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ABSTRACT A variable-speed predictive torque control (PTC) of a six-phase induction machine (SPIM)
fed by a multi-modular matrix converter (M-MMC) is presented in this paper. This new system inherits
the advantages of both multiphase machines (i.e., inherent fault-tolerance and better distribution of the
power/current per phase compared to three-phase machines) and the M-MMC (i.e., smaller size and weight,
and has no bulky storage elements). In addition, with the M-MMC topology, it is possible to use two power
generation sources of different characteristics instead of a single three-phase source. This article proposes
a method that reduces the number of calculations significantly compared to conventional PTC to overcome
this issue. Simulation and experimental results are provided for speed control, module failure performance
and tolerance to the variation of the magnetization inductance of the SPIM. An experimental test bench on
a customized SiC-Mosfets based M-MMC and a 5.5 kW symmetrical SPIM has been used.

INDEX TERMS Multi-modular matrix converter, predictive torque control, six-phase induction machine.

I. INTRODUCTION

Multiphase electric drives are increasingly considered for
the research and industry communities as a good option for
generation and traction systems [1]. This system has several
advantages despite its complexity compared to the traditional
three-phase system, i.e., its fault-tolerant capability (with no
extra hardware) and the possibility to split the power (or cur-
rent) of the electrical driver into a greater number of phases
and therefore reducing the converter rating per phase [2]-[4].
These points constitute the reasons for the development of
multiphase electrical systems. Some emblematic companies
in the industrial sector have already used multiphase systems
to solve some of their product lines. The Hyundai company
has an ultra-high-speed elevator based on a nine-phase per-
manent magnet synchronous motor. The drive system is made
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by three back-to-back (BTB) three-phase power converters
connected in parallel. Another example is the wind turbine
of Gamesa. The wind energy system consists of a medium
speed 12-phase permanent magnet synchronous generator
and uses four two-level BTB three-phase power converters
all connected in parallel [5].

Power converters represent one of the key elements needed
for high-performance multiphase machine applications [6].
The most common choice is the well-known BTB volt-
age source converter (VSC) [7]-[9]. However, new research
trends point to using power converters that offer better char-
acteristics than BTB topology in terms of size, weight, and
lifespan [10], [11]. Therefore, the matrix converter (MC)
emerges as a good option that provides a three-phase sinu-
soidal voltage with variable amplitude and frequency using
fully controlled bi-directional switches (Bi-Sw). Moreover,
MC does not need the use of energy storage elements (capaci-
tors or inductors) [12], [13]. Implementing a modular scheme
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of three-phase direct matrix converters, also called a multi-
modular matrix converter (M-MMC), had been proposed
with success in six-phase generation systems to supply three-
phase loads [14], [15]. M-MMC has also been introduced
to interconnect the generation stage with the grid, showing
interesting advantages [16]. One of the main motivations of
this work is to investigate the introduced advantages by using
the M-MMC in conjunction with a multiphase (six-phase)
induction machine (SPIM). In this sense, using the multi-
modular topology allows to use two independent input power
supplies. A practical example is a local water supply network
with a six-phase SPIM motor pump, where the SPIM can
be powered by a three-phase AC generator by one module
and the commercial power grid by the other. The idea of this
system is to provides greater assurance that the motor pump
will continue operating in the case of faults in any of its power
supplies.

On the other hand, predictive torque control (PTC) has
been applied successfully for an actual number of appli-
cations [17], [18], including SPIM fed a two-level voltage
source inverter [19], [20] and three-phase machines fed by
MC [21], [22]. According to the best of the authors’ knowl-
edge, PTC has neither been proposed nor tested experi-
mentally in the literature for this new system composed of
M-MMC and a SPIM. PTC offers the same advantages of
finite-set model predictive control (FS-MPC), namely, the
control method is straightforward, with fast dynamic perfor-
mance, and there is no need for a modulator that is useful
when MC and/or multiphase machines are used. However,
FS-MPC also has some drawbacks. One of them is the high
computational burden needed in higher-level systems, as the
one proposed in this paper.

SPIMs are peculiar devices, and, consequently, they
require unconventional power electronic converters to drive
them. Multiphase drives represent an issue to be solved before
the use of SPIMs. This work seeks to contribute to the field of
multiphase drives using the M-MMC to feed the SPIM. The
main contribution of this work is the experimental evaluation
of the performance of the proposed system based on a three-
phase MC within a multi-modular topology to feed a SPIM.
In addition, a valid vector reduction system is implemented
to reduce the computational burden involved in the real-time
implementation.

The rest of this paper is divided as follows. Section II
presents the mathematical model of the system. The outer
speed control and the proposed PTC strategy are presented
in Section III. Simulations and experimental validation of
the proposal in a real-time platform in transient and steady-
state conditions are developed in Section I'V. Obtained results
under fault and parameter mismatch conditions are also pre-
sented in the same section. The last section summarizes the
conclusions.

Il. POWER CONVERSION SYSTEM
The proposed energy conversion system is based on the
MC, which is used within the multi-modular topology to
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FIGURE 1. Schematic diagram of the SPIM fed by an M-MMC.

feed a symmetric SPIM as seen in Fig. 1. It is essential
to highlight that two modules of three-phase MCs form
the M-MMC.

A. MULTI-MODULAR MATRIX CONVERTER TOPOLOGY
The M-MMC topology consists of the integration of two
three-phase MC connected to each of the converter’s
inputs through the intermediary of the filter (Cr) and six
columns as outputs in total. Each one of these modules
is represented by the power scheme of Fig. 1. In this
case, the input source of the M-MMC is indicated as
Vejz [vuj, Vs ij]T and Iej = [iuj, ivj, iwj]T wherej €
{1,2} and T is the transpose matrix. The output voltages
of the MC to the corresponding SPIM neutral point (N;)
is Voj = [Voaj» Vo vocj]T. Moreover, output currents are
Loj = lioaj, iobj, iocj]T. Each MC is composed of nine Bi-Sw,
which can generate 27 feasible switching states [23]. Then
the following vectorial equations relate the input and out-
put voltages and currents through the switching states of
the MC:

Voij =SV, Lj=8"-1, ()

where Vo = [Voanj, Vobnjs vocnj]T is the MC’s three-phase
output voltage vector in reference to point n formed by
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the input filter and S is the instantaneous transfer matrix,
defined as:

Sua Sub Suc
S=| S Svb Sve | s (2)
Swa Swh ch

and the elements of the matrix S € {0, 1} represent the
state of the corresponding switch. The voltage V,; is obtained
using (3):

Voj = V{mj - VNnjv 3

where Vi, = [Vvij, Vi, VN,U] is the voltage between the
neutral points and vy,j = é (Voanj + Vobnj + Vocnj)-

To avoid short circuits on the input side and ensure an
uninterrupted current flow on the load side, the switching
signals Sy, must satisfy the following condition [24]:

Suy +Spy +Swy =1. ye{a, b, c}. @)

Finally, if the six-phase vectors of output voltages and
currents are defined as:

T
Vo = [Voal, Vobl, Vocl, Voa2, Vob2s Vo2 I'

. . . . . . T
L, = [ioat, iobl, locls ioa2s iob2s Poc2 1"

B. SPIM MODEL

The mathematical modelling of SPIM is studied extensively
by various research papers, and they are presented in detail
in [25]. Differential equations describe the SPIM model with
time-dependent coefficients. Using the appropriate transfor-
mations of the stator and rotor phase variables, a math-
ematical model of a SPIM with constant coefficients is
obtained [26]. The final equations of the SPIM take the form
in the stationary frame of reference in which it is presented
below:

digs 1. W k Wy W 1 )
= ——, — Vus,

dt o os (I ar /Sr oL, as

dig, 1, k w 1

di‘}y = _;lﬁs + - 4 thr oL, —VBs» (6)

where Ry, R, L,,, L, = Lj + Ly, and Ly = L + L, are
the electrical parameters of the SPIM, and the constants are

) L2
definedask, = 2, k; —LL';’,J—l—ﬁ, tgzarf‘, T, =
L’ and 7y = R; + k R,. Similarly, the dynamics of the rotor

ﬂux in the plane o — B is given by:

dy L, . 1

dtotr = t_Tlas - T_rwar - Wrw,Br, @)
dyr L, . 1
7?2%%—;W+m%w ®)

The stator flux is given as follows:

VYas = 0 Lsias + ke Var, Wﬂs = ULsiﬁs + krl/fﬁr, 9
and its derivative as:

A . dy
70” = Vas — Rsias, dtﬁs

= vgs — Rsigs. (10)
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FIGURE 2. Block diagram of the control strategy.

On the other hand, the x — y components (related to the
SPIM’s losses) only involve the stator resistance and leakage
inductance:

o, ds :

Vxs = Rylys + d[xs v Wxs = Ligiyg, (11)
., diys .

Vys = Rslys + 7})37 Wys = Llslys' (12)

The modelling of the SPIM in its decomposition of the
vector space in its six-phase dimensions input defined by
(a, b, c, d, e, f), where the model is represented in three
different orthogonal planes called two-dimensional stationary
reference planes @« — 8, x — y and z; — 7 using (13), where
the invariant amplitude criteria has been considered [27].

- 1 1 1 1 .
1 - - = - -1
2 2 2 2
0 V33 V3B 0
2 2 2 2
! 1 1 1 1
r-il1 - = = - 1
3 2 2 2 2
0 V3 V3 V3 V3 0
2 2 2 2
11 1 0 0 0
L0 0 0 1 1 1

13)

The SPIM is symmetrical, so it has a phase shift of 60°
between the three phases and has an isolated neutral config-
uration. Thus z; — z» currents are considered null. Using (5)
through (12) it is possible to obtain a mathematical model
that represents the dynamics of the expressed system in the
stationary frame of reference as follows:

Xy = A - X +Bo - Ugy. (14)
Foy = Cw - Guy. (15)

where Xy = [x1, X2, X3, X4, X5, x]T is the state vec-
tor which represents the stator currents and flux x; = iy,
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X2 = iﬁxa X3 = x5, X4 = in? x5 = Yqr and xg = wﬁr’ U(t) =
[vw, VBss Vs, vyS]T is the input voltage vector applied to the
stator and rotor windings, Fo) = [Vus. ¥gs. VYas, %S]T is
the stator flux, where Gy = [iws, igs: ixs: iyss Vars w,gr]T,
all written in « — 8 and x — y frame. A, B¢y and Cy) are
matrices defined by the electrical parameters of the SPIM
where the coefficient ¢c; = oL; and ¢ = L, w, is rotor
speed, as follows:

Ly 0o 0 ke k]
To 1T c1
0o - L 0 0o - }"rw’ kr
TO C C1T
Rb 1 1tr
0 0o —-== 0 0 0
Ao = R :
0 0 0o —-=2 0 0
L “ 1
= 0 0 0 - —w
Tr T
1 1
0 - 0 0 w,  — —
- Tr fr_
) _
— 0 0 0
1
1
0 — 0
By = ‘o ;
0 5 0
“<
0o 0 0 —
- c24
cc 0 0 0 k O
Co_ |0 a 0 0 0 Kk
D=10 0 ¢ 0 0 0
(0 0 0 0 0

Finally, the electromagnetic torque (7,) of the SPIM is
expressed as follows:

T, = 3P(Wasiﬂs - wﬁsi(x‘v)’ (16)
being P the pole pair number of the SPIM.

lIl. PROPOSED CONTROL STRATEGY

The PTC has the same advantages as FC-MPC strategy, such
as being easy to understand, easy to implement, can deal
with nonlinearities, and can handle several variables simul-
taneously [28]. PTC has some similarities and differences
compared to the two main control strategies for electrical
drives: Field-Oriented Control (FOC) and Direct Torque Con-
trol (DTC). The three control strategies (FOC, DTC and PTC)
need a speed PI control for realizing the adjustable speed
control for a SPIM. FOC uses four current PI controllers for
the inner controllers; DTC uses four hysteresis controllers
and a Lookup Table (LUT), and PTC takes a cost function
to evaluate the torque and flux magnitude errors. FOC needs
coordinate transformation, and therefore, flux angle is nec-
essary. DTC and PTC algorithms are in the stator reference
frame, so no coordinate transformation is required; however,
for the use of LUT, DTC needs the calculation of stator flux
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angle, though the angle serves for sector selection and its
precision of estimation is not that crucial as MPCs. FOC
needs a modulator to handle the continuous variables, and
the other two methods make the modulator absent due to
their direct control features. As for the tuning works, FOC
has five PI controllers, in which ten parameters need to be
calculated and tuned. DTC requires six parameters, among
which two are for PI controllers, and the other four are for
hysteresis system. PTC needs three parameters with two for
PI controllers and one weighting factor for cost function [29].

Then, the proposed control strategy consists of a PI con-
troller in conjunction with the PTC. An external PI controller
performs the speed control. This controller receives the mea-
sured rotational speed from the SPIM and generates the
appropriate machine torque reference as a function of the
desired speed. The inner PTC loop inner loop uses this torque
reference and the stator electromagnetic flux reference. The
latter searches for the best M-MMC switching state to gen-
erate the appropriate output voltage to be applied to the
SPIM and thus achieve torque and flux levels similar to the
reference. Fig. 2 exhibits the control scheme.

A. PI SPEED CONTROL

The mechanical speed control of the SPIM is performed indi-
rectly by the PI controller, which generates a torque response
at the output in relation to the desired and measured speed
of the SPIM. This torque response at the controller output
represents the necessary reference for the PTC strategy. The
PI controller designed to control the plant is based on the
mechanical model of the SPIM, considering that the load
torque is a disturbance to the system, which is defined by the
following transfer function:

wi(s) _ 1
T.(s) sJ’
where J is the moment inertia of the SPIM, respectively. The

approximate bandwidth is 10 Hz, and it is considered that data
for the controller design.

7)

B. INNER PTC STRATEGY

The FS-MPC technique finds which switching vector should
be applied in the next sampling period from among a set of
possible vectors through predictive calculations of the system
variables’ behaviour in a given horizon. Therefore, for the
PTC, first, the mathematical model describing the system’s
dynamics to be controlled must be obtained. Then, the best
voltage vector that meets the desired value must be sought,
using a minimization technique. Thus, the SPIM prediction
model must be designed to obtain the desired electromagnetic
torque T, to apply PTC to SPIM. The prediction of the rotor
flux is also required to control the machine. In this case,
the discrete version is used applying the Euler discretization

method in (7) and (8).
L, T T
mt ias + (1 - _Y> I;Dozr(k)
T 7,

r

—w, Tsypr(k), (18)

1ﬂrot(k + 1) =
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LmTS T
1ﬂrﬂ(k + 1) = T + <1 - ‘L'_> 1ﬁﬂr(k)
W, TsWar(k), (19)

where Ty is the sampling time and v, Vg5, lus, igs, the MC
output voltages and currents calculated by (1) for each phase
and then transformed by (20) to the « — $ plane.

VslaB]l =T -V, LlaB] =T - I,. (20)

The prediction of stator currents is obtained from (5)
and (6), resulting in:

isg(k + 1) = (1 — 5) iso (k) + b1, Yra (k)
T olgt,

kyw, Ty
+— oL “,p(k) + LVsot(k) 21

. T;
lsﬂ(k +1 = (1 - T_> vﬂ(k)

r

krrs

(22)

then, from (9) the prediction of the stator fluxes is obtained
as follows:

Ysa(k + 1) = oLsise(k + 1) + ko (k + 1),  (23)
Yepk + 1) = oLsigg(k + 1) + kgt + 1), (24)

The prediction of the 7, is obtained as:

Te(k +1) = 3P(Wsa(k + 1)i.sﬂ(k +1)
—¥splk + Disa(k + 1)) (25)

Then, the predicted errors for each of the possible switch-
ing vectors are determined. This error generated by each vec-
tor is evaluated through an equation called cost function (g).
It is possible to incorporate within g the search for differ-
ent targets within the FS-MPC algorithm using appropriate
weight factors for each target. In this case, g is defined as a
quadratic measure of the predicted error and is represented as
follows:

g=|T; —Telk + D [+ Ay [ ¥ — Yk + 1], (26)

where ) and vy5(k + 1) are the reference and predicted
stator flux, respectively. The Ay, is weighting factor for stator
flux and it is calculated as the ratio of the nominal torque
of the machine and the reference flux Ay = % Finally,
after the evaluation of all possible vectors, the algorithm
selects the optimal switching vector that meets the value
desired by the prediction objective, which will be applied in
the next sampling period.

C. SPACE VECTORS AND SWITCHING STATE REDUCTION

Each three-phase MC has 27 valid switching states (S)), and
the M-MMC also has 27 x 27 equivalent to S, = 729 valid
switching states. This number of M-MMC’s states represents
a significant problem for real-time implementation due to
the number of calculations. MPC requires a larger amount
of computation compared to classical controllers [28], [29].
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FIGURE 3. Input source sectorization.

TABLE 1. Selection of switching states of each three-phase module of the
M-MMC.

Sector Selected switching states
1 1,2,3,4,5,6,7, 10, 13, 16, 19, 22, 25
2 1,2, 3,4,5,6, 8, 11, 14, 17, 20, 23, 25

3 1,2,3,4,5,6,9, 12, 15, 18, 21, 24, 25

This fact leads to an increase in the computational time of the
control algorithm. The reduction of vectors in the M-MMC
makes it possible to reduce the amount of computations of
the MPC control algorithm, thus benefiting its experimental
implementation. A minimal computational time also gives
the benefit of reducing the passive elements of the MC input
filters. Each of the 27 valid states of the MC, depending on
the input phases, generates at the output different voltages
expressed in spatial vectors [30]. Fig. 3 shows the division
into sectors of the phases of the input voltage to a three-phase
MC. Each sector in Fig. 3 considers the difference in voltage
levels of the input voltage that is repeated in each period.
The ++, + and — symbols represent the highest, middle and
lowest amplitude of all, respectively.

On the other hand, Fig. 4(a) and Fig. 4(b) show the distribu-
tion of the space vectors in the o — § plane for sectors 1 and 4
of the Fig. 3. Both Fig. 4(a) and Fig. 4(b) practically represent
the same shape, with the difference in the number of space
vectors generated, which is due to the order and levels of the
MC input voltage. In this work, a strategy was proposed to
use the space vectors with the largest amplitude and only one
zero vector to reduce the number of M-MMC vectors, with
which the highest voltages can be reached at the output of the
MC and cross practically the whole area of the space vector.
Sectors 1 and 4, 2 and 5, 3 and 6 generate the same number
of space vectors at the output. Therefore, the latter sectors are
reduced to three. Table 1 shows the switching vectors used by
each sector. Finally, the results show 13 selected states of the
MC and S, = 1609 valid vectors in the M-MMC. This strategy
contemplates performing one iteration of S, = 169 vectors
for each input sector. Fig. 4(c) shows the space vectors in the

— B plane formed by each of the 169 resulting M-MMC
vectors corresponding to an input voltage for sector 1 for both
modules.
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FIGURE 4. Output voltage spatial vectors in the plane « — g.
(a) Three-phase MC of input source sector 1. (b) Three-phase MC of input
source sector 4 and (c) Six-phase M-MMC of input source sector 1.

D. ALGORITHM DESCRIPTION

Algorithm 1 describes the steps of the PTC with §, =
129 used in both the simulation and the experimental plat-
form. The measured variables are the input phase voltages
V.1, Ve2 and the output currents I,,, as shown in step 1. The
currents are transformed to the o — § plane in step 3, while the
rotor flux is estimated in step 4. For each of the three sectors
of Table 1, the output voltages of each MC are calculated,
for each of the 13 valid vectors, using the cycles for; and
for;, step 5 to 8. Next, the output voltages of each MC are
calculated with reference to the N; point of the machine V,;
and V,, the rotor flux, the stator current, and flux, and
the electromagnetic torque are predicted. Finally, the cost
function g, is minimized, the optimal vector Sff " and ng !
are selected, and the following sampling time is applied, steps
9 to 22, respectively.

IV. RESULTS

The results are presented in two groups: i) an evaluation in the
simulation environment of the SPIM speed control powered
by the M-MMC using an internal PTC and, ii) experimental
results based on a M-MMC designed with SiC-MOSFETs
and a 5.5 kW SPIM. In addition, the behavior of the proposed
system to faults of one of the M-MMC modules and the tol-
erance to discrepancies in the L,, of the SPIM are presented.

A. SIMULATION RESULTS

The results in this section consist of an evaluation in the
Matlab Simulink environment. The evaluation of the SPIM
PTC fed by the M-MMC is presented. A reference veloc-
ity and electromagnetic flux are established to verify the

160040

Algorithm 1 Algorithm Implemented in the Control Platform

1. Read measured V.1, V¢, I, and w,

2. Initialize g, = 00, Y¥' =0

3. Calculate stator currents Is[aB] using (20)

4. Rotor flux is estimated using (18) and (19)

5.if Ve == Sector; then i € {1, 2, 3}

6. for;j; =1 to 13

7. Calculate the output voltage V, using (3)

8. fory j =1 to 13

9. Calculate the output voltage V,» using (3)

10. Calculate six-phase output voltage Vg[«eB] using
(20)

11. Predict the rotor flux in (k 4 1) using (18) and (19)
12. Predict the stator current in (k + 1) using (21)
and (22)

13. Predict the stator flux in (k 4 1) using (23) and (24)
14. Calculate the electromagnetic torque using (25)

15. Minimize cost function g using (26)

16. if g < gopr then (Select optimal vector)

17, gop < & SiY < S, Sy < Su(ji2),

18. Pl o, end if

19. end for;

20. end for;

21. end if

22. Apply the optimum vector S, € {sz ‘ S;’g g

400

Voltage [V]
o

-400
400

UV 2-Up2-Vw2

Voltage [V]
o

400 ‘ ‘ ‘ ‘
0 0.02 0.04 0.06 0.08 0.1
Time 3]

(b)

FIGURE 5. Three-phase power supply of the M-MMC. (a) Source
1 =380V, 100 Hz and (b) Source 2 =220V, 30 Hz.

behaviour of the proposed system for changes in velocity and
mechanical load. Results were obtained at sampling frequen-
cies of f = 10 kHz and f; = 100 kHz. In addition, the system
is tested with different input sources for each module, and the
waveforms of the supply current and the output current of the
M-MMC are verified. The used parameters for the simulation
are presented in Table 2.

By means of the M-MMC topology it is possible to use two
three-phase power generation sources of different character-
istics, in terms of amplitude and frequency. In this context,
for the simulation tests, the input power supplies were used as
shown in Fig. 5, with values equal to 380 V, 100 Hz and 220V,
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FIGURE 6. Simulation results of behavior at fs = 10 kHz of (a) mechanical

speed, (b) electrical torque and (c) magnitude of stator flux while the
speed reference is changing from 900 r/min to -900 r/min.
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FIGURE 7. Simulation results of behavior at fs = 100 kHz of
(a) mechanical speed, (b) electrical torque and (c) magnitude of stator
flux while the speed reference is changing from 900 r/min to -900 r/min.

30 Hz for sources 1 and 2, respectively. The results in velocity,
torque and electromagnetic flux tracking of the SPIM fed by
the M-MMC can be seen in Fig. 6 and Fig. 7 forafy = 10 kHz
and f; = 100 kHz, respectively. An initial speed reference of
900 r/min is set with a mechanical torque of 0.2 Nm. Next,
a speed change to -900 r/min is performed and finally a load
torque of 10 Nm is set in order to observe its effects mainly
on the speed track.

The waveforms of the phase output current at i,,; of the
M-MMC are presented in Fig. 8(b) and Fig. 8(c), and for
the input current supply i,; in Fig. 9(b) and Fig. 9(c), for
fs =10kHz and f; = 100 kHz, respectively. It is possible
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FIGURE 8. Waveform of the M-MMC output current applied to the SPIM,
(a) mechanical velocity follow up, (b) output current with fs = 10 kHz.
and (c) output current with fs = 100 kHz.
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FIGURE 9. Waveform of the M-MMC supply current applied to the SPIM,
(a) mechanical velocity follow up, (b) input current with fs = 10 kHz. and
(c) input current with fs = 100 kHz.

to note the considerable reduction in the ripple level of the
current for f; = 100 kHz. This is due to the fact that as the
sampling frequency in the MPC increases, the time in which
the predicted vectors are updated decreases, so the error
or distance between the reference vector and the predicted
vector also decreases. The six waveforms of the M-MMC
output current I, are presented for both module 1 in Fig. 10(b)
and for module 2, Fig.10(c).

B. EXPERIMENTAL RESULTS

The SPIM was designed from a commercial three-phase
5.5 kW machine, which the rewinding procedure is detailed
in [31]. The proposed PTC technique was experimentally
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TABLE 2. Parameter of simulations and experimental setup.

Parameter Description Value

V1l Input voltage Source 1 380V

fa1 Input frequency Source 1 100 Hz
V2 Input voltage Source 2 220V

fs2 Input frequency Source 2 30 Hz

Cy Input filter capacitor 30 uF

P, Nominal power of the machine 5.5kW
W, Nominal speed 1430 r/min
T, Nominal torque 20 Nm

R Stator resistance 5950
L Stator inductance 7.7 mH
R, Rotor resistance 3950
Ly Rotor inductance 5.1 mH
Ly, Magnetizing inductance 430 mH
P Pair of poles 2

J Moment of inertia 0.07 kgm?
Izl Reference flux 0.61 Wb
Tsw Sampling time of the PI controller 0.0002 s
K, Proportional gain 3.0

K; Integrative gain 0.141

At Torque weighting factor 1 (Nm)~!
Ay Flux weighting factor 50 (Wb)~!

tested on a 10 kW M-MMC. The relevant parameters of the
test bench are presented in Table 2.

The M-MMC prototype is based on Bi-Sw formed by dis-
crete semiconductors SiC-MOSFETs (SCH2080KE). Fig. 11
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FIGURE 11. Block diagram of the test bench that includes in the central
part the power supply connected to the input filter, the M-MMC and
finally the SPIM. In the upper part, the dSPACE platform, and the FPGA,
fiber optic and clamp circuit boards, respectively, and in the lower part
the encoder, the current and voltage sensor boards and the computer.
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FIGURE 12. Comparison of the computational load of the PTC with the
vectors Sy = 729 and Sy = 169 using the MicroLabBox dSPACE device.

presents the three-phase MC, which is created by 9 Bi-Sw
and 18 SiC-MOSFETs, designed in a modular way with
their respective clamp circuits for protection against over-
voltages. The voltage and current sensor boards have been
implemented employing LEM transducers. The digital con-
trol device is the MicroLabBox dSPACE. Then, the magni-
tudes of the sensed signals are received, the control algorithm
is executed, and the vectors to be implemented are obtained
for the next sampling time. In turn, the NEXYS 3 FPGA is
used for a safe switching algorithm for the Bi-Sw. The signals
are transmitted to the Bi-Sw through optical fiber cables. The
SPIM is a 5.5 kW symmetrical machine connected to a dc
motor through its shaft that acts as a mechanical load for the
SPIM and the encoder to measure the SPIM rotational speed.

The control algorithm that uses the S, = 769 vectors has
provided a computational time of 157 us, at the time of its
implementation, which represents a very long time, in ref-
erence to the sampling times used for the converter control
systems in the literature, generally a minimum sampling time
of 100 ws is used [32]. For this reason, this strategy has
not been able to obtain experimental results. The experi-
mental results of the proposed system have been obtained
using the control strategy S, = 169 proposed in this work.
In Fig. 12, a comparison between the computational loads of
running the PI, the PTC, and the ADCs is presented, where
the PTC represents the highest computational load as well
as the factor where strategies can be applied to optimize
the computational load. With S, = 169, the control algo-
rithm takes a computational time of 42 us and reduces the
computational burden in approximately 74% with respect to
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FIGURE 13. Experimental results of SPIM speed control using the
M-MMC. Torque follow-up, stator flux magnitude and output current
waveform iyqq. (a) Mechanical speed follow-up for a change in the
reference from 900 r/min to -900 r/min, (b) mechanical speed follow-up
for a change in the reference from -900 r/min to 900 r/min.
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FIGURE 14. Experimental results of the speed and torque control of the
SPIM fed by the M-MMC. Waveforms of the output current i,q; and the
supply current i,; of the M-MMC.

Sy = 729 vectors. The sampling time (7;) = 50 us was used
to obtain the experimental results of the prototype.

The speed and flux references set for the experiment were
900 r/min and 0.61 Wb, respectively. The response of the
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proposed system for a change of the reference speed can
be observed in Fig. 13. On the other hand, Fig. 13(a) shows
the tracking of the proposed torque and electromagnetic flux
control strategy and also the output current waveform i,,; of
the M-MMC for a speed change of 900 r/min to -900 r/min.
Then, Fig. 13(b) shows the response of the system for the
reverse process described above for a speed change from
-900 r/min to 900 r/min. The behavior of the supply current
iy1 and the output current i,,; of module 1 were verified
using Fig. 14. For the experiment, a speed change at 900 r/min
was imposed and the behavior of the torque generated by the
SPIM was verified. An evaluation of the proposed system
against variations of mechanical torque and reference elec-
tromagnetic flux values is shown in Fig. 15. The mechanical
torque change was from 0.2 Nm to 5 Nm and the reference
fluxes set are 0.91 Wb, 0.61 Wb and 0.41 Wb, Fig. 15(a),
Fig. 15(b) and Fig. 15(c), respectively. For this experiment,
a constant reference speed equal to 300 r/min was set.

Then, a test for the fault in one of the M-MMC modules
has been performed experimentally. The M-MMC and the
SPIM feeder are subjected to a fault in one of its modules.
In Fig. 16(a) a fault is observed in the three output phases
of module 2. The waveforms of the current i,,; and iy.),
of modules 1 and 2, respectively, are observed for a constant
speed reference of 300 r/min. In Fig. 16(b) the fault of the
three phases of module 1 is presented.

In Fig. 17, a comparative analysis between MSE of torque
and electromagnetic flux relative to an imposed reference
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FIGURE 16. Post-fault results. Waveforms of M-MMC output current and
mechanical velocity. (a) Three-phase fault of SPIM module 2 and,
(b) three-phase fault of module 1.

track for different SPIM speeds is presented, the average
errors 0.35 Nm and 120 ©Wb in torque and flux, respectively
for speeds between 200 r/min and 500 r/min. A variance
analysis of one of the most critical parameters of the SPIM
was performed. A 25 % error of the L, around its nominal
value was considered. Table 3 shows the MSE results of the
control strategy for the speed, torque and electromagnetic
flux values.

C. DISCUSSION OF RESULTS

By testing in the simulation environment with different power
supplies to the M-MMC, as shown in Fig. 5, it was pos-
sible to effectively validate the usefulness of the M-MMC
arranged in three-phase modules taking advantage of sources
of different characteristics. The results obtained in the sim-
ulation and the experimental parts can be compared and
analyzed for the case of f; = 10 kHz. Fig. 6, Fig. 8 and
Fig. 9 can be compared with Fig. 13 and Fig. 14 which are
obtained experimentally. The tracking responses of the ref-
erence speed, torque and electromagnetic flux are observed
with similar characteristics. Fig. 6(a) and Fig. 7(a) show that
at 1.7 s a change of the mechanical torque from 0.2 Nm to
10 Nm is realized. This effect causes an error in the velocity
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TABLE 3. MSE of the control parameters at the L, discrepancy of the
SPIM.

Parameter \ Ly -25% \ L,, =430 mH \ Ly, +25%
W, 24.34 (r/min) | 21.85 (r/min) | 22.63 (r/min)

T, 0.75 (Nm) 0.31 (Nm) 0.58 (Nm)
les]l 27 (mWb) 8.7 (mWb) 16.9 (mWb)

' ' : . " [MsE

200 250 300 350 400 450 500
W, [r/min]

FIGURE 17. Experimental MSE of torque and flux in reference to changes
in SPIM speed.

follow-up. Using the MSE figure of merit for the velocity at
that instant are 28.24 r/min and 24.38 r/min for f; = 10 kHz
and f; = 100 kHz, respectively. The experimental results in
the torque and flux tracking in the steady-state are somewhat
oscillating, which is related to an imperfection of the mechan-
ical load of the experiment, which presents small variations in
the moment of rotation. The waveforms of the output current
and supply current of the M-MMC can be observed very
noisy in Fig. 13 and Fig. 14. However, a way to minimize
this problem has been presented using a sampling frequency
of the algorithm at f; = 100 kHz, shown in Fig. 7, Fig. 8(c)
and Fig. 9(c). We can observe a considerable reduction in the
control variables ripple such as torque, flux, and thus also
in the M-MMC'’s output and supply currents. Experimental
results with f; = 100 kHz were not obtained due to the high
computational time required. On the other hand, it is possible
to observe that in Fig. 13 and Fig. 14, there is a difference in
the distortion of the stator current i,,;. This phenomenon is
mainly since the switching vectors applied by the M-MMC
are different for both speed change situations. Consequently,
the M-MMC uses a different sequence of switching vectors
for a speed of 900 r/min than that of -900 r/min. The eval-
uations in Fig. 15 show the good tracking of the control
strategy at different values set for the SPIM reference flux.
Furthermore, it was possible to verify the tracking responses
for a change of the mechanical torque from 0.2 Nm to 5 Nm,
as shown in Fig. 15(a), Fig. 15(b) and Fig. 15(c), respectively.
Experiments performed under fault conditions of one of the
M-MMCs modules show that the SPIM can continue to oper-
ate with only one of the modules in operation. The increase
in the output current of module 1 is observed at the time of
module 2 failure in Fig. 16(a), and reciprocally in Fig. 16(b).
The consequences of the fault are reflected in the variations of
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the speed tracking. Consequently, the power delivered to the
SPIM by the M-MMC is lost. However, note that the SPIM
operates with the same control strategy under fault in one of
the modules. Last, Table 3 shows the results obtaining by
using a 25 % decrease of the nominal value of the L,,. The
MSE of the velocity, torque, and flux is higher compared to
a 25 % increase in the nominal value of the L,,. However, the
results do not differ much from the nominal value, showing
that the system has a robust behaviour.

V. CONCLUSION

It has been successfully demonstrated that it is possible to
use the multi-modular matrix converter topology to feed a
six-phase induction machine, using a speed control algo-
rithm based on predictive torque and electromagnetic flux
control. The benefits of the multi-modular topology have
been demonstrated consisting of using two power supplies
with different characteristics and its response to the fault
of one of its modules. Moreover, a strategy to reduce the
number of valid MC vectors that allow the control algo-
rithm’s implementation was also introduced. Consequently,
a reduction from 729 to 169 vectors was achieved, which
significantly reduced the computational time of execution
of the algorithm, through which the implementation of the
proposed control strategy could be achieved with a sampling
time equal to 10 kHz. The results of the method demonstrate
fast torque response and good follow-up of the imposed
speed and electromagnetic flux as input references to the
system.
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