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ABSTRACT Modular multilevel matrix converters stand out for their performance in ac—ac high-power
conversion. However, they require multiple control loops to govern the currents from both ac ports, the inter-
nal circulating currents, and the capacitor voltages. This article proposes a computationally efficient model
predictive control (MPC) strategy based on a new converter modeling to exploit the phase-shifted pulsewidth
modulation working principle fully, achieving four improvements: 1) control unification of both ac-ports
currents, circulating currents, and capacitor voltages; 2) constrained optimization to safeguard the converter
limits; 3) computational burden reduction and high scalability compared to standard MPC strategies; and
4) wide frequency operation with fast closed-loop transient responses, low harmonic distortion, and fixed
switching frequency.

INDEX TERMS Direct ac-to-ac conversion, model predictive control (MPC), modular multilevel matrix
converter (M3C), phase shifted pulsewidth modulation (PS-PWM), sequential analysis, triple-star bridge

cells (TSBQ).

I. INTRODUCTION

Modular multilevel cascaded converters (MMCCs) are con-
sidered the next generation technology for medium and
high power applications given by its high quality voltage
waveform, modularity, and capability to directly connect at
medium and high voltages [1], [2], [3], [4], [5]. The cascaded
H-bridge (CHB), the modular multilevel converter (M2C), the
modular multilevel matrix converter (M3C), and Hexverter
are some examples of MMCCs.

In terms of ac to ac power conversion, the back-to-back
M2C (B2B-MMC) and the M3C are the preferred power con-
verters to use for applications such as, wind energy conversion
systems (WECS) and medium/high voltage motor drives for

marine propulsion, mills, pumps, conveyors, power system
interconnections (50-60 Hz), and low frequency ac (LFAC)
transmission systems [6].

The M3C, also known as triple-star bridge cell (TSBC)
converter, has been compared with B2B-M2C for ac-ac appli-
cations [6]. As a result, in comparison with the B2B-M2C, the
M3C directly performed ac-to-ac conversion without a high
voltage dc-link [4], [5], and needs less submodules (SMs) [7].
Moreover, for low frequencies and high power applications,
such as LFAC transmission systems, WECS and low speed
motor drives, the M3C has shown a better performance [6].
Nevertheless, the implementation of the M3C has been ham-
pered due to its control complexity, dealing with a highly
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coupled system, several floating capacitors, a big number of
control signals, and critical operating frequencies [8], [9].

A standard approach to solve the previously mentioned
challenges is considering a several proportional-integral (PI)
or proportional-resonant (PR) controllers [4], [5], [7], [8],
[10]. However, the robustness of the closed-loop response
is reduced when using multiple single-input-single output
(SISO) controllers in highly coupled systems with more
variable than degrees of freedom in comparison with multiple-
inputs—multiple-outputs (MIMO) controllers. Additionally,
the tuning of linear controllers works for a local operating
point, outside this region the multiple SISO strategy perfor-
mance worsens.

The finite-control-set model-predictive-control (FCS-
MPC) has been proposed in the literature to solve the
aforementioned SISO control limitations [11], [12], [13].
However, the FCS-MPC introduces other disadvantages,
such as a spread frequency spectrum, mainly concentrated
at low frequencies, due to the lack of a modulation
stage, and requires a high computational effort, which
increases exponentially with the number of SMs, limiting the
implementation of FCS-MPC to M3Cs with a reduced number
of SMs. In [14], a continuous-control-set MPC (CCS-MPC)
has been proposed in the literature, but that strategy is
designed to only control the circulating currents. In [15], [16],
and [17], the MPC strategies have been designed to balance
the energy among clusters generating the optimal circulating
currents. Nonetheless, these strategies do not govern the
currents or balance the energy among SMs of the M3C.
In [18], an MPC strategy is proposed to balance the energy
among SMs in a cluster, achieving a faster dynamic response
in comparison with a standard algorithm for phase-shifted
pulsewidth modulation (PS-PWM). Nevertheless, this
approach do not perform the current control of the M3C.
To account for these drawbacks, a sequential PS-MPC has
been proposed for multilevel converters to improve the
frequency spectrum and reduce the computational burden
of the MPC. The PS-MPC exploits the sequential working
principle of a PS-PWM, which allows the MPC to only
optimize the duty-cycle of the switch that is going to be
updated next. The PS-MPC was initially implemented in
a single-phase flying capacitor converter [19], and then
proposed to govern a CHB converter with independent power
SMs [20], and an M2C in order to include multiple control
objectives (ac current, circulating currents, and capacitor
voltages balance) [21]. Nevertheless, in [19], [20], and [21],
the optimal unconstrained solution of the control inputs are
saturated and might not be the optimal during transients.

This article proposes a remodeling of the M3C for the de-
sign and implementation of a tailor-made sequential PS-MPC,
which considers the coupling of the states, the control input
constraints, and simplifies the control structure in compar-
ison with multiple-SISO-based control strategies. Thus, the
proposed control strategy is formulated to control the cluster
currents directly in the double o0 framework and the SM
capacitor voltages by only computing nine control signals at
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FIGURE 1. M3C topology: (a) circuit diagram; (b) N-cell cluster; and (c)
full-bridge-based SM.

each sampling instant independently of the number of SMs
of the converter. This increases the scalability and applica-
bility in comparison with a standard FCS-MPC. In addition,
the proposed strategy directly considers the dynamic of the
three-phase ac-ports, allowing to include different types of
loads in the optimal control problem.

The contribution and novelty of this article is the reformula-
tion of the M3C modeling to apply a computationally efficient
MPC strategy that fully exploits the working principle of the
PS-PWM technique, including the dynamic particularities of
this MMCC topology. Furthermore, in contrast to previous
PS-MPC strategies, this work achieves the optimal solution
not only in steady-state, but also during transients.

Therefore, the M3C model was formulated to achieve a
decoupled set of current equations, while maintaining the
control input in the original framework when they need to
be constrained for a safe converter operation. In addition,
the M3C has a very particular dynamic at different operating
frequencies, which was considered by the proposed model.
Therefore, the contribution of this work is not the simple
application of the sequential PS-MPC to an M3C but rather
the remodeling of the converter and algorithm to achieve the
following advantages: 1) a unified control structure to control
the SM capacitor voltages and the arm currents considering
the control input limits as bound constraints; 2) reduced com-
putational burden by computing only one control signal per
cluster at each sampling time; 3) scalability to operate with
a large number of SMs; and 4) fast closed-loop transient
response with low distortion and capability to track multiple
frequency wave-forms in the arm currents.

Experimental results are provided to verify the proposal
performance and effectiveness, showing a fast dynamic re-
sponse, a low harmonic distortion, and a suitable computa-
tional burden operating with a single centralized controller.

Il. M3C MODEL

The M3C topology is composed of nine stacks or clusters to
interconnect two three-phase ac-ports [see Fig. 1(a)]. Each
cluster is formed by connecting several H-bridges cells or
SMs in cascade manner along with a series cluster inductor
[see Fig. 1(b)]. In addition, as shown in Fig. 1(c), each SM
has a floating capacitor in its dc-link.
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The M3C has four control targets: the currents of both
ac-ports; the circulating currents; and the capacitor voltages
of each SM. The balancing of the capacitor voltages can
be indirectly attained by implementing three energy control
strategies [14], [17], [22]: 1) Total Energy Balancing (TEB)
Control: Regulate the energy stored in all capacitors to the
desired level by transferring power to or from the ac ports. 2)
Intercluster Balancing (ICB) Control: Distributes the power
of the M3C among all its clusters, determining the impo-
sition of internal command signals for the common-mode
voltage and the circulating currents, without affecting the ac
ports. However, the ICB should generate minimal circulating
currents to increase the efficiency and power density of the
converter. 3) Local-Cluster Balancing (LCB) Control: Locally
regulates the capacitor voltage of each SM in each cluster. It
is usually implemented at the modulation stage. In addition,
when the converter operates at a shallow frequency in any
external port, but most acutely when these frequencies get
closer or equal, it is necessary to mitigate large oscillations
in the SM capacitor voltages by injecting a proper CMV and
additional circulating current components. The latter control
task is referred to as low-frequency oscillation (LFO) mitiga-
tion.

A. MODELLING OF THE M3C

Considering the circuit diagram of the M3C shown in
Fig. 1(a), the continuous-time model of each branch current,
iy, can be expressed via

d. 1 .

azq,x ZZ(U‘V_”‘I’X — Uy, — Uy —vno) (1)
where W € {a, b, ¢} and x € {u, v, w}. Here, L and r are the
inductance and the resistance of the cluster filter, respectively.
Additionally, the variables vy, and v, stand for the input-
and the output-port voltage in each phase, respectively; and
v,, denotes voltage between the neutral points. The cluster
voltage, vy, , is formed by the sum of all its individual SM
voltages, i.e.,

2

N
Vyy = Z Uiy j-
Jj=1

In (2), vy, i is the jth SM output voltage and its average value
over a switching period is given by

Vwyj = Ve wyjSwy 3)
where 6, 5 j(t) eD2[-1,1] represents the duty cycle of the
jth SM in the W x-cluster, which is the control input of the

system. Moreover, the dynamic model of each capacitor volt-
age, Ve gy > is given by

d 1,
G Vewa = Glux dwyj

“4)
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Then, by applying the above equations to all nine arms, the
following dynamic model for the cluster currents is obtained:

d iau ibu icu Vo Up Ve iau ibu ley
La by Ty loy | = [ Ve vy V| =7 | Gy By Loy
iaw ibw icw Va Vp Ve iaw ibw icw
Vau Vpy Veu Uy Uy Uy 111
- av Upby ev | TV Uy Uy Uno I
Vaw Upw Vew Uy, Uy Uy 111
)

The cluster currents presented in (5) have input, output, and
circulating currents mixed. To facilitate the control design,
the so-called oS0 transformation is applied to (5) in order to
obtain decoupled currents. The oS0 transformation matrix is
given by

| —

5 1 }% —} cf g & c

0 _ 3 3B B B|_
cep —\fg 0 B —Fl=d & &|=|ct
«/LE % \/Li c(l) cg cg c

(6)

The M3C model can be represented in the double-aB0-

framework (D-a80) premultiplying by [C*#°] and postmul-

tiplying by [C*P°]T, resulting in the following decoupled
model:

N 00 0] [iw ipu oa
Lliag igg dop =V3 0 0 0| —rliy iy iy
iyo igo O vy b0 Ligo gy O
Voo Vga Voo 00vw] [o0 0
— | vup Vg Vo | — V3|00 Wy [ =00 0
Ugo Vgo V0O 00 O _0 0 3vno
(N

The double-oB0 representation allows to directly govern

input, output, and circulating currents of the converter because
they are fully decoupled [4], [5], [8], [22]. Thus, the dynamic
of the both three-phase systems can be directly considered in
the model, e.g., a three-phase inductive load

Ve i< d ¢
Xl =p | X +L, —| %
M ’ M Har M

where L, and r; are the inductance and the resistance of the
load, respectively. Moreover, the relation between the o0

®)

uvw—current and the D-a 80 cluster current is given by

-t}
0B

€))
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TABLE 1. System Variables

Variable Definition Description

POk [laa l0g ta0 Lga tgp 50 toa Zoﬁ] B D-a50 cluster current vector
ve (k) ['vc i ( vl b (k vC,cj(k)] ' Capacitor voltage j vector

Ve g (k [UC wuj (k) Ve g, (k) vcﬁ‘pwj(k)} ! Capacitor voltage ¥ vector
9;(k) [ (k) &5(k) (k)] ' Control signal j vector
Oy, (k) [6\1,1” ) Oy (k) Ogyyj (R )] B Control signal ¥ vector

Thus, the dynamic of the abc—port can be directly consid-
ered as function of the D-« 80 cluster currents

] el i)

B. DISCRETE-TIME MODEL

This work formulates the PS-MPC strategy for an M3C to
control the transformed cluster currents and to perform the
LCB control in a simple and unified manner. For that purpose,
the system state, at each instant k, is chosen as

(10)

c R8+9N

1D
where i%P0(k) € R8 is the current vector in the double-a 80
framework and v, j(k) € R? is the vector comprising the ca-
pacitor voltage of the j-SM of each cluster. Moreover, the
control input vector, u(k), is defined by

T
xR = [0 of 0 ol

u(k) = 87 (k) 3,Tv(k)]T e DV (12)

where § i (k) comprises the modulating signals arranged analo-
gously as the capacitor voltage vector. The vectors in (11) and
(12) are summarized in Table 1.

Additionally, the three-phase systems voltages at the input
(abc—port) and output (vvw—port) of the converter in the
o B0-framework are defined as

T
v (k) = [vg(k) v@(k)]

. 4 [ (13)
B k) = 3y | % | 4 V3L = |10 |
inp dt iog

Finally, by considering (11)—(13) and applying the forward
Euler discretization to (4) and (7) using a sampling period Tj,
the following discrete-time model can be obtained:

x(k+ 1) = Ax(k) + Bx(k)u(k) + Ey vf‘pﬁ(k) (14)

VOLUME 4, 2023

where
02x2
A" 0 T, 1o
A = 8><9N’EW=\/§_S 022
Ogyys Loy L B
0 1
0, ons2
_ - (15
B(r) BY(x) BP0l
B(x;)  0oxo 0959
Bx(k)) =| 0Ogxo  BY(xx)
0959
L 09x9 009 BN (x;)

with xy := x(k). This model arrangement will be exploited in
the following section to design the proposed sequential PS-
MPC control strategy.

Ill. PS-MPC OF AN M3C

This section formulates the proposed PS-MPC to directly gov-
ern the cluster currents in the double-a 80 framework and to
balance the SM capacitor voltages in a unified and computa-
tion efficient manner. This formulation is not straightforward
and is one of the contributions of this work.

A. OVERALL OPTIMAL CONTROL PROBLEM

The main control targets are to balance the SMs capacitor
voltages, and to track the desired references for input, output,
and circulating currents of the M3C, which can be expressed
via

] - a6

In order to tackle this multivariable closed-loop objective, the
standard quadratic cost function is used

x ) = [0 &) vl ()

T = etk + 1) —x*(k + D[ + |uth) —w )|} (17)

where u* (k) is the required steady-state control input to keep
the SMs capacitor voltages and the transformed cluster cur-
rents in the desired steady-state x*(k 4+ 1) as per (16). The
diagonal matrix A = Aly, is used to adjust the compro-
mise between the state tracking error and the control effort,
allowing the dynamic response of the closed-loop system
to be modified [23]. Moreover, the weighting matrix Q =
diag{oIg, 0,1y} regulates the tracking error of the SMs
capacitor voltages versus the cluster currents in the D-«80
framework.

B. SEQUENTIAL AVERAGE MODEL OF AN M3C

This work considers the working principle of a PS-PWM to
formulate a sequential PS-MPC for the M3C. For this con-
verter, N carriers are phase shifted by = /N. In addition, in
a digital implementation, the control signals ayj, Savj, Saw)s
Sbuj» Sbvjs Obwjs Scuj» devj, and Sew; are updated when its
associated carrier v, ; is at one of its edges (PS-PWM with
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\ 4

< T.

Ver,1 Uer,2 Ver,3 Ver,4

[ ] ili LlL]

Update Update Update Update Update Update
Update Suy2 Update St Update Swy2 Update Swya Update Swy2 Update Swya
Owx1 w3 Ux1 Owy3 x1 Owy3

FIGURE 2. PS-PWM operating principle in double update mode for a
four-SM arm.

double update). After that, these signals remain constant until
the next update, which is after half of the carrier period (7;./2).
This leads to a sequential control signal update process as
illustrated in Fig. 2 for N =4 SMs. Notice that only nine
modulating control signals (one SM per cluster) need to be
obtained at each sampling instant, 7y = 7. /(2N). If single-
update is considered for the PS-PWM, the duty cycles are
updated at the top or the bottom edges only, so the sampling
time changes when updating the last SM to (N + 1)T,./(2N).
Because of these asymmetrical sampling times, the single-
update of the PS-PWM is not commonly used for arms based
on H-bridges.

Based on the double update operation of the modulator, it is
possible to derive a sequential model of the M3C from (14) by
considering at each sampling instant only the “actives” control
signals d; (the ones that needs to be updated) as control input
as follows:

u;(k) =8,(k) e D’ (18)
and the sequential state vector as
- fOT T T 17
x,) = [ @) oL w] e R (19)

Consequently, the dynamic model (14) can be rewritten as

with

N Bup
hi(k)=Ey 5 )+ [0 ! ] u,; (k) 1)

1=1 9%9

I#]

where u, contains the “inactive” control signals that have
been previously obtained. Therefore, h j(k) can be seen as a

known disturbance for the sequential average model and the
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sequential state, input and grid matrices are

02><2
V3 0
059 e R17X17. Ew,j:g 0, c R17x2
I L
0 V3 (22)
01152

up
B;(x;(k) = [Bj (x’(k))} e RIT.

BIO(x; (k)

C. SEQUENTIAL OPTIMAL CONTROL PROBLEM

By adopting the sequential average model in (20), the cost
function (17) can be reduced taking into account only the
active control signals, leading to the following sequential cost
function:

70 = ek + D) =ik + Do+ Juy) — iy
(23)
with

Q; = diag {o}Ig, 0yIy} € R'*7 and A ; = Ay € R,
(24
Therefore, the optimal PS-PWM active control signals are
those that minimize this sequential cost function, i.e.,

opt _ .
u; (k) = arg;r;gg {Jj(k)}

s.t. — 1oy < uj(k) < 1lgx. (25)

Notice that (25) is in fact a box-constrained quadratic pro-
gramming problem, since u;(k) € D’ £ [~1,1]° CR’. In
contrast to previous PS-MPC strategies reported in the liter-
ature (e.g., [19], [20], [21]), in which suboptimal solutions are
obtained by using the saturated version of the unconstrained
solution of (25), this work uses an exterior point active set
method based on a Lagrangian function and the Karush—
Kuhn-Tucker conditions to compute optimal duty cycles to be
applied by the converter. For further details on the algorithm
used in this work, we refer readers to [24]. The proposed opti-
mal approach impacts the system’s performance, especially
during transients, as will be analyzed in the experimental
validation of the proposed control strategy.

IV. REFERENCES DESIGN
The overall control strategy is shown in Fig. 3. This section
aims to obtain the state references, x;(k), and the steady-state
reference, 8;. Considering current of both ports, TEB and ICB
controls
T

H =[E"®) vTm] eRT 26)

where each element of v j(k) is considered constant and

equal to v3. In addition, the steady-state control inputs
u;(k) = 8;(k) € D? are also determined in this section.
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kil () [
’UE‘ Reference d M3C
TEB | Ploss | Generator uj*- (k)
Control L u? %\%\
B R
ICB
Control

vo(k)

Overall control scheme.

A. INPUT AND OUTPUT CURRENT REFERENCE

The references for input and output currents are designed in
the of0-framework. By considering an active power refer-
ences for the output system, a symmetric current reference is
obtained

sin(w, 1) i| 27)

%P — P_X
X rp | —cos(w,1)

where P)’(‘ is the active power reference. Then, in order to
regulate the average energy of the converter (TEB control),
the required input active power Pj, must be the sum of the
desired output active power P and the power consumed by

the M3C, P, . This leads to the following expression for the
input current reference:
B «
iaﬂ _ 1 U% U\I/ PX + P]OSS (28)
v 5 B2 B _ .« * :
Va4 LYy TV oy

The power losses P are obtained by the TEB control,
which is composed by a PI controller as is shown in Fig. 3, that
allows to regulate the internal energy of the converter by con-
sidering the tracking error of the sum of the capacitor voltage
references and the sum of the capacitor voltage measurements.

Finally, the current references in the D-o 80 framework for
both ports are given by

a0 ,

i 1y

POl = — %], (29)
it, | V3 [iﬁﬁ }

i

B. CIRCULATING CURRENT REFERENCE

The ICB control considers the energy balance among clus-
ters, designing a proper circulating current. By analyzing the
cluster powers and cluster voltages in the D-o f0-framework
the waveform for the circulating current can be deduced as
presented in [4], [5], [22]. In this work, the ICB control intro-
duced in [4] is implemented. Where the circulating currents
are given by the sum of positive and negative sequence in
phase with the input-port; and the amplitudes I; 15 152, 10’1‘3, Id* 40
I;S, 156, Iq* i and I; , are obtained by PI controllers in order
to regulate the cluster imbalance in the D-a S0-framework as
shows Fig. 4.
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-Uc |abc /
D-af0f—7

N * Tk
i1, 11 3,1

. .
2,152 35,16

Inter-cluster balancing control proposed in [4].

C. MODULATION INDEX REFERENCE

The modulation index references for each arm is key to obtain
a good steady-state performance and a reduced current spectra
under the PS-MPC scheme. These references are generated
by considering the system in the desired steady-state, i.e.,
i*PO(k) = i*PO% (k). Thus, by substituting the current refer-
ences into the dynamic model (7), it is possible to calculate
the desired steady-state voltages in the o 80-framework as

Voo Vg Viw 0 00 e Tpe o
Vg Vi s |=V3]0 0 0 — L\ ing ifg it
Va0 Vo Voo v vy 0 iqo g O
iy % ity 0 0 v 00 0
ity % g | —V3[0 0 vi[—=]0 0 0
ity 5 O 00 0 0 0 3uno
(30)

Then, by premultiplying by [C*#°]T and postmultiplying by
[CB9Y, the voltages obtained in (30) can be represented in the
original framework

* * * * * *

Yau Vpu  Veu T Voo ¥ Ba V0u

vtoovr un | = [Ccep0 )P T 3 Copo
av bv cv | T aff BB 0B .
* * * * * *

Vaw  Ypw Vew Voo ¥ B0 Yoo

€2y
Thus, the modulation index is obtained by dividing the de-
sired ac cluster voltage vy, by the available cluster capacitor
voltage

*
N
YL .

I=1"Cwyl

Finally, the input reference u; required by the proposed
controller in (23) is obtained by arranging multiple modula-
tion indexes as

& =

SQLXJ- = (32)

T
(80 82 Ous S G Sy S Ohy O]
(33)

Simulation results have been performed to compare the pro-
posed sequential PS-MPC strategy performance with existing
strategies when governing an M3C connected to a three-phase
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TABLE 2. System Parameters for Comparison

Variable Description Comparison
P Rated power 3 kW
Vy Input grid voltage (line-to-line rms) 190V
fo Input grid frequency 60 Hz
T Output resistance 14 Q
L, Output inductance 1 mH
Iy Output frequency 50 Hz
N SMs per clusters 4
C SM capacitance 987 uF
vy, dc cap. voltage per SM 100 V
L Cluster filter inductance 5 mH
r Cluster filter resistance 0.1Q
for Carrier frequency 1 kHz

system and a passive load. The parameters used for simula-
tions are presented in Table 2.

Two strategies have been considered to compare the pro-
posal, the first control strategy is the standard PI strategy for
the current and LCB control presented in [4], [5], [8], [9] and
a reduced FCS-MPC strategy [25]. The PI strategy considers
four PIs controllers to control the input and output currents
in two dg-frameworks, four proportional (P) controllers to
govern the circulating currents and 36 P controllers to achieve
the balance among SMs. The second control strategy is based
on a FCS-MPC strategy [25]. The FCS-MPC considers the
feasible SM output voltage, so for a four-SM M3C converter
the total states are 3%V = 330 ~ 1.5 x 10'7, which cannot be
implemented in a simulation environment, even less in a real
application. However, the total combinations can be reduced
by considering the common-mode voltage as a known distur-
bance. Therefore, the total combinations are reduced to 9 x
3V =9 x 3% =729, making its implementation feasible, at
least in simulation. Nonetheless, the computational burden of
this predictive strategy increases exponentially with the num-
ber of SMs of the converter. As the common-mode voltage is
considered as a known disturbance, each cluster is decoupled
in terms of control objectives of the others. In terms of con-
trol structure, the proposed PS-MPC and FCS-MPC strategies
present a simpler structure than the PI strategy, reducing from
four PIs and 40 Ps SISO controllers to one MIMO controller.
The tuning process of the predictive strategies is heuristic,
considering standard steps. Regarding the PI controllers, the
tuning was made in order to obtain a second-order close-loop
response with a natural frequency of 150 Hz and a damping
factor of 0.7071 and the LCB proportional controllers were
tuned with a gain of 0.1.

The comparison of the three strategies is shown in Figs. 5
and 6. In steady-state, all the strategies achieve the references,
obtaining balanced input and output currents, and balanced
clusters and SMs with a mean capacitor voltage equal to 100 V
as present Fig. 5(a)—(c). However, the proposal achieves a
mix of advantages from the other two strategies, such as, fast
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dynamic and tracking error response, low harmonic distortion,
and scalability.

1) POWER STEP CHANGE

The comparison in terms of input and output currents are
presented in Fig. 5(a) and (b). In term of the settling time, the
dynamic response of the predictive strategies is considerably
faster than the PI strategy. The response of the FCS-MPC
and PS-MPC is practically instantaneous, in contrast, the PI
strategy achieves the input and output current reference after
60 and 25 ms, respectively.

2) CIRCULATING CURRENT TRACKING

The circulating current tracking error for the PI strategy is
bounded by £15 A. Nevertheless, the tracking error for the
predictive strategies is lower than 5 A, where he FCS-MPC
achieves the best performance [see Fig. 5(d)].

3) CLUSTER VOLTAGES

The au-cluster voltage and its spectrum are presented in
Fig. 5(e) and (f), respectively. The FCS-MPC strategy gen-
erates a disperse spectrum around 8 kHz as it does not have a
modulator. On the other hand, the PS-MPC and PI strategies
generate a spectrum centered on 8 kHz and its multiples,
which comes from the PS-PWM with 1 kHz carriers (f,, s, =
2N f., = 8 kHz). The PI strategy generates the highest cluster
voltage THD (15.16%), while the FCS-MPC strategy has the
lowest THD (13.74%). In addition, the FCS-MPC strategy
has the highest weighted total harmonic distortion (WTHD =
1.75%), and the PI strategy has the lowest WTHD (0.12%). In
summary, the proposal considerably reduces the WTHD (73%
lower than the FCS-MPC), achieving a lower input and output
current ripple than the FCS-MPC [see Fig. 5(a) and (b)], and
limiting the frequency spectrum to a band determined by the
PS-PWM.

4) LOCAL-CLUSTER BALANCING CONTROL

The performance of the LCB control is shown in Fig. 6. At the
beginning, the capacitor voltage references of the au-cluster
are set for different values, while maintaining its average volt-
age of 100 V. At the instant # = 100 ms, the references for all
capacitor voltages are set to 100 V. The FCS-MPC strategy
achieves the fastest dynamic response ( = 110 ms), followed
by the proposed PS-MPC (¢t = 180 ms), and far behind is the
classical PI strategy (t = 475 ms). The PI strategy adjusts the
duty cycle per SM using a proportional controller before the
modulation stage. When the duty cycle saturates, its control
action is limited. Unlike the PI, which considers two stages to
control currents and balance capacitors, the PS-MPC controls
currents and balances capacitors in a single stage. The formu-
lated PS-MPC optimizes each duty cycle, adjusting the duty
cycle to balance the voltage of the SMs by considering not
only the tracking error of capacitor voltages, but the tracking
error of the current and steady-state duty cycle reference.
Therefore, the boundary of the SM balancing control depends
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on the tracking errors, the control effort and the weighting
factors.
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Table 3 summarizes the comparison among the control
strategies. The proposed sequential PS-MPC, against the stan-
dard PI strategy, presents a faster dynamic response, a better
cluster current, and voltage tracking. The proposal overcomes
the FCS-MPC with a lower WTHD and a fixed frequency
spectrum. Moreover, unlike the FCS-MPC, the computational
burden does not depend of the number of SMs, the predictive
model considers the coupling among clusters and a lower
average SM switching frequency. In terms of average tracking
error, the best strategy is the reduced FCS-MPC with a current
and voltage error of 0.48 A and 2.03 V, the worst strategy is
the PI with a current and voltage error of 1.57 A and 2.59 V.
So, the performance of the proposed sequential PS-MPC is
a balance between the PI and FCS-MPC strategies. The dif-
ferences between the predictive strategies and the PI strategy,
in terms of tracking error, is given by capability to track
multiple-frequency waveforms that the predictive strategies
have.

Finally, it is important to emphasise that even though
FCS-MPC might offer some benefits when compared to the
proposed PS-MPC (e.g., fast capacitor voltage balancing), its
disadvantages are substantial: 1) it has a dispersed frequency
spectrum that complicates the design of reactors and filters, in
addition to producing random switching losses and low-order
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TABLE 3. Comparison Among the Proposed and Existing Control Methods in Steady-State At 3 Kw (N = 4)

PI [4] FCS-MPC Proposed
Controller Multiple PI Loops Reduced FCS-MPC Sequential PS-MPC
Cluster coupling consideration No No Yes
Average current tracking error 16.02 % 4.13 % 8.55 %
Average voltage tracking error 2.59 % 2.03 % 2.18 %
Average SM switching frequency 2 kHz 3.6 kHz 2 kHz
Input/output current quality Very good Fair (noisy) Very Good
Input/output current response Slow Fast Fast
Capacitor voltage balance Slow Very fast Fast
Circulating current tracking error High peaks Noisy with very low peaks Noiseless with low peaks
Output voltage THD 15.16% 13.74% 14.73%
Output voltage WTHD 0.12% 1.75% 0.48%
Output voltage spectrum Fixed at 8 and 16 kHz  Spread at low frequencies (<12 kHz) Fixed at 8 and 16 kHz
Modulation PS-PWM (1 kHz) None PS-PWM (1 kHz)
Sample time 125 [ps] *60 [us] 125 [ps]
Scalability effort Low High (exponentially with N) Low

*The sampling time was adjusted in order to obtain an average switching frequency of 8 kHz.

harmonics (it has the highest WTHD) (see Fig. 5); 2) it has the
highest average SM switching frequency, leading to a higher
power losses than the other strategies (see Table 3); and 3)
it has a high computational cost that cannot be implemented
when the number of SMs increases (see Section VI-C).

These are where the benefits of the proposed PS-MPC can
be appreciated, as will be experimentally validated in the
following Section.

VI. EXPERIMENTAL RESULTS

Experimental results have been performed to analyze and
verify the proposed sequential PS-MPC strategy performance
when governing an M3C connected to a three-phase sys-
tem and a passive load. The grid-voltage of the first system
was generated by a grid-simulator NHR9410 and the passive
load of the second was generated by a regenerative ac load
NHR9430. The predictive control scheme was implemented
on an OPAL-RT OP4510 system. The data are acquired by the
OPAL-RT software every 62.5 us and is not postprocessed.
The prototype is presented in Fig. 7 and the main setup pa-
rameters are summarized in Table 4. The proposed PS-MPC
generates an apparent output switching frequency of f, i, =
2N f., = 16 kHz. However, since a double update mode is
considered, it results in a sampling frequency of f; = 32 kHz.
In addition, the PS-MPC was tuned heuristically with o, = 1,
0, =0.2 and 1 =20 [19], [20], and the execution time is
T, =7.5 us.

A. STEADY-STATE PERFORMANCE.

The results of the closed-loop steady-state performance are
presented in the left side of Fig. 8. The sequential PS-MPC
is able to properly govern the M3C, achieving a symmetric
waveform for the input and the output currents as shown
Fig. 8(a) and (b). Additionally, in Fig. 8(c), the control strat-
egy successfully regulates the capacitor voltages, keeping
them around the reference of 150 V. Moreover, the circulating
currents are properly tracked in order to balance the converter
clusters and reduce the capacitor voltage ripple. It is important
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FIGURE 7. 3 kVA experimental prototype.

to mention that this control strategy is able to track any current
waveform, including several frequencies in comparison with
other control strategies that uses proportional controllers [4],
[51, [8], [9]. This can be seen in Fig. 8(d), where the circu-
lating currents are tracked and they present more than one
frequency (references are presented behind in gray).

B. DYNAMIC PERFORMANCE

The results of the closed-loop dynamic response performance
are presented in the middle and right side of the Fig. 8. The
middle part of Fig. 8 corresponds to the dynamic response of
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TABLE 4. System Parameters for Experimental Results

Variable Description Fig. 8 / Other
P Rated power 5/3kW
Vy Input grid voltage (line-to-line rms) 380/190 V
fo Input grid frequency 50/60 Hz
T, Output resistance 14 Q
L Output inductance 1 mH
Iy Output frequency 60/10-59 Hz
N SMs per clusters 4
C SM capacitance 987 uF
U dc cap. voltage per SM 150/100 V
L Cluster filter inductance 5 mH
r Cluster filter resistance 0.1
for Carrier frequency 2kHz

the control strategy under a step change in the power trans-
ferred from the input- to the output-port from 3 to 5 kW and
the right side is the dynamic response under a step change in
the capacitor voltage reference of each SM from 150 to 170 V.

1) POWER STEP CHANGE

The dynamic response, in terms of a suddenly power change,
is almost instantaneous and does not present overshoot. The
peak value of the input and output currents increase due to the
power step and the speed of the change is fast as it is shown
in Fig. 8(a) and (b). In Fig. 8(c), the ripple of the capacitor
voltages augment because the power step, nevertheless, the
mean value of the capacitor remains constant. Finally, the
circulating currents increase their peak values proportional
to the change of the power and, despite the step change, the
tracking error is properly followed as Fig. 8(d) shows.
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2) CAPACITOR VOLTAGE STEP CHANGE

The results of the dynamic response under a step change in
the capacitor voltages are presented in the right side of Fig. 8.
In terms of capacitor voltage, the dynamic response is mainly
given by the outer PI controller, since this PI regulates the
inner energy of the converter, which is directly related with the
capacitor voltages and this behavior can be seen in Fig. 8(c).
In addition, the input current in Fig. 8(a) is directly affected
by the outer PI controller because this creates the reference,
Pioss, that is used for the reference of the input currents.
Nonetheless, the output current is not directly affected by the
outer PI, the speed of the stabilization is mainly given by
the sequential PS-MPC as is shown in Fig. 8(b). Finally, the
circulating current reference, in Fig. 8(d) are slightly reduced
due to the increment of the capacitor voltage reference. This
occurs because the system is still exchanging the same energy
from input to output and the relation between the energy and
the capacitor voltage is quadratic.

3) DIFFERENT OUTPUT FREQUENCIES PERFORMANCE

The proposed strategy allows to govern the M3C for different
output frequencies, Fig. 9 shows experimental results for three
different output frequencies (50, 10, and 59 Hz, respectively).
The illustrated measurements are the phase-a current, the
phase-u current, the au-cluster current, and the output voltage
of au-cluster with its frequency domain. The output current
is achieved independent of the frequency. Moreover, the con-
verter is able to operate close to critical points (0 and 60 Hz).
Mitigation currents must be considered in order to achieve
critical points; however, this is not the scope of this proposal.
Considering a carrier frequency of 2 kHz and a PS-PWM
modulation, the output voltage spectrum is centered at 16 kHz,
this behavior occurs for the three cases. The phase-a input
current presents a THD of 2.29% and a WTHD of 0.59%.
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Experimental steady-state performance. (Ch 1) output current
u, (Ch 2) input current a, (Ch 3) current au-cluster, (Ch 4) output voltage
au-cluster, and (Math 1) output voltage au-cluster spectrum. (a) Output
frequency at 50 Hz, (b) output frequency at 10 Hz, and (c) output
frequency at 59 Hz.

On the other hand, the phase-u output current has a lower
THD and WTHD, which are 0.79% and 0.15%, respectively.
These different behaviors between input and output currents,
in terms of distortion, is mainly given by the PI controller,
which regulates the average energy of the converter because it
directly affects the reference generation of the input currents.

4) OPTIMIZATION WITH ACTIVE CONSTRAINTS

The proposal obtains the optimal duty cycles considering up-
per and lower constraints, this is shown in Fig. 10, where
the operating point of the M3C is set in order to force the
activation of constraints. The constraints are activated by con-
sidering a mean capacitor voltage reference equal to 85 V and
forcing a cluster imbalance. The duty cycles generated by the
proposed sequential PS-MPC are always optimal, during tran-
sient and steady-state, feature that standard control strategies
are not able to achieve.
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C. SCALABILITY ANALYSIS OF PS-MPC

The dimension of the optimal problem solved by the sequen-
tial PS-MPC is fixed, independently of the number of SMs.
By increasing the number of SMs, the expected behavior in
the execution time is a linear increment due to each SM con-
tributes to the output voltage, but only one is optimized per
sampling time. This linear behavior in the execution time was
experimentally proved by the OPAL-RT OP4510. In addition,
the computational burden of the PI and FCS-MPC as function
of the number of SMs is presented in Fig. 11. The execution
time of the sequential PS-MPC and the PI strategies increase
linearly with the number of SMs, meanwhile, the increment of
the execution time of the FCS-MPC strategy is exponential,
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FIGURE 12. Maximum number of SMs per carrier frequency that the
proposal can handle considering the linear execution time presented in
Fig. 11.

limiting the implementation of the FCS-MPC in real-time
applications to a reduced number of SMs.

In MMCCs with a large number of SMs for high power and
high voltage applications, the carrier frequency should be set
as low as possible to reduce the switching losses. The sam-
pling frequency of the proposal is given by 7, = 1/(2N f,).
Therefore, in order to estimate the maximum number of SM
per cluster that the proposal can handle as function of the
carrier frequency, it is important to determine the execution
time as function of NV, which is provided in Fig. 11(a). Finally,
by considering the sampling time equal to the execution time
Tex = T; = 1 /(2N f), the maximum number of SM that the
proposal is able to govern as function of the carrier frequency
is presented in Fig. 12. It is estimated that the sequential
PS-MPC can drive up to 32 SMs per cluster for a carrier
frequency of 2 kHz, and up to 249 SMs per cluster when the
carrier frequency is reduced to 125 Hz.

Vil. CONCLUSION
This article proposed the formulation and assessment of a
sequential PS-MPC strategy to govern an M3C. The proposed
controller effectively performs the LCB control task and reg-
ulates the input, output, and circulating currents in a single
control stage, using an MPC embedded with the load and
control input model directly in the optimization. Furthermore,
by exploiting the PS-PWM working principle, the proposed
PS-MPC method updates, at each sampling instant, only one
control signal for every cluster. This significantly reduces the
computational burden of the controller, while making it inde-
pendent of the number of SMs. Therefore, the PS-MPC can be
easily scalable to govern M3C with a large number of SMs.
As evidenced by the experimental results, the proposed
PS-MPC formulation results in a fast closed-loop dynamic
response and effective tracking of the input, output, and circu-
lating currents. In addition, the proposal considers the control
input limits in the optimization process and obtains the opti-
mal duty cycles during steady-state and transients. Moreover,
the M3C governed by the proposed PS-MPC operates with
a fixed switching frequency, low harmonic distortion, and
distributed power losses among power switches.
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APPENDIX

STATE MATRIX COMPONENT OF M3C MODEL
Matrix A"P(k), presented in the M3C model (14) and the
sequential model (22), is given by

1 - %Tf

1—7T;

1 —IT;
1— LT,

A" = diag ! I;TS (34)

— 17,

1_£TY

1—%@

L1 - 22T

where roq = r+3r  and L,y = L + 3L,

INPUT MATRIX COMPONENTS OF M3C MODEL
Matrix Bl;p(k), presented in the M3C model (14) and the
sequential model (22), is given by

[ 1 00 (Mg
7 0¢j (kMg
%vg,j(k)Mao
1.7
v ‘(k)M,Ba
Bk =T, | | § (35)
/ "| £ vE (kMg
£ 9 ;Mo
1
%vgj(k)MOa
_quvcj(k)MOﬁ
where
cf diag (C7) 03,3 05,3
M, = 03,3 ¢§ diag (CP) 05,3
03><3 03><3 C(?)aldiag (Cﬁ) 6
(36)
Moreover, matrix Blj0 (k) is given by
TN 2
T COlﬂO 03><3 03><3 i (k)
Bljo(k):ESdiag 03 C¥0 05 4| T “ﬂg
03><3 03><3 Caﬂo
(37)
with
1 0 0 00 0 0 0 O]
0001 O0O0O0OTO0OTO 0
000O0O0OO0OT1O0OTO
01 0 0 00 O0 00
T=[(0 0 0 01 00 0 O (38)
000O0O0O0OOT1O0
001 00O0O0TO0OTO0
000O0O0OT1TTO0OO0OO
(00000000 1
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