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As power requirements increase, multiphase induction machines (MPIMs)
present a promising alternative to conventional three-phase induction machines.
These machines help reduce the current switched by the inverter and circulat-
ing through the windings, which in turn mitigates torque ripple. Moreover, in-
corporating more than three phases enhances system reliability, allowing the
machine to maintain operation even in the event of one or more phase failures.
This makes MPIMs particularly suitable for high-reliability applications, such as
electric vehicles. While most previous studies have concentrated on speed and
flux control of MPIMs, less attention has been given to handling open-phase
faults. This paper explores the robustness of the backstepping control method
applied to MPIMs, particularly in scenarios involving open-phase faults. The
proposed multi-loop nonlinear controller is developed to achieve two main ob-
jectives: precise speed regulation across a wide range of speed references, and
effective rotor flux control. The convergence of the feedback control system is

rigorously analyzed using Lyapunov’s stability theory. Simulation results show
that, although the control objectives are met, stator current demands increase as
more phases experience faults. This observation highlights the need for further
development of MPIM models that take phase faults into consideration.
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1. INTRODUCTION

Multiphase induction machines are increasingly popular in industrial applications due to their relia-
bility and high operational availability [[L]. The distribution of power across multiple phases results in lower
per-phase converter currents, reducing stress on the machine windings and power electronics semiconductors.
They offer numerous advantages, including higher torque density, improved torque quality, and increased over-
all efficiency [2]]. This paper aims to provide an overview of the key developments in multiphase induction
machines, emphasizing their ability to operate under fault conditions. Extensive research has been conducted
on this topic [3], [4]], focusing on operational analysis, modeling, control, and fault diagnosis algorithms. As
previously mentioned, these machines offer several benefits over their three-phase counterparts [5]. The dis-
tribution of power over a greater number of phases reduces electrical and thermal stress per phase, enhancing
reliability and power density [6]. Moreover, the increased number of phases provides better operational redun-
dancy, which is valuable in critical applications such as aerospace and electric traction [2], [4]. In the event of a
phase failure, the machine can continue operating, albeit with reduced performance, but remains functional [[7]].
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These machines also perform well at low speeds and high torque [7]], making them ideal for electric vehicles
and renewable energy systems [4], [8]. The renewed interest in multiphase induction machines is supported by
advancements in power electronics and advanced control techniques. Control techniques are crucial to fully ex-
ploit the characteristics of multiphase induction machines, especially in the presence of faults. These machines
differ from conventional three-phase machines in the number of stator phases and are typically powered by
multiphase converters, allowing better control and greater operational flexibility. A key feature of multiphase
induction machines is their ability to operate in a degraded mode under fault conditions. Thanks to their redun-
dancy and power distribution across multiple phases, these machines can continue functioning, albeit slightly
reduced, in the event of one or more phase failures [9]]. This is a major advantage for critical applications such
as aerospace, marine, and electric traction, where reliability and continuity of service are essential. Several
control techniques have been developed for multiphase induction machines, enabling them to operate under
normal conditions and in the presence of faults [6], [9]. These include:

— Multivariable vector control [[LO], [9]: This allows independent control of the machine’s torque and flux.
This approach is particularly suited to multiphase induction machines due to the complexity associated
with the high number of phases.

— Fault-tolerant control strategies [[11] : These aim to maintain machine performance even in the event of
phase failures. These techniques typically involve reconfiguring the control system to adapt to the new
operating conditions .

— Nonlinear control techniques [12]-[14]]: Such as backstepping and sliding modes, which offer better
performance and greater Impact to disturbances and model uncertainties.

These control approaches have been extensively studied in the literature, demonstrating the potential
of multiphase induction machines for critical applications requiring reliability and fault tolerance [[15], [[16]].
The objective of this paper is to present the modeling and control of the integration between a DC/AC converter
and a multiphase induction machine connected to a battery. The Impact of the regulator, designed and analyzed
using the backstepping technique [[17]], will be evaluated by introducing faults in one or more arms of the
DC/AC converter supplying the multiphase machine. The controller’s Impact will be tested through simulations
conducted in the MATLAB/Simulink environment [[18]], [[19].

The paper is organized as follows: Section 2 introduces the model of the MultiPhase Induction Ma-
chine (MPIM) with n phases and its association with a DC/AC inverter, expressed in the fixed frame («, 3),
used to drive a battery-powered electric vehicle. Section 3 is dedicated to the synthesis of a multi-loop nonlin-
ear controller using the backstepping technique and Lyapunov stability. Section 4 presents simulation results
to illustrate the control Impact in the event of an open-phase fault.

2.  MODELING OF THE SYSTEM
For our study, we consider an n-phase induction machine (MPIM) powered by an n-leg voltage inverter

(DC/AC inverter), used to drive a battery-powered electric vehicle. The schematic diagram is shown in Figure
1.

2.1. MPIM model

The model of a MultiPhase induction machine (MPIM) with n phases, expressed in the fixed frame
(a, B), was derived using the Park transformation. Using the stator current components (is, and isg) and the
rotor flux components (¢, and ¢,3) as state variables, the two-phase model of the MPIM is described by (1).

& =Y (braiss — drpisa) = F — Lo

G = s+ Yl ons — AL P0G + s M
dz% = _%:d)ra +pw¢rﬁ + RTLiJ\fWZ‘?O(

dcfl;/; = _%:¢TB — pWPra + Ms[,%‘,,}%isﬁ

The following notations are used: (isq, 253 are stator current o3 components), ( o, ¢rg are rotor flux a3
components),( Vsq, Usg are stator voltage a5 components),( w is rotor speed, ( R, R, are stator and rotor
resistances),(L, L, are stator and rotor self-inductances), (M, is Mutual inductance between the stator and
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the rotor), (f, is friction coefficient,(J is rotor inertia), (77, is load torque) and (p is the number of pole pairs).
L?R,+M?2 R, M2,
T oLsLz2 LsLy:

with the parameters v and o are defined as: v = ando =1-—

2.2. DC/AC inverter model

The modeling of the converter in the multiphase reference frame, shown in Figure 2, involves express-
ing the voltages at nodes 1, 2, ..., to n of the inverter with respect to the midpoint M. These voltages can be
expressed in terms of the switch connection functions and the input voltage as in (2).

V51 (n—1) —1 —1 . . —1 k1
vs2 -1 (n-1) -1 . -1 ko
. Vdc . . . . . . .
o e O | 1. (-1 . -1 |k )
Usn -1 -1 -1 . . (n—1) Fon
Where:
— vg1,Vs2,- .-, Usy are the voltages at nodes 1, 2, ..., to n with respect to the midpoint M.
— ki, ko, ..., Kk, are the switch connection functions (binary variables that take the value 0 or 1).

— V4. is the input voltage (the voltage across the battery).

To simplify this system of (2), we apply the Park transformation. The new system of equations is then
represented in the («, ) reference frame. The inverter is characterized by the independent control of the stator
voltage components v,, and vsg. Accordingly, these voltages are expressed as functions of the corresponding
control inputs.

Voo = Vie-U1

{ Vs = Vie-uz )

Where u; and us represent the averaged values of the o, S-components within the multiphase duty ratio system,

obtained by applying the Park transformation to the duty ratio signals (k1,ks....,k,) and averaging over PWM
periods.

1

=

K
— Ve

DC/AC
Inverter

-+

Figure 1. Controlled system

Battery

1

Figure 2. Multiphase DC/AC-inverter

2.3. Modeling of the entire system
Now, let us define the averaged state variables, as in (4).

T :w,fllg:’L'sa,l‘?,:i55,$4:¢TQ,$5:¢T6, (4)

As clear from the context, the notation ® refers to averaging over the PWM periods. Then, it is proved in many
places that instantaneous ‘MPIM-inverter association’ representation (1) assumes the following averaged form,
involving the averaged variables (3) and (4).

M, 1 T
1 = —LJJH +p Ljr j($3$4 — Tals) — 7L @)
. RrMsr pMer Vdc
- - 6
T oL L2 T4+ ULSersl‘l Yx2 + O’LSU1 (6)
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. R.M,, pM, 4 Vac (7)
Ta = Ty — Tyl — YT u
3 O'LSL% ° oLsLy, wo oLs ’
. R, R,
$4:7L7T$4+L7TM37’$27px1x5 (8)
R, R,
Ts = _frxs + fr My x5+ pa12y ®

3. CONTROLLER DESIGN
3.1. Control objectives
The operational control objectives are twofold:

— Speed regulation: the machine speed w must closely follow a given reference signal w;.q .

— Regulating the rotor flux norm ¢, = /2% + 22 should be maintained at a reference value ¢, ¢, ideally
equal to its nominal value.

3.2. Motor speed and rotor norm flux control design

The task of controlling the rotor speed and rotor flux norm is now considered for the multiphase
induction motor described by (5)-(9). The speed reference 7 = w;.y is any bounded and differentiable
function of time, with its first two derivatives being available and bounded. These conditions can always be
satisfied by filtering the original (possibly non-differentiable) reference through a unit static gain second-order
linear filter. The rotor flux reference ¢, is set to its nominal value. The controller design, illustrated in Figure
3 (backstepping control scheme), will be carried out in two steps using the backstepping technique [20]-[23],

Backstepping Battery
Controller

_SM) z (g} fz,

Reference B

Flux S ® 7, C/AC
Reference 2 nverter

Figure 3. Backstepping control scheme

3.2.1. Step 1: Introducing tracking errors
Let’s define the tracking errors as (10) and (11).

21 = Wref — T1 (10)
22 =@y — (i +23) (b

From (5), (8), and (9), it follows that the errors z; and 25 are governed by the following differential equations,
as (12) and (13).

) T M, T
21 = Wref + fJ1 _]?]L ($3$4—$2$5)+7L (12)
. 2R.M,, 2R,
2= 2refbres = —f (22T + 325) + T ($res — 22) (13)

In (12) and (13), the terms p]JV%”‘ (x324 — x225) and %(mm + x3w5) emerge as virtual control signals.
Were these actual control signals, the error system (12) and (13) could be globally asymptotically stabilized by

: M, _ 2R, M, _ .
setting p77= (314 — 22w5) = p1 and RLT (xowq + x325) = V1, where:
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de . T v

i (e +wref)+7L+f7(wref_Zl) (14)
def : Rr

v gz + 20¢rcfPres + 2L—(¢§ef — 22) 15)

Here, c; and ¢, represent positive design parameters. However, since p% (r3T4 — z25) and % (roxg+

x3xs) are not the actual control signals, they cannot be equated to 1 and v; respectively. Nonetheless, we
retain the expressions of p; and 17 as initial stabilizing functions and introduce the new errors [23[]-[25]].

ST
Z3=M1—pJL

=r

(r34 — T275) (16)

R,
Z4 =V — 2L7MS7’(I’21:4 + z375) a7

T

Then, using the notations (10)-(17), the dynamics of the errors z; and zo, initially described by (12) and (13),
can be rewritten as (18) and (19).

21 = —C121 + 23 (18)
29 = —C222 + 24 (19)

3.2.2. Step 2: Deriving control signals
To ensure the convergence of all errors (21, 29, 23, 24) to zero, we need to elucidate the dependency of
these errors on the actual control signals (u1, us). Initially focusing on z3, we derive its dynamics from (16).

ST

PIL.

23 = fi] — (Z3x4 + x384 — Toxs — Tads) (20)

Utilizing (5)-(9) and (14), we simplify (20) to (21).

Msr Vdc
BTG oL

(1‘5’&1 — $4U2) (21)

Where, as in (22).

po = |c1(—c121 + 23) + Dpep + TTL - LJ'ZL} + pf}ﬁfl (Lf + ILi: +7)(T473 — T2T5)

Mgz M2,

Similarly, for z4 from (17), we have (23).

2R7‘Msr .

Z4 =11 — L (224 + wody + T375 + T305) (23)
T

Substituting (5)-(9) and (15) into (23), we get (24).

R, Vie
24 = Uy — 2L—TMSTO—L(U1:E4 + uows) (24)

Where, as in (25).

vy = a2z + 20) + 2B + bresbrer) — (2(F2)° + 2(F) 10 Mar) (2] + a3)
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RrMsr
L,

R, R,
x1(:sz5—wsx4)+(4(f)2M5r+2vasr)(x2x4+x3$5) (25)
T T

2pRr Msr

—2
( L/',.

)?(z3+x3)+

Now, considering the error system (18)-(19), (21), and (24), we propose an augmented Lyapunov function
candidate.

1 1 1 1
V= §z% + 525 + 5,232, + 522 (26)

Its time-derivative along the trajectory of the state vector (z1,22,23,24) is as (27).

V = 2121 + 2920 4 2323 + 2424 27

Utilizing (18)-(19), (21), (24), and (27) expands as (28).

V =21(—c121 + 23) + 22(—coza + 24) + 23(p2 — %(%ul — xquz))
R"‘MS"’VC
+24(ve — 2TLT‘i(aﬁ4u1 + z5ug)) (28)

Supplementing c323 — c322 + c423 — c427 to the right side of (28) and rearranging terms, we obtain (29).

V= —clz% — cng — 632'% — C4ZZ
+2z3 |:M2 + 21 + c323 — pﬂ/[Lz/‘“ (x5ur — $4U2)}
R.M,,V,
+Z4 Cqzg + Z9 =+ Vo — 2u(x4u1 4+ I5U2) (29)
oL,L,

Here, c3 and c4 represent new positive real design parameters. (29) implies that the control signals w1, ug must
be selected to render the quantities within the curly brackets on the right side of (29) to zero. Setting these
quantities to zero and solving the resulting second-order linear equation system with respect to (u, us) yields
the following control law, as in (30).

-1 |21 +c3z3 + p2

Uy Ao A1
= (30)
Ao A
2 2 3 29 + Caz4 + Vo
With:
o = pie s, M = —poie
Vdc Msr Vdc Msr
A = 2R, ;A3 = 2R, 31
2 oL. L, Tg, A3 oL. L, Ts (3D
. Ao A1 . . . . _ — R, Vic 2
Notably, the matrix [N is nonsingular, as its determinant, D = AgA3 — Mg Ay = —27+ 4 M, (x5 +
2 A3 T s

x2), remains non-zero since the flux ¢, = +/x3 + 22 never vanishes practically due to the presence of the
remnant flux. Substituting the control law (30) into (u1, u2) on the right side of (29), we get (32).

V= —clz% — 02,2% — C3z§ — 04,23 (32)
Since the right side of (32) is a negative definite function of the state vector (z1, 22, 23, 24), the latter globally

asymptotically vanish [[14]. This result is more explicitly formulated in the following theorem:
Theorem: stability and convergence analysis: consider the closed-loop system comprising:
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— The MPIM-DC/AC converter association, described by model (5)-(9)
— The nonlinear controller defined by the control law (30)
Then, the following properties hold:
— The closed-loop error system, expressed in the (21, 22, 23, 24) coordinates, evolves according to (33)-

(36).

21 = —c121 + 23 (33)
29 = —CoZo + 24 (34)
23 = —C323 — 21 335)
Z4 = —CaZ4 — 29 (36)

— The above linear system is stable with respect to the Lyapunov function V' = 127 + 323 + 123 + 323,
and the errors (21, 22, 23, 24) exponentially converge to zero.

Proof: (33) and (34) directly stem from (18)-(19). (35) is derived by substituting the control law (30) into
(u1,u2) on the right side of (21). Similarly, (36) is obtained by substituting the control law (30) into (u1,u2) on
the right side of (24). Thus, Part 1 is established. Furthermore, from (26), it is evident that V' = %z% + %Z% +
%z% + %zf serves as a (radially unbounded) Lyapunov function for the error system (33)-(36). Since Visa
semi-negative definite function of the state vector (21, 22, 23, 24), by Lyapunov’s equilibrium point theorem,
the entire error system is exponentially asymptotically stable, and the errors converge to zero.

4. SIMULATION AND RESULTS

The control system, described by model (5)-(9), and the control law (30), are evaluated via simulation.
The system’s characteristics are summarized in Table 1. The Impact of the backstepping multiphase induction
machine control is assessed both with and without open phase faults. The machine load remains constant, and
the MPIM operates at a high speed (wyey = 1007d/s). Initially, the machine operates without open phase faults
over the interval [0,10s]. At ¢ = 10s, an open fault occurs in phase number one, and another fault occurs in
phase number four at t = 14s. The reference value ®,. for the rotor flux norm is set to its nominal value (1wb).
The indicated values of design parameters c1, ca, c3, ¢4 have been selected using a ’try-and-error’ search method
and proved to be suitable. The experimental setup is simulated within the MATLAB/Simulink environment
with a calculation step of 5us. This value is chosen considering that the inverter frequency commutation is 15
kHz.

Table 1. System features

Feature Symbole  Value Unit
Induction machine

Nominal power Py 7.5 kW
Nominal current In 9.6 A
Stator resistance Rs 0.63 Q
Stator cyclic inductance Lg 0.098 H
Rotor resistance R, 0.40 Q
Rotor cyclic inductance L, 0.09 H
Mutual inductance Mg, 0.09 H
Inertia J 0.22 kg.m?
Viscous rubbing fo 0.001 Nm/rd/s
Number of pole pairs p 2

Number of phases n 5

DC-AC converter

Continuous voltage Bus Vie 500 |4
PWM frequency Fm 15.00 kHz

The control performance obtained is depicted in Figures 4-8, illustrating the impact of nonlinear back-
stepping control against one or two phase failure faults on one or two supply phases, respectively, of the mul-
tiphase induction machine. Initially, the MPIM operates without any fault until ¢ = 10 s. At¢ = 10 s, the first
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open phase fault occurs in phase number one, followed by a second fault simultaneously in phase number four,
starting from ¢t = 14 s. Figures 4-8 demonstrate the responses of rotor speed, rotor flux, the phase stator current
unaffected by any fault, and electromagnetic torque. For both controlled variables (w, ®..), the tracking quality
is highly satisfactory across all speed ranges (refer to Figures 4 and 5). In both scenarios, the rotor flux norm
and rotor speed closely match their references and converge to them after the occurrence of each fault. Re-
markably, even in the presence of a single or double fault, the motor speed and the rotor flux converge towards
their references. Figure 7 illustrates the electromagnetic torque generated by the multiphase induction machine
before and after the occurrence of open-phase faults. The machine is loaded with a constant torque 7; set at
20N.m. Initially, without any faults, the electromagnetic torque converges, following a transient state, towards
20N.m. The slight torque ripples observed in Figure 7 stem from the power supply of the MPIM by the DC/AC
converter. After the first open-phase fault, the average value of the electromagnetic torque remains unchanged,
but the amplitude of the ripples increases by 10%. This increase further intensifies with the presence of two
simultaneous open-phase faults, reaching up to 40% (as depicted in Figure 8).

100 - "rf
90 09
80 / ’_acsf.
B L o7 L
= / - | eos - - —PhLRef| |
G / - w_ref PR
2. w ol % o5 I
o =}
9, i o
30 o / 03
=] 02
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kR N
Figure 4. Rotor speed response Figure 5. Rotor Flux response
40 L L 4
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Figure 6. Stator current in phase number 3

Figure 7. Electromagnetic torque response
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Figure 8. Zoom in electromagnetic torque
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In Figure 6, the stator current absorbed by phase number 3, the phase unaffected by any faults, is
depicted. At the onset of a single open phase fault at £ = 10s, the stator current of phase number 3 surges by
50% compared to its value in the absence of a fault. With the occurrence of two simultaneous open phase faults
starting from ¢ = 14s, affecting phases number 1 and number 4, this current escalates by over 150%.

5. CONCLUSION

This study explores the impact of backstepping control for multiphase induction machines in the
presence of open-phase faults. The controller was designed and analyzed using the backstepping technique, in-
tegrating the multiphase induction machine and the DC/AC inverter modeled in the fixed frame («, 3), without
considering open-phase faults. The proposed controller incorporates nonlinear loops aimed at ensuring precise
regulation of rotor speed and flux. The impact of backstepping control was evaluated in single and double
open-phase fault scenarios. In both cases, the rotor flux norm and rotor speed closely followed their references,
converging to them after each fault event. Even in the presence of open-phase faults, the motor speed and rotor
flux converged to their references. After the occurrence of open-phase faults, the stator current absorbed by the
non-faulty phases increased by 50% and 150%, respectively. Although the electromagnetic torque generated
by the multiphase induction machine maintained the average value of the load torque after open-phase faults,
the ripple amplitude increased by 40%. Hence, the design and analysis of backstepping control must consider
the presence of open-phase faults.
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