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Implementation of Finite Control Set Model
Predictive Control (FCS-MPC) for Five-Phase
Induction Motors

Abdelfattah Hoggui, Ali Benachour, Mohamed Chafaa Madaoui, and Mohand Oulhadj Mahmoudi

Abstract—This paper investigates the study and practical implementation of Finite Control Set Model Predictive Control
(FCS-MPC) for a five-phase induction motor powered by a two-level, five-phase voltage source inverter. Multiphase
systems present notable benefits over conventional three-phase configurations, including improved fault tolerance,
enhanced torque production, and minimized harmonic distortion, making them well-suited for demanding applications.
FCS-MPC operates by directly predicting and selecting the optimal control action at each sampling instant, eliminating
the necessity of a modulation stage and offering fast dynamic response. The proposed control approach is designed and
validated through experimental testing, assessing key performance indicators such as speed tracking, torque ripple, and
current distortion under both transient and steady-state conditions. The experimental results demonstrate the effectiveness
of FCS-MPC in ensuring precise and efficient control across various operating scenarios, making it a viable alternative for
multiphase motor drive applications.

Keywords—five-phase induction motor, two-level five-phase voltage source inverter, finite control set model pre-

dictive control (FCS-MPC).

I. INTRODUCTION

In recent years, multiphase motor systems have gained in-
creasing attention due to their potential for enhanced perfor-
mance, reliability, and efficiency in various industrial applica-
tions. Among these, five-phase induction motors have emerged
as a viable alternative to conventional three-phase machines, of-
fering key advantages such as improved fault tolerance, reduced
torque ripple, and lower harmonic distortion. These characteris-
tics make five-phase systems particularly suitable for demanding
applications, including renewable energy generation, electric
transportation, and high-precision industrial drives [1-6].

The unique benefits of five-phase induction motors have driven
researchers to extend and adapt control strategies originally
developed for three-phase systems to these advanced multiphase
configurations [7-20]. One such technique is Finite Control
Set Model Predictive Control (FCS-MPC), which has gained
prominence as an alternative to conventional control methods
due to its ability to directly predict and optimize switching states
at each sampling interval [21-25].

FCS-MPC is based on a predictive control that utilizes the math-
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ematical model of the system to estimate future states and min-
imize a predefined cost function. This approach allows direct
control of stator currents, torque, and flux without requiring co-
ordinate transformations or pulse-width modulation (PWM). By
continuously evaluating the impact of different switching states,
FCS-MPC ensures fast dynamic response, improved transient
performance, and precise control of electromagnetic variables,
making it an attractive solution for multiphase motor drives.

This paper is structured as follows: Section II presents the mod-
eling of the five-phase induction motor, followed by the mathe-
matical formulation of the two-level five-phase voltage source
inverter. Section III introduces the principles of FCS-MPC and
its application to five-phase motor control. In Section IV, ex-
perimental results are analyzed to evaluate the performance of
FCS-MPC under various operating conditions. Finally, Section
V concludes the paper with key findings and potential research
directions.

II. MODELING OF THE FIVE-PHASE INDUCTION MACHINE

The mathematical representation of five-phase induction ma-
chines is derived from their distinct winding configuration and
electromagnetic characteristics. To simplify the modeling pro-
cess, the following assumptions are considered in this work [13]:

* The magnetic circuit operates within a linear region, ne-
glecting saturation effects and assuming constant perme-
ability.

¢ The magnetomotive force (MMF) distribution and the re-
sulting air-gap flux are considered sinusoidal.

» Hysteresis, eddy current losses, and skin effect are dis-
regarded, focusing the model solely on electromagnetic
interactions.
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* A uniform air-gap thickness is assumed to facilitate the
magnetic circuit analysis.

Five-phase induction motors have five stator windings that are
symmetrically arranged with a spatial displacement of 2?” . The
corresponding arrangement is shown in Fig. 1
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Fig. 1: Winding arrangement of a five-phase induction machine.

The equations describing the voltage and flux linkage for the
stator and rotor phases are presented as follows:

d
Vs =Rl + @,

dt (1)
q’s = LsIs + Lerra
V., =R, I+ i‘I‘ — jw, P
T T dt T ] T T (2)
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where:

* 'V, and V, are the stator and rotor voltages,
e I, and I, are the stator and rotor currents,
e &, and P, represent the stator and rotor flux linkages,

* R,,R,, L, L,, L., and L, are the stator and rotor
resistances, self-inductances, and mutual inductances,

* w, is the rotor speed.

While these equations provide an accurate representation of
the machine in the natural (a — b — ¢ — d — e) coordinate
system, the presence of time-varying coefficients complicates
their use in control applications. To facilitate implementation,
the stator and rotor equations are transformed into the (v — 5 —
x — y — z) reference frame using Park’s transformation. This
transformation simplifies the control structure by decoupling
the torque-producing (cv — ) components from the (z — y — z)
components, which do not contribute to electromagnetic torque
production. The resulting equations in the transformed domain
are given by:

as

d
Vas = RsIas +
3)
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The electromagnetic torque generated by the five-phase induc-

tion machine is expressed as:

5
T, = ip ((baslﬂs - (I)Bs-[as) 5 (4)

where:

» T, represents the electromagnetic torque,
* p denotes the number of pole pairs,
* &, and ®p, are the a-f axis flux components,

* I,s and Ig, correspond to the a-f3 axis current compo-
nents.

This model serves as a foundation for implementing advanced
control strategies suitable for five-phase machines. By focus-
ing on the torque-generating «-3 components, the effects of
the non-torque-producing (z — y — z) components are disre-
garded. Although these additional components may introduce
extra losses in the machine [9, 14—17], studies have shown that
their impact is negligible in practical applications. Therefore,
for the sake of simplicity, these losses are not considered in this
work. The developed model provides a structured framework for
implementing predictive control techniques, particularly FCS-
MPC, which relies on the discrete-time representation of system
dynamics to optimize control performance.

III. Two-LEVEL FIVE-PHASE INVERTER

Fig. 2 presents the topology of a two-level five-phase inverter,
which serves as the power source for the stator windings of the
five-phase induction motor considered in this paper.

Fig. 2: Topology of the two-level five-phase inverter.

The inverter is composed of five legs, each incorporating two
insulated-gate bipolar transistors (IGBTs) operating in a com-
plementary switching scheme. This configuration results in 32
distinct switching states. Each switching state corresponds to
a specific space voltage vector, forming a set that includes two
zero vectors and thirty active vectors with different magnitudes.
The spatial distribution of these voltage vectors in the o« — 3
plane is depicted in Fig. 3.
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Fig. 3: Space voltage vector of the two-level five-phase inverter
in the o — 3 plane.

IV. FINITE CONTROL SET MODEL PREDICTIVE CONTROL
FOR A FIVE-PHASE INDUCTION MOTOR

Fig. 4 presents the schematic representation of the FCS-MPC
applied to a five-phase induction motor. It outlines the main
components of the control loop, including the predictive model,
cost function evaluation, and selection of the optimal switching
states.

¥ o Sa
w Speed controller : s_ o . . Se 4‘
Cost function minimization [
Df ———p| E:
—> F‘ phi
T(k+1) T T ‘l!:w‘ 1)

Torque and flux
prediction
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in a reference frame rotating at an arbitrary speed w, is trans-
formed into the stationary (a-f3-x-y-o) reference frame. For
implementation in a digital controller, the system is then dis-
cretized using a sampling period 7. To simplify computations,
only the torque-producing a-8 components are considered in
this work. The discrete-time expressions for the stator flux
linkages are formulated as follows:

TS (Vsa[k] - RsIsa[k])
T, (Valk] — RsIp[k])

sa [k

¢ ] = (I)sa[k} (5)
(I)sﬁ[k =0

+1 +
+1] +
Similarly, the rotor flux linkage equations in discrete form are
given by:

T
ol 1] = (1 ) 0]+ T,
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The rotor currents can be expressed in terms of the rotor flux
linkages as:

Dok + 1) — LinIsa[k + 1]

Lok +1] = 7
. (N
D5k + 1] — Ly Isglk+1
Lalk + 1] = sl +}L slk+1]

The stator flux linkages in relation to the stator and rotor currents
are expressed as:

Dok + 1] = Lolso [k + 1] + Ly Lo [k + 1] ®
(0]

sglk + 1] = LeIsglk + 1] + L I glk + 1]

The stator currents are then updated using the following rela-

Fig. 4: Schematic diagram of the FCS-MPC control strategy.

For five-phase induction motor control, FCS-MPC employs a
predictive approach based on the motor’s mathematical model
in the stationary reference frame. The controller forecasts fu-
ture states, such as stator currents and both stator and rotor flux
linkages, by considering different inverter switching states. The
predictive process relies on discretizing the motor’s dynamic
equations and using these discrete models to estimate system
behavior over a short prediction horizon. At each sampling step,
the controller evaluates all possible voltage vectors (correspond-
ing to the five-phase inverter’s switching states) and calculates a
cost function that includes terms for tracking errors [18].

The continuous-time model defined in system ( 3), expressed

Xa [k] = RLU <I:_:‘I>m[k] + krwm®@rp [k]>
Xglk] = Rig <I7€_:<I>r5[k] krwmém[k]>
alt 1] = (14 ) Lalb] + 2 (Xalk] + VK]

T s
Lol 1) = (14 72) Lolk] + 22 (sl + Vi)
where:
co=1-
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* w,, is the mechanical angular velocity.

The predicted electromagnetic torque at the next time step is
computed using:

Tlb1] = 2p (@aalh + 11Tuslk + 1] = ok + UTaal + 1)
(10)

To achieve precise control of the motor, the cost function in
this study aims to minimize errors in torque and stator flux,
formulated as:

J:)\T |Te[k+1]_1—|ref‘+)\<b|q)s[k+l]_q)s,ref| (11)

where:

* Ar and \g are weighting factors for torque and flux errors,
respectively.

o T.[k + 1] is the predicted electromagnetic torque at the
next time step.

o Tt is the reference torque.
e @[k + 1] is the predicted stator flux magnitude.

* d, . is the reference stator flux magnitude.

The control algorithm evaluates all 32 possible switching states
and selects the one that minimizes the cost function. This opti-
mization ensures minimal tracking error and efficient control.

V. EXPERIMENTAL RESULTS

Fig. 5 illustrates the experimental test bench utilized for im-
plementing the Finite Control Set Model Predictive Control
(FCS-MPC) strategy on a five-phase induction motor. The setup
consists of a transformer supplying a rectifier, which delivers a
DC voltage. This DC voltage powers two two-level three-phase
inverters configured to supply the five-phase induction motor.

The five-phase induction motor is mechanically coupled to a
DC generator, which serves as the load. The load level can be
adjusted using a variable resistor connected to the DC generator,
enabling precise control of the operating conditions.

The FCS-MPC control algorithm is implemented on a dSPACE
1104 control board, which interfaces with the system for real-
time control and data acquisition. A current measurement circuit
is integrated into the setup. Additionally, an incremental encoder
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Fig. 5: Experimental test bench used for FCS-MPC implemen-
tation.

is used to measure the motor’s rotational speed, providing essen-
tial data for the closed-loop control system. The parameters of
the five-phase induction motor used in this setup are presented
in a table in the appendix.

To evaluate the performance of the FCS-MPC strategy applied
to the five-phase induction motor, two experimental tests were
conducted under varying speed conditions while maintaining
a constant load. In the first test, the reference speed was in-
cremented from 50 rad/s to 200 rad/s in steps of 50 rad/s and
subsequently reduced from 200 rad/s to 150 rad/s under the
same load conditions. In the second test, the reference speed
was varied to assess the system’s performance during speed
reversals: it started at 50 rad/s, increased to 100 rad/s, and then
decreased to —150 rad/s in steps of 50 rad/s.

The results, presented in Fig. 6 and Fig. 7, provide insight into
key electromagnetic parameters, including the reference and
actual speed, the electromagnetic torque and its reference, as
well as the flux magnitude and its reference.

Fig. 6(a) and Fig. 7(a) show that the rotor speed closely follows
its reference, with minimal overshoot during acceleration and
deceleration. The motor smoothly transitions between speed
levels, highlighting the capability of the FCS-MPC strategy in
ensuring fast and precise speed adjustments.

Fig. 6(b) and Fig. 7(b) shows that the electromagnetic torque
closely follows its reference, with minimal ripple in both for-
ward and reverse rotational directions. In steady-state operation,
the torque ripple varies depending on the reference speed.

Fig. 6(c) and Fig. 7(c) illustrate that the path of the stator flux
forms an almost perfect circle, demonstrating that it has a consis-
tent magnitude with minimal ripple in both forward and reverse
rotational directions, as confirmed in Fig. 6(d) and Fig. 7(d).

Fig. 8 illustrates the electrical performance of the FCS-MPC
strategy at constant speed. It presents the inverter’s output
voltage along with its harmonic spectrum, as well as the stator
current and its corresponding harmonic spectrum.

The results show that the total harmonic distortion (THD) of
the inverter’s output voltage is notably high due to the vari-
able switching frequency of the FCS-MPC strategy. On the
other hand, the stator current THD is significantly lower, bene-
fiting from the filtering effect of high-frequency harmonics, a
characteristic effect of the inductive properties of the induction
machine. Additionally, during speed variations, peak current
values reach SA.
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Fig. 6: Experimental results of FCS-MPC: (a) Rotor speed
and reference speed, (b) Electromagnetic torque and reference
torque, (c) Stator flux trajectory, and (d) Stator flux magnitude
with its reference.
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Fig. 7: Experimental results of FCS-MPC : (a) Rotor speed
and reference speed, (b) Electromagnetic torque and reference
torque, (c) Stator flux trajectory, and (d) Stator flux magnitude
with its reference.
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Fig. 8: Experimental results of FCS-MPC: (a) Inverter output
voltage, (b) Harmonic spectrum of the inverter output voltage,
(c) Stator currents, and (d) Harmonic spectrum of stator currents.

VI. CONCLUSION

This paper demonstrates that the Finite Control Set Model Pre-
dictive Control (FCS-MPC) strategy, originally developed for
three-phase induction motors, can be effectively applied to five-
phase induction motors. The implementation of FCS-MPC in
five-phase systems has yielded promising results, confirming
its capability to achieve precise control and stable performance
under varying speed conditions.

For future work, further investigation into the impact of the x-y
components, which are unique to five-phase induction motors,
could help minimize losses and enhance the control strategy.
Additionally, extending predictive control techniques to account
for fault conditions in five-phase systems would enable full ex-
ploitation of their inherent advantages, improving performance
and reliability across various industrial applications.

APPENDIX

Table. I
FIVE-PHASE INDUCTION MOTOR PARAMETERS

Parameter | Value Parameter Value
Prom [KW] 3.5 Thom|[ N.m.] 12.7
R[] 9.5 R[] 7.3
L4[H] 1.389 L,[H] 1.331
L,,[H] 1.323 | Pole pair number 1
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