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Experimental Stability Study of Modulated Model
Predictive Current Controllers Applied to Six-Phase
Induction Motor Drives

Magno Ayala™”, Jesus Doval-Gandoy

and Marco Rivera

Abstract—Modulated model predictive current control tech-
niques are considered an interesting option to control multiphase
drives due to their control flexibility and fast dynamic response.
However, a practical stability study of those techniques is still
missing. This article presents an experimental stability study, to
quantify the limits of stability, to modulated predictive current con-
trollers applied to an asymmetrical six-phase induction machine.
Experimental results are presented to verify the theoretical analysis
results in terms of stability ranges regarding sampling frequency
and rotor speed.

Index Terms—Multiphase induction machine, model predictive
control (MPC), practical stability, space vector modulation.

1. INTRODUCTION

ODULATED model predictive current controllers have
M gained attention in the last years as valid alternatives
to conventional model predictive current control (MPCC) tech-
niques [1]-[4] as MPCC has shown very good results in com-
parison to linear PI controllers, in terms of faster transient dy-
namics, easier inclusions of constraints, among others, applied
in electrical machines [S5]-[7]. At the same time, the field of
multiphase induction machines (IMs) has been growing signif-
icantly in the last years [8], [9]. Comparing to the conventional
three-phase IM, multiphase IMs have some intrinsic advantages
such as lower torque ripple, lower current/power per phase,
availability, and fault-tolerant capabilities [8], [10]-[12]. By
considering these advantages, they were extensively applied
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in the high-power applications such as renewable energies and
electric vehicles [13], [14].

As the research of multiphase IM has been growing, new
nonlinear control methods were developed to apply to these ma-
chines such as sliding mode control [15], [16], fuzzy logic [17],
[18], backstepping [19], [20], model referenced adaptation sys-
tem [21], and new variants of modulated finite control set model
predictive control (FCS-MPC) [22]-[25]. Some examples of
these variants are the modulated MPC (M2PC) [26] and a
novel variation named N-M2PC [27], which are considered great
alternatives for low and high rotor speed operations, respectively,
in terms of steady-state operations and (x — y) plane (related to
IM losses) currents reduction.

Furthermore, PCC stability analysis applied to different sys-
tems were approached in previous works [28], such as Buck
converters and three-phase inverters [29], and synchronous
machines [30]. The main common property is a defined cost
function to optimize the future behavior of the system. Hence,
one of the most popular methods to prove the stability of PCC is
the consideration of the optimized cost function as a candidate-
Lyapunov function [31]-[33]. However, this method presents
many complications as to find a candidate-Lyapunov function
requires complex proof. Therefore, a practical stability study
of modulated PCC applied to multiphase machines in terms of
sampling frequency and rotor speed has not been presented.

The main contribution of this article is an experimental sta-
bility study for M2PC and N-M2PC applied to an asymmetrical
six-phase induction motor (SPIM) in terms of stability limits re-
garding sampling frequency and rotor speed to define the critical
operating points of both techniques from the stability point of
view, complementing the proposal in [27]. Experimental results
are presented to verify the results of the theoretical analysis.
Considering that the stability of MPCC techniques has not been
analyzed in terms of sampling frequency and motor speed, it is
considered that this article presents interesting results from the
point of view of the design and implementation of modulated
predictive control techniques. The rest of this article is organized
as follows. The SPIM mathematical model is shown in Section II.
In Section III, the traditional PCC design is presented and their
two variants named M2PC and N-M2PC. Section IV describes
the proposed theoretical stability study. Section V presents
the experimental results of the system performance verifying
the theoretical analysis in terms of stability ranges regarding
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Fig. 1.  Electrical scheme of a six-phase VSI connected to a SPIM.

sampling frequency and rotor speed. Finally, Section IV con-
cludes this article.

II. SPIM MATHEMATICAL MODEL

The studied system is made of a SPIM fed by a six-phase
voltage source inverter (VSI) energized by a dc voltage source
(Viae). The electrical scheme of the six-phase VSI, based on
isolated gate bipolar transistors, is illustrated in Fig. 1. The SPIM
is considered as a continuous model, which can be represented
by differential equations. The 6-D space of the SPIM, which
is defined by its six-phases (a, b, ¢, d, e, f), and the vector
space decomposition (VSD) technique are considered. Then, the
model can be represented into three different 2-D orthogonal
planes in stationary reference planes, (o — (3), (x — y), and
(21 — 22), by using (1), where the invariant amplitude criteria
has been considered [34]. The SPIM is asymmetrical, so it has a
phase shift of 30° between the three phases and has an isolated
neutral configuration. Thus, (21 — 22) currents are considered
null

a d b e ¢ f

(1 V3 1 _ V3 1 T

N A S
B PR Bl I

T=-|1-% -3 5 -3 0|7 (1)
3l L _¥3 L 3 41 Y¥
2 2 2 2
10 1 0 1 o01]*
o1 0 1 0 1]*

The six-leg VSI has a digital output that depends on the dif-
ferent 26 = 64 possible switching states defined by the six-legs.
The switching states and V. determine the phase voltages, which
can be drawn into (o — ) and (z — y) planes according to
the VSD approach [35]. Fig. 2 shows the 64 possibilities with
only 49 different vectors (48 vectors + 1 null vector) in the
(o — ) and (x — y) planes in terms of octal nomenclature. The
state-space mathematical model of the SPIM is modeled by

X = A X + By Uy + Hagy 2

where X ;) = [1, @2, ¥3, T4, 75, 26]" is the state vector,
which represents the stator and rotor currents X1 = iqs,
Ty = iBs» T3 = Z'g;s, Ty = iys, Ty = iar and Tg = ’L',@T, U(t) =
[u1, uz, uz, us]’ = [Vas, Vs, Vas, Vys)T is the input voltage
vector applied to the stator windings, H represents the noise
weight matrix, the process noise is considered as W) and A(t)
and B ;) are matrices defined by the electrical parameters of the
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Fig. 2. Voltage space vectors of 64 switching states in (o) and (zy) planes
for the SPIM.

SPIM as follows and also at the bottom of the next page:

ca 0O 0 0
0 cec 0 0
0 0 e O
0 0 0 e

- 0 0 0
0 —cs 0 O

where R,, R, L,,, L, = L. + L,,, and Ly, = L;s + L,, are

the electrical parameters of the SPIM. The coefficients are

1 — _ 72 — h _ 1 _ Ly
considered as ¢c; = LyL, — L7, co = 03 =, 0=,

and ¢c5 = ﬁ—l Stator voltages are dependant on the input control
signals S, which is considered the actual switching state. For
this analysis, the ideal VSI has been modeled to obtain a good
optimization process. The stator voltages can be calculated from
the ideal six-leg VSI model Mg; [34]

2 0 -10—-10
0 2 0-10 —1
1{-10 2 0 -10
3/0-10 2 0 -1
-10-10 2 0
0-10-10 2

where S = [S,, Sq, Sb, Se, Se, Sfland S; € {0, 1}. The ideal
six-phase VSI generates the stator voltages through the switch-
ing gating signals and Vg, and then they are transformed to («3)
and (zy) planes, represented by U y), calculated in the following
equation:

Mg = st A3)

U@ = Vae T Mg). 4
The output vector Y is
Y =C X+ ®)

where v(;) is the measurement noise and C is considered as
follows:

100 0 0 O
C:OIOOOO
0 01 0 0O
0 001060
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The mechanical variables of the SPIM are considered in the
following equations:

Te =3P (wa.szﬁb - ¢Bsias) (6)
Jz' wm+Bz Wm = (Te *TL) (7)
w, = Pwy, ®)

where T represents the electromagnetic torque, P the number
of pole pairs, 15 and 1z, are considered the stator fluxes, .J; is
the inertia coefficient, B; is considered the friction coefficient,
Ty, is the load torque, w, is the rotor electrical angular speed,
and w,, is the rotor mechanical speed.

III. TRADITIONAL PCC AND ITS VARIANTS

The mathematical model of the SPIM (2) and (5) has to be
discretized so it can be considered for the PCC. A forward-Euler
method is computed to avoid a high computational cost for the
digital controller. The equations will then be in a discrete form
with the future variables only depending on past values of the
variables and not on present values. Thus, a prediction of the
future (next sample state) X[H 1|x] 18 written as

X = Xy +f (X Uy Ty wrg) - )

where [k] is the current sample and T’ the sampling time. Fig. 3
presents the block diagram of the system with the SPIM and the
analyzed current controllers.

A. Rotor Currents Observer

Stator currents and mechanical rotor speed are the only mea-
sured variables in the state-space model (9). On the other hand,
stator voltages can be calculated from the switching states sent to
the VSI. However, rotor currents cannot be easily measured in a
real system and they have to be estimated. This can be solved by
reduced-order observers of rotor currents. The reduced-order
observers only estimate the value of the unmeasured parts of
the state vector. The latter is an important issue that has been
already solved by using Luenberger observer (LO) [36] and
Kalman filter (KF) [37], [38]. KF is considered a superior option
because their observer gains are estimated and optimized in
every sampling time by considering the noise input in the system.
For LO, gains are not so optimized and the setting is determin-
istic [37]. Therefore, KF is considered and implemented in this
article to improve the control performance of PCC by reducing
the prediction errors. Zero-mean Gaussian measurement noises
and uncorrelated processes are considered. Now, the predictive
model of the SPIM in state-space representation is defined as
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follows:

Xppan) = A Xpxg + By Upg + Hoopyg (10)

Yirqin = C Xpg1) + Vg1 (11)
where A ;) and B, are matrices defined by (12)—(15). A also
depends on the actual value of w,;) and has to be computed at
every sampling time. A more detailed explanation of the error
convergence of the KF and its dynamics are described in [37]
and [38]. The system matrices are defined as

A11 A12 0 0 A15 A16
Agl A22 0 0 A25 A26
Lo 04 0 0 0
AMZ 10 0 0 Aw 0 0 (12)
A51 A52 0 0 A55 A56
Aﬁl A62 0 0 A65 A66
where A, parameters are
Ay = Ay =1 —Tsea Ry
A = — A1 = TseaLypwy i)
As = Ags = Tseu Ry
Ag = —Ags = Tseq Lypw,p)
Az = Ay =1 —Tyes3 R,
Asy = Agy = —Tscy Ry
Asy = —Ag1 = —TsC5mer[k]
Ass = Age = 1 — Tses R,
Asg = —Ags = —C5wr[k]TsL7‘ (13)
By 0 0 0 0 O
0 By 0 0 0 O
0 0 Bss 0 0 O
Bu=19 0 o By 0 0 14
0 0 O 0 Bss O
0O 0 O 0 O Bss
being By parameters
Bi1 = By = Tsco
B3z = Byy = Tsc3 (15)

Bss = Bgeg = —Tscq.

—Rsco ca Ly
ca Ly, —Rgco
0 0
Ap = 0 0
Rscy —cs5Lyw,
| —¢5 LWy R.cy

0 0 caRy gLy,

0 0 cuLyw, R,
—Rgcs 0 0 0

0 —Rgcs 0 0

0 0 —csR,  —c5L,

0 0 —csL,  —csRy |
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B. Cost Function Minimization

The cost function is considered as an optimization process
of different system variables such as harmonic content mini-
mization, machine torque ripple minimization, VSI switching
losses, and current tracking error [39]. This last variable is the
most important figure of merit in PCC in (o) and (xy) planes.
PCC evaluates the cost function for 49 iterations regarding 49
different voltage vectors. Therefore, the selected cost function
is

Jikr2lk) = [(i:s[k-i—Q] —dasirr2ik)’ + ((ofera) — Bsirraik)’

1
+ Aay (<i;s[k+2] — Ugstet2lk]) > (T shps — iys[k+2\k]>2) }
(16)
A second-step ahead prediction of stator currents %s[k+2l k] is
computed for delay compensation, by considering (10) and (11).
The desired reference trajectory of the stator currents is repre-
sented by i%, . . The weighting factor optimization is tackled
in [40]. Typically, for SPIM, A, gives more priority to stator
currents in («f) plane than (zy) to prioritize the flux/torque
production plane over the machine losses [37].

C. Modulated Model Predictive Control

This PCC with a modulation stage consists on determine each
available sector for the six-leg VSI in the («f3) plane, being 12
outside sectors in total, which are composed of two adjacent
active vectors and the null vector (VZ), as shown in Fig. 4. Then,
it calculates the future prediction of the three vectors at every
sampling time and analyses their respective cost functions (.Jp,
Ji1, and Jo) separately. This technique can generate any voltage
vector in the (o) plane using the large vectors (VL) and VZ,
covering the entire space vector area. It can be noted that VL are

Block diagram of the controlled system based on FOC and traditional PCC, M2PC, and N-M2PC.

Fig. 4. Space voltage sectors of M2PC.

the smallest voltage vectors in (xy) plane, managing a natural
reduction of (z — y) currents [26].

The duty cycles (dy, d;, and d3) are obtained by solving the
following equations:

g gl v
0=, b= k=g 17
do +dy +dy =Ts. (18)
The duty cycles for each vector are given as
Jr = JJs+ JoJ1 + JoJa (19)
T J1J.
dy = 22122 (20)
Jr
TsJoJo
dy = 22272 21
1 Tr 20
T
doy = ﬂ. (22)
Jr
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At last, the selected sector cost function is considered as

Glrgom = diJ1 + daJa. (23)

The sector, which reduces G, o)k}, is applied to the six-leg
VSI at the next sampling time. It is necessary to synthesize the
duty cycles, to be able to implement a symmetric pulsewidth
modulation (PWM) as follows:

dy di da
W = o + T, %) + T, %200 (24
where i = [a,d, b, e, ¢, f] and 7; is the PWM duty cycle per leg,
obtaining a fixed switching frequency.

D. N-M2PC

The main difference between N-M2PC and M2PC is the shape
of each voltage sector. M2PC uses two VL and VZ per sector
and N-M2PC uses four including two mid vectors (VM) and
two VL. As in M2PC, 12 rectangular sectors are considered
and their respective cost functions (Ji, J2, Js, and J,) are
calculated separately at every sampling time. The main goal of
this modulation is to reduce the steady-state error of the stator
currents tracking in (dq) plane by including these adjacent VM
per sector avoiding the use of VZ, which limits the voltage
range, reducing the tracking capacity of the stator currents in
(a8) plane, since VZ has an increased duty cycle when (x — y)
currents are being reduced [27].

The duty cycles, for VL and VM d1, do, ds, and d4, are
obtained as follows:

Y Y Y Y
di=— do=— ds3=— dy = — 25
1= =g = da= (25)
dy +dy +dz+dy =T, (26)

where Ji, J2, J3, and J, are the corresponding cost functions
(16) for the four vectors and +y is an auxiliary variable whose
value depends directly on the cost function values. Then, the
duty cycles for each vector are calculated as

Jr1 = J1J3Jy + JaJzJy 27

Jro = JiJoJy + J1JoJ3 (28)
TsJ2J3Jy

dy = 2227272 29

Y T+ I 29)
TsJ1J3Js

dy = ———— 30

27 U+ Jra .
TsJ1J2Jy

dy = 2222222 31

57 Ui+ Jra ©1)
TsJ1J2J3

dy = —————. 32

YT U+ I (52)

At last, the final cost function is computed as
G2k = diJ1 + doJa + d3Js + daJy. (33)

As in M2PC, the sector which reduces Gy o) the most is
applied to the six-leg VSI at the next sampling time with their
respective duty cycles for every vector (mid and large) in the
selected sector. A simple equation is used to obtain the duty
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TABLE I
RANGE VALUES OF DIFFERENT GAINS (L)) OF M2PC AND N-M2PC

Gains  M2PC N-M2PC
In ~10,10 ~10,10
Lo —40,40 40,40
L3 [-150,10] [—760, —300]
Ls [—40, 40] [—40, 40]

cycles 7(;) for the switching devices of each phase of the six-leg
VSI, as follows:

dy ds

d d
o) = U6 + T, U200 + TiUS(i) + f%(i) (34

where 7(;) is normalized between 0 and 1, for the switching
devices for the six-leg VSI.

IV. PRACTICAL STABILITY STUDY

Examples of PCC variants are vastly known in the litera-
ture, which present some common properties and allow them
to formalize the stability analysis [41]. A candidate-Lyapunov
function is often considered as a popular method to prove the
stability of PCC. Another considered approach, presented in [23]
and[42] consists in estimate a specific gain L) to obtain a stable
matrix (A — BiyLpy) whose eigenvalues are less than 1. The
second method is more practical due to its simplicity and by
considering that PCC has a finite control effort, i.e., 49 voltage
vectors in the particular case of the SPIM. For a limited current
reference (due to security issues), there is a finite number of
L) through the cost function minimization and it shows the
same behavior in terms of local stability by analyzing different
scenarios, such as typical values of rotor speed and sampling
frequency (F5)

Uk = =L X (35)

where Ly is selected as follows:
Li Ly 0 0 Lg Ly
—Ly Ly 0O 0 —L4 L3

0 0 Ly Ly 0 O
0 0 —-L2L;y O O

Ly =

It is considered a limited range of [—3.5,3.5] A, by consid-
ering the nominal current value of the SPIM, for state variables
(X[x))- Then, by using the separation theorem, the closed-loop
eigenvalues are the union of those of the observer and state
feedback. Assuming measured states, and finite values of the
voltage vector (U[k]), i.e., 49 different values for traditional
PCC, a finite number of L is found through an exhaustive
iterative search, as shown in Table I. It is worth mentioning that
L[k.] can be defined with infinite different values, so bounded
ranges of values for every parameter of L) are considered. It
is also noted that PCC is a constraint optimal control method,
therefore, the selected control effort should be stable as long
as inside the solution region at least one stable solution exists
(inside the unit circle). Thus, rotor speed values are increased
to obtain unstable solutions, and this value is defined as the
upper bound of stable rotor speed. At the same time, Table II
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TABLE II
STABILITY THEORETICAL ANALYSIS OF M2PC AND N-M2PC AND THEIR
MAXIMUM STABLE SPEEDS (R/MIN)

Fs (kHz) M2PC  N-M2PC
Maximum Stable Speed
2 850 250
2.5 1000 550
4 1300 1250
5 1400 1650
7.5 1700 2800
8 1850 2850
10 2000 3000
12.5 2300 3000
15 2600 3000
16 2700 3000
17.5 2800 3000
20 3000 3000
2-3 I 6.3
Q
\

1-3 6-0
VI XII
1-7 6-4

Vi X1

VIII -
14 [ 54
Fig. 5. Space voltage sectors of N-M2PC.
Unit Circle —
M2PC O N-M2PC +
1.5
-1.5
-1 -0.5 0 0.5 1 1.5 2
Fig. 6. Eigenvalues of (A — B[k]L[k]) matrix at 10 kHz of sampling

frequency and rotor speed of 2500 r/min for M2PC and N-M2PC.

presents the maximum stable rotor speed (eigenvalues inside
the unit circle) at different sampling frequencies for M2PC and
N-M2PC. The theoretical analysis is only considered for M2PC
and N-M2PC since they are the main MPCC schemes studying
in this article. At last, eigenvalues of (A — By L)) matrix
at 10 kHz of sampling frequency and rotor speed of 2500 r/min
for the three techniques are shown in Fig. 6 where, at those
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TABLE III
PARAMETERS OF THE SPIM

PARAMETER [ VALUE | PARAMETER | VALUE

R, (Q) 6.9 Ry (Q) 6.7
L (mH) 654.4 L, (mH) 626.8
L (mH) 614 L, (mH) 53
Wm—nom (tpm) | 2540 Py (KW) 2
J; (kg.m?) 0.07 B; (kg.m?/s) | 0.0004
P 1 Ve (V) 700

1Y s
MECHANICAL [
ST LOAD

_B " —~ra

! oo

Fig. 7. Setup of the experimental test bench including the dSPACE platform,
the SPIM, the six-phase VSI, and the eddy current brake.

conditions, N-M2PC is the only controller with eigenvalues
inside the unit circle.

V. EXPERIMENTAL RESULTS

The stability analysis is validated through experimental tests
for traditional PCC, M2PC, and N-M2PC in the experimental
test bench. It must be considered that despite not presenting
theoretical results for the traditional PCC, experimental tests
were carried out to have a comparative pattern.

A. Experimental Test Bench

The experimental test bench is composed of a SPIM fed by
two conventional three-phase VSI, using a dc voltage source.
The six-phase VSl is controlled by a real-time rapid prototyping
platform defined as dSPACE MABXII DS1401, with MAT-
LAB/Simulink incorporated. Table III presents the parameters
of the SPIM obtained using stand-still VSI tests and typical
methods of ac time domain [43], [44].

The measurements were made with current sensors LA 55-
P s, with many turns to improve the precision at low current
amplitude. They also have a frequency bandwidth from dc up
to 200 kHz. The data are converted to digital through a 16-bit
A/D converter. The SPIM rotor angle is obtained by a 1024 ppr
incremental encoder and the rotor speed is estimated from the
angle. At last, a 5 HP eddy current brake is selected as a variable
mechanical load on the SPIM, which is considered at 1 A,
generating a load torque of 1.5 Nm. A block diagram of the
experimental test bench is shown in Fig. 7. The cost function
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2.5

o 2 Traditional PCC
] T ——M2PC
2 ——N-M2PC
: Eos
s 3
= 1
0.5

2 4 6 8 10 12 14
Sampling Frequency [kHz]

(a)

16

18 20

Fig. 8.
frequency.

in (16) with A, = 0.05 is considered to apply the traditional PCC
and M2PC. This gives priority to (o« — ) stator currents tracking
over (x — y) currents reduction. As for N-M2PC, A,, = 0.1 is
selected because the null vector is not used and hence (z — y)
currents reduction is obtained through combination of the active
vectors. It is worth mentioning that A, does not influence the
maximum stable rotor speed, it only affects the performance of
the currents tracking in arange of [0.01, 0.1], which are the tested
values. These values of 1., were obtained through a heuristic
method, which consists in a manual tuning checked by trial and
error, by focusing on obtaining a suboptimal system [37]. The
covariances of the process (z(;)) and measurement (v/()) noises,

defined as Qw =0.0022 and Rv = 0.0022, can be estimated by
using the proposed method in [38].

B. Stability Test

In every case, (x — y) current references are considered zero
(i = if;s = 0). Then, a fixed d stator current (i), = 1 A) has
been set. The sampling frequencies, in the tests, are 2.5, 5, 7.5,
10, 12.5, 15, 17.5, and 20 kHz. Fig. 8(a) and (b) shows the trend
charts of the maximum stable rotor speeds, which is defined
as the rotor speed where the stator currents controller can no
longer regulate properly as larger oscillations appear destabiliz-
ing the system, and average switching frequencies for traditional
PCC [37], M2PC, and N-M2PC at different sampling frequen-
cies. The results show that N-M2PC has the best performance
regarding local stability with the maximum rotor speed of the
SPIM, where at lower sampling frequency the performance is not
much different to traditional PCC and M2PC although at higher
sampling frequency, N-M2PC can operate in the entire speed
range of the machine, as for traditional PCC and M2PC, they tend
to improve linearly local stability at higher sampling frequency
where traditional PCC has a steep slope compared to M2PC.
As for average switching frequency, M2PC is a fixed switching
frequency technique, so it matches the switching frequency and
the sampling frequency. However, traditional PCC and N-M2PC
are variable switching frequency techniques, thus the switching
states will not necessarily change in two consecutive sampling
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EEt

R

*; = 12- Traditional PCC|
n 9 —M2PC

%5 10

% 2 —N-M2PC

| g

z= 8

2 4 6 8 10 12 14
Sampling Frequency [kHz]

(b)

16 18 20

Trend chart of traditional PCC, M2PC, and N-M2PC regarding different sampling frequencies and: (a) rotor mechanical speed; (b) average switching

TABLE IV
OPTIMAL VOLTAGE VECTORS AND THEIR CORRESPONDING DUTY CYCLES FOR
M2PC AND N-M2PC FOR CONSECUTIVE SAMPLING PERIODS

M2PC

Sample  Vector  Switching State Duty Cycle

1 v 0-0 do = 0.3572T%
1 v1 1-5 dy = 0.30827T%
1 Vg 1-7 do = 0.33467T
2 ) 0-0 do = 0.3052T%
2 v1 1-4 dy = 0.4456T%
2 Vg 1-5 do = 0.24927T%
3 Vo 0-0 do = 0.28767T
3 v 1-4 dy = 0.34417T
3 v 1-5 do = 0.3683T%

N-M2PC

Sample  Vector  Switching State Duty Cycle

1 vl 0-2 dy = 0.1562T%
1 v 2-3 do = 0.2586T%
1 v3 6-3 d3 = 0.4085T%
1 V4 6-7 dq = 0.1767Ts
2 v 0-1 dy = 0.1727T
2 v 0-3 do = 0.5216T%
2 v3 2-3 d3 = 0.1781T%
2 v4 7-3 dg = 0.12767T
3 V1 0-1 dy = 0.21517
3 v 0-3 do = 0.4275T%
3 v3 2-3 d3 = 0.20107%
3 V4 7-3 dg = 0.15647T

times, thus, the average switching frequencies are lower where
N-M2PC has almost half the average switching frequency than
traditional PCC, having different pulse ratios under equivalent
conditions, increasing the total harmonic distortion of stator
currents but reducing the switching losses in the six-phase VSI,
as shown in [27], as well as the (x — y) currents reduction.

On the other hand, Table IV presents the selected voltage
vectors and their respective duty cycles calculated in consec-
utive sampling periods for M2PC and N-M2PC showing the
performance of both modulated techniques. Then, Fig. 9(a)
and (b) presents the dynamic behavior of the rotor speed and
stator currents at a stable critical condition for N-M2PC, where
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Fig. 9.
mechanical speed; (b) stator currents.

TABLE V
RELATIVE ERROR (%) BETWEEN THEORETICAL AND EXPERIMENTAL
MAXIMUM STABLE ROTOR SPEEDS M2PC AND N-M2PC AND THEIR
MAXIMUM STABLE SPEEDS (R/MIN)

Fs (kHz) M2PC N-M2PC
Error of Maximum Stable Speed
2.5 30.0 45.5
5 21.4 15.2
7.5 17.6 0.0
10 0.0 0.0
12.5 22 0.0
15 0.0 0.0
17.5 0.0 0.0
20 0.0 0.0

the measured speed shows oscillations tend to destabilize the
system, then the electrical protections are activated. Finally,
Table V shows the relative error between theoretical and ex-
perimental maximum stable rotor speeds obtained at different
sampling frequencies for M2PC and N-M2PC. The relative
error is significantly low, especially a higher speeds where it
matches almost perfectly. However, a difference between the
results at low sampling frequencies can be observed as well as a
nonlinear behavior between the sampling frequency and the error
variation. This can be explained if it is considered that the model
parameters have errors that are accentuated with low sampling
frequencies since a greater current ripple is generated, degrading
the signal-to-noise ratio. In addition, the transport delay of the
converter is greater. All these aforementioned aspects are not
considered in the theoretical analysis. Even so, a clear trend
of the relationship between the sampling frequency and the
maximum stable rotor speed can be observed.

VI. CONCLUSION

This article has proposed a practical stability study for mod-
ulated model predictive controllers applied to an asymmetrical
SPIM. The experimental results validated the limits of stability

1s[A]
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Dynamic results of rotor speed and stator currents for N-M2PC at a critical stable condition with 2250 r/min and a sampling frequency of 6 kHz: (a) rotor

regarding rotor speed and sampling frequencies for the mod-
ulated PCCs. From an engineering point of view, a way to
obtain these critical operating values can be appreciated in order
to apply modulated PCC techniques with the lowest possible
sampling frequency, which reduce the switching losses in power
converters. It was shown an approximately linear relationship
between the maximum rotor speed and the sampling frequency
and the theoretical analysis showed a very similar behavior by
considering a finite range of gains, which represent the different
current controllers, even for N-M2PC as shown for frequencies
less than 7.5 kHz, although it can be considered that this trend
maintains for higher frequencies, it would be necessary to work
with speeds higher than 3000 r/min and it is out of the scope
of this article, validating the proposed method, which can be
applied to other systems with PCC.
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