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Abstract: Multi-phase electric drives can act as a competitive solution for high-power applications. To
take advantage of the multi-phase benefits, the design of high-performance control techniques is a
crucial task. In this regard, the inherent features of model predictive control (MPC) have aroused the
interest of the scientific community in the last decade. This control solution, based on the usage of
a cost function, provides notable flexibility to the control designer to select diverse regulation goals.
Although the use of some weighting factors is a common trend to prioritize control purposes, the
internal behavior of each term of the cost function is commonly ignored since the cost function is only
focused on minimizing the total error. With this issue in mind, this work firstly performs a detailed
analysis about the behavior of each cost function term in a standard MPC. The mentioned study
permits identifying a certain pattern of the internal mechanics of the cost function that can disturb
the current quality. To solve this limitation, the cost function of the MPC scheme is redefined. The
proposed strategy permits improving current quality without increasing the number of switching states
applied per control period, as it is validated with experimental results in six-phase electric drives.

Keywords: accumulation of current errors; cost function; finite control set model predictive control;
multi-phase electric drives

1. Introduction

Multi-phase electric machines present an interesting solution for industrial applica-
tions when high power and reliability are required [1-3]. Even though the early devel-
opment of these systems was thwarted by their inherent complexity in terms of control,
the progress of digital signal processors has alleviated this problem [4]. Better power
distribution, fault-tolerant capabilities, and lower torque ripple are some of the advantages
that these machines present over their three-phase counterparts [5]. An example of this fact
is that the impact of multi-phase systems on the field of electric vehicles is not limited to
academic studies [6-8]. Companies such as BMW, Mercedes, and Audi have incorporated
propulsion systems with multi-phase solutions into some of their high-end products [9-11].

Regarding the regulation of multi-phase electric drives, different control techniques
have been extended from three-phase systems. Such is the case with indirect rotor field-
oriented control [12,13], direct torque control [14,15], and finite control set model predictive
control (FCS-MPC) [16-18] for both induction and permanent magnet synchronous ma-
chines [19,20]. This last regulation scheme has gained traction in the last decade thanks
to its high usage of the dc-link voltage, fast dynamic response, and inherent flexibility in
adding specific control goals in a simple manner [4]. Despite these benefits, FCS-MPC pre-
sented a serious limitation in its early development, showing poor current quality for low
values of stator impedance when only one switching state is applied per control action [4].
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One possible approach to improve the current quality is the use of multi-vector
solutions, which have been explored for systems with three phases [21], but also five [21-23],
six [4,24,25], and nine phases [26], among others. By adequately composing new control
actions from applying multiple switching states in one sampling period, currents in the
secondary subspace can be significantly reduced, thus enhancing the machine performance.
Nevertheless, this solution is not without its faults. First of all, applying a higher number
of switching states comes at a dual cost: a higher switching frequency and a lower usage of
the dc-link voltage [4,27]. Furthermore, the reduction in currents in the secondary plane
comes in part from the higher switching rate. Smaller sampling times inherently lead to an
increase in switching frequency, and consequently, the difference in performance between
a multi-vector solution and a standard FCS-MPC could reduce. This fact can be especially
notable if the control actions of the standard FCS-MPC are pre-selected to ensure a low
production of secondary currents [4].

Due to both the advantages and disadvantages of using multi-vector solutions, these
schemes coexist with FCS-MPCs that only use one switching state. Some of the single-
switching state regulation schemes focus on alternative control goals, such as enhanc-
ing current tracking [28], decreasing the VSC switching frequency [27,29] or mitigating
common-mode voltages [30]. These objectives are pursued through the modification of
the cost function that governs the selection of control actions, which is the source of the
FCS-MPC'’s flexibility.

Nevertheless, regardless of the number of switching states applied per control period,
when FCS-MPC is trying to reduce current errors, the cost function is only focused on
minimizing the total error. This leaves the door open for the individual growth of the
different current errors as long as the sum is somewhat compensated in the present control
cycle. This behavior could present a blind spot in the control’s ability to keep all errors low.
Particularly, the sensitivity of the secondary subspace could lead to the accumulation of
current errors through many cycles, worsening the system’s performance. The present work
contains two contributions (C1 and C2) that, to the best of the authors” knowledge, are novel.

On the one hand, C1 aims to fill in the research gap present in the field of FCS-
MPC: how the individual errors that make up the cost function evolve through time
during standard functioning conditions. A study of these current errors is presented based
on experimental tests, providing archival value and demonstrating a flaw in this type
of control scheme that has not been explored before, but can be solved. On the other
hand, C2 is a novel and cost-effective solution to said flaw: a redefined FCS-MPC which
targets a reduction in the accumulated error of the available components. By doing so,
current harmonic injection is notably reduced without increasing switching frequency.
Furthermore, the limitations that the proposed control scheme presents have been explored,
paying special attention to the increase in computational time and complexity.

The manuscript is structured as follows. Section 2 reviews the generalities of the multi-
phase topology used in this work, whereas Section 3 details the functioning of standard
FCS-MPC and how individual current errors evolve during its performance. Section 4
proposes an alternative MPC algorithm focused on the reduction in accumulated error
(RAE-MPC), and Section 5 compares its results with standard FCS-MPC, exploring both
advantages and disadvantages between the control schemes. The conclusions obtained in
the presented work are detailed in Section 6.

2. The Six-Phase Induction Motor Drive

The employed electric drive is composed of a double three-phase two-level volt-
age source converter (VSC) connected to an asymmetrical six-phase induction machine
(IM) [31]. The IM stator windings have been configured with isolated neutral points, simpli-
fying the complexity of the control scheme [32]. A general diagram of the system’s topology
is shown in Figure 1. Every VSC leg is formed by two complementary switches that deter-
mine the switching state of each of the six phases, adding up to 2° = 64 possible states (S ph]-)/
where the subscript “ph” and “j” refer to the phase (4, b, and c) and the VSC it belongs to
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(1 or 2), respectively. The complementary switches behave in a binary manner, with S, =1
resulting in the upper switch being ON and the lower switch being OFF. Consequently,
Spn; = 0 entails the opposite behavior for upper and lower switches. The expression (1)
defines the stator phase voltages (vph],) obtained in the considered electric drive:

Val [ 2-1-1 0 0 0]7[S,
Op1 -1 2-1 0 0 0]|S,
va| _Va|-1-1 2 0 0 0S| W
Van 31 0 0 0 2-1-1/|S,
Vo 0 0 0-1 2-1][S,
X 0 0 0-1-1 2]][S,]

where Vj, is the voltage provided by the dc-link.

Figure 1. Topology of the asymmetrical six-phase IM with a double three-phase two-level VSC.

Even though expressing IM behavior in phase variables is a common practice, the use
of different reference frames can facilitate control design. An example is the use of vector
space decomposition (VSD) which, in the case of the six-phase machine, maps phase stator
values onto three orthonormal subspaces with distinct physical meaning [33]. This useful
transformation is achieved through the use of the Clarke matrix (2). The primary plane
is the a-B subspace, which is related to flux and torque production. The secondary plane
is the x-y subspace, and it maps the harmonic components that produce copper losses in
distributed winding machines as long as the spatial harmonics are negligible. The last
product of the use of the Clarke transform are the zero-sequence currents which, due to the
fact that the neutral points of the studied system are isolated, can be considered zero and
thus ignored.

1 - b F -9 o
3 3 1 1
e
1 1 3 3
=1 L i T A ®
3lg_va v 1 1 4|
2 2 2 2
1 1 1 0 0 O
0 0 0 1 1 1
(Yo xg Xx Xy Xz1 X0)"= [Cl[xXa1 Xp1 X1 Xa2 Xpo Xe2)' 3)

where x can represent the current, the voltage or the flux of the electric machine.
Using standard assumptions [2], the employed six-phase IM can be modeled as follows:
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where Ly = Lis+ M, L, = L, + M, M = 3L, and w, = pw,, are p, and wy, is the pole
pairs number and the mechanical speed, respectively. Furthermore, the indices r and s
denote rotor and stator values, while subscript I and m denote leakage and magnetizing
inductance, respectively.

Due to the effects of the Clarke transformation in the presented topology, the switching
states can be classified in five different groups according to the module of the voltage vectors
in the primary subspace: large (V;), medium-large (V,;,;), medium (V,;;), small (Vs), and null
(V) vectors [34,35]. This classification is represented in Figure 2. An interesting relation can
be observed by comparing the modules of the voltage vectors in the a-f and the x-y plane.
Particularly, V; (colored in blue) presents a notable production in the primary subspace,
with the smallest production in the secondary plane. This fact makes them especially
suitable for use, since a high degree of exploitation of the dc-bus and small copper losses
are desirable control traits [4]. For that reason, these switching states are the ones accessible
by the control methods studied in this proposal along with Vj (colored in white).
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Figure 2. Classification of available control actions in the a-3 and x-y planes, with V; highlighted
in blue.

Following with the modification of reference frames, each subspace can be projected
again to decouple the flux/torque production through the use of the rotation matrix known
as Park transformation (5) once the rotor flux angle (6) is obtained by means of the measured
speed and estimated slip [36]. Through the use of this transformation, flux production is
only related to the d-component, while the g-component is linked to torque generation,
which eases the implementation of control schemes.

cosf  sinf
[D} - {—sin() cosﬂ}' ®)
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3. FCS-MPC
3.1. FCS-MPC Structure

The FCS-MPC scheme constitutes two control loops, as shown in Figure 3. The external
control loop regulates speed through the use of a proportional-integral controller, assessing
the present mechanical speed thanks to an encoder and comparing it with its reference
counterpart (see the bottom part of Figure 3). On the other hand, the internal control loop is
based on the equations that describe the machine model and has the objective of predicting
future stator currents in order to regulate them. The expression (6) presents the machine
model in space vector variables:

%[Xa/sxy} =[A] [Xapry] + [B] [Unpry],

[Unpxy] =[vas Ups Vs Uys Vot vo,]T, (6)
[Xaﬁxy} :[ilXS iﬁs ixs iys Awr A,Br]T

7

where matrices [A] and [B] depict the dynamic behavior of the six-phase IM [27]. The
terms Aqr and Ap, refer to the rotor flux production mapped onto the a-f subspace. The
equations in (6) have been discretized through the use of the Euler forward method in
order to simplify implementation.

is

- Vafﬁ’xy | forf=1upto13 |
iaﬁxy |k Wm 1
opt ia[?x | 'l‘ ﬂ |
aBxylj_q Y lk+1 APXY g2
wm

- Internal control loop
Lapxy

)
External control loop

e

W ixy =0

i; — ia rated

Figure 3. Diagram of a standard FCS-MPC scheme for a six-phase electric drive, with its predictive
control loop highlighted in green.

For the purpose of satisfying the real-time requirements that are in place when pre-
dicting the stator currents using a digital signal processor, the one-step delay approach
is implemented [37]. Therefore, the prediction is performed two steps into the future
(k + 2), with this being the moment in which the currents produced by the available control
actions are compared with their reference counterparts, denoted by the superscript “*”
The reference value of the quadrature current (i3) is provided by the external control loop,
while 7} is set to the value that generates rated magnetization. These currents are projected
onto the a-f subspace and, along with iy and ij (which are usually set to zero to mitigate
copper losses), are included in a cost function. The objective of this function is to select the
optimal available control action through the minimization of the total error:

J= eu2cs + 6;235 + ny (eazcs + 659)’ (7)
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where
_ A
Cns = las|k+2 - las|k+2/

€gs = i§s|k+2 - f5s|k+2r ®)

exs = lys|kt2 = Txs|kq2s
€ys = i;s|k+2 - iys|k+2/

with Ky being a weighting factor designed to regulate control goals. Through the compari-
son between the reference and predicted currents (designated by the circumflex accent on
thei, “*”), the cost function estimates the optimal switching state (Syp;) for the future in-
stant k + 2. Figure 3 outlines the algorithm followed by the FCS-MPC. In it, the superscript
“f” is used to signal the different iterations performed to minimize the cost function, one
per control action available. In the present case, these actions are V) and the twelve V}, for a
total of thirteen.

3.2. The Limits of the Standard Cost Function

It must be noted that the expression described in (7) has the objective of minimizing
the sum of four different errors, but could allow for an individual increase in some of
the components as long as the other errors compensate the value of the sum. In order
to better illustrate this fact, experimental tests were performed at a mechanical speed of
800 rpm and a sampling frequency of 20 kHz. Figure 4 displays the squared values of the
errors for both the primary subspace (Figure 4a) and the secondary one (Figure 4b and
the zoom in Figure 4c), in which the errors are multiplied by the weighting factor (Ky;) to
more accurately describe the perception of the cost function. The value of Ky, has been
set heuristically to reduce copper losses without compromising current tracking in the
primary subspace. Nevertheless, it can be observed how the algorithm favors control actions
that permit a notable increase in either €2, or eis during many cycles (see the red stars in
Figure 4b). This behavior leads to an excessive and undesirable accumulation of the error
in one of the components, a fact that can be better appreciated in Figure 4c, which is a
zoom of the section marked in grey in Figure 4b. Here, it is clear how the errors accumulate
between sampling periods despite the efforts made by the cost function to keep the sum to a
minimum. In other words, the tendency of individual errors to grow is not compensated
because the cost function is actually blind to it. As it stands, the algorithm only focuses on
the sum of the errors, not on their individual values or how they change through time.
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Figure 4. Experimental measurements of errors in a standard FCS-MPC scheme. (a) Squared errors in
the primary plane, (b) squared errors in the secondary plane, and (c) zoom of the squared errors in
the secondary plane.
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4. Compensation of Accumulated Current Errors
4.1. The Proposed Solution: RAE-MPC

Thanks to the error analysis developed in Section 3, a flaw in the FCS-MPC’s behavior
has been detected. However, one of the interesting capabilities of this type of controller
is their inherent flexibility, which has been used in previous works to achieve different
control objectives. Some examples are enhancing current tracking [28,38], decreasing the
VSC switching frequency [29] or mitigating common-mode voltages [30,39]. It extends to
reason that, by modifying (7) in such a manner that the individual accumulative errors
of the different components are limited, a significant improvement in terms of reference
tracking can be achieved. The enhancement would be especially noticeable in the secondary
subspace, where the components becomes more sensitive due to the low impedance of this
plane. Therefore, the underlying idea of the proposal is to find a method to diminish the
high peak values observed in the preliminary test caused by the accumulation of notable
errors during many cycles.

To this end, the present work redefines the common cost function with the addition of
a memory stage in order to reduce the accumulated error during the MPC’s performance.
The inner loop of the proposed control is described in Figure 5. The memory stage consists
of a “first in first out” (FIFO) queue, which stores the difference between reference currents
and the ones predicted by the algorithm for k + 2 during the last two cycles. These values
are later added up to provide a measurement of the tendency of each component in the

past, following this expression:

ms "

i
€ys = Cps T Eyg

! "
egss = eﬁs + eﬁs
/! "
ey = Cxg + Exg
! "
ey = eys teys
where the superscripts “’” and “"” refer to the current errors produced by the optimal
control actions estimated in the last cycle and two cycles ago, respectively. During the
control action selection, these past errors are added to the ones produced by the vector
being evaluated (designated with the superscript “f”):
s = ehs + e,
acc __ f ms
eps = €ps T €ps, 10)

acc __ f ms
eys = eys T ey,

eys = ejy[s + eys -

forf=1upto13

Accumulated
Error Memory

f
Vaﬁxy l Wm

lapxy | o
k+1  Predictive

-------- > machine
model (6)

” o
Capxy = Capxy |

! —
ka2 | Capxy = Capxy

sopt Minimization P
e = | €apxy

Figure 5. Control loop of the proposed RAE-MPC scheme.
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The accumulated errors are finally included in the designed cost function and regulated
through the use of a weighting factor (Kgc) as follows:

] = eis + e/ZSs + ny (ezzcs + eﬁs) + Kace eﬁ%@?y' (11)
where
EiE2, = (el o ()% + (e) + ()2 (12)

With the objective of more clearly depicting the control action selection algorithm,
Figure 6 is presented.

w. .k
7i|k l rlaﬁxy
o f A opt
- LaBxy |k+1 Va/?xy - Lapxy |k+2 Cost NO S |k+2
Predictive |~ ¢ 11013 —p PRIV o —> min(l)—=> f>13 » vsc
model (6) ' model (6)
; 11) YES
t b ecsss
Lapxy | X Accumulated
Error Memo! opt
V;;;;y|k—1 Capry = e"wz < Capzy

! .
eaﬁxy = €apxy

Figure 6. RAE-MPC switching state selection process.

4.2. RAE-MPC Conceptual Behavior

Furthermore, a qualitative example of the internal workings of the algorithm is dis-
played in Figure 7. The left graph presents the evolution of the errors for a scheme governed
by the cost function of a standard FCS-MPC, as depicted in (7). It can be observed how
the error in the x component grows notably over time in a similar fashion to Figure 4. In
the present cycle, this fact is explained by the selection of V; as the optimal control action.
Even though its error in x is high, the error in the other components would be low enough
to minimize . In contrast, the right graph shows the effect that a simplification of the
proposed control method would have in the studied component. More concretely, it has
been considered that the cost function only takes into account the accumulated current
error for the sake of clarity. As it can be observed, the recorded errors in x for two (e},
and one (¢};) cycles ago are 1 A and 3 A, respectively. Therefore, the accumulated error in
the memory stage (e7y) is their sum, 4 A. According to (10), the optimal switching state in
terms of the x component would be the one that obtains the error closest to —e};’, depicted
as a white dot in the graph. This variation is responsible for the change in chosen control
action, which is now V3 instead of V;. As a consequence, the accumulation of the error in
the x component is avoided.

It is worth noting that the selection performed by the proposed method is more
complex than the one depicted in Figure 7, since the optimization of the accumulated
errors is carried out in the four currents. Furthermore, the cost function is actually the
sum of the two shown in the example, as described in (11). For that reason, a compromise
between obtaining a small sum of errors and minimizing accumulated individual errors
is expected.
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Figure 7. Example of the effects of the RAE-MPC in the desired current errors.

5. Experimental Results
5.1. Experimental Rig

The test bench employed to obtain the experimental results of the proposed RAE-MPC
is presented in Figure 8. The electric drive is formed by a six-phase IM connected to dual
two-level three-phase VSCs (Semikron SKS22F), fed by a single dc-link. Regarding the con-
trol system, it is based on a digital signal processor from Texas Instrument (TMS320F28335),
programmed using a JTAG and the software Code Composer Studio v5.3.0. The sensor
setup comprises four hall effect probes (LEM LAH 25NP) and an encoder (GHN510296R)
in order to measure stator currents and mechanical speed, respectively. To provide a load
torque to the six-phase IM, its shaft is coupled to a dc-machine working as a generator. The
armature of the dc-machine is connected to a variable passive load with the objective of
dissipating power, making the load speed-dependent. Table 1 presents a summary of the
test rig parameters, which have been obtained using ac time domain and standstill with
inverter supply tests [40,41].

=
"

Sal, Shi, Sc1, Sa2, Sh2, Sc2

J-TAG CONTROL UNIT

DC-LINK VSCL | VSC2
A
LI CIC]

ay| by ci| ay| by c;
\ 4

DC-MA - SIX-PHASE IM

o wcmvoTon

Figure 8. Diagram of the experimental test bench used to assess the control performance.
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Table 1. Six-phase IM drive parameters.

Parameter Value
Vie (V) dc-link voltage 300

T ated (NmM) Rated torque 8

Rs (QY) Stator resistance 420
R, () Rotor resistance 3

Ly (mH) Mutual inductance 370
Lj; (mH) Stator leakage inductance 4.5
L, (mH) Rotor leakage inductance 55.12

5.2. Experimental Tests

The present section details the experimental tests carried out to demonstrate the
suitable performance of the RAE-MPC when compared to an MPC based on the use of V}
vectors as active control actions. The improvements are presented in two manners. On
the one hand, diverse quality indices are employed to compare both control solutions,
such as the total harmonic distortion (THD) of phase currents, peak-to-peak currents in the
secondary subspace (I fyz Py, the maximum squared error of the currents in the secondary
subspace multiplied by its weighting factor (e,%gmx ), and the obtained switching frequency
(fsw)- These indices have been calculated for different operating points and sampling
frequencies (f;) in an effort to demonstrate the flexibility of the proposed method. On the
other hand, the tracking of the different control variables are depicted. Its objective is to
present visual proof of the enhanced performance provided by the RAE-MPC. Furthermore,
since the proposed method requires the tuning of a new weighting factor, a study on the
complexity of this adjustment has been performed.

With the intention of obtaining the quality indices used to compare the MPC and the
proposed RAE-MPC, tests have been performed at two different mechanical speeds (500
and 800 rpm) and two sampling frequencies (10 kHz in Table 2 and 20 kHz in Table 3).
The improvements achieved by the presented method can be observed from various
perspectives. First of all, RAE-MPC displays significantly lower values of THD in all speeds
and values of f;. In the case of f; = 10 kHz, current THD diminishes from 37.67% to 26.63%
for a relative improvement of —29.31% at 500 rpm, whereas at higher speeds (800 rpm)
THD drops from 30.62% to 22.64%, a relative reduction of 26.06%. This enhancement in
performance is also present at f; = 20 kHz, where the relative reduction in harmonic
content is 26.20% at 500 rpm and a remarkable 35.69% at 800 rpm.

Table 2. Quality indices in a range for fs = 10 kHz.

w (rpm) Method THD (%) 73 (A) e2ma¥ (A2)  fo (kHz)
500 MPC 37.67 434 436 2.79
500 RAE 26.63 3.29 0.57 2.94
800 MPC 30.62 462 6.60 2.34
800 RAE 22.64 3.40 0.58 2.29

Table 3. Quality indices in a range for f; = 20 kHz.

w (rpm) Method THD (%) 27 (A) exrer (A%) fsw (kHz)
500 MPC 26.76 339 2.09 5.65
500 RAE 19.75 2.24 0.27 5.94
800 MPC 21.66 349 498 443
800 RAE 15.11 2.42 0.27 438

The improvement in the current harmonic content can be explained by the different
performance of the MPC and RAE-MPC in controlling the secondary subspace. By observ-
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ing I} 2 values, it is clear that the proposed method is successful at reducing peak currents

when f; = 10 kHz (going from 4.34 A to 3.29 A at 500 rpm and from 4.62 A to 3.40 A at
800 rpm) and also f; = 20 kHz (going from 3.39 A to 2.24 A at 500 rpm and from 3.49 A to
2.42 A at 800 rpm). In all cases, a reduction of more than 24% is achieved, thus leading to
lower copper losses.

At a lower sampling frequency, RAE-MPC reduces by 7.65 times the value of the
maximum squared current error measured at 500 rpm and by 11.38 times at 800 rpm. In the
case of f; = 20 kHz, this quality index is 7.74 times smaller at 500 rpm and 18.44 at 800 rpm.
It must be noted that the achieved reduction in currents in the secondary plane does not
come from increasing the number of switching states applied per control period, but from
the correct minimization of the accumulative error. The tests performed at a sampling
frequency of 20 kHz are illustrated in Figure 9 (500 rpm) and Figure 10 (800 rpm).
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Figure 9. Speed (a), a-p currents (b), a-f squared errors (c), x-y currents (d), x-y squared errors
multiplied by their weighting factor (e), and phase currents (f) when f; = 20 kHz and w = 500 rpm.
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Figure 10. Speed (a), a-f currents (b), a-B squared errors (c), x-y currents (d), x-y squared errors
multiplied by their weighting factor (e), and phase currents (f) when f; = 20 kHz and w = 800 rpm.

In both cases, it can be appreciated how the reference values of speed (Figures 9a and 10a)
and currents in the primary subspace (Figures 9b and 10b) are correctly followed by the
two compared methods. As a consequence of the adequate tracking in the primary plane,
its squared error (Figures 9c and 10c) is small in all the studied cases. However, different be-
havior is observed when studying the currents in the secondary plane (Figures 9d and 10d)
and its squared error (Figures 9e and 10e). The accumulated error through time, manifest-
ing in notable peaks present during the whole test at both speeds, is clearly compensated
when using RAE-MPC. Furthermore, the graphs in both Figures 9e and 10e complement
the information given by the quality index egzcg“”‘ . It is noticeable how considering the
accumulated error in the cost function not only reduces the peak value registered of these
errors, but it also diminishes the errors during the whole test, which translates into less
distorted phase currents (Figures 9f and 10f). Once again, it should be noted that this
improvement is achieved without compromising the tracking of primary currents, which
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is an attainment that cannot be accomplished by increasing the value of Ky, in standard
FCS-MPC.

Since the primary objective of including the accumulated error in the cost function
is to enhance current quality, the study of current THD has been extended in Figure 11.
The values of this quality index are presented for both MPC and RAE-MPC at three
different speeds and control frequencies, with the proposed method displaying lower
current distortion in all the tested conditions.

cor MPC —— RAE, 10 kHz
— MPC — — RAE, 12.5 kHz
— MPC —-— RAE, 20 kHz
a
T = T~ _ _
=5 T s D T T m—— — _

0 1 ]
200 500 800
Speed [rpm]

Figure 11. Current THD values obtained by standard MPC and RAE-MPC across different control
frequencies (10, 12.5, and 20 kHz) and speeds (200, 500, and 800 rpm).

A possible disadvantage to the proposed method is the increase in computational
effort. The time that the microcontroller requires to perform all the operations that form
the regulation scheme set a hard limit to the achievable control frequency. However, it
should be remarked that RAE-MPC only requires the inclusion of low-cost mathematical
operations. By experimentally measuring the benchmark FCS-MPC approach time in the
test rig, the algorithm requires 28 us, while the proposed RAE-MPC needs 32 us. This
increase, although measurable, can be considered acceptable when compared to the benefits
that the proposed scheme provides.

In summary, the performance shown by RAE-MPC at various sampling frequencies
and points of operation demonstrates the value of compensating the accumulated current
errors. While traditional FCS-MPC targets only the sum of all errors, the proposed method
achieves significantly lower harmonic distortion and copper losses by including in the
cost function a term that reflects the past evolution of the individual components. As
a consequence, the algorithm favors the usage of control actions that compensate the
tendencies of growth in each component, especially in the secondary plane due to its high
sensitivity. Furthermore, the benefits of this method come without compromising dc-link
usage, current tracking in the primary plane or an increase in switching frequency and
subsequent switching losses.

5.3. Weighting Factor Influence

Traditional FCS-MPC in multi-phase machines requires the appropriate tuning of
one weighting factor for every secondary subspace. In the cost function presented in
(7), the value of Ky, must be adjusted to accommodate two control goals: tracking the
reference values of a-f currents and lowering the production of x-y currents. On the other
hand, the implementation of RAE-MPC requires the adjustment of an additional parameter,
Kaee. As the weighting factors of the cost function tend to be adjusted heuristically, the
proposed method adds a new degree of complexity. In principle, RAE-MPC presents the
disadvantage of requiring more tuning tests in order to achieve the optimal performance.
To approximate the importance of this disadvantage, multiple tests have been performed,
maintaining the operating point (fs = 20 kHz, w = 800 rpm) but modifying the value of
Kyy and Kge in (11). Both parameters have been adjusted individually, meaning that the
results for the study of Ky, are obtained with K,.c = 0, and vice versa.
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With the objective of displaying the effects of these weighting factors on harmonic
injection and current reference tracking in the primary subspace, Figure 12 is presented. The
left graph of Figure 12 shows the evolution of THD, which is related to current production
in the secondary subspaces. As it can be seen, both factors are inversely proportional to this
quality index. While a value of 0.05 in Ky, produces a THD of 24.53 %, increasing it up to
2 reduces it to 16.54 %. Similarly, these values applied to K,¢, obtain 17.11 % and 12.69 %,
respectively. However, low harmonic injection is not desirable if it comes at the cost of a
poor tracking of the references. In order to monitor this tracking, the Root Mean Squared
Error between the reference and the measured currents in the primary subspace (RMSEp)
has been plotted on the right graph of Figure 12. Here, the opposite tendency is observed:
increasing the priority of secondary control goals worsens the quality index. However, the
two studied factors increase the error at notably different rates. Both start with an RMSEg
of approximately 0.21 A when each weighting factor has a value of 0.05, but once Ky, is
increased up to 2, RMSE,g reaches 0.52 A. On the other hand, raising K., only increases
RMSE,g up to 0.27 A.

30 Kacc ny — 0.6 Kacc ny
- <
X 20 « 0.4
% S~ L(}J"d
= 10 S 0.2
o~
0 1 1 1 1 O 1 1 1 1
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Weighing factor value Weighting factor value

Figure 12. Impact of the value of the weighting factors on THD value (left) and RMSEM; (right).

Two conclusions can be derived from this analysis. Firstly, K¢ is more impactful than
Kyy in the pursuit of low harmonic injection. Secondly, K. is more stable than K, and,
thus, easier to tune. Notably, an increment of 40 times the original value of the weighting
factor introduced by RAE-MPC only amounts to an increase 0.06 A in tracking error, while
Ky produces 0.31 A. In summary, although RAE-MPC requires the tuning of one more
weighting factor than FCS-MPC, adjusting its value is more straightforward than tuning
the standard Kyy,. This is due to the wide range of values of K, that provide similar
performance quality.

6. Conclusions

The FCS-MPC is considered as a viable alternative to conventional lineal controllers by
the research community. The usage of a cost function permits selecting the optimal control
action in each sampling period according to the predefined control goals. A common trend
in this regard is the use of a cost function focused on the minimization of the total current
error. However, this approach entails that the individual error of one of the available
components can reach undesired values, disturbing the current quality. Fortunately, the
inclusion of a term based on the accumulated error of each component can provide a notable
improvement from the perspective of current quality without increasing the number of
switching states applied during the control period. For instance, in a high speed scenario,
the proposed RAE-MPC achieves a relative reduction in THD of around 35% when a 20 kHz
sampling frequency is implemented. Future works could explore the effects of the proposed
method on machines with different parameters and higher number of phases, offering
the chance of studying the sensitivity of the new secondary subspaces to compensate for
the accumulated error. Furthermore, the implementation on systems that allow for higher
switching and control frequencies may present an interesting paradigm shift in the behavior
of secondary currents and how to reduce them.
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Abbreviations

The following abbreviations are used in this manuscript:

FCS-MPC  Finite Control Set Model Predictive Control.
RAE-MPC Reduced-Accumulated Error Model Predictive Control.

VSsC Voltage Source Converter.
M Induction Machine.

VSD Vector Space Decomposition.
FIFO First In First Out.

THD Total Harmonic Distortion.
RMSE Root Mean Squared Error.
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