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A Linearized Cascade-Free Continuous Control Set
Model Predictive Control Algorithm for Modular
Multilevel Matrix Converters
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Abstract—Modular Multilevel Matrix Converters (M3C) pro-
vide an efficient solution for high-power ac-to-ac conversion, offer-
ing high modularity, superior power quality, and reduced power
filtering requirements. However, controlling their Circulating Cur-
rents (CCs) and Cluster Capacitor Voltages (CCVs) remains a
significant challenge due to the strong coupling between system
variables. To address these issues, this article presents a novel
cascade-free model predictive control strategy that introduces a
linearized M3C model, incorporating the Common-Mode Voltage
(CMV) as an additional control input. Unlike conventional control
structures relying on multiple nested loops or iterative procedures,
the proposed approach computes all control actions in a single stage
by solving a constrained optimization problem. Simulation and
experimental results demonstrate that the proposed methodology
effectively reduces CCV fluctuations and lowers the magnitude of
CCs (peaks and effective values), even under constrained operating
conditions. These results confirm that including the CMV as a
control input provides additional degrees of freedom, making it
a compelling alternative for high-performance M3C applications.

Index Terms—Cascade-free control, circulating currents, comm-
on-mode voltage (CMV), model predictive control (MPC), modular
multilevel matrix converter (M3C).
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NOMENCLATURE
M3C Modular Multilevel Matrix Converter.
CC Circulating Current.
CCv Cluster Capacitor Voltage.
MPC Model Predictive Control.
CMV Common-Mode Voltage.
WECS Wind Energy Conversion System.
MIMO Multiple-Input Multiple-Output.
SISO Single-Input Single-Output.
CCS-MPC Continuous Control Set MPC.
FCS-MPC  Finite Control Set MPC.
SS-CCV  Single-Stage CCV.
PWM Pulse-Width Modulation.
LS-PWM  Level-Shifted PWM.
IPD-PWM  In-Phase carrier Disposition PWM.
SM Semiconductor Module.

I. INTRODUCTION

HE M3C has emerged as a promising solution for high-

power ac-to-ac direct conversion applications. Its versatil-
ity makes it well-suited for a variety of applications, including
electrical machine drives [1], [2], [3], [4], WECS [5], low-
frequency power transmission systems [6], [7], [8], and flywheel
energy storage systems [9]. According to [10], the M3C is
potentially poised to replace cyclo converters shortly.

M3Cs are characterized by their high performance, mod-
ularity, high power quality, and elimination of the need for
bulky filters and transformers, with the main challenge being
the converter control [11], [12], [13]. The M3C consists of nine
clusters, each composed of a series connection of H-Bridge
power submodules, as shown in Fig. 1(a). These submodules are
connected to flying capacitors, which are not linked to external
voltage sources, making it crucial to regulate their voltage for the
correct operation of the converter. The regulation of the capacitor
voltages becomes particularly complex when the frequencies of
the ac systems connected to the M3C ports are similar or equal, as
this can lead to dangerous voltage oscillations in the capacitors.
For this reason, controlling the CCVs, i.e. the sum of the voltages
across the capacitors within a cluster, is of utmost importance,
because these CCVs must be regulated to a predefined value to
ensure stable operation [3], [11]. To achieve this, the M3C can
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Fig. 1. M3C Circuit configuration. (a) Full converter topology and (b) cluster
equivalent circuit, i.e. a voltage source and an inductance in series connection.
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employ up to five control inputs specifically designed to regulate
capacitor voltage oscillations. However, the system dynamics
are highly coupled, which poses complex control challenges.
For CCV regulation, the M3C typically utilises four CCs and
the CMYV, the latter often applied as a predefined signal [2], [6].

Even when the M3C is a MIMO system, with five control
inputs utilized to control the capacitor voltages and mitigate
oscillations, strategies based on SISO control loops are com-
monly proposed in the literature. These strategies typically rely
on electrical coordinate transformations such as the double /50
[14] or the double o S0XA transform [5], [15], [16], which use
the CCs to regulate the CCVs. However, they cannot eliminate
the coupling between the control loops of CCs of different
frequencies and sequences. For example, the strategies reported
in [1] and [17] use several PI controllers, assuming for their
design that each SISO control loop is fully decoupled from
the others, which is a gross oversimplification [18]. Another
problem of implementing multiple SISO control loops is the
difficulty of handling constraints. Constraining the addition of
several CC components in a cluster, using conventional anti-
windup schemes, is suboptimal, as discussed in [19].

For these reasons, MPC strategies are often proposed as
suitable alternatives for MIMO design in highly coupled multi-
variable systems, such as M3Cs. MPC controllers can regulate
multiple targets within a single cost function, they have a good
dynamic response, and constraint handling is simple to achieve.
CCS-MPC strategies have recently been proposed for regulating
modular multilevel converters [18], [19], [20], and one of the
advantages of CCS-MPC implementation is a relatively low
computational burden because it utilises an external modulator.
Therefore, the processing burden no longer depends on the
number of switching states, as is the case with most MPC
solutions using FCS-MPC algorithms [21], [22]. The first works
discussing CCS-MPC algorithms for M3C applications were
presented in [19], [23], and[24]; however, in these papers, nested
or cascaded control loops are used in the proposed CCS-MPC
algorithms. Cascade-free algorithms have some advantages over
nested MPC loops because of: 1) if nested CCS-MPC algorithms
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are used, e.g., an external MPC to regulate the CCVs and an
internal one to control the CCs, then the external controller
is usually designed with a smaller bandwidth to reduce the
cross-coupling between the nested controllers. This methodol-
ogy can produce a relatively low dynamic response in the CCVs,
particularly when the switching frequency is low and, conse-
quently, the bandwidths of the circulating-current control loops
are not high [25]; 2) with nested CCS-MPC algorithms, there
are two cost functions which are separately solved and a global
optimum is not necessarily reached [18]; 3) it is challenging to
implement constraints which simultaneously involve variables
of the external and internal loops because their respective cost
functions are sequentially solved and a causality dilemma could
be produced. A possible disadvantage of cascade-free algorithms
is that a single global problem involving more state variables,
more control actions, and a more complex optimal problem must
be solved in each sampling period. However, for an M3C topol-
ogy regulated using a modern control platform, the additional
complexity is almost negligible.

In addition to the cascade control loops, in most of the works
discussing CCS-MPC algorithms for modular multilevel con-
verters, a mixture of SISO and MIMO-designed control loops is
implemented. For instance, in [19], a CCS-MPC methodology
was proposed to control the M3C CCs, considering constraints.
However, the control of the CCVs is performed using multiple
SISO-designed controllers. An approach based on dead-beat
control was proposed in [26] for controlling the CCs and ac ports
currents of an M3C. The cost function only considers the track-
ing error in the circulating currents, and multiple SISO-designed
controllers generate the references for the CCs. A saturation
algorithm, not considered in the cost function, is implemented
to avoid overmodulation in [26]. In [23], a CCS-MPC algo-
rithm was proposed to regulate the oscillations of the CCVs;
nevertheless, in this article, the CCs obtained from the external
CCS-MPC algorithm are regulated using SISO-designed PI
controllers. In addition, no constraints are considered in [23].
The work of [24] proposed a three-nested control loop structure
to regulate the M3C. In this case, the common-mode voltage
is considered an additional control action and regulated by an
MPC in the outermost control loop. The next control layer
is a CCS-MPC algorithm regulating the CCVs. Finally, the
innermost control loop is based on SISO-designed proportional
controllers regulating the CCs. Recently, a similar approach has
been proposed in [27], where an iterative optimization process is
added between the CMV and the CCs by separating the nonlinear
terms, produced by the multiplication of the CMV with the
CCs, into two linear problems. Similarly, in [28], an iterative
optimization process to determine the CMV and the CCs is used,
and an additional optimization problem is added to regulate the
converter currents. However, finding the optimal control action
could result in an increased computational burden caused by the
iterative process. Moreover, cascade-free algorithms were not
used in [27], [24], and [28]. This work addresses some of the
problems reported in the literature regarding the implementation
of a cascade-free CCS-MPC algorithm considering the CMV as
a control input. The contributions of this work are summarized
as follows.
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1) The CCS-MPC algorithm proposed in this work to regulate
the M3C utilizes a linearized model, enabling the inclusion
of the CMV as an additional control input. With the pro-
posed methodology, the input vector w in the state-space
formulation contains five elements: Four voltages driving
the circulating currents and the CMV. Consequently, the
CMYV can be used to reduce the effective and peak value of
the CCs. Furthermore, the fast dynamics of the CMV can
be used to compensate for high-dynamic perturbations.

2) This article presents a single-stage, or cascade-free, CCS-
MPC control strategy, where a single cost function is
utilized to regulate the CCVs, CMV, and CCs optimally.
Unlike [27], no iterative procedure is required; neither the
three nested control loops of [24] nor the SISO-designed
controllers in the innermost control loops of [19], [23],
[24], and [27] are necessary. The algorithm proposed in
this work is a full cascade-free CCS-MPC, where every
control input is calculated, in a single-stage implementa-
tion, at each sampling step by solving a constrained cost
function.

Therest of this article is organized as follows. In Section II, the
state-space modeling of the M3C is briefly discussed, and in Sec-
tion III, the proposed CCS-MPC is analyzed. The dynamic and
steady state performance of the CCS-MPC algorithm discussed
in this work is compared with two other control methodologies in
SectionIV. Section V discusses the experimental results. Finally,
Section VI concludes this article and an appraisal of the proposed
system is also presented.

II. MODELING OF THE M3C

The M3C model used in this publication is based on the
works of [7], [14], [16]; for completeness, the modeling is briefly
reviewed below in Section II-A.

A. Using the Double af0XA Transform to Obtain the Power
Model of the M3C

Applying Kirchhoff’s voltage law at the circuit of Fig. 1(a)
and using the cluster equivalent circuit of Fig. 1(b), the voltage-
current model can be obtained as follows:

d .

Vy = L%Zmy + Uzy + Uy + UnN (1)
where x € {a,b,c},y € {r,s,t}, and v, represents the CMV.
To partially decouple the dynamics of the M3C, the double
50 frame is used. If the model of M3C in rst-abc coordinates
is denoted as X3¢, then the model in the double a30 frame

abe?

is obtained by TaﬂoTxgggTwo where T, represents the
power-invariant Clarke transformation [3].
By applying the double /50 transformation to (1), the fol-

lowing model is derived and presented as follows:

0 0 0
V31| o0

Vi

laa  Ba  Wa

%, . .
0 O a Lag Z'ﬁlg lo | +
V1 0

i(xO 180 0
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Vaa UBa Voa 0 0 wyq 0 0 0

Vo Vs Vop| + \/g 0 0 wp|+1]0 0 0

Va0 VB0 Voo 0 0 O 0 0 3v,n
(2)

Here, the subscripts 1 and 2 denote the currents and voltages
atthe ac ports 1 and 2, respectively, and the voltage v is propor-
tional to the CMV. To further decouple frequency components
and simplify the control of the M3C, an additional transforma-
tion is applied. The XA transform is defined as follows:

XA 10 0 17 [Xoa

Xip| _1|0 1 -1 0| |Xag 3)
X3A 1 0 0 -1 |Xga

X380 01 1 0] [Xss

ey ™A

By applying (3) to (2), the following decoupled model is ob-
tained:

0 0 0] iTA 3D g,
V30 0 0 =L |iis g dos| +
Via v1g O] a0 ipo 0
VIS A gy ] 00 wa| [0 0 0
vER o3 wos| +V3|0 0 was|+|0 0 0
Va0 VB0 V0o | 0O 0 O 0 0 3u,n
)

In this model, the voltages v, vaA, v32, and UEﬂA are part

of the single-stage control input in the state-space formulation
L thi A SSA BA A
proposed in this work. The currents i1y, i153, i3, , and i35
represent the internal CCs of the M3C. The CCs are defined as
four-state variables, and a state-space model can represent their
dynamics. The state equations of the CCs can be derived from

(4) as
@' = Az’ + B'u' (3)

where A’ is a4 x 4 zero matrix, and matrices B® (4 x 4 matrix),
2! (4 x 1) and u (4 x 1) are defined as

. 1
Bi=—--TI 6
i (6a)
i . . . . T
= [FS R E 5 (6b)
i T
w= [ o B ) (60

where I is a4 x 4 identity matrix, and L is the cluster inductance
as shown in Fig. 1(b).

Considering any of the clusters shown in Fig. 1(a), its CCV
is defined as

n
Ve, = Y UL @)
i=1

where n is the number of submodules in the cluster zy. As-
suming that the local balance works correctly and that the
voltage of all capacitors in the same cluster have the same
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. a . .
value, ie., v, =g =...=UV. = Uc,, the relationships

between these capacitor voltages and power elements are given
as [14]

1
Cay R MU + —— [ Pypydt. 8
Ve,, A D +n0vc/ y (8)

Applying double 50 and XA transformation to (8) yields

veps vepp Vap| [00 0
’UCIZBA UC2213A UC(%A ~ |0 O 0
Veza UCEOA Veza 0 0 3nvu.
. PliA P%;A PO%A
A%nCEL/ PER PER PR dt. )
P PR P

The term Veza is related to the total active power flowing into
or from the M3C, denoted as POZOA. This term can be regulated to

set the average total value of the CCVs, which can be calculated
as follows:

1 . . 1 . .
PP ~ 3 (1010 +i1901p) =2 (i2av2a + ingv2g) . (10)

3

AC Port 1 Power AC Port 2 Power

The remaining eight transformed voltage terms from (9) rep-
resent CCV imbalances and have to be driven to ~ 0 when
the M3C AC voltages are balanced and all the CCVs are = v.
The eight power terms on the right-hand side of (9) can also be
expressed as a function of the transformed currents and voltages
of the converter as follows:

1. . , ,
PR~ = (izaV1a — f1aV2a + i2pv1p — i15028) +

6
NG . . . 1.
? (’LQZQA’Ula — zgﬁAvw + Z%JBA’UQB — ’LQZQAUQQ) + gzlzfvoo
(11a)
sa 1. . . ‘
Py~ 6 (128010 — 110028 — 124V18 + 118V24) +

V8 55
6

) . . 1.
33 Via + ivavig + lzzﬁAwa +ipevag) + ghzﬁAvoo

(11b)
sA V2. )
Poo™ = 5 (i2pv28 — 12aV2a) +
V3, ) ) . 3.
3 ((%ZQA + i5a JU1a + (_leﬁA + ZgﬁA)UlB) + 9 ‘2000
(11¢)
sa 1. . . .
Pyn =~ 5 (i2aV1a — i1aV20 — G280V18 + G15V28) +
NG . . . 1.
G (it v1a + Z?ﬁAUIB + hEﬁAUzﬂ — iTa V20) + 522%%00
(11d)

—_

PQEgA ~ — (I28V10 — 110028 + 24018 — 118V24) +

(=2}

1957

V6 s

. . . 1.
? (115 Vg — zlzaAuw + ZIEBAUQQ + leaAvgg) + gzgﬁAvoo

(11e)

V2 .
08 X (t2qV28 + i28V24) +

6
== (108 + i35 )v1a + (iT2 — isa )vig) + g 28Y00

3
(11f)

V2 .
PO?OA ~ e (11aV1a + t18018) —
V3, , . . V3,
3 ((leaA + Z§$)U2a + (leﬁA + ZQZBA)U%) + ?ZlaUOO
(11g)

2 . .
0.~~~ (lavip +i15v1a) =

3 (=178 + 135" )v2a + (i1 — i52" )vag) + ~—i15000-

9
(11h)

Using (9), (11) and after some mathematical manipulations,
it is concluded (see [15]) that the capacitor voltages CEN and
Ucpa are prone to large voltage fluctuations when f; ~ f,. The
terms v za and Uza may have large voltage fluctuations when
f1 = — fo. Finally, relatively large voltage fluctuations may be

produced in v y, and vy, When f; &~ 0andinv v, and v ga
[sh €50 Coa €03
when fo =~ 0.

The control strategy proposed in this work aims to control
the CCVs over a wide operating frequency range, including
the previously mentioned critical points. The proposed control
strategy is based on regulating the CCVs using five degrees of
freedom, the four voltages of (6) and vg.

B. Linearized Model to Add the CMV as a Control Input

If the CMV is not considered as a manipulable control input,
the control vector  is equal to [v7;*, v15, V5, vy ] T in this
case the CMV is considered as a predefined waveform in the con-
trol system, e.g., typically a third harmonic of the grid voltage.
However, as discussed in the contributions, some advantages
exist in allowing the CCS-MPC to calculate the optimal CMV
to be applied to the M3C, reducing the CCs magnitude and
improving the dynamic response. Nevertheless, to add vgg to
u, a linearized model is required, and this is discussed below.

The capacitor voltages, e.g., A and Veza can be obtained by
differentiating (9) and using the power terms of (11). Therefore,
the following matrix expression is obtained:

T
d [veg vepp vepp vegp vegs Vep Vesp Vet |

dt

~

T
[ PEAPEAPRAPEAPRA PRAPIO PR

nCv,.

12)
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Using (12), and the aS0XA powers of (11), the state-space
equations for the CCVs can be obtained as

¥’ ~ A'z" + B"u" +d° (13)
where A” is a 8 x 8 zero matrix, and matrices BY, x?, u" are
defined as

T
:c”: {’U A U, ZA V. ZA Vesa VU.zA Upesa UzA U EA}
13 28 €03 a0 €50

(14a)

YA

u’ — |:7’1a SN

DIVAN
ZIB

120

i3 (14b)

ZA}
Using (13), (14), and (11), it is relatively simple to complete the
matrices B” and d". For instance, if the power P, m A of (11)(a)
is considered, then the term %(igavla — 11aV20 + i28018 —
i18v23) corresponds to the first row of d”. Moreover, if the
matrix u” is expanded to consider vgg, i.e. in the discrete domain
UL = ek 015y, Bk 134, Vook) s then the term 475 vgo
has to be linearized because both the voltage vgp and the CCs
are part of the expanded control input u”

Defining P =72
signal model:

expy’
voo and assuming the following small

Piv ~ Pé@ +APH) (]5)

The value of AP™ is calculated as

, oP™ oP
APY ~ A A
|:ai%aA:|() o [87}00

v

:| A’UOQ . (16)
0

In this work, it is assumed that the quiescent point [sub-
script ‘0’ in (15)—(16)] corresponds to the values obtained in
the previous sampling time, i.e. t = (k — 1)T;. Hence, Py’ =
vook_ 1912, and the A values are calculated subtracting the
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Fig. 2. Proposed CCS-MPC control strategy for the M3C.

last two samples, e.g. Avgg = [voor — Vook_1]). Therefore, re-
placing (16) in (15) yields

v A

=it V00K A V00k—1014 ks + i1a ke 1V00k

a7

Notice that in (17) the values of vgg,_1 and zlzaA x_1 are known.
Moreover, the term —vgg k,lilz(f _1 has to be added as an extra
perturbation term in d¥ of (13).

Using the discrete version of (14b), but augmented by vggy,
the control input u? of the linearized system of (13) is

SA
—Vook-11a0 k—1-

exrpl

A DIVAN

P Mgy ak

la

Z?gAk 0001@} (18)

Using (17)—(18), the matrices Bj, and dj, in (13) are obtained
and presented in (19) shown of the bottom of this page.

v —
uempk -

III. PROPOSED CCV CONTROL STRATEGY BASED ON
SINGLE-STAGE CCS-MPC.

The proposed control system is shown in Fig. 2. As afore-
mentioned, this article proposes a SS-CCV control based on a
CCS-MPC algorithm with a single-cost function whose solution
renders an optimal control action with five terms, i.e. Vxa =

SA L NA L SA L NA T .
[Via 1 V15 o V2 ke V3 k,’Uook] to simultaneously regulate

1 V6 V6 SA
3V00k—1 0 T(”lak - U2ak:) T(Wﬁk - Ulﬁk) glm k—1
1 V6 V6 SA
\FO 3?01@71 T(U\l/[jk + v25;,) ?(Ui/oik + v2ak) \2/15 b1
3 3 3 3 3
3 Vlak — 73 V1B 3 Vlak "3 V1B T%k
6 6 1 SA
BY — 1 %(’Ulak - U2ak) %(Ulﬁk + Uzﬁk) 3V00k-1 0 Zza k—1 (19a)
k= - 6 6 1 1 SA
nCUC %(UQB]C - Ulﬁk) %(’Ulak + UQak) 0 3V00k-1 125 ko1
3 3 3 3 3
%”151« gvlak *%”lﬁk %Ulak %ZQﬁk
3 3 3 3 3.
— P30 — P sy — vz —Poap, i
V3 V3 V3 V3 V3,
I R 3 V2ak 3 V28 73 Y20k 9 "Bk |
ri 1:3A 7
I (lzakvmk — NakV2ak T 128,V18) — 21,8kv26k) + 3078 k-1Y00k-1
1 1:3A
G (225kv1ak — 11akV28), — 12a0kV18), T 'LlﬁkUQ(xk) + 3915 1 V00k-1
2 (; . 3.
£ (Zzﬁkvwk — ka”mk) + £Z2ak1}00k 1
1 YA
4o, = 1 G (Zzakvlak — HakV2ak — 125,V18) T Zlﬂkv26k) + 'Lza k—1V00k—1 (19b)
- - 1
nCv,. 6 (ZZBkUIak — HakV28), t+ 12aKV18) — ka?fzak) + 5125 1 V00k—1
5 (lzakvwk + Z2Bkv2ak) + 257128, V00k—1
2 /- . 3 .
—% (Zlakvlak + Zlﬁkvlﬂk) + %ZlakUOOk—l
2 /- . 3.
L —% (kavwk + Zlﬁkv1ak) + %Zwkvoozgq J
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the CCVs and CCs. The optimization problem combines, in a
single state-space formulation, the CCs and CCVs dynamics in
double aS0XA frame, from (5) and (13), respectively.

A. Single-Stage Discrete-Time Model

A discrete prediction model of these variables is required to
apply the CCS-MPC algorithm to control the CCV oscillations
and CCs. The discrete-time model of the CC’s dynamics is
obtained by applying the forward Euler method to (5), with a
sampling period of T}, and is given as follows:

z) , = Az} + Blu,, (20)
where A’ is a4 x 4 identity matrix, B!, = T, B’, and matrices
x;, and u}, are defined as

A YA IDIVAN

' sA 1T

@, = [ita, 115, T2ak Gh ) (21a)
i SA SA SA sA 1T

uj, = Voa = [Vink V15 e V2o b V2B k] (21b)

The transformed CCVs terms from (13) are discretized using
the improved Euler method [29] with a sampling period of 7. In
the discrete-time domain, the CCV dynamic model is obtained
as follows:

x) ., ~ Ay + Byup, + Byuy  +dy (22)

where A7 is a 8 x 8§ identity matrix, By, = %B”, v =Tsd",
and matrices x} and u;, are defined as

v
L = |V.za, UV.zA V.zA  V.ZA
k [ la C2a €o

k k ak 1B g
T 2
UCEﬁAk UcozﬁAk Vet UC[%()A k] (23a)
v __ (XA SA DIVAN DIVAN
up = g, U, ek a5, Uook} (23b)

v
expk

control, a single control input is required, i.e. u{ and w}, must be
combined into one uy. This objective is achieved considering
that the CCs are related to the voltages using (5) and (6). As
aforementioned, in this work the CMYV term is considered as
part of the control input, and a simple solution to achieve this is
to utilise the linearization procedure discussed in Section II-B
[see (17)]. With this methodology the overall control input w
is expanded to include vy, i.e,

where uj of (23b) is equal to u in (18). For a cascade-free

YA YA

T
$A TA
U = [vm KV1B V20 kU283 kvook} 24)

Then, by combining the dynamics of the CCs [see (21)] and
CCVs [see(22)], and modifying the state-space equations to
include uy, of (24) yields

- e £l

Ty O4x8 Taxa x
Th41 G L
T2 i2 v
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+ | 2= ug + 25
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where @ corresponds to a 12 x 1 vector with the eight states
associated with the CCVs oscillations and four states associated
with the CCs. The control action uy is a5 x 1 vector composed
of the voltages Vs A and vgg; these are synthesized by the M3C
to regulate the twelve states. O is a5 x 4 matrix presented in the
Appendix [see (Al)] and 5 x 5 B};z is defined in (A2). Finally,
the dimensions of BY and B, are 8 x 5and 4 x 4, respectively.

Using (25), the state-space equation of the whole system can
be written as

Tr11 = Gz + Huy, + d. (26)

A cascade-free CCS-MPC can be implemented with the
methodology proposed in this section. Notice that in this work,
the iterative process used to obtain the optimal control action
in [27] is avoided, as well as the algorithm solving recursively
more than one optimization problem discussed in [24]. More-
over, as mentioned in [7], [30], applying the improved Euler
discretization method to the M3C state-space equations, ensures
that the matrix H of (26) is well-conditioned and does not have
rows completely filled with zeroes. As discussed in [30], this is
very important to implement cascade-free control loops using
CCS-MPC algorithms.

B. Cascade-Free Single-Stage CCV Control
For the single-stage CCS-MPC algorithm, the following cost

function is proposed:

min J = (:Bk+1 — JI*)TQ(.’B]H_l — CC*)-‘r

Thi1 Uk
(wr —u)" R(uy —u')
st. xpr1 =G+ Hu, +d
~M' < L'z < M’

~ MV < L'uy, < M". Q7

This is a typical cost function for M3C converters, similar to
those discussed in [7] and [19] where the deviation of the 12 state
variables with respect to their references, at the time step k£ + 1,
are penalized using the diagonal matrix Q. The weights in the
diagonal matrix R penalize the control actions, i.e. the CMV
and other voltages depicted in (24) avoiding fast variations in
the vector uy. According to [31], the matrix R is crucial in
avoiding a deadbeat-like performance, which typically exhibits
fast dynamic performance but poor robustness [31]. In this work,
all references are set to zero to minimise circulating currents and
voltage fluctuations, except for the control action related to the
CMV. The reference for this control action corresponds to a
third harmonic of one of the M3C ports (it is assumed that one
of the ports operates as input with a fixed frequency) to regulate
the fluctuations of the CCVs and, at the same time, minimising
the voltage utilization of the converter [1], [4]. Notice that the
matrices Q and R have to be positive definite and positive
semidefinite, respectively, to ensure a convex cost function [32].
In this work, the weighting matrices are diagonal and defined as
shown as follows:

Q= diag (AZA1}7A?§U7A§$U7A§$U7A§ﬁv7)‘§fva

la
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R = diag(A70 ", A8 150 A58 Ao)- (28)

The values of the weighting factors in the matrices @ and
R are adjusted using the branch and bound algorithm [33]. This
algorithm utilizes a binary search methodology, augmented with
simulation work to estimate suitable weight values for @ and R.
This adjustment is performed offline and establishes the priori-
ties for the cost function in (27), to consider a tradeoff between
good regulation of the state variables and the effort required for
control actions. Moreover, even when (28) considers 17 weights;
they can be grouped into six different sets. For instance, all the
weights penalising the fluctuations of the CCs around their ref-
erences, i.e., weights [AT2", )leﬁN, AFS AQEﬁN] have the same
values because all the circulating currents have identical impor-
tance. The same occurs with four of the five weights in the matrix
R, ie. the values of [A72", AT5, A58, 2547] are identical.
Other weights with mostly equal values are those penalising the
capacitor voltage fluctuations in the matrix Q. In summary, only
six different values are required for the 17 weights used in the
cost function of (27). The experimental validation section shows
the performance of the proposed control strategy considering
different weighting factors and its effect on the regulation of
state variables and control actions.

Constraints are used to limit the CCs and voltages to some
predefined maximum values. These constraints are represented
by the matrices M and L, while the superscript ¢ or v indicates
if it is a cluster current constraint, acting on the circulating
currents, or a CCV or CMV limit constraint, acting on the control
action, respectively. The cluster current and voltage limits in the
cluster zy are given by —Inax < ipy < Imax and —CCVyy <
Vgy < CCV,y. However, the strategy used in this work requires
defining the constraints as a function of the transformed currents
and voltages in double afJ0XA coordinates. This is presented
in Appendix with the current constraints being shown in (A3)
and the voltage constraints in (A4). Because of the similarity
in the positive/negative limits, only one of the inequations is
shown in (A3)-(A4). Notice that the constraints in the CMV, i.e.,
Voomin < Yook < Voomax 18 considered by adding an additional
column in (A4).

The optimization problem of (27) can be simplified by re-
placing the equality constraint in the cost function of (27) and
also by using (20) in the CC constraints. The results obtained
are shown in the reduced cost function below

1
min J = iukTFuk. + cTuk

ug
st. —M < Lup <M (29)

with
F=H"QH+R (30a)
' =@lfG"+ D" -2 —uw"RT)QH. (30b)

With this methodology, the CCs, CCVs, and CMV constraints
depend on the control actions.
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Fig. 3. CCS-MPC algorithm based on three nested control loops, which is
reported in [24].

C. M3C External Control

As shown in Fig. 2, the control loops of the input/output
ports, which depend on the specific converter application (e.g.,
machine drives, LFAC applications), together with the control
of v., the average value of the CCVs, provide the voltage
references V,, go from (2) for the converter. Since the Ueza term
is related to all the energy stored in the M3C capacitors and has
a slow dynamic behaviour decoupled from the CCs and CMV,
it is regulated by a simple PI controller acting on the power
component of the port-one currents [see (10)].

The voltage references obtained by the proposed single-stage
CCV control system (Vxa and Vj) and external-port control
systems (V,30) discussed in the previous sections are trans-
formed to the natural reference frame. After that, a LS-PWM
is used to synthesise the voltage references for each power
cell [34]. A sorting algorithm is utilized to balance the voltages
in the floating capacitors [11], within a cluster.

IV. COMPARING THE PERFORMANCE OF THE PROPOSED
CCS-MPC WITH OTHER CONTROL ALGORITHMS.

In this section, the performance of the proposed CCS-MPC
algorithm is compared with that of two control strategies pre-
viously reported in the literature. The first control strategy
is based on a nested CCS-MPC algorithm, incorporating the
state-of-the-art work of [24] in this comparison, because it also
utilizes the CMV as a control input. The second control strategy
is a conventional SISO control system, which was extensively
discussed in [2] and is based on SISO-designed PI controllers.

The three nested CCS-MPC algorithms of [24] are depicted
in Fig. 3. In this approach, the CMYV is iteratively and optimally
calculated by the outer controller. The computed CMV is then
used as an input to the middle CCS-MPC algorithm, which
calculates the reference values for the four circulating currents
defined in (21a). The innermost control stage, located on the right
side of Fig. 3, consists of proportional controllers that regulate
the circulating currents based on the references provided by the
intermediate stage. The CCS-MPC strategy proposed in [24]
considers only current constraints. In contrast, the proposed
CCS-MPC approach introduced in this work incorporates both
voltage and current constraints for the M3C.

To ensure repeatability in the comparison, simulation work is
used in this section. The PLECS software is utilized to imple-
ment the model of a 27-SM M3C and load, using the parameters
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TABLE I
SYSTEM PARAMETERS

Description Variable Value

Rated output power P 3 kW

Number of cells 27

Cluster/ac port 1 inductances  L/Labc 2.5 mH

Module capacitance/Voltage Cloe 2200 pF /13333 V
Line-to-line rms voltage Vabe 22045 V

Load parameters Ryst/Lyst 12 Q /5 mH
Carrier frequency fs 5 kHz

shown in Table I. The system is evaluated under varying output
frequencies ranging between £50 Hz.

A. Comparing the Performance of the Proposal With Two
Control Strategies

The results of the M3C operating across the full frequency
range, including £50 Hz at the output port, and considering
nominal output current and a switching frequency of 5 kHz,
are presented in Figs. 4 and 5. Notice that the leftmost column
presents the results of [2], the middle one shows the results
of [24], and the proposal performance is shown at the right
column. As shown in the second row of Fig. 4, the CCVs are
adequately regulated around the 400 V reference, using the three
strategies considered. Nevertheless, the strategy based on [2],
which utilizes PI controllers, exhibits the largest amplitude in

the CCV oscillations during the test. Conversely, the proposed
CCS-MPC algorithm produces the lowest amplitude of CCV
oscillations. Furthermore, for the proposal, a smooth transition
in the oscillations is observed throughout the test (see third row
of Fig. 4), consistent with the experimental results provided in
Section V-B. The CCV oscillations obtained from the method
reported in [24] are also lower than those shown by [2] in the
left column of Fig. 4, although not as low as those obtained with
the proposed strategy. Moreover, the strategy reported in [24]
produces the highest cluster currents because, in that control
scheme, higher CCs are required to regulate the CCVs (see third
and fourth rows of Fig. 4). In addition, it is highlighted that
during the whole frequency variation test, the lowest peaks in
the cluster currents are achieved with the CCS-MPC algorithm
proposed in this work. Finally, the CMV used by each method
throughout the test is shown at the bottom row of Fig. 4. More
information about the CMV waveforms are presented in Fig. 5
and discussed below.

The simulation results obtained from the control methods
when operating in steady-state with 50 Hz and 49 Hz at the
input/output ports, respectively, are shown in Fig. 5. The first
row of Fig. 5 shows the CCVs depicting that the lowest peak
oscillations are obtained with the proposed CCS-MPC method.
In addition, in the second row of Fig. 5 it is demonstrated
that the cluster currents with the lowest peak amplitude are
those obtained using the proposed strategy, as the algorithm
minimises, through the cost function, the CCs necessary to
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algorithm.

regulate the CCVs (see the CC waveforms in the third row of
Fig. 5). In the fourth row, the CMVs are depicted, while the
bottom row shows the total voltages to be modulated by each
cluster. It should be noted that although at first glance the CMV
waveforms calculated with the proposed method seems to be
much higher than those obtained with the algorithm of [2] and
comparable with those obtained using the algorithms reported
in [24], the proposed CCS-MPC modulates total cluster voltages
with the lowest amplitude. This reduction is mainly produced
because the third harmonic of the input 50 Hz waveform, as
well as the third harmonic of the output 49 Hz waveform, are
automatically introduced by the proposed CCS-MPC algorithm
into the CMV when the cost function of (27) is solved online
using the active set method. Therefore, with these two CMVs,
the peak amplitudes of the input and output voltages are reduced,
resulting in a decrease in the total modulation depth required to
operate the M3C.

For the test results corresponding to Figs. 4 and 5, a quan-
titative comparison of the main variables that determine the
performance of the converter control is presented in Table II.
The results highlight that the proposed CCS-MPC algorithm
consistently outperforms the other two control methods reported
in [2] and [24].

The execution time has also been measured in the compared
control strategies and depicted in Table II. The execution times

TABLE II
COMPARISON OF THE PERFORMANCE OBTAINED WITH THE THREE CONTROL
STRATEGIES
Variable Method Method Proposed
based in [2]  based in [24] CCS-MPC Algorithm
ACCV (V) 43 28 22
izy pars A) 441 4.38 3.86
Toy MAX 12.8 13.4 12.2
CCV utilization (%) 91.75 86.25 81.25
Processing time (y1s) 25 41 45

have been obtained with the ControlDesk [35] application avail-
able on the dSPACE MicroLabBox I control platform. The
control algorithm based on [24] requires ~41 us, whereas the
method proposed in this work takes ~45 us to run on the
same platform, i.e., about 9.7% slower. However, the proposed
strategy uses more constraints, as it limits the voltage to be
modulated as well as the cluster currents, while the cascaded
algorithm of [24] only applies constraints to the currents. In
contrast, the strategy based on [2] requires ~25 us to run on
the platform. The low processing burden of SISO-designed PI
controllers is due to implementation simplicity [11]; however,
as aforementioned, SISO controllers can hardly eliminate the
cross-coupling between control loops [19].
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B. Low Switching Frequency Operation

As discussed in [25] and [36], cascade-free CCS-MPC al-
gorithms offer certain advantages over nested MPC controllers
when operating at low switching frequencies. To assess the
dynamic response of the proposal in this operating condition,
the performance of the cascade-free CCS-MPC algorithm is
compared with that of [24] using a switching frequency of
500 Hz, i.e., a sampling interval of 2 ms. For a fair comparison,
the weighting factors of both MPC algorithms have been tuned
to yield similar peak voltage variations in the CCVs (see the
second row of Fig. 6).

For the test of Fig. 6 an output frequency variation from O to
49 Hz is performed. The third row of Fig. 6 shows the CCs
of both control methodologies. Notice the relatively large CC
peaks produced by the nested CCS-MPC algorithm of [24].
This is due to the low dynamic response of the nested control
loops, where a significant time delay exists between the outer
CCS-MPC algorithm, where the CCs references are calculated,
and the inner control loops, where these currents are regulated.
Moreover, it is difficult to implement voltage constraints for the
CCS-MPC discussed in [24], because the CMYV is calculated in
the outermost CCS-MPC, and the voltages required to impose
the CCS are calculated in the inner CCS-MPC.

At the right side of Fig. 6 (third and fourth rows), the CCs
and the total cluster currents are shown. Notice the significant
reduction in CCs produced by the cascade-free CCS-MPC pro-
posed in this work. This is due to: 1) the improved dynamic
response achieved by a single CCS-MPC algorithm, where the
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Fig. 7. M3C experimental setup.

CMYV and the voltage required to drive the CCs are directly
generated and output to the modulator in a single time step,
without introducing delays, which reduce the dynamics of the
control system; 2) as aforementioned, the implementation of
adequate voltage constraints in the cascaded-free CCS-MPC
algorithm, as well as the utilization of third-harmonic waveforms
of the input and output ports in the CMYV, allows a better usage
of the voltage available in the capacitors. Therefore, a larger
CMV could be synthesized to reduce the peak values of the
CCs, without producing overmodulation.

V. EXPERIMENTAL RESULTS

The proposed control strategy is experimentally validated
using an M3C experimental prototype built at the Power Elec-
tronics Laboratory of the University of Chile (see Fig. 7). The
M3C is implemented using 27 H-bridge modules, i.e., three
full H-bridges per arm. A dSPACE MicroLabBox platform is
used to control the system; this controller is composed of a
Freescale QorIQ P5020 dual-core 2 GHz processor and an
Xilinx Kintex-7 XC7K325 T FPGA. The FPGA performs an
IPD-PWM modulation scheme and a sorting algorithm in this
implementation. The carrier frequency is 5 kHz, corresponding
to a 200 us sampling time (7). The dSPACE processor executes
the double 30X A transforms, solves the cost function of (27)
and implements the active-set solver used in this work (see [18]).

At the input port abc, a 45 kW AMETEK Programmable
Power Source Model MX45 is connected to the M3C using
2.5 mH inductances, which have been selected considering lab
availability. At the output port rst, an R — L passive load is con-
nected. Using some simplifications, which are discussed in [37],
this load can produce similar currents and voltages at the output
port of the M3C as those produced by an induction machine.
Notice that the utilization of an R-L load to test the performance
of control systems is used in other applications [38]. The system
parameters are depicted in Table I.

A. Steady-State Performance With Different Weights on CMV

Two steady-state tests were performed by regulating the CCV's
at 400 V, with an active power of 2.85 kW at the load port, at
50 Hz and 49 Hz at the input and load ports, respectively. This
operating point is critical in the M3C because the input and
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output frequencies are almost equal, and the M3C operates with
relatively large power.

Fig. 8 shows the experimental results that illustrate (from top
to bottom) the nine CCVs, the eight voltage states, the four CCs
and the CMV. Att = 21.5 s, the weight A{, [see (28)] associated
with the regulation of the CMV in the cost function is step
changed from 0.1 to 0.005. These weight values are selected to
obtain maximum CCV oscillations of = £25 V (A5, = 0.1) and
~ £10 V for Aj, = 0.005. When the weight is significant, the
CMV tracks with negligible error the third-harmonic reference
to reduce the cost of (29). Conversely, when A, is low, then
higher deviations from the reference are allowed in the CMV
because the cost represented by the term Af, X (voo — v)>
is much lower. This change in weighting factor, or priority, in
the cost function represents a tradeoff between improving CCV
regulation and increasing the control action effort, in this case,
for the CMV.

Fig. 8(a) shows the correct regulation of the CCVs around
the 400 V reference and the variation in the magnitude of the
oscillations after the weight factor is step-changed. Fig. 8(b)
shows the regulation of the voltage states around 0 V; notice that
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before the A, step, the states v za and Vesas whose magnitudes

are larger when f; & f5, are predominant in the CCVs. After the
change in A{),, these states significantly reduce their oscillations,
improving the CCV regulation. Fig. 8(c) shows the CCs imposed
by the CCS-MPC algorithm, showing that no significant change
in the circulating currents is required to obtain a better regulation
of CCVs with the new weight factor. Fig. 8(d) and (e) show the
change in the shape and magnitude of the CMV during this
test when A is changed from 0.1 to 0.005. An increase in the
magnitude of this voltage and a change in the CMV waveform
shape are observed. Moreover, fast dynamic spike-like changes
are produced in the CMV to maintain good regulation when the
weight is reduced.

Notice that an increase in the CMV magnitude is expected
if lower CCs are produced. The balancing of the states U za

and v.za is achieved by manipulating the powers PZA and

P2 of (11). These power variations are produced by i) the
CCs interacting with the CMV and input/output voltages and
ii) the CMV interacting with the CCs and input/output currents.
If the CCs are reduced, the CMV could be increased to obtain
a similar power variation. Note that the first row of each term
of (11) depends exclusively on the AC port variables. If the
M3C is operated with 50 Hz and 49 Hz at the input and load
ports, respectively, the interaction between the ports’ voltages
and currents will generate two terms with 1 Hz power oscil-
lations, two with 99-Hz power oscillations, two with 100-Hz
oscillations and two with 98-Hz oscillations. All these power
components must be compensated for using the CCs and the
CMV as control actions. Therefore, the shape and magnitude
of the CCs and CMV waveforms are automatically calculated
when the constrained cost function of (29) is online solved.
Fig. 9(a) shows the frequency spectrum of the CCs corre-
sponding to Aj, = 0.1 . As aforementioned, the CCS-MPC
algorithm automatically calculated the CC optimal frequency
components required to regulate the CCVs; in this case, CCs
frequency components of 48 Hz, 51 Hz, 148 Hz, 149 Hz, and
151 Hz are mainly obtained. These components interact with the
input and output port voltages and the CMV, whose frequency
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spectrum is shown in Fig. 9(b); as expected, for Aj, = 0.1 the
CMYV is mainly composed of the 150 Hz and 30 V component
set as a reference. The power compensating terms are explained
as follows; the 48 Hz and 51 Hz CCs interact with the 49 Hz
and 50 Hz port voltages, respectively, to compensate for the
relatively large oscillations of 1 Hz (i.e. f; — f2) produced in
PR, PER, P2 and Py of (11). While the 148 Hz and
149 Hz components of the CCs interact with the 49 Hz and
50 Hz port voltages, respectively, to compensate for the 99 Hz
(i.e., f1 + f2) oscillations produced in P2, PFBA, P2, and
Pzng of (11). In addition, the 48 Hz and 148 Hz CCs components
interact with the 50 Hz port voltages to compensate for 98 Hz
(i.e., 2f») oscillations produced in Py;> and PO%A of (11), and
the 51 Hz and 149 Hz CCs components interact with the 49 Hz
port voltages to compensate for 100 Hz (i.e., 2f;) oscillations
produced in Pi* and P of (11). Furthermore, to compensate

for the dominant large oscillations of 1 Hz in P>2, Pl%A, PyA,

and PQZBA of (11), the 149 Hz and 151 Hz CCs components in-
teract with the 150 Hz CMV providing additional compensating
power. Notice that the CCS-MPC automatically generates all
the frequency components of the CCs and CMV. They are not
predefined signals as those utilized in [2] and [15].

Fig. 10(a) presents the frequency spectrum of the CCs for
Ao = 0.005, showing a decrease in the 51 Hz and 149 Hz com-
ponents, from 0.7 to 0.2A and from 1.5 to 1A, respectively, when
compared to the values shown in Fig. 9(a). However, there is a
slightincrease from 1.9 to 2.2A in the 148 Hz CC component that
interacts with the CMV, whose frequency spectrum is shown in
Fig. 10(b). Notice that for Aj;, = 0.005, the CCS-MPC algorithm
automatically injects CMV components of the third harmonic of
the output port, i.e., 147 Hz, 10V. This 147 Hz component, as
well as the CMV frequency components at ~ 50 Hz, 150 Hz
and 250 Hz, interacts with the CCs of 48 Hz and 148 Hz, and
the input/output port currents. This interaction produces power
terms to compensate the CCV oscillation frequency components
at 2f1, 2fa, (f1 — f2) and (f1 + f2). Moreover, as discussed
above, by reducing the weighting factor 1{,, there is an increase
in the 150 Hz peak of the CMYV, from 30 to 50V. Notice that
with the new CMV waveform the effective value of the CCs are
reduced in 7.5% respect to the value achieved for Ay, = 0.1.
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Fig. 11 shows the results of a second steady-state test, with a
step-change in the value of A{)y, at £ = 30.7 s between the same
values considered in the previous experimental test. For this test,
the weight factors of the voltage states are adjusted to keep the
CCYV oscillations in approximately the same range for the two
Abo considered. Fig. 11(a) shows that the CCVs remain regulated
around 400V (natural coordinates) and a voltage variation of
~ £25 V during the whole test. This is due to the regulation
of the voltage states, as shown in Fig. 11(b), around OV with
constant amplitude oscillations. However, Fig. 11(c) shows a
considerable change in the CCs, reducing their maximum and
RMS values by about 20%. Again, this reduction is mainly
due to the variation in the magnitude and shape of the CMV
waveform, which has a relatively low increase from 20.6V RMS
to 26.4V RMS when the weighting factors are changed. The
CMV waveform is shown in Fig. 11(d) and (e).

The decrease in CCs is also depicted in the frequency spec-
trum shown in Fig. 12(a), where a reduction in the amplitude
of all frequency components, with respect to those shown in
Fig. 9(a), is observed. In Fig. 12(b) (Aj, = 0.005), the fre-
quency spectrum shows that the CCS-MPC algorithm is again
automatically injecting frequency components into the CMV,
obtaining similar voltage fluctuation magnitudes in the CCVs,
with a much smaller peak and RMS value in the CCs. After
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current. (e)—(f) Cluster currents.

changing the weighting factor to A{, = 0.005, the CMV is
modified and contains 7V at 147 Hz and 35V at 150 Hz, with
smaller frequency components at ~ 50 Hz and 250 Hz. Again,
these CMV components interact with the input/output currents
and the CCs to produce the compensating power terms required
to regulate the CCVs.

Fig. 13 shows, from top to bottom, the currents at the input
port, at the load, and at the converter clusters. These currents
correspond to the experimental tests depicted in Fig. 8 (shown
on the left-hand side of Fig. 13) and Fig. 11 (shown on the right-
hand side of Fig. 13). Notice that the input and output currents
do not show distortion with a reduced Total Harmonic Distortion
(THD) of less than 3% for both experimental tests. Moreover, the
step changes in A{y, neither introduce perturbations in the input
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currents, see Fig. 13(a) and (b) nor in the output currents, see
Fig. 13(c) and (d), demonstrating that the improved control of
the CCVs and reduction of currents do not affect the input and
output ports. Moreover, the additional frequency components
introduced by the CCS-MPC algorithm in the CCs and CMV are
not reflected in any way in the input and output ports, showing
the perfect decoupling achieved by the proposed control system.

B. Dynamic Performance

In this section, experimental tests are performed to demon-
strate the effectiveness of the proposed strategy during dynamic
operation. For the first test, the input side is connected to a 50 Hz
power supply, and a ramp variation in the load-side frequency
is performed, from 45 to 50 Hz, holding at 50 Hz for 3 s at this
critical M3C operating condition [2], before returning to 45 Hz.
In addition, the voltage at the load is changed proportionately
to the frequency, varying the power between 2.4 kW and 3 kW,
mimicking the behavior of an induction machine operating at
variable frequency and high torque. This test is performed using
two A{, values to study the performance of the proposed strategy
when the weight factor is reduced and the CCS-MPC algorithm
automatically calculates the CMV waveform to be synthesized.

Fig. 14(a) shows the load frequency during the test. While Fig.
14(b)—(d) show the CCVs, CCs and cluster currents when using
alarge 1, = 0.1 CMV weight factor. For this weight value, the
CMYV is mainly composed of the reference, i.e. a third harmonic
of the input port. Notice the relatively large overshoot produced
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just before t = 10 s in the CCVs [Fig. 14(b)], CCs [Fig. 14(c)]
and the cluster currents in Fig. 14(d).

Fig. 15(a)—(c) show the CCVs, CCs and cluster currents when
the weight factor on the CMV is reduced to Ay, = 0.007. By
giving the algorithm more freedom to change the shape of the
CMYV, the regulation of the CCVs in the equal input/output
frequency operation is considerably improved. In addition, the
transition in voltages and currents when operating near 50 Hz is
enhanced by reducing the large peak values shown in Fig. 14.
In fact, at approximately ¢ = 9.9 s the CCVs reach 421V with
Ao =0.1and 407V with Af, = 0.007. The smaller weight factor
also has an impact on the CCs because the overshoot in the CCsis
reduced from 7.2A peak to 6.4A. Notice that the proposed CCS-
MPC algorithm does not require any modification to operate at
equal frequencies at the input/output ports because the optimal
algorithm automatically adapts itself to this critical operating
condition.

The proposed CCS-MPC has also been tested considering
operation at A;, =0.007, considering low frequency, low power,
i.e. 10 Hz 0.3 kW and 0 Hz 0.1 kW, mimicking the operation
of an electrical machine operated at low frequency constant
torque. The regulation of the CCVs is simple to achieve using
low CCs. Moreover, the deviation of the CMV from the third
harmonic reference waveform is low for both frequencies. These
results are in broad agreement with those reported in [39], where
it is stated that the M3C is well suited to operate induction
machines at low rotational speed with high torque. The CMV
waveforms corresponding to operation with A5, = 0.007 are
shown in Fig. 16. Fig. 16(a)—(b) show the 150 Hz reference
in black and, in red, the voltage calculated by the algorithm
at 45 Hz and 50 Hz, respectively. During frequency variation,
the CCS-MPC algorithm automatically calculates the additional
frequency components required to maintain the CCV oscilla-
tions well-regulated. For steady-state operation at 45 Hz [see
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Fig. 16(a)], there are some fast variations in the CMV, but there
is still arelatively good tracking of the CM'V reference. For 50 Hz
operation in both the input and output ports [see Fig. 16(b)], a
critical operating point for the M3C [15], the tracking of the
CMYV reference has a relatively large error and, as expected,
additional frequency components are added to the CMV which
are required to maintain low CCV oscillations. This behaviour
is one of the advantages of the proposed CCS-MPC algorithm;
the fast dynamic of the CMV can be used to compensate fast
variations in the CCVs, for instance, the overshoots shown in
Fig. 14(a).

To verify the performance of the proposed CCS-MPC algo-
rithm considering fast perturbation while operating with similar
frequencies at the input/output ports, a load step, from 1 kW
to 2.3 kW, is performed at the output side when the system is
operating at steady state 50 Hz/49 Hz at the input/output ports
respectively (A, = 0.007). Fig. 17(a) shows the CCVs regulated
at 400V before the load step (produced at ¢ = 10.98 s), with a
voltage dip of about 25V after the load step at ¢ ~ 11.04 s.
The control system recovers the CCV in less than 0.1s to an
acceptable band. Fig. 17(c) shows the CCs outputted by the
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CCS-MPC algorithm to regulate the CCVs at the new operating
point, increasing the cluster currents as shown in Fig. 17(e).
Fig. 17(b) and (d) depict the currents of the input and output
ports, respectively, showing low- distortion waveforms. Fur-
thermore, Fig. 17(f) shows the CMV outputted by the proposed
linearized CCS-MPC algorithm, where a fast response to the step
disturbance is performed by increasing the CMV injection to
recover the CCV magnitudes immediately after the load impact
and also supporting their regulation at the new operating point.

C. Performance of the Proposed Strategy Considering
Constraints

To validate the operation of the voltage constraint in (29),
the CCVs are regulated to 328 V instead of 400 V to force
a reduction in the voltage margin available for modulation;
therefore, it is easier to test the limitation of the control action
experimentally. The CMV is limited to a maximum peak of 60 V,
and the frequency at the output port is 49 Hz, with an active
power of 2.85 kW. To evaluate only the performance of the
voltage constraints, the constraints limiting the cluster currents
are disabled during this test.

Fig. 18 shows the voltage modulated by a cluster and its
respective limits given by the instantaneous values of the CCV.
Fig. 18 shows a close-up of the maximum and minimum values
available, where it is observed that the proposed constrained
CCS-MPC algorithm limits the modulated voltage by adopting
the CCVs oscillation waveform, taking full advantage of the
available voltage and avoiding overmodulation. The effect of
the constrained operation on the CCVs is shown in Fig. 19.
Fig. 19(a) shows the regulation of the CCVs around the 328 V
reference with fluctuations in an acceptable range throughout
the test. Because of the frequency difference of 1 Hz, there is a
periodic increase in the CCV oscillations observed at ¢ = 9.65
s. However, the proposed CCS-MPC algorithm automatically
calculates the CCs and CMV waveforms required to regulate
the CCVs, as shown in Fig. 19(b)—(c). Note the fast dynamic
response of the CCs to compensate for the spikes produced in
the CCVs. The CMV generated by the algorithm is shown in
Fig. 19(d). This voltage is mainly composed of third harmonic
components from both ports, which are successfully limited at
60 V by the constraints set in (29). The CMV also has a fast
dynamic response to compensate for the CCV disturbance.

The scope shot shown in Fig. 20 displays, from top to bottom,
the voltage on a cluster capacitor, the voltage synthesized by a
cluster, a current from the input port and a current from the
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Fig. 20. Experimental results shown from top to bottom. The voltage of a
capacitor in the ar cluster, the voltage synthesized by the ar cluster and currents
of the a and r ports.

output port. It is observed that the capacitor voltage is correctly
regulated, and the synthesized voltage is not overmodulated.
Despite the slight deterioration in the control of the CCVs when
the voltage constraints are active, the port currents maintain
high-quality waveforms without appreciable distortion (THD
less than 3%).

To demonstrate the performance of the constraints in the
currents achieved by the proposed CCS-MPC algorithm, two
steady-state tests are compared, considering input/output fre-
quencies of 50 Hz and 49 Hz, respectively. For these tests, a
maximum of &+ 10 A has been arbitrarily selected in the cluster
currents, and the voltage constraints have been disabled. The
results in Fig. 21(a) and (b) show that the CCVs are correctly
regulated around the 400V reference with oscillations around
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operation with a + 10 A limit for the cluster currents.

a 7.5 % band. However, with the constraints active, there is
a slight increase in the fluctuations of the CCVs from 20V to
24V. Fig. 21(c) and (d) show the unconstrained/constrained CCs
calculated by the proposed CCS-MPC algorithm, depicting a
reduction in the peaks of the CCs shown in Fig. 21(d). The
resulting cluster currents are shown in Fig. 21(e) and (f); notice
the good limitation of £ 10 A achieved on all cluster currents
when the constraints are activated [see Fig. 21(f).

The scope shots depicted in Fig. 22, shows the operation of
the current constraints. In Fig. 22(a) is the unconstrained case,
and in Fig. 22(b) is the constrained case. Each scope shot shows
three cluster currents and one output port current. The results
demonstrated in Fig. 22(a) depict current fluctuations well above
the limits set at &= 10 A. For the constrained case, shown in
Fig. 22(b), the limits are enforced by the CCS-MPC algorithm.
Minor current spikes above & 10 A occur, caused by the fact
that current sampling in the control platform is not synchro-
nized with the peak of the current ripple. However, these small
overcurrents are negligible. Furthermore, it can be concluded
from this experimental test that the constrained operation does

1969

not affect the quality of the input and output port currents, which
maintain THD values below 3%.

VI. CONCLUSION

This article has introduced a cascade-free MPC strategy for
the M3C, where a linearized model is applied to add the CMV
as a control input. The proposed method achieves full-state
regulation in a single-stage optimization process, eliminating
the need for cascaded control loops or iterative procedures.
Experimental results have demonstrated the advantages of this
approach, highlighting the impact of CMV regulation on CCV
oscillations and circulating current reduction.

The proposed control strategy effectively regulates the CCVs
across a wide range of operating conditions, reducing the peak-
to-peak oscillations in the CCVs with good operation at the
most challenging operating point, i.e., when similar or equal
electrical frequencies are present at the input/output ports of the
M3C. The participation of the CCs and CMV in the regulation
of the CCVs can be adjusted by modifying the respective weight
factors. Suppose that alower weight factor is applied to the CMV
tracking of the third-harmonic reference. In that case, the CMV
performs a more significant part in the control effort required
to maintain the CCVs well-regulated, and the magnitude of
the CCs could be reduced. However, when a lower weight is
used, the CMV occupies more voltage margin, and a trade-off
between CCs and CMYV utilization could be necessary, which is
relatively simple to achieve using the values of the R matrix. An
additional advantage of the proposed control algorithm is that
using the CMV as a control input in the linearized state-space
model allows the CCS-MPC algorithm to apply constraints to
both the CCs and the CMV.

Frequency-domain analysis confirms that the algorithm au-
tonomously determines the optimal CMV components to im-
prove CCV regulation, avoiding the need for predefined ref-
erences of different frequencies and electrical sequences for
both the CMV and the CCs. This methodology is typically
necessary when implementing SISO control algorithms for M3C
operation. According to the simulation and experimental re-
sults obtained in this research effort, under transient conditions,
including CMV as a control variable may reduce the CCV
deviation by more than 20%, leading to a faster recovery and
improved dynamic performance.

The proposed approach has also been extensively validated
under constrained operation, where the CCS-MPC algorithm
regulates the converter while considering predefined voltage
and current limits. Despite these constraints, the quality of the
input and output currents remains unaffected, with a measured
THD below 3%. The performance of the proposed method
is compared with other control strategies, demonstrating its
superiority in terms of CCV regulation with less control effort,
reducing CCs and voltage utilization. The results confirm that
integrating the CMYV as an active control input in a cascade-free
MPC framework enhances the performance of M3Cs, providing
anew high-performance, computationally efficient control strat-
egy alternative for high-power ac-to-ac conversion applications.
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