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ABSTRACT: This study presents a comparative analysis of Direct Torque Control with Space Vector Modulation (DTC-SVM) and Finite
Control Set Model Predictive Control (FCS-MPC) applied to five-phase induction motors. Five-phase induction motors offer enhanced
performance, reliability, and efficiency over traditional three-phase motors, making them suitable for high-reliability applications. The
performance of DTC-SVM and FCS-MPC is evaluated through experimental implementation on a 3.5 kW five-phase induction motor,
focusing on both dynamic response during speed reference changes and load variations, and static response, under steady-state conditions,
as well as energy quality, specifically stator voltage and current. Experimental results show that FCS-MPC provides superior dynamic
response, effectively managing speed changes and load variations, while DTC-SVM, owing to its fixed switching frequency, excels
at reducing torque ripple and minimizing stator current harmonics. The choice between DTC-SVM and FCS-MPC depends on the
application’s needs, weighing dynamic performance, torque stability, and harmonic content. This study provides valuable insights for
optimizing five-phase induction motor control and encourages future research to refine these methods or develop hybrid approaches that

combine their strengths.

1. INTRODUCTION

ive-phase induction motors, unlike their traditional three-
thase counterparts, feature five stator windings, provid-
ing enhanced capabilities in terms of performance and effi-
ciency [1-3]. These motors boast several advantages, including
lower current per phase, less torque ripple, better noise charac-
teristics, potentially more torque, higher efficiency, and most
importantly, superior fault tolerance compared to three-phase
machines [4-7]. They are commonly employed in applica-
tions requiring high reliability and dynamic performance, such
as aerospace systems, electric vehicles, marine electric propul-
sion, locomotive traction, and renewable energy generation [8—
10].

These advantages have spurred research into adapting con-
ventional three-phase induction motor control techniques to
five-phase induction motor systems, such as Direct Torque
Control-Space Vector Modulation (DTC-SVM) and Finite Con-
trol Set Model Predictive Control (FCS-MPC). Applying DTC-
SVM and FCS-MPC to a five-phase induction motor introduces
extra control flexibility due to the increased number of voltage
vectors available from a two-level five-phase inverter, which
provides 32 voltage vectors compared to just 8 in a three-phase
system. This increased number of voltage vectors allows for
more precise and flexible torque and flux control, minimiz-
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ing the ripple amplitude of both the stator flux and the torque.
Given the additional advantages of these techniques when they
are applied to multiphase machines, the application of DTC-
SVM and FCS-MPC to five-phase induction motors has re-
ceived widespread attention in recent years.

Recent advancements in DTC-SVM have unlocked new lev-
els of control performance and efficiency for five-phase in-
duction motors. The research by Lu and Corzine tackles har-
monic currents and torque ripple by incorporating harmonic
elimination and optimal switching sequences, leading to sig-
nificant improvements in both dynamic and steady-state per-
formance [11]. Khaldi et al. investigated sensorless control ap-
proaches, comparing adaptive flux observer and model refer-
ence adaptive system (MRAS) for rotor speed estimation and
highlighted the practical advantages of MRAS [12, 13]. Stud-
ies by Listwan and Pienkowski showcase improved accuracy
and smoother electromagnetic waveforms compared to tradi-
tional methods [14]. Barik and Jaladi explored integrating Arti-
ficial Neural Networks (ANNs) into the DTC-SVM framework,
significantly reducing torque and flux ripple while improving
speed response [15]. Furthermore, Benyoussef and Barkat ex-
plored the effectiveness of extended Kalman filters for accurate
speed and flux estimation in DTC-SVM [16].

Similarly, FCS-MPC advancements are empowering five-
phase induction motors with enhanced control accuracy, fault
tolerance, and computational efficiency. Lim et al. explored
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FIGURE 1. Diagram of a five-phase induction motor.

using all available switching states for optimal current con-
trol and achieving better decoupling between torque and flux
currents [17]. Their research was further expanded by Lim et
al., who compared FCS-MPC with traditional PI-PWM con-
trol, revealing trade-offs between transient performance and
steady-state operation [18]. FCS-MPC'’s fault tolerance capa-
bilities were investigated by Guzman et al., who developed a
strategy to ensure seamless operation under open-phase fault
conditions [19]. Martin et al. incorporated a rotor current ob-
server into FCS-MPC, demonstrating improved prediction ac-
curacy, reduced harmonic content, and improved current track-
ing performance, ultimately leading to lower torque ripple and
increased overall efficiency [20]. Additionally, Guzman et
al. explored reduced-order FCS-MPC approaches to minimize
common-mode voltage while maintaining drive operation un-
der varying load conditions [21].

While both DTC-SVM and FCS-MPC offer distinct advan-
tages, there is a lack of comprehensive research directly com-
paring them for five-phase induction motor control. This study
aims to bridge this gap by providing a comparative analysis of
these two control methods. By investigating their efficiency,
dynamic response, and overall performance through experi-
mental evaluation, the research seeks to identify the strengths
and weaknesses of each approach. Ultimately, this study aims
to provide valuable insights into the optimal control technique
for maximizing the performance of five-phase induction motors
in different applications.

The organization of this paper is structured to offer a compre-
hensive analysis of the comparative study between DTC-SVM
and FCS-MPC in five-phase induction motors. The paper be-
gins with the modeling of the five-phase induction motor, fol-
lowed by a discussion on the configuration and operation of
the two-level five-phase inverter. Next, the theoretical foun-

dations and key principles of both DTC-SVM and FCS-MPC
are explored. The subsequent sections provide the experimen-
tal results, comparing the performance of DTC-SVM and FCS-
MPC. Finally, the paper concludes with a summary of the find-
ings and potential directions for future research.

2. MODELING THE FIVE-PHASE INDUCTION MOTOR

The five-phase induction motor is characterized by its five sta-
tor windings, each spatially offset by 72 degrees. This config-
uration is illustrated in Figure 1.

This paper relies on well-known simplifying assumptions, as
described in [22,23], to present the mathematical model of a
five-phase induction motor. These assumptions include treating
the magnetomotive forces as sinusoidal and assuming that the
magnetic circuit is linear. The motor parameters are considered
constant, and the air gap is uniform. Additionally, iron losses,
such as hysteresis and eddy currents, as well as the skin effect,
are neglected.

The mathematical model of the five-phase induction motor,
described by differential equations in the natural phase coordi-
nate system (a-b-c-d-e), has coefficients that change with time,
as represented by systems (1) and (2) as follows [12]:

s s d [égbcde}
Va cdel — s Ia cae +
[Vabede] = [7s] Lapede] dt 0
[QZbch] = [ls] [Icstbcde] + [lST] [Igbcde]
AT, ]
[VaTc e] = [T’f‘] [Ig c e] + ——abede:
bed bed dt (2)

[Paveac) = [lr] Uapedel + [lrs) Lapedel
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FIGURE 2. Park transformation in a five-phase induction motor.

where:

[Vsbcde] = [Vasa Vbs’ Vcsv Vj’ Ves]T

a

ipeae] = 15, 15, 15, 15, 1) (3)
S S S S S S T

[Qabcde] = [@av b Po, Py, Qe}

[ ardee] = [Varv VE:T7 Vcrv Vdrv Ver}T

[Igbcde] = [‘[127[17;7]27157[5],11 (4)

T
[ Zbcde] - [@27 Z,QSL 2,452]

The electromagnetic torque of the motor in the (a-b-c-d-e)
coordinate frame is expressed by Equation (5) as follows:

T.=P [Isbcde] @ ([ZST} [Igbcde]) (5)

By applying Park transformations, the stator and rotor equa-
tions are converted into the d-g-z-y-o coordinate system, sim-
plifying the model by making the coefficients constant and
time-invariant [1]. This transformation uses the matrix P(0),
known as the generalized Park matrix, derived from the Con-
cordia matrix [C] in the stationary reference frame and the ro-
tary reference frame matrix [D]. This transformation conserves
the instantaneous power and aligns the stator and rotor windings
into electrically and magnetically equivalent windings along
two perpendicular axes (d and g), as illustrated in Figure 2.
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The transformations for stator and rotor variables are defined
by the matrices [P;] and [P,], respectively:

[Vdsqmyo] = [PQ] [Vasbcde]

[Ijquo] = [Ps] [I;bcde] (6)
[ an:yo] = [PS] [ tszbcde]
[Vdrqa:yo] = [PT} [ arbcde]
[ngmyo] = [Pr} [ gbcde] (7)
[ ngyo] = [PT} [ Zbcde]

After applying these transformations, the equations govern-
ing the voltages and fluxes of the five-phase induction motor in
a reference frame rotating at arbitrary speed w are summarized
by systems (8) and (9) as follows:

d(Pds
dt

(I)ds = (Lls + Lm)Ids + LmIdr

Vas = Rslgs + - W(Dqs

d®,,

Vvqs = Rqus + dt

+ W(I)ds

Q45 = (Lis + L) Iys + LinIyr

d® s
dt

sz = Rslzs +

CI)IS = LlsI:r:s
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FIGURE 3. Circuit of a five-phase voltage source inverter.

dd,s
Vys = Bslys + —+
q)ys = Llsts
. (®)
Vos = RsIos -
* dt
cI)os = Llslos
d® g,
Var = Rplgr + dr _ (W - wr)q)qr
dt
cI)dT - (Llr + Lm)ldr + LmIds
dd,,
Var = Relgr + — 5 + (@ = wr)®ay
(I)qr = (Llr + Lm)Iqr + LmIqs
A,
Vzr - era:r +
dt (9)
(Dz'r - Llrlwr
dd,,.
‘/yr = eryr + dty
(byr = Llr[yr
AP,
Vor = Ry 1oy
* dt
(I)or = LlrIor

The electromagnetic torque developed by the motor, after the
transformation, is expressed by Equation (10) as follows:

Tem = p ((I)dsiqs - (I)qsids> (10)

From Equations (8) and (9), it is apparent that the key differ-
ence between the five-phase motor model and the three-phase
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motor model is the existence of x-y components in the d-g-z-
y-o coordinate system, which are not present in the three-phase
model. The stator and rotor voltages in the x-y frame depend
only on their respective currents and fluxes, without involv-
ing components from each other (i.e., the z components do not
include terms from y), and without involving the d-q compo-
nents. Similarly, the stator and rotor fluxes in the z-y frame
are determined solely by their respective currents, without cou-
pling between stator and rotor components. The rotor and sta-
tor components in the x-y frame are fully decoupled from the
components in the d-g frame and from each other, and therefore
do not contribute to the production of flux or electromagnetic
torque, although they can introduce additional losses in the mo-
tor [12, 14-16, 20, 24]. However, for the purposes of this study,
these losses are considered negligible, as supported by previous
research [12,23,25].

Furthermore, given the short-circuited rotor winding and the
star configuration of the stator winding, and assuming that the
five-phase components are balanced within both the stator and
rotor, the zero-sequence components in both the stator and rotor
windings can be ignored. Consequently, the analysis can focus
primarily on the d-q components, which are responsible for flux
and torque production.

As a result, the model of the five-phase induction motor,
under the given assumptions, effectively reduces to that of a
three-phase induction motor. This reduction, as noted in sev-
eral studies [12, 13, 15], simplifies the implementation of tra-
ditional three-phase control methods, such as DTC-SVM and
FCS-MPC, to five-phase motors without impacting the accu-
racy of the results.

3. TWO-LEVEL FIVE-PHASE INVERTER

In this study, a two-level five-phase inverter is utilized to power
a five-phase induction motor, as shown in Figure 3. The in-
verter operates with a constant DC voltage input. Each leg of
the inverter includes two IGBTSs, which are controlled in a com-
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FIGURE 4. Space voltage vectors of the two-level five-phase inverter («-/3 Plane).

plementary manner to avoid short circuits in the DC bus and
ensure continuous current flow to the load.

The inverter’s output voltage is governed by the switching
states of the IGBTs. Given that each leg contains two IGBTs,
there are 2° (32) possible switching states, resulting in 32 space
voltage vectors. These vectors include two zero vectors and
thirty active vectors, which have three distinct amplitudes and
are distributed across ten 36-degree sectors, as illustrated in
Figure 4.

4. DIRECT TORQUE CONTROL WITH SPACE VECTOR
MODULATION FOR A FIVE-PHASE INDUCTION MO-
TOR

This work employs a DTC-SVM scheme that utilizes a closed-
loop control of torque and stator flux in the stator flux refer-
ence frame. Figure 5 depicts the control structure, which relies
on two Pl-type controllers for both torque and stator flux con-
trol [26].

The control strategy relies on a simplified description of the
stator voltage components presented in the stator flux coordi-
nate system (®q, = ®,, 45 = 0). Consequently, the equations
of the stator voltage from system (8) and torque expressions
(10) will be presented as follows:

dd,
Ve s = RSI s
d ds + at
(1n
Vis = Relys +wdPs
T, :p@slqs

Neglecting the voltage drop across the stator resistance (R;),
system (11) reveals that the V;; component primarily influences

the stator flux amplitude variation, while the V5 component
governs torque control. The outputs from the PI controllers for
flux and torque represent the reference stator voltage compo-
nents (Vs and V) in the stator flux reference frame, as shown
in Figure 6. These reference voltages are then transformed to
the stationary -3 reference frame to enable SVM implemen-
tation for voltage synthesis.

This study employs an SVM strategy that utilizes four active
space vectors (two medium and two large) within each sector
to generate the desired reference voltage at each sampling time
step [27,28]. The application times for the large vectors Ty,
and Ty; and for the medium vectors 7T, and Ty,,, are calculated
using the following formulas [28]:

| V7| sin (’T—Sk —a)

Tal = - 'Tsa
Vil + [Vin] sin (5)
|Vl|sin(a—@)

Ty = —— T (12)
IVi| + [Vin| sin (%)

S |Vm|sin(%k—a)'
Vil + [V sin (5) 7
|Vin | sin (a - %)

Tom = T (13)

Vil + [Vin sin (5)

The application time of the zero voltage vector T, is calcu-

lated as:
To = Ts - Tal - Tam - Tbl - Tbm (14)

where:
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* k is the sector number ranging from 1 to 10.
» T, represents the switching period.

* |Vi| and |V,,,| are the magnitudes of the large and medium
voltage vectors, respectively, given by:

- Vil =

- |Vm‘ =1/ %VDC

These calculated times determine the precise moments dur-
ing the switching period when each vector is activated. Initially,
the first zero vector is applied for %. Following this, the se-
quence involves the activation of the first medium vector V.,

for T‘ﬁ’” , followed by the first large vector V4, for % Next,

%VDQCCOS (%)

the second large vector V,; is applied for %, and then the sec-

ond medium vector V,,, is applied for Tl’?’” At the midpoint
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of the switching period, the second zero vector is applied for
%, marking the transition to the second half of the cycle. This
second half mirrors the first, with Vj,,,, Vi, Vi, and V., being
applied in sequence, followed by the application of the first zero
vector for % at the end of the cycle. This pattern, as illustrated

in Figure 7, is consistently repeated for each sector.

5. FINITE CONTROL SET MODEL PREDICTIVE CON-
TROL FOR A FIVE-PHASE INDUCTION MOTOR

The block diagram of FCS-MPC for a five-phase induction mo-
tor is shown in Figure 8. This diagram illustrates the control
loop, including the prediction model, cost function evaluation,
and the selection of optimal switching states.

In the context of a five-phase induction motor, FCS-MPC uti-
lizes the mathematical model of the motor in the stationary ref-
erence frame to predict future states, including stator currents
and stator and rotor flux linkages, based on possible switch-
ing states of the inverter. The process involves discretizing the

WWwWw.jpier.org
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motor’s dynamic equations and using these discrete models to
forecast the motor’s behavior over a short prediction horizon.
At each sampling interval, the controller evaluates the predicted
states for all potential voltage vectors (switching combinations
of the five-phase inverter) and computes a cost function that
typically includes terms for tracking errors [29].

The continuous-time model given in system (8) in a refer-
ence frame rotating at an arbitrary speed w can be transformed
into the stationary reference frame (a-5-z-y-0) and discretized
using the sampling period T for digital control implementa-
tion. In this study, only the a-3 components are considered for
simplification purposes. The resulting equations for the stator
flux linkages in discrete form are:

(15)
Qs [k + 1] =& [k] + T (VSﬂ [k] — Rslsp [k])

R T Ly,
+ [ —

@rﬂ[k‘ + 1] 2(1 —

flux linkages are:

95

Lok+1] =

Lglk+1] =

R, T

r

1

L'r‘ Eled [k]
R, T,
TT)CI)TB [k]

(k] +

swm(I)Ta

R, TsLy,

L,

The equations for the rotor flux linkages in discrete form are:

VPralk] + Tswm Pk

(16)
Isplk]

The expressions for the rotor currents in terms of the rotor

D,k + 1] — LinIso[k + 1]

L,

a7

q)rﬁ [k + 1] — Lm,Isﬁ[k' + 1]

L,

WWwWw.jpier.org
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The stator flux linkages in terms of stator and rotor currents
are given by:

salk + 1] = Lslsolk + 1] + Lin Lo [k + 1]

)
18
Finally, the stator currents are updated as follows:
T
Lok + 1] = (1 + ) Iso [k
TO’
Ts (1 [k,
- S 7(1)7“(1 k kr m(I)r k ‘/sa k
2 (o (Bl + o rsli]) + Vi)
19

Lglk+1] = <1 + T) LK)

o

B (e (Bl — e rati) + 2ot

TO’ RG’ I
where:
’ UZl_LLfEs
.7, = Z%La
. ]4;,,,:%:
. Tr:%

* R, = Ry + k2R,
* wy, is the mechanical angular speed

The future electromagnetic torque is predicted using the
equations:

Tulk 4 1)= 2p (Baalh 11 k4 1] o b4 o +1])

(20)
The cost function used in this study focuses on minimizing
the error in torque and stator flux, ensuring precise control of

the motor. The cost function is given by:
J = )\T |Te[k+]-] _z}ef|+)\d>|q>s[k+1] _(I)s,ref| (21)

where:

* A\r and \g are weighting factors for the torque and flux
errors, respectively.

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

* Tt s the reference torque.

* @[k + 1] is the predicted stator flux magnitude at the next
time step.

D ror is the reference stator flux magnitude.
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The control action that minimizes the cost function is applied
to the inverter. This involves evaluating all 32 possible voltage
vectors and choosing the one that results in the lowest cost. This
optimization ensures minimal tracking error and efficient con-
trol. By minimizing the cost function at each sampling step,
FCS-MPC ensures optimal performance with minimal tracking
error.

6. RESULTS

This section presents the experimental results obtained from
testing the proposed DTC-SVM and FCS-MPC control strate-
gies on a five-phase induction motor. The experimental setup
was implemented on a test bench, as shown in Figure 9, and
the detailed parameters for the motor and control settings are
provided in Appendix Table Al.

The test bench comprises two main components: the power
part and the control part.

The power part includes a 3.5 kW five-phase induction mo-
tor coupled with a direct current generator, which functions as
a load. The generator is connected to adjustable resistors, al-
lowing for manual modification of the total resistance to vary
the load torque. The motor is powered by two three-phase in-
verters from Semikron, which receive a fixed 450 V DC input
voltage from a diode rectifier fed by an autotransformer.

The control part utilizes a DS1104 control board from
dSPACE GmbH, installed within a computer. The control al-
gorithms for both DTC-SVM and FCS-MPC are implemented
using MATLAB/Simulink and ControlDesk software. MAT-
LAB/Simulink facilitates real-time application programming
through Real-Time Interface toolbox blocks. These validated
programs are then automatically compiled and downloaded to
the board using dSPACE ControlDesk Manager software. Con-
trolDesk provides a graphical interface for controlling signals
and real-time visualization from the Simulink environment.
An external connection box (dASPACE CLP1104 Connector
Panel) ensures data exchange between the power and control
parts. Additionally, there is an interface for conditioning
control signals and a measurement environment equipped with
various sensors. The measurement environment includes an
incremental encoder for speed measurement and LEM current
sensors for current measurement.

The DTC-SVM and FCS-MPC control strategies were eval-
uated under various conditions to compare their static and dy-
namic performances. Static performance was assessed by ex-
amining behavior under steady-state conditions, focusing on
metrics such as torque ripple, total harmonic distortion (THD)
of current, and steady-state error. Dynamic performance evalu-
ation involved analyzing responses to changes in operating con-
ditions, such as variations in speed or load, with key metrics
including response time, overshoot, settling time, and stability.
The experimental results, presented in Figures 10 to 15, provide
valuable insights into the robustness and effectiveness of each
control strategy in various operational scenarios.

Figure 10 presents the mechanical and electromagnetic vari-
ables observed during the experimental test, including speed,
torque, and stator flux. The speed references change from —100

WWwWw.jpier.org
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to 150 rad/s, increasing by 50 rad/s at each step under the same
load conditions.

In Figure 10(a) and Figure 10(b), the actual speed precisely
follows its reference for both DTC-SVM and FCS-MPC, with
observed oscillations due to the precision of the incremental en-
coder for speed, rather than a direct indicator of performance.
The response time for DTC-SVM is 1 second for —100 to
—50rad/s and 1.55 seconds for 50 to 100rad/s, while FCS-
MPC takes 0.73 seconds and 1.14 seconds, respectively, indi-
cating FCS-MPC’s faster response. Both strategies show no
overshoot, ensuring stability and control precision.

In Figure 10(c) and Figure 10(d), the actual torque precisely
follows its reference for both DTC-SVM and FCS-MPC. In
steady state, torque ripple varies with reference speed. The
FCS-MPC strategy exhibits higher torque ripple, with the maxi-
mum average torque ripple reaching 0.5157 Nm, indicating less
smooth torque control. In contrast, the DTC-SVM strategy
demonstrates superior torque control, with a maximum average
torque ripple of 0.2472 Nm, resulting in a smoother and more
stable torque response.

In Figure 10(e) and Figure 10(f), the stator flux magnitude
closely follows its reference value for both control strategies.
For DTC-SVM, there are minor deviations from the reference
flux, particularly when changing speed, indicating slight in-
stability in maintaining the desired flux level. These fluctua-
tions result in a ripple reaching up to 0.05 Wb throughout the
test. In contrast, the MPC strategy maintains the flux ripple be-
low 0.01 Wb throughout the test, even with speed variations,
demonstrating superior control accuracy and stability.

Figure 11 presents the stator current observed when the speed
changes from 50 to 150rad/s. For both control strategies, the
stator currents exhibit increases in both magnitude and fre-
quency as the speed increases. During the transient state, the
peak current for DTC-SVM reaches 3.3 A, while for FCS-MPC
it reaches 5 A. The waveforms of the stator current in DTC-
SVM are closer to a sinusoidal shape, whereas the waveforms in
FCS-MPC show more variability. This difference is attributed
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to the fact that DTC-SVM operates with a fixed switching fre-
quency. In contrast, FCS-MPC operates with a variable switch-
ing frequency, compounded by the limitations imposed by the
fixed step size of the solver, which is set to 10~* in the experi-
mental bench.

Figures 12 and 13 illustrate the stator current, the z-y cur-
rent components, and the output voltage waveforms of the five-
phase inverter, along with their Fast Fourier Transform (FFT),
for both DTC-SVM and FCS-MPC. The motor speed is fixed
at 200 rad/s under the same load conditions. These FFT analy-
ses highlight a distinct contrast in the harmonic content of both
current and voltage waveforms.

For the stator current, the DTC-SVM demonstrates a lower
Total Harmonic Distortion (THD) of 15.30%, whereas the FCS-
MPC exhibits a higher THD of 22.85%. A closer examination
of the harmonic content shows that, for DTC-SVM, the third
harmonic has a magnitude of 0.046, which is approximately
3.52% of the fundamental, and the fifth harmonic has a mag-
nitude of 0.045, which is approximately 3.49% of the funda-
mental. In contrast, the FCS-MPC exhibits higher magnitudes
for the same harmonics, the third harmonic has a magnitude of
0.064, which is approximately 4.59% of the fundamental, and
the fifth harmonic has a magnitude of 0.078, which is approxi-
mately 5.59% of the fundamental. The higher THD in the FCS-
MPC is attributed to the variable switching frequency, which
leads to increased low-frequency harmonic content in the stator
current, making the z-y current components more significant
and not as effectively managed as in DTC-SVM. This suggests
that the DTC-SVM control, with its fixed switching frequency,
is more effective in minimizing harmonic distortion for the sta-
tor current.

For the output voltage, the DTC-SVM shows a higher THD
of 133.49%, whereas the FCS-MPC exhibits a lower THD of
94.33%. A closer examination reveals that, for DTC-SVM,
there are numerous significant harmonics with high magni-
tudes, particularly among the medium-frequency and high-
frequency harmonics. However, these high-frequency harmon-
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FIGURE 10. Speed, torque, and stator flux amplitude response during speed changes under constant load. (a) Speed and its reference (DTC-SVM).
(b) Speed and its reference (FCS-MPC). (¢) Torque and its reference (DTC-SVM). (d) Torque and its reference (FCS-MPC).(e) Stator flux amplitude
and its reference (DTC-SVM). (f) Stator flux amplitude and its reference (FCS-MPC).

ics can be more easily filtered. In contrast, FCS-MPC control
exhibits fewer significant harmonics, with most falling among
the low-frequency harmonics, which are more challenging to
filter. Therefore, while FCS-MPC appears to have a lower THD
for the output voltage, the presence of low-frequency harmon-
ics indicates that the DTC-SVM still offer advantages in terms
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of easier harmonic filtration, contributing to the lower current
THD observed in DTC-SVM compared to FCS-MPC.

Figure 14 and 15 illustrate the results of two tests where the
load charge changes rapidly first from no load to full load in
Figure 14 and then from full load to no load in Figure 15 for
both DTC-SVM and FCS-MPC, with the speed reference set
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FIGURE 11. Stator currents. (a) Five-phase stator currents (DTC-SVM). (b) Five-phase stator currents (FCS-MPC). (c) Phase A stator currents
(DTC-SVM). (d) Phase A stator currents (FCS-MPC).

TABLE 1. Comparative results between DTC-SVM and FCS-MPC for five-phase induction motors.

Parameter DTC-SVM FCS-MPC
R -
esponse Time Slower Faster
(speed change)
Torque Ripple Lower Higher
Stator Flux Ripple Higher Lower

Stator Current Shape

Closer to sinusoidal

More variable

Peak Stator Current

. 33A SA
(transient)

Load Change Response Higher drop in speed Smaller drop in speed
(No Load to Full Load) with longer recovery time with shorter recovery time
Load Change Response Higher speed overshoot with Smaller speed overshoot
(Full Load to No Load) longer recovery time with shorter recovery time
THD of Stator Current 15.30% 22.85%

133.49% (most significant 94.33% (most significant
THD of Output Voltage harmonics at medium harmonics at

and high frequencies) low frequency)
99
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FIGURE 12. Harmonic analysis of the stator currents. (a) Phase A stator currents (DTC-SVM). (b) Phase A stator currents (FCS-MPC). (¢) FFT of
the stator currents (DTC-SVM). (d) FFT of the stator currents (FCS-MPC). (e) z-y current components (DTC-SVM). (f) -y current components

(FCS-MPC).

at 150rad/s. In the first test, the torque responses shown in
Figure 14(a) and Figure 14(b) indicate that both control strate-
gies effectively handle the sudden load increase, with the actual
torque T, closely following the reference 7).. Correspond-
ingly, the speed responses depicted in Figure 14(c) and Fig-
ure 14(d) reveal that DTC-SVM experiences a speed drop to
126 rad/s with a settling time of 4.8 seconds, whereas FCS-
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MPC shows a smaller speed drop to 132 rad/s with a faster re-
covery time of 4 seconds.

In the second test, where the load changes from full load to
no load, the torque responses shown in Figure 15(a) and Fig-
ure 15(b) again demonstrate effective handling by both control
strategies, with the actual torque T¢, closely tracking the ref-
erence T).. The speed responses depicted in Figure 15(c) and
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Figure 15(d) indicate that DTC-SVM experiences a speed spike
up to 173 rad/s with a recovery time of 4.2 seconds, while FCS-
MPC shows a smaller spike to 166 rad/s and a quicker recovery
time of 3 seconds.

Overall, these results highlight that while both DTC-SVM
and FCS-MPC effectively manage sudden load changes,
FCS-MPC consistently demonstrates superior performance
with smaller speed fluctuations and faster recovery times in
both load increase and decrease scenarios.

Table 1 summarizes the experimental findings comparing the
performance of DTC-SVM and FCS-MPC control strategies for
five-phase induction motors.

7. CONCLUSION

This comparative study between DTC-SVM and FCS-MPC for
five-phase induction motors has yielded several key insights
into the performance, efficiency, and control accuracy of these
two advanced control strategies:

* Dynamic Response: FCS-MPC demonstrated a faster re-
sponse time during changes in speed reference, along with

102

smaller speed fluctuations and quicker recovery times dur-
ing load variations, than DTC-SVM. This highlights the
superior dynamic performance and robustness of FCS-
MPC under transient conditions.

* Torque Control: Both DTC-SVM and FCS-MPC were
effective in tracking the reference torque. However,
DTC-SVM exhibited lower torque ripple, resulting in a
smoother and more stable torque response. This indicates
that DTC-SVM provides better torque control accuracy,
especially during steady-state operations.

« Stator Flux Control: FCS-MPC showed superior con-
trol accuracy and stability in maintaining the desired sta-
tor flux magnitude, with minimal deviations even during
speed variations.

* Load Handling: Both control strategies effectively man-
aged sudden load changes, but FCS-MPC consistently
showed smaller speed fluctuations and faster recovery
times during both load increase and decrease scenarios.
This indicates a higher level of robustness and efficiency
in dealing with rapid load variations.
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* Harmonic Content: The analysis of harmonic content
shows that for the output voltage, DTC-SVM exhibits a
higher THD with significant harmonics in the medium and
high frequency ranges. In contrast, FCS-MPC shows a
lower THD, but its harmonics are mainly in the low fre-
quency range, primarily due to the variable switching fre-
quency. While FCS-MPC appears to have a lower THD
for the output voltage, the presence of low-frequency har-
monics suggests that DTC-SVM offers advantages in eas-
ier harmonic filtration, contributing to its lower current
THD compared to FCS-MPC.

In summary, while both DTC-SVM and FCS-MPC have
their respective strengths, FCS-MPC demonstrates superior dy-
namic response, stator flux stability, and load handling capa-
bilities. However, FCS-MPC’s variable switching frequency
leads to higher low-frequency harmonic content in the output
voltage, which can be challenging to filter. On the other hand,
DTC-SVM excels in torque control, offering lower torque rip-
ple, and its fixed switching frequency results in smaller low-
frequency harmonic content in the output voltage, effectively
minimizing stator current harmonics. The choice between these
strategies should consider specific application requirements,
balancing the need for dynamic performance, torque stability,
harmonic content, and load handling. This study not only of-
fers valuable insights for optimizing the control of five-phase
induction motors but also opens avenues for further research
into optimizing these control methods or developing hybrid ap-
proaches that leverage the strengths of both to enhance the per-
formance and efficiency of five-phase induction motor in vari-
ous industrial applications.

APPENDIX A.

TABLE A1. Parameters for the five-phase induction motor and control
settings used in experimental tests.

Parameter Value Parameter Value
Pole pair 1 Poom [KW] | 3.5
number
Thom [N.m.] 12.7 Rs [Q] 9.5
L [H] 1.389 L., [H] 1.323
R, [Q] 7.3 L, [H] 1.331
Switching
Vie [V] 450 period 0.001
Ts [s]
PI Speed PI Speed
Controller 0.1 Controller 0.05
Pipeed Tspeed
PI Torque PI Torque
Controller 120 Controller 50
Porque Tiorque
PI Flux PI Flux
Controller 1000 Controller 80
Phux Thux
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