque for
FP-PMSM1; (b) Electromagnetic torque, load torque and estimated load
torques for FP-PMSM2.

FIGURE 12. Comparative study between STSMC and PI controllers:
(b) Current in five phases of voltage source inverter under VC-STSMC,
(b) Current in five phase inverter under VC-PI.

More accurate comparison between the two control strate-
gies VC-PI and VC-STSMC, in a healthy mode for control-
ling FP-PMSM1 and FP-PMSM2 connected in series is given
in Table 1.
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FIGURE 13. Comparative study between STSMC and PI controllers:
(a) Closer observation of inverter current under VC-STSMC; (b) Closer
observation of inverter current under VC-PI; (c) Inverter current harmonics
spectrum under VC-STSMC; (d) Inverter current harmonics spectrum
under VC-PI.

➢ Second scenario
The main objective of this scenario is to analyze the perfor-
mance of the suggested VC-STSMC when the two machines
operate independently and under different speeds. Thus,
in this scenario the mechanical speed reference signals and
the load torques applied to the two machines have different
profiles. Initially, for FP-PMSM1, a positive ramp is applied
at t=0s, reaching a value of 157 rad/s at t=0.2s. At t=1.2s,
the rotation speed is decreased slowly to reach 78.53 rad/s
at t=1.4s. For the FP-PMSM2, a positive ramp is applied at
t=0s, reaching a value of 104.71 rad/s at t=0.2s. To vali-
date the robustness of the VC-PI and VC-STSMC strategies,
particularly during the locked rotor at t=1.4 s, the speed refer-
ence for FP-PMSM2 is canceled, while FP-PMSM1 continues
to operate at a speed equal to 78.53 rad/s. For all simulation,

TABLE 1. Performance analysis of proposed VC-STSMC in steady state
operation.

we assume that both machines start at no load. Next, a load
torque equal to 15 Nm at t=0.4s is applied to FP-PMSM1 and
a load torque of 12 Nm at t =0.6s is applied to the second
machine FP-PMSM2. The corresponding simulation results
are given in Figure 14.

Figure.14 confirms the effectiveness of two control strate-
gies and clearly shows that the two FP-PMSMs are much
decoupled. Indeed, as shown in Figure 14(a), the speed of
the second machine FP-PMSM2 is not influenced by the
variations in the speed of the first machine FP-PMSM1, and
vice versa. As presented in Figure 14(b), changes in the speed
of the second machine have no impact on the torque quality
of the first machine.

In addition, the VC-PI approach results in a longer recov-
ery time under load application for the FP-PMSM1 speed by
around 15ms, and around 27ms for FP-PMSM2, as illustrated
in Figure 14 (a). For theVC-STSMC strategy, this time is very
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FIGURE 14. Comparative study between STSMC and PI controllers:
(a) Speed of FP-PMSM1 and speed of FP-PMSM2, (b) Electromagnetic
torque, load torque and estimated load torque for the both machines.

low, which is approximately equal to 1.4 ms for FP-PMSM1
and 0.5ms for FP-PMSM2, i.e. a gain of around 95%. Torques
remain constant and follow their new references well. It is
worth noting that the torque ripples are significantly lower
for the VC-STSMC approach, compared to the VC-PI control
approach. In addition, it can be seen that the load torques
estimated using the ST-LTO closely follow the variations in
the applied load torque for each machine. A more accurate
comparison between the VC-PI and VC-STSMC strategies
of FP-PMSM1 and FP-PMSM2 connected in series and oper-
ating under two different speeds is given in Table 2.

➢ Third scenario
The main goals of the scenario is to test the low-speeds and
the high-torque performance of both VC-STSMC and VC-PI
control strategies, on the topology under study. Figure 15
depicts the simulation results obtained. The stator resistances
of both machines are increased to 100% of their nominal
value at time t=0.8s and t=1.6s, as given in Figure 15(a).
The load torques applied to both machines are equal to 12 Nm
(60 c/◦ Tn). The graphs in (b) and (c) successively represent
the temporal evolution of the speed and torque, for starting
the motors at no load, followed by the application of the load
torque at t=0.25s. The speed set points are considered as
ramps, reaching 1.047 rad/s (10 rpm) for the first machine and
1.57 rad/s (15rpm) for the second machine at time t=0.1s.

Referring to Figure 15(b), it can be seen that when the
load torque is applied, the VC-PI offers poor performance
demonstrated by speed undershoot that reaches -2.44 rad/sec
and is considered as a reversal of the speed direction, which
indicates that the VC-PI strategy is not recommended at low

TABLE 2. VC-STSMC performance analysis with two different speed
operations.

speeds as it fails to keep stable and consistent torques and
speeds under such conditions. However, when both machines
are controlled by the suggested VC-STSMC, the rotor speeds
present low undershoot and return to their references, so the
latter suggested control method is robust load disturbances
even at low speed operations. Furthermore, it is capable of
maintaining stable speeds and torques and providing accurate
responses even during load applications.

Moreover, the developed electromagnetic torques when
the two machines are controlled by the control strategies is
illustrated in Figure 15(c). In fact, referring to this figure it can
be seen that the load torques present additional ripples when
the VC-PI is employed, but the torque curves are smoother
with low ripples when the suggested control technique is
used, which improves the control quality and increases the
service life of FP-PMSMs.

In the same context, the suggested VC-STSMC strategy
is featured by good robustness under stator resistance varia-
tions, as depicted in Figure 15(b, c). Unlike the VC-PI, it can
be seen that the deviations caused by the stator resistance
variations on the rotor speeds and the torques for the two
machines are low.

Compared to the VC–PI, VC-STSMC exhibits superiority
in terms of overshoot magnitude and settling time. These
results indicate that this parameter variation has no influ-
ence on the decoupling between the two machines. How-
ever, its impact on speeds, which are not so significant,
has been quickly recovered thanks to the robustness of the
VC-STSMC. More comparison and details are illustrated
in Table 3.
➢ Fourth scenario
The main objective of this scenario is to analyze the behavior
of two series-connected FP-PMSMs under faulty conditions
described by one open phase, using two control strate-
gies: VC-STSMC and VC-PI. Different mechanical speed
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FIGURE 15. Sensitivity of control techniques VC-PI and VC-STSMC to
variation in stator resistances at low speed and high torque: (a) Stator
resistance variation; (b) Speeds; (c) Electromagnetic torques.

reference profiles are applied to both machines in the pres-
ence of a stator phase opening. For the first machine, a pos-
itive ramp starts at t=0, reaching a value of 157 rad/s
(1500 rpm) at t=0.2s. For the second machine, a posi-
tive ramp starts at t=0, reaching a value of 104.72 rad/s
(1000 rpm) at t=0.2s. At t=1s, an opening fault of phase1
occurs in the inverter that supplies power to both machines.
Figures 16 illustrates the temporal evolution of the electrical
and mechanical quantities of both FP-PMSMs. For all simu-
lation, we assume that the twomachines start at no load. Then
we apply a load torque of 15 Nm at t =0.4s for FP-PMSM1
and 12 Nm at t =0.6s for FP-PMSM2.

Figure 16 (c) shows the temporal evolution of the rotor
speeds for the two control strategies. For the VC-PI, we see a
divergence of speeds from the target-operating regime, with
a loss of stability. When the machines are controlled by the
suggested VC-STSMC method, it can be seen that both rotor

TABLE 3. Robustness evaluation at low speed operations.

speeds exhibit very low oscillations maintained around the
steady state with no loss of static stability. Graphs (a) and (b)
in Figure 16 show that the electromagnetic torques are
highly oscillatory, with severe, negative torque oscillations
and peaks. We note the existence of significant torque peaks
around the final steady state for the VC-PI control. Then
under the VC-STSMCmethod, we observe a good tracking of
both speeds with small oscillations as shown in Figure 16(c),
and plots (a) and (b) in Figure 16 show that the torques exhibit
peaks around the initial steady state.
Remark: the main objective of the scenario is to test the

robustness of the suggested vector control strategy based
on second order STSMC under a faulty mode described by
one open phase for each machine. Thus, the obtained results
confirm that the latter control strategy offers acceptable per-
formance in terms of speed tracking. However, in order to
guarantee better performance under faulty modes, fault tol-
erant control techniques for FP-PMSMs will be applied in
our future work. Furthermore, the fault diagnosis and fault
location of closed loop feedback systems is a challenging
problem. There has been recent and important research work
about fault diagnosis that presents very interesting results
for readers [57], [58], [59]. In [58], the authors applied a
new causality-based technique for the fault diagnosis of a
closed-loop feedback control system with multiple modular
redundancies to a subsea blowout preventer system. In the
field of the subsea production system the authors of [59]
proposed a digital twin-driven fault diagnosis method for
composite faults. Moreover, an interesting methodology for
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FIGURE 16. Simulation results of torques and speeds under VC-PI control
and VC-STSMC in presence of stator phase opening fault:
(a) Electromagnetic torques and load torque for FP-PMSM1;
(b) Electromagnetic torques and load torque for FP-PMSM2, (c) Real
speed responses of two machines.

sensor placement for fault diagnosis of a hydraulic control
system was put forward in [57]. The latter method used
a discrete particle swarm algorithm for choosing the best
positions and the optimal number of sensors that were used to
collect fault signals. In the same context, the aforementioned
fault diagnosis methods and other recent methodologies will
be the main subject of our future research work for series
connected PF-PMSMs used for training electrical vehicles.

V. CONCLUSION
In this paper, a robust vector control strategy based on sec-
ond order STSMC and ST-LTOs for two series-connected
FP-PMSMs supplied by a single five-leg inverter is devel-
oped. Thus, the major findings in the present work are
summarized as follows:
− Firstly, in order to reduce the system cost and the power

losses, a conventional vector control strategy based on
proportional integral controllers is developed for con-
trolling two series-connected FP-PMSMs supplied by a
single five-leg inverter instead of two inverters for the two
machines.

− Secondly, for enhancing the performance of the conven-
tional vector control strategy of the two series-connected
FP-PMSMs, a novel modified vector control method
based on second order STSMCs is carried out. According
to the Lyapunov theory, the stability of the proposed con-
trollers is guaranteed. Moreover, and in order to reduce
the system cost and the maintenance rate, ST-LTOs are
synthesized for estimating the load torque required by the
STSMC of speeds.
The simulation results under different operating scenarios

in healthy and faulty modes are carried out to improve the
performance of the proposed vector control method based
on second order STSMC and ST-LTOs. These conditions
include load disturbances, stator resistance variations in both
machines, high, low and reversal speed operations, and a
faulty mode described by one open phase. Indeed, the sim-
ulation results show for the FP-PMSM1 that when the con-
ventional vector control method is employed, the average
of the total harmonic distortion and the torque ripples are
approximately 5.16% and 10.73%, respectively. On the other
hand, when the proposed second order STSMC is used, the
total harmonic distortion and the torque ripples are 0.32% and
5.98%, respectively. Consequently, reduces the power losses
and the mechanical vibrations and increases the FP-PMSM
service life. Moreover, when the stator increases, the speed
overshoot is evaluated by 1.4% when the conventional vector
control method is employed and 0.12% when the proposed
second order STSMC is used. In addition, the performance
of the suggested vector control method based on second order
STSMC is tested under an open phase when the rotor speeds
for the two FP-PMSMs present neglected oscillations around
their references, whereas the rotor speeds diverge from their
references when the conventional vector control strategy is
used. This proves the robustness of the suggested control
method under parameter variations and such a fault. We have
also used other indicators which are the integral of absolute
error, the integral of squared error and the integral of time
multiplied by the absolute error. In fact, it can be noticed for
FP-PMSM1 that for the second order STSMCwe have gained
99.69 %, 99.73 % and 99.95 %. More quantitative indicators
are presented in the tables of the simulation section, which
demonstrate the high performance provided by the suggested
control method.

Finally, the results confirm that the STSMCs strat-
egy developed in this study represents a very attractive
and promising alternative for high-performance multi-phase
machines. Nevertheless, each control method has benefits and
limitations, So there are other challenges that remain to be
solved in our future work: (i) In the future, the proposed
methodology will be validated by means of an experimental
test bench and can be applied to electrical vehicle applica-
tions. (ii) The extension of the suggested control algorithm
can to be a fault-tolerant control technique in some fault
conditions. (iii) The recent fault diagnosis method can be
applied to the proposed topology based on series connected
FP-PMSMs.
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APPENDIX
A. GENERALIZED CONCORDIA TRANSFORM
[C] is the power invariant transformation matrix.

[C5] =

√
2
5



1 cos( 2π5 ) cos( 4π5 ) cos( 6π5 ) cos( 8π5 )

0 sin( 2π5 ) sin( 4π5 ) sin( 6π5 ) sin( 8π5 )

1 cos( 4π5 ) cos( 8π5 ) cos( 2π5 ) cos( 6π5 )

0 sin( 4π5 ) sin( 8π5 ) sin( 2π5 ) sin( 6π5 )
1

√
2

1
√
2

1
√
2

1
√
2

1
√
2


(66)

B. DATA OF SIMULATION MACHINES

TABLE 4. FP-PMSM1 and FP-PMSM2 parameters.

TABLE 5. The relationship betweenξ and ω0trep.

TABLE 6. Gains of control strategies.
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