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Abstract

In Finite Control Set Model Predictive Control for multiphase drives, weighting factors
govern the relative priority among the multiple objectives included in the cost function.
Although their influence on control performance, harmonic characteristics, and switching
behavior has been extensively studied, their impact on energy efficiency remains largely
unexplored. This paper addresses this gap through a comprehensive experimental as-
sessment of the influence of cost function weighting factors on the energy efficiency of a
five-phase induction motor drive. A dedicated laboratory test bench is used to evaluate
drive efficiency across a broad range of operating conditions by systematically varying
mechanical speed, load level and weighting factor combinations. The results reveal that
cost function weighting factor tuning leads to efficiency variations of up to 7.6 percentage
points depending on the operating regime. Furthermore, the study identifies an optimal
parameter region that provides consistently high efficiency across the tested conditions.

Keywords: finite control set; model predictive control; electrical drives; multiphase motor;
energy efficiency; weighting factors; cost function; induction motor

1. Introduction

Model Predictive Control (MPC) for variable speed drives have been the subject of
research for several decades [1]. Current approaches can be classified into two categories
according to the modulation strategy employed. The first uses a predictive controller
whose output is a continuous voltage reference synthesized by the Voltage Source Inverter
(VSI) through Pulse Width Modulation (PWM) [2]. Since the controller output is not
quantized, this approach is referred to as Continuous Control Set Model Predictive Control
(CCSMPCQ) [3].

The second category, known as Finite Control Set MPC (FCSMPC) or Finite State MPC
(FSMPC), directly selects among the available switching states of the VSI without requiring
a modulation stage [4]. This provides higher control bandwidth at the cost of a distributed
harmonic spectrum [5]. The real-time deployment of FCSMPC faces two main challenges.
The first is computational complexity, particularly in multiphase drives, where the large
number of switching configurations increases the evaluation burden [6]. Although fast
optimization methods have been proposed to alleviate this issue [7-9], they are applicable
only to specific cost function formulations.

The second challenge is the selection of the weighting factors (WFs) that appear in
the cost function. Some recent works propose their elimination altogether [10,11], while
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others exploit them to achieve flexible control objectives. Online tuning methods have also
been developed [12-14], although these solutions are typically limited to cost functions that
include a penalty for stator current content in the harmonic subspace. This particular choice
is relevant because the harmonic plane currents do not produce torque but contribute to
Joule losses in the drive [15]; reducing them should therefore improve efficiency. However,
the voltage modulation performed by the VSI through switch commutations introduces
an additional source of losses [16]. Including a penalty term for switching transitions
addresses this issue but increases computational load [17,18].

An alternative approach adopted in several studies combines the dead-beat concept
with a multi-vector strategy, in which more than one voltage vector is applied during each
sampling period. This formulation avoids the need for WF by zeroing the harmonic content
in open loop and dropping the commutation penalty [19]. The resulting method eliminates
WEF selection and allows shaping the loss distribution [20], but leads to an increase in
switching frequency as a direct consequence of the multi-vector approach [21].

Importantly, the two loss mechanisms (harmonic currents and switching transitions)
cannot be addressed independently due to the inherent coupling between control objec-
tives in FCSMPC [3]. Determining the WFs that minimize total losses must therefore be
carried out concurrently, which is not straightforward since analytical loss expressions are
cumbersome to handle in practice [20,22].

This paper presents a comprehensive experimental assessment of the influence of the
WF Ayy and A, respectively associated with current regulation in the secondary subspaces
and switching frequency reduction, on the energy efficiency of a five-phase induction motor
drive [23]. A dedicated laboratory test bench is used to evaluate drive efficiency across
a broad range of operating conditions by systematically varying mechanical speed, load
level and WF combinations.

The novelty of this work lies in the consideration of overall energy efficiency as a
criterion for WF tuning, an aspect that has not been addressed in the literature except in
preliminary studies by the authors [24,25]. Compared to those earlier works, the present
paper extends the analysis to the joint interaction of both WFs, examines their combined
impact on overall efficiency and identifies optimal operating ranges.

2. Model Predictive Control for Multiphase Induction Motors

The FCSMPC strategy employed in this work regulates the stator currents of the
induction motor (IM) by directly selecting the switching states of the VSI at each sampling
instant. An outer feedback loop provides the speed regulation. A discrete-time model of the
IM is used to predict the stator currents at future sampling instants, and these predictions
are evaluated for all admissible voltage vectors. The switching state that minimizes a
predefined cost function is then applied to the inverter.

Figure 1 shows the control scheme adopted in this work. The control loop begins by
comparing the reference speed, w*, with the measured motor speed, w. The speed error is
processed by a PI controller in the outer loop, whose output generates the torque reference.
The block T, 1, corresponding to the inverse Park transform, converts the rotational system
references to the stationary reference frame aSxy, thus obtaining the reference currents.
Simultaneously, the measured motor currents are projected from the phase system to the
stationary system using the Clarke transform T, obtaining the components aSxy.

The FCSMPC controller uses a discrete motor model to predict the evolution of
the currents associated with each switching state of the VSI. The predicted currents are
evaluated for all possible states of the converter, and the switching state that minimizes
this function is selected and applied directly to the VSI to power the five-phase induction
motor, SOt
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The five-phase, two-level voltage source inverter generates 32 possible voltage vectors,
depending on the switching state of each leg. Based on their magnitude, these vectors
can be classified into four groups: zero vectors, small vectors (2Vpc(v/5 — 1) /5), medium
vectors (2Vpc/5), and large vectors (2Vpc(v/5 +1)/5). These magnitudes are directly
determined by Vpc and by the coordinate transformation used to project the switching
states onto the #-B and x-y planes. Therefore, they are fixed and do not depend on the
operating point or on the control strategy adopted. Figure 2 shows the voltage vectors
generated in the a-B and x-y planes. Vectors in the a- plane are directly related to the
machine components that produce torque, while their projections onto the x-y plane are
associated with spurious secondary current components that contribute to additional losses
in the motor windings. As can be seen, switching states that produce large vectors in the
a-f plane result in the smallest projections in the x-y plane, and vice versa. This inverse
relationship is characteristic of multiphase drives and is particularly relevant to the control
strategy: since no switching state can simultaneously provide a large vector in both planes,
the controller must strike a balance between tracking the current references in the primary
plane and limiting the secondary-plane currents responsible for these losses.

FCSMPC

*
X Sopt

i »  minJ S
J : i

Angle Predictive X T

»| Estimator Model | c B

N~y T

Figure 1. Scheme of the FCSMPC based control system used for the drive of a five-phase IM.
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Figure 2. Zero, small, medium and large vectors in the a-f (left) and x-y (right) planes for a five-
phase converter.

The predictions used by the FCSMPC algorithm are obtained from a discrete-time
model derived by applying Euler discretisation to the continuous-time equations of the
IM. The one-step-ahead prediction of the stator current vector i = (isa, isﬁ, Tsx, isy) is
expressed as

i(k+1]k) = Ai(k) + Bo(k|k — 1) + G(k|k), (1)
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where i(k + 1|k) denotes the current prediction computed at the discrete-time instant k
for the following instant (k + 1), and v(k|k — 1) is the stator voltage generated by the VSI
according to the switching state selected at (k —1).

The matrices A and B depend on the rotor electrical speed, the stator and rotor
resistances, the stator and rotor inductances, the stator leakage inductance and the mutual
inductance. Matrix G is an additional term that accounts for the rotor-current contribution,
which is generally not directly measurable. Nevertheless, several methods have been
proposed to estimate this contribution [26-28].

The matrices A and B are given by

—ds2 Ay 0 0 arg Ay
—apg  —asp 0 0 —ay apn
a_| 0 0 —ag O 0 o | 2
0 0 0 —ag3 0 0
s —apys 0 0 —as —ap
A5 ds4 0 0 a5 —ars
o 0 0 0
0 ¢ 0 0
0 0 0
B= N (3)
0 0 0 c
¢, 0 0 0
0 —c; 0 0O
where the coefficients of A are defined as
asy = Rscp, as3 = Rscz, as4 = Rscy,
a4 = Rycy, Ams = Megwy, ayy = Lycywy, 4)
a5 = Rycs, ams = Mcswy, aj5 = Lycswy,
and the constants ¢y depend on the machine parameters as
L 1 M L
c1 = LSLY - Mzr Cy = l/ 3 = —, Cqg = —, 5 = 75 (5)
01 Lys €1 01

Matrix A depends explicitly on the rotor electrical speed w, through the coefficients
a14,a15, e and aps; since the mechanical dynamics are considerably slower than the
electrical dynamics, w, can be assumed constant within a single sampling period, so that A
is treated as time invariant for the purpose of the discrete time prediction.

The cost function considered in this work is defined as

J(k+2) = [leap (k +2) |* + Axy [y (k +2) | + AseS(k +1), (6)

where ¢,4 represents the predicted current-tracking error in the a-f plane, éy, denotes
the predicted error in the x-y plane and S(k + 1) is the number of switching transitions
produced by the candidate control action. This last term is defined as

S(k+1) = hfuh<k+ 1) — up(k), )
=1

where 1, (k) and uj, (k + 1) represent the switching states of the hi-th leg of the VSI at instants
kand k + 1, respectively. Therefore, the absolute value |u,(k + 1) — 1, (k)| indicates whether
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a switching transition occurs in the corresponding inverter leg when the candidate control
action u(k 4 1) is applied.

In this formulation, A, weights the importance assigned to the suppression of the
non-torque-producing current components in the x-y plane, whereas A4 penalizes switch-
ing transitions and is therefore directly related to the switching activity of the inverter.
Variations in Ay, and Asc may simultaneously affect current tracking, secondary-plane
current components, switching frequency and the resulting loss distribution of the drive.

The stator current reference trajectories provided by the outer control loop are sinu-
soidal and are given by

i (1) I sin(w,t)

o |t | | 15 cos(wet)

ii(t) = mo |~ 0 , (8)
iz, () 0

where I} is the reference stator current amplitude and w, is the electrical angular frequency.
The current references in the x-y plane are set to zero because these components do not
contribute to electromagnetic torque production.

3. Experimental Test Bench

The experimental test bench consists of a five-phase IM, which is the main object of
this study, and a direct-current (DC) machine, mechanically coupled through their shafts.
This coupling makes it possible to impose different load conditions on the motor under test
and to evaluate its dynamic and energetic behavior at different operating points. Figure 3
shows the general scheme of the experimental test bench and its main subsystems.

DC power
supply

Sensor

b—— |
Data |ogger board 2

Figure 3. General scheme of the experimental test bench.

The experimental setup includes a DC power supply (DC-link) that supplies the
five-phase VSI, implemented using an SKS22FB6U power electronic inverter module,
manufactured by Semikron Danfoss Elektronik GmbH & Co. KG, Nuremberg, Germany.
The control algorithm execution and the generation of the inverter switching signals are
carried out by a control board based on the TMS320F28335, a 32-bit DSP manufactured by
Texas Instruments Incorporated, Dallas, TX, USA.

The five-phase IM is mechanically coupled to the DC machine, which operates as a
generator during testing. The armature circuit of the DC machine is connected to a resistive
load, allowing the mechanical power delivered by the IM to be converted into electrical
power and dissipated in the load. The loading conditions can be adjusted by varying the
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resistance value. The parameters associated with the laboratory setup are summarized in
Table 1.

Table 1. Parameters of the experimental test bench.

Parameter Value Units
Stator resistance, Rs 12.85 (@)
Rotor resistance, R, 4.80 Q
Stator leakage inductance, L, 79.93 mH
Rotor leakage inductance, L, 79.93 mH
Mutual inductance, Ly, 681.7 mH
Number of pairs of poles, P 3 -
Direct current voltage, Vpc 300 A%
Sample time, T 80 s

The data acquisition system consists of a DAS220 datalogger, manufactured by SE-
FRAM Instruments SAS, Saint-Etienne, France, connected to conditioning and sensing
boards specifically designed for the test bench. These boards incorporate AMC1311B volt-
age sensing amplifiers and AMC1300B current sensing amplifiers, both manufactured by
Texas Instruments Incorporated, Dallas, TX, USA, as well as AD8495 temperature sensor
amplifiers, manufactured by Analog Devices, Inc., Wilmington, MA, USA. These elements
allow the main variables to be recorded during system operation.

The computer connected to the system allows the operation of the test bench to be mon-
itored, the test conditions to be configured, and the data recorded by the acquisition system
to be stored. In this way, the test bench enables an experimental evaluation of the energetic
behavior of the drive under different speeds, load conditions and control parameters.

4. Experimental Design

The experimental campaign was conducted on the test bench depicted in Figure 4,
covering a wide range of operating conditions defined by combinations of mechanical
speed, resistive load and control strategy parameters.

The mechanical speed was set to w € {100, 200, 500, 750} rpm to cover a wide range
of operating points. The resistive load was varied across R € {73, 100, 110, 220} Q). Lower
resistance values demand higher currents from the drive, representing heavier loading
conditions, while higher values correspond to lighter loads.

Regarding the parameters of the control strategy, the cost function comprises three
terms associated with different physical objectives. The tracking error in the #-f plane is
included without a WF (i.e., with an implicit weight equal to 1). Therefore, it serves as the
reference term against which the WFs of the remaining two components are adjusted.

The next one, /\xy € {0.01, 0.2, 0.5, 1, 5}, weights the current tracking error in x-y
subspace. This wide range of values was selected to characterize the full spectrum of
compensation. At the lowest value (0.01), x-y error is virtually neglected, allowing non-
torque-producing currents to flow with little restriction; at the highest value (5), the tracking
error in this subspace is weighted more heavily than that of the torque-producing plane,
forcing the controller to actively suppress these currents.

The last factor, Ay € {6, 8, 10} -1073, weights the switching effort associated with
the number of converter commutations. Its values were kept comparatively small to avoid
degrading tracking performance in the main subspace, favoring instead voltage vectors that
provide similar control performance while reducing the number of switching transitions
and, consequently, the switching frequency and the associated converter losses.
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Figure 4. Experimental test bench.

For each combination of parameters, the system was allowed to reach steady-state
operation before measurements were recorded. The instrumentation directly measures
the converter input voltage V;, [V] and current I;;, [A] at the DC power supply terminals,
together with the output voltage Vo, [V] and current Iy, [A] across the resistive load.

From these four quantities, the energy performance of the drive is characterized
by three indicators. The input and output powers are computed as P;,, = Vj;, - I;;, and
Pout = Vout - Iout, respectively, and the efficiency as

-100% )

Current quality is assessed through three additional metrics. The tracking error in the
fundamental a- subspace, which is directly linked to torque generation, is defined as the
root-mean-square deviation between the reference and actual current components:

eap = | - 22 ([i200) = iu)] "+ [1500 — )] (10

k=1

Analogously, the error in the secondary x-y subspace quantifies the root-mean-square
magnitude of the non-productive current components, whose reference is zero:

N
e = 2 [A0 + 0 ay

Finally, the average switching frequency is obtained as the mean number of VSI
commutations per unit time over the analysis interval,

1 N

fsw:F

nsc(k (12)
iy (k)
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where Nj is the number of samples, Ts is the sampling period and 7, (k) is the number of
switch-state transitions recorded at sample k.

5. Results

The experimental results are presented in two main stages. First, the direct influence
of the WFs included in the cost function is analyzed. In particular, the effects of Ay, on
the current tracking error in both planes, the fundamental a- plane and the secondary
x-y plane, as well as the effect of A on the inverter switching frequency, are evaluated.
This preliminary analysis makes it possible to verify the expected action of each WF before
discussing their impact on the overall efficiency of the drive system.

As expected, increasing Ay, reduces the tracking error in the x-y plane, as shown in
Figure 5. For very low values of A,y, the controller assigns little relevance to the secondary
subspace, resulting in comparatively high values of eyy. When Ay, is increased from 0.01 to
0.2, a sharp reduction in the error is observed. Beyond this value, however, the improvement
becomes much less significant and a slight increase in ey, can even be observed for higher
values of Ayy. This behavior highlights the nonlinear nature of the predictive controller
and indicates that excessively large values of Ay, do not necessarily provide a proportional
improvement in the secondary-plane current tracking. Moreover, the error also exhibits a
certain dependence on the operating speed, with higher speeds generally leading to lower

exy values.
R=73Q R =100
I I I I I I —@—100 rpm
0.8F 1 0.8 200 rpm
—4A—500 rpm
——750 rpm
L0.6¢ 1 06
2 04f 1 04
B J/m\"
0.2} 1 02
0 0
0.01 0.2 0.5 1 5 0.01 0.2 0.5 1 5
R=11002 R=220Q
0.8} 1 08
0.6 0.6
<
o
204 0.4
=
0.2 0.2 o
oLl— . . . : OLl— . . : :
0.01 0.2 0.5 1 5 0.01 0.2 0.5 1 5
Ay Azy

Figure 5. Influence of the control tuning parameter Ay, on the tracking error in the x-y plane.

However, prioritizing the secondary subspace comes at the expense of the fundamental
plane performance. As shown in Figure 6, the tracking error ¢,z remains low and stable for
Ayxy values between 0.01 and 1, but increases sharply when A, = 5.

This degradation is consistent across all speeds and load conditions and is particularly
pronounced at higher speeds where the current amplitudes are larger. This result reveals
that excessively high values of Axy shift the control effort away from the fundamental plane,
compromising the quality of the torque-producing current components. The combined
analysis of ex, and e,g therefore suggests that intermediate values of Ay, offer the best
compromise between fundamental-plane tracking and secondary-current suppression.
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1 Lr —A—500 rpm
—4—750 rpm
0.8 0.8F
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Figure 6. Influence of the control tuning parameter Ay, on the tracking error in the «-§ plane.

The influence of Asc on the switching behavior of the converter is illustrated in Figure 7.
Since this WF penalizes switching transitions on the converter, increasing As. is expected
to reduce the average switching frequency. The experimental results confirm this trend,
showing that fs, decreases as As. increases for all the operating conditions considered.
This result demonstrates that the switching penalty effectively modifies the voltage vector
selection process, favoring switching states that require fewer changes with respect to the
previous converter state.

R="T30Q R=100Q
4500 4500
—8—-100 rpm
~—200 rpm
4000 ¢ 4000 { |—4—=500 rpm
—— 750 rpm
3500 ¢
N 3500
5 3000 -
] 3000
2500 ¢
2000 2500 \\
1500 2000
6 8 10 6 8 10
R=110Q R=2200Q
4500 T 4500 T
4000 4 4000
w3500 1 3500
=3
3
<2 3000 - 41 3000
2500 - 1 2500
2000 2000
6 8 10 6 8 10
Ase - 1073 Ase 1073

Figure 7. Influence of the control tuning parameter As. on the switching frequency.
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Having characterized the individual effect of each WEF, the analysis now turns to the
overall system efficiency. Figure 8 shows the average system efficiency as a function of
the load resistance for different mechanical speeds. The results reveal a clear dependence
of efficiency on the operating point. For all load conditions, efficiency increases with
mechanical speed, mainly because the generator delivers higher output power at greater
speeds. As useful output power rises, fixed losses (including mechanical friction, iron
losses and converter dissipation) represent a smaller fraction of the total, leading to higher
efficiency values. The highest efficiency recorded in the campaign reaches approximately
36% at 750 rpm under the lowest load resistance.

Light band: A, variation
Dark band: A,, variation

35 [ [ [ [ —— 750 rpm
20T T |-#—=500 rpm
200 rpm
30k | |-@—100 rpm!
25+ 4
< 20 g
2
15+ 4
10+ g
S5  @— ° Py _ A
— ]
0 Il Il Il Il
73 100 110 220
R[]

Figure 8. System efficiency as a function of load resistance for different mechanical speeds. Shaded
bands indicate the efficiency range due to variations in Ayy (light) and A (dark).

Moreover, for a given speed, the efficiency decreases as load resistance increases. This
trend is especially noticeable at medium and high speeds. Atlow speed, however, efficiency
remains below 6% and is nearly insensitive to load variations, confirming that the energy
balance under these conditions is governed by speed dependent losses that the load level
cannot offset. At higher speeds, the useful power transferred to the load becomes more
significant, making efficiency increasingly sensitive to the load condition.

Beyond the operating point, the controller tuning also affects system efficiency.
The shaded bands in Figure 8 represent the range of efficiency values obtained when
Axy and A are varied for each operating condition; the bandwidth thus reflects the sensi-
tivity of efficiency to controller tuning. The light band corresponds to variations in A,y and
the dark band to variations in As. The wider light band indicates that efficiency is more
sensitive to Ay, than to As, reaching variations of up to 7.6 percentage points at 500 rpm.

At low speed, the bands remain narrow across all load values, confirming that the WFs
have a limited effect when fixed losses dominate the energy balance. As speed increases,
however, the bands become wider, particularly at medium and high load conditions. This
indicates that controller tuning has a more noticeable impact on efficiency when the system
operates at higher power levels, where the controllable loss components, especially those
associated with the x-y currents, represent a larger share of the total losses.

The effect of A,y on efficiency is examined in detail in Figure 9. The efficiency exhibits
a non-monotonic behavior with respect to this WE. The lowest values are obtained at both
extremes of the tested range (A, = 0.01 and Ay, = 5), whereas intermediate values, par-
ticularly in the range 0.5-1, yield the highest efficiency. This result reflects two competing
mechanisms. For very low values, the controller does not sufficiently suppress the cur-
rent components in the x-y subspace; since these components do not contribute to torque
production but circulate through the stator windings, they increase copper losses with-
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out producing useful work. For excessively high values, the controller over prioritizes
the secondary subspace at the expense of current tracking in the fundamental a-§ plane,
degrading overall energy conversion.

R=73Q R=1009
40 40
—@—100 rpm

—m—200 rpm
. —A—500 rpm!
Y ‘/A,X/‘\ o1 0/’—"‘__‘\‘ | (=075 rpm

520' 20»/’—“—‘\‘4
0 T T 0 e

—eo—"—o — S —o—
0l~ . . . . 0l~ . . . .
001 02 0.5 1 5 001 0.2 0.5 1 5
R=110Q R=1220Q
40 40

30»’/‘,4-—-—0’”\‘ 30t
520'/——‘\ 20"/’___‘/0\‘4

IO»W 10»./.,/‘./.\.4
./.—’0—0———0

0 n n n n n 0 n n n n n
0.01 0.2 0.5 1 5 0.01 0.2 0.5 1 5
Asy Azy

Figure 9. Effect of the control tuning parameter Ay, on the efficiency.

In contrast, the effect of As on efficiency is much less pronounced, as shown in
Figure 10. Although increasing A, clearly reduces the switching frequency, this reduction
does not translate into a significant change in overall efficiency. The efficiency curves remain
nearly flat across the tested values of A, with only minor variations. This can be attributed
to the fact that the switching penalty modifies the voltage vector selection process enough to
reduce fs;,y, but not enough to alter the current tracking behavior significantly. Consequently,
the associated reduction in switching losses is too small to produce a measurable effect on
the global energy balance.

R=730Q R=1009
40 T T T 40 T T T o100 pm
’\‘—\_‘ —m—200 rpm
—A—500 rpm
30+ 30 ’—/—‘%‘ 1|—0—"750 rpm!
— — — . @00
o0t 20}

of = T 0 ————a o

—— o —o — "/
0 0
6 3 10 6 8 10
R=110Q R=2200Q
40 . 40 .
30f  g—n 30}

I A\‘__‘
o9t 20} ’\‘\‘
= L\‘\‘

10+ —_ . 10}

—o— o ———o— o
0 0
6 8 10 6 8 10
Ase - 1073 Ase - 1073

Figure 10. Effect of the control tuning parameter As; on efficiency.

Table 2 summarizes the optimal WF combination and the corresponding efficiency
range for each operating point. The optimal value of Ay, falls consistently within the
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range 0.5-1, with a clear shift toward 1 at medium and high speeds. The optimal A is
predominantly 6 - 1073, confirming its limited influence on efficiency. The last column
reports the efficiency difference between the best and worst WF combinations, which
quantifies the potential improvement achievable through proper tuning. This difference
increases with speed, reaching up to 7.64 percentage points at 500 rpm, and remains above
4 percentage points at 750 rpm for all load conditions.

Table 2. Optimal WF and efficiency range for each operating point for each load.

R[O] w [rpm] Axy Ase [X1073]  #min [%] imax [%] Ay [pp]
100 0.5 8 4.30 6.14 1.84
73 200 0.2 8 8.84 12.22 3.39
500 1.0 6 22.46 28.39 5.92
750 0.5 6 31.66 36.30 4.64
100 0.2 8 3.66 6.20 2.54
100 200 0.5 8 7.75 11.02 3.26
500 1.0 6 19.10 24.65 5.55
750 1.0 6 27.14 32.47 5.33
100 1.0 6 3.20 6.08 2.88
110 200 1.0 6 7.70 11.15 3.45
500 1.0 6 18.60 26.25 7.64
750 1.0 6 27.03 32.28 5.25
100 0.5 6 2.95 5.04 2.09
220 200 0.5 6 5.64 11.32 5.67
500 1.0 10 12.69 18.69 6.00
750 1.0 6 17.80 24.26 6.46

Finally, to validate the dynamic performance of the optimal WF selection for the case of
w = 500 rpm, with Ay, = 1and Asc = 6 X 1073, a speed reference step test was carried out.
Figure 11 shows the measured mechanical speed response, wy;, to a step change in the speed
reference, w;,, from 0 to 500 rpm. It can be observed that the measured speed accurately
tracks the reference, reaching the new operating point without noticeable overshoot.

Figure 12 depicts the corresponding stator current components in the synchronous
reference frame, iz; and igs, together with their respective references, iy, and ij. During the
transient, igs rapidly increases to its maximum value to generate the required torque to
achieve the desired speed step, whereas i;; remains regulated around its reference value,
ensuring constant flux production throughout the maneuver. As the mechanical speed
converges to the reference value, izs gradually decreases to the level required to sustain the
new steady-state operating point. These results confirm the ability of the proposed control
scheme to achieve accurate speed reference tracking using the optimal WE.

500
—~ 400
E

£ 300

1.5 2 25
Time (s)

Figure 11. Mechanical speed response to a step change in the speed reference using the optimal WF
(Axy =1, Ase = 6 x 1073) for R = 100 Q.
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Figure 12. Stator current response (igs, igs) to a step change in the speed reference using the optimal
WF (Axy =1, Ase = 6 x 1073) for R = 100 Q.

6. Discussion

The experimental results show that drive efficiency is governed by two distinct fac-
tors, namely the operating point, defined by mechanical speed and load resistance, and
controller tuning through the WF Ay, and As.. Their relative importance, however, differs
considerably. The operating point has the dominant influence, while the controller tuning
plays a secondary but non-negligible role that becomes increasingly relevant at medium
and high power levels.

The dominant effect of speed can be understood from the energy balance of the
motor-generator set. At low speed, the output power is small and fixed losses (mechanical
friction, iron losses and converter losses) consume a large fraction of the input power,
keeping efficiency below 6% regardless of load or controller settings. As speed increases,
the generator delivers substantially more power, reducing the relative weight of these losses
and improving efficiency. Similarly, lower load resistance allows higher output currents
and therefore higher useful power, which explains the consistent efficiency improvement
observed at lower resistance values, particularly at 500 and 750 rpm.

The influence of Ay, on efficiency can be explained by a specific physical mechanism.
The current components in the x-y subspace do not contribute to torque production in
a five-phase machine; however, they circulate through the stator windings and produce
additional copper losses. When A,y is too low, these parasitic currents are insufficiently
suppressed, resulting in increased losses and reduced efficiency. As Ay, increases, the x-y
currents are progressively attenuated, leading to improved efficiency. Beyond a certain
threshold, however, further increases provide limited additional reduction of ey, while
introducing two adverse effects: the degradation of the fundamental a-f current tracking
and an increase in switching frequency, which raises inverter losses.

The degradation of the fundamental plane tracking is confirmed by the results shown
in Figure 6 and Table 2, where ¢, p remains stable for Axy between 0.01 and 1 but increases
sharply at Ay, = 5, reaching values up to four times higher at 750 rpm. This degradation in
mainly determined by mechanical speed and shows limited sensitivity to load resistance,
indicating that higher speeds intensify the trade-off between suppressing secondary sub-
space currents and maintaining accurate regulation of the torque-producing components.
Consequently, excessive emphasis on secondary subspace control eventually compromises
the overall current regulation performance. The interaction between these mechanisms
results in the non-monotonic efficiency profile observed in Figure 9, with an optimal region
around Ayy = 0.5-1.

The behavior of A4 is different. This factor directly penalizes switching transitions
and, as expected, increasing A,c reduces the average switching frequency. While this reduc-
tion is potentially beneficial in terms of semiconductor stress, electromagnetic emissions,
and thermal management, its impact on efficiency within the tested range is marginal. This
can be explained by the relatively low magnitude of the switching losses compared to the
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copper and iron losses that dominate the energy balance of the system. As a result, As; can
be regarded as a parameter primarily aimed at improving the switching behavior of the
converter rather than optimizing efficiency.

These findings have a direct practical implication for controller tuning. The analysis of
the optimal WF summarized in Table 2 reveals that Ay, concentrates in the range 0.5-1 across
all tested conditions, with a shift toward Ay, = 1 at medium and high speeds, while A is
predominantly 6 x 10~3. Rather than treating WF selection as a purely control-oriented
task focused on current tracking or switching frequency, the results demonstrate that the
global energy performance of the drive should also be considered. In particular, the choice
of Ayy should not be based solely on minimizing ey, since the value that minimizes the
secondary plane error does not coincide with the one that maximizes efficiency.

7. Conclusions

This work presented an experimental analysis of the influence of the operating point
and the cost function WFs on the efficiency of a five-phase IM drive controlled by FCSMPC.
The system efficiency is primarily determined by the operating point. Mechanical speed
has the dominant effect, with higher speeds increasing the generator output power and
reducing the relative contribution of fixed losses, raising efficiency from below 6% at
100 rpm to approximately 36% at 750 rpm. Lower load resistance values further improve
efficiency by increasing the useful output power, with this effect being most pronounced at
medium and high speeds.

Among the controller parameters, A,y exhibits the strongest impact on efficiency. Its
effect follows a non-monotonic behavior explained by two competing mechanisms, namely
the insufficient suppression of parasitic x-y currents at low values and degradation of
fundamental plane tracking at excessively high values. Experimental results show that e,
increases significantly when A, = 5, particularly at high speeds, while remaining stable
in the range 0.01-1. The highest efficiency was obtained for Ay, = 0.5-1, where a suitable
balance between secondary current suppression and fundamental tracking is achieved.
Notably, this range does not coincide with the value that minimizes ey, highlighting the
need to consider energy efficiency, rather than tracking performance alone, during the
tuning process.

The WF Ay, effectively reduces the switching frequency, which may benefit converter
lifetime and electromagnetic compatibility, but its impact on overall efficiency is limited
within the tested range. This result suggests that A can be adjusted primarily based on
switching related criteria without significantly affecting energy performance.

Overall, the results demonstrate that WF tuning should not be treated as a purely
control-oriented task. Intermediate values of Ay, combined with moderate values of As
provide a practical compromise between current tracking, switching behavior and energy
efficiency, improving the overall system performance across the tested operating conditions.
Future work will investigate the interaction effects between the two weighting factors
by systematically analyzing their combined variation. Moreover, additional values in
the vicinity of the optimal point identified in this study will be explored to refine the
optimization process and better understand its local behavior.
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The following abbreviations are used in this manuscript:

CCSMPC  Continuous Control Set Model Predictive Control
DC Direct Current

FCSMPC  Finite Control Set Model Predictive Control
FSMPC Finite State Model Predictive Control

™M Induction Motor

MPC Model Predictive Control
PWM Pulse Width Modulation
VSI Voltage Source Inverter
WFs Weighting Factors
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