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ABSTRACT This paper presents the modeling, control and evaluation in a real-time simulation (RTS) of a
three-phase multilevel inverter based on the modular multilevel converter (MMC) topology. The developed
model for MMC includes four decoupled state variables per phase, which are instrumental for the control
design, namely injected (output) current, circulating current, total energy, and energy balance between arms.
Based on this model, a control scheme is proposed with the aim to regulate and balance the total energy
on each converter’s phase, regulate the circulating currents, and inject a three-phase current synchronized
with the grid voltage. As part of the control process, the proposed controller generates the reference for
a modulation scheme to obtain the switching sequence for each converter’s cell, which, in this case, is the
phase-shifted carrier-based pulse-width modulation (PSC-PWM). As it was already reported in the literature,
this particular modulation guarantees self (natural) balance of all capacitor voltages, i.e., they converge to
the same steady-state average value without the need of any external balancing controller.

INDEX TERMS Modular multilevel converter, phase-shifted carrier-based pulse-width modulation, real-
time simulation.

NOMENCLATURE fo Grid fundamental frequency.
¢ Cell capacitance. ) i ith cell in a given phase, i€ {1, ..., 2n}.
epes  Vector of differences between inserted voltages of . Fins d
i’ T ip;23  Vector of injected currents,
lower and upper arms, epyg=[epa, epgl " . N
. ) i0123=[i01, 102, 03] ' -
ep123  Vector of differences between inserted voltages of - . .
N 7 ig;o3  Vector of injected currents references,
lower and upper arms ep123=[ep1, ep2, €p3] ' . o Ap e T
ey123  Vector of total inserted voltages of lower arms, . 01237°01> 027 “03~ -
N T i0ap Vector of injected currents,
eni123 = [en1, en2, en3] .

. . é . . T
epi23  Vector of total inserted voltages of upper arms, loap=lioa, iop] " -
ep1os 2 [ep1, epa, eps] . i00p Vectgr of injected currents references,
eri2z  Vector of total inserted voltages per phase, i(*;a ﬂ:[i&t, i(”; ﬁ]T.
eriz=lers, era, ers]’. iowg  Vector of injected currents tracking
fe PSC-PWM carrier frequency. error,
I Controller sampling frequency. f0n ﬂé[;Oav i ﬂ]T.

The associate editor coordinating the review of this manuscript and Iy123  Vector of lower arm currents,

. A . . . T
approving it for publication was N. Prabaharan . iv123=lin1, in2, in3] -
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ip123 Vector of upper arm currents,
ip123=lip1. ip2. ip3] .

ir123 Vector of circulating currents,
ir1232lir1, ir2, ir3]’.

7003 Circulating currents loop - references vector,
ok Arex -k sk 1T

. i7103= iy gy ipal

ir123 Circulating currents loop - tracking errors vector,
ir13=(ir1. ira. ir3] "

Jj jth phase, j € {1, 2, 3}.

kip Energy balance loop - integral gain.

kpp Energy balance loop - proportional gain.

kit Energy regulation loop - integral gain.

kpr Energy regulation loop - proportional gain.

L Arm inductance.

n Number of cells per arm.

Pp; Energy balance loop - jth outcome.

Py Injected current loop - constant load power
reference.

Rp Injected current loop - damping gain.

Rr Circulating current loop - damping gain.

ujj ith switching signal in the jth phase.

Veij i capacitor voltage in the jth phase.

vs.rmus  Grid voltage line-to-line RMS voltage

VSap Vector of grid voltages, vSaﬁé[vSa, vsﬁ]T.

VS§123 Vector of grid voltages, vs123=[vs1, Vs2, vs3]'.

Zpj Difference between upper and lower arms
scaled energy of the jth phase.

Zjj ith capacitor scaled energy in the jth phase.

ZNj Lower arm scaled energy in the jth phase.

zpj Upper arm scaled energy in the jth phase.

21j Total scaled energy in the jth phase.

Zpj Energy balance loop - tracking error.

Energy balance loop - fundamental
component of zp;.

(ZDj ) 1st

z;j Energy regulation loop - reference for z7;.

Z1j Energy regulation loop - error.

(sz>2n 4 Energy regulation loop - second harmonic
component of zz;.

YD Energy balance loop - notch filter gain.

%4 Energy regulation loop - notch filter gain.

Sij ith cell duty ratio of the jth phase.

op Injected current loop - resonant filter
estimation gain.

or Circulating current loop - resonant filter

estimation gain.

Y7123 Energy regulation loop - outcome vector,
Yri23=[Yr1, Yr2, Yr3] 7.
o Grid fundamental frequency.

I. INTRODUCTION

Due to their modular and scalable structure, feasible
technology and tolerance to faults [1], modular multilevel
converters (MMC) have received a significant attention from
the scientific community in emerging applications such as
large-scale grid-connected photovoltaic (PV) systems [2],
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[3]; ultra-high voltage direct current (UHVDC) transmision
systems [4]; as well as traditional applications such as static
synchronous compensator (STATCOM) [5]; adjustable speed
drives [6], among others.

In particular, transformerless half-bridge MMC topologies
have become popular in medium and high-power applica-
tions [5], [7], where the number of cells increases and,
consequently, the modulation scheme, modeling process,
and control design become more convoluted [8], [9], [10].
Hence, much of the research works on MMC topologies
have addressed topics such as modulation issues [11],
modeling techniques [12], and control oriented issues such
as tracking of the output current and regulation of the
so-called circulating currents [3], besides the voltage (or
energy) regulation and balance of capacitors voltages of every
cell [8], [9], [10], [13], [14], [15], [16], [17], [18], [19],
[20], [21].

In [8], the authors proposed a controller comprising
proportional-plus-resonant (PR) and feedforward terms to
solve the output current tracking, while the circulating
current was regulated using a proportional action plus a
feedforward term; [13] and [14] proposed a proportional
plus integral (PI) controller for the regulation of circulating
currents; [10] applied a linear extended state observer and
a linear state error feedback to control circulating and
output currents; [15] designed a proportional controller
and a PI controller for the control of the arm differential
energy and the arm-accumulated energy, respectively; [21]
proposed a sorting algorithm and a level shifted modulation
to guarantee capacitor voltage balance. In [9] and [16],
feedforward and PR terms were applied to control output and
circulating currents, while PI controllers were used in the
energy regulation and balance loops; [17] proposed a direct
multivariable control for output and circulating currents in
combination with a sorting algorithm for capacitor voltages;
and [18], [19], [20], [22] relied on model predictive control
(MPC) combined with other technique to tackle all control
issues on MMC; [18] used MPC for output and circulating
currents, and the capacitor voltage balancing was left to the
so-called nearest-level control; MPC in [19] was employed
to control the arm currents, while a balancing control
and the phase-shifted carrier-based pulse-width modulation
(PSC-PWM) was applied to capacitor voltages; [20] also
used MPC for circulating currents, and a voltage balancing
algorithm for the capacitors, while a modulated MPC with
bound-constrained quadratic programming (QP) is proposed
in [22] to try to obtain an optimal solution.

The present paper focuses on the modeling, control, and
evaluation of a three-phase MMC in a grid-tied inverter
configuration for grid power injection. This work represents
an extension of the single-phase solution reported in [9],
now to the three-phase case. Instrumental for the control
design is the development of a particular model for the
MMC expressed in terms of four decoupled state variables
per phase, referred to as injected (or output) current to the
grid, circulating current, total energy, and energy balance
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between arms, which are also considered as the controlled
variables. Based on this model, a control scheme compris-
ing four loops, one per those decoupled state variables,
is proposed, which guarantees grid power injection through
a three-phase current (synchronized with the grid voltage),
tracking of the circulating currents toward appropriately
defined references, as well as regulation of the total energy
on each converter’s phase, and balance of the energy among
arms.

The regulation and balance of every capacitor voltage
was left to the modulation scheme, which is in charge
of generating the switching sequence for each converter’s
cell. In this case, a PSC-PWM scheme is considered as it
provides a natural balancing mechanism for the capacitor
voltages [23], meaning that they converge to the same average
value in steady-state without adding a dedicated controller for
them.

Summarizing, the following main contributions have been
identified in the present work:

(1) A systematic framework for the mathematical modelling
of a three-phase MMC topology, where the model is
expressed in quite convenient variables for the control
design.

(2) An overall control design process guaranteeing track-
ing of the output and circulating currents towards
appropriately designed references, as well as energy
(voltage) regulation and energy (voltage) balance of
the MMC arms. Moreover, the proposed controller
is combined with the PSC-PWM scheme to achieve
individual capacitor voltage regulation at a cell level.

(3) Explicit tuning rules for every control parameter
involved.

(4) Analysis of the harmonic contents of the energy vari-
ables showing that the difference between the energies
of the upper and lower arms of each phase contains a
fundamental component, while the sum of the energies
in both upper and lower arms of each phase contains a
second harmonic of the fundamental source frequency.

The evaluation of the closed loop, comprising the plant,
the proposed control, and the PSC-PWM schemes, was
performed trough a real-time simulation (RTS) based on the
DS1007 board from dSPACE. This evaluation considers an
MMC with three cells on each arm (n=3), 18 cells total. The
performed tests include responses to load step changes as
well as responses to unbalanced conditions in the capacitor
voltages.

The rest of the paper is organized as follows. Section II
presents the decoupled mathematical model for the three-
phase MMC, and establishes the control objectives.
Section III shows the control design for the MMC, the tuning
rules for the involved control parameters, and the harmonic
content in the energy variables. Section IV presents the RTS
results of the MMC operating with the control and PSC-
PWM schemes. Finally, Section V provides some concluding
remarks.
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FIGURE 1. Topology of the three-phase MMC of 2n+1 levels.

Il. SYSTEM MODEL

Figure 1 shows a three-phase three-wire grid-connected
MMC comprising two arms per phase, namely, the upper
and lower arms. Each arm contains a series connection
of n half-bridges, referred to as cells or submodules, and
terminated with an inductor. In total, there are 2n cells per
branch, and 3 branches, which makes a total of 6n cells.
Each cell comprises a capacitor that can be connected or
bypassed using a one-pole-two-way switch made out of two
complementary IGBTs (with corresponding free-wheeling
diodes); in other words, the capacitor voltage can be either
inserted or bypassed contributing or not with a voltage to the
corresponding arm.

Figure 2 shows the four possible modes for cell (i, j) of
the MMC, which depend on the two switching positions
and the current’s direction. If the upper switch S;; is ON,
then the capacitor voltage is inserted to the arm. This holds
true independently of the current direction, i.e., the current
can flow out of the terminal marked as positive through the
IGBT (Figure 2a) or through the diode d; if its direction
is reversed (Figure 2b). However, if the lower switch S‘ij is
ON, then the capacitor is bypassed irrespective of the current
direction (Figures 2¢ and 2d); consequently, the voltage at the
cell terminals is zero.

From now on, index i € {1,...,2n} is used to indicate
the ith cell in a given phase. Moreover, cells may be grouped
in upper and lower arm, and thus i € {1,...,n} will be
used for the upper arm, while i € {n + 1, ..., 2n} for the
lower arm. This will be explicitly indicated whenever needed.
Hereinafter, index j € {1, 2,3} is used to indicate the jth
phase; therefore, there will not be explicit indication of this
in the rest of the expressions unless necessary.

1) MAIN ASSUMPTIONS

Throughout the paper, the following considerations and
assumptions are used to facilitate the modeling process,
transformations and control design:
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FIGURE 2. Different current paths in cell (i, ) of the MMC showing
whether the capacitor is inserted ((a) and (b)) or bypassed ((c) and (d)).

Al Since a three-wire grid connection is considered,
then the sum of the injected currents is zero,. i.e.,
io1+ip2+ip3=0.

A2 The three-phase voltage source vg1»3 is balanced, in the
sense that vg1+vg2+vs3=0, i.e., the voltage source does
not include a homopolar component.

A3 All inductors have the same inductance value L.

A4 The RMS voltage vs rys and the system’s frequency
wo are known constants.

AS The system parameters C, L, E are unknown constants.

The mathematical model of the MMC system in Figure 1
is described by expressions (1)-(3), which can be obtained by
direct application of Kirchhoff’s laws.

—~

. 1
Lipioz = 3E — vpo — V5123 — ep123, (H
N 1
Liy12z = 5E + V0 + Vs123 — eni23, 2
. ipi-u, i€f{l,...,n},
Cvgi=1.7 7" . 3
Cij inj-u, i€{n+1,...,2n}, G)

where L and C are the inductance and capacitance val-
ues, respectively; ipi23 £ Tip1,ip2,ip3]" and iyiz 2
lin1, ina, ina] T represent the vectors of the upper and lower
arm currents, respectively; E = [E, E, E]T represents the
vector of the DC-link voltage; v,0 = V10, Vo, Vo] T is
the vector of the voltage drop between point n and point
0 (see Figure 1); vg123 = [vs1, vs2, vs3]" is the vector of
the gl"id voltage; ep123 £ lep1, epa, 8133]T and ey123 £
[en1, ena, en3]T are the vectors of the total inserted voltages
at the upper and lower arms, which are given by

n 2n
A 2 : A 2 :
epj = vC,'j . u,-j, eNj = vC,‘j . u,-j, (4)
i=1 i=n+1

where v¢;; and u;j(u; € {0, 1}) are the ith capacitor voltage
(i € {1, ..., 2n}) and corresponding switching signal of the
Jjth phase, respectively.

A. INJECTED CURRENTS’ DYNAMICS

The vector of injected currents (to the grid) 0123201,
i02, 03] is defined as the difference between the upper and
lower arm currents vectors, i.e., igj23=ip123—iy123, Which
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can also be interpreted as a differential-mode currents vector,
and whose dynamics, based on (1) and (2), is described by
Lio123 = ep123 — 20 — 2Vs123, Q)

where eDlzgé[eDl,em,em]T represents the difference
between the vectors of voltages produced by the lower
and upper arms, and thus it can be interpreted as a
differential-mode inverter voltages vector, i.e.,

A
epi23 = eyN123 — €p123; (6)
and v,,0 = [Vu0, Vno, VnO]Ta with v, given by
1
vno = g(ep1 +ep + ep3). )

Direct substitution of (7) in (5) yields

—~

Lio123 = Bepi2s — 2vs123, ()
with
2 —1 -1
BAL| -1 2 —1
-1 -1 2

Based on assumptions Al and A2, the model (8) can be
expressed in terms of (fixed-reference frame) of-coordinates
as follows:

L igep = €pap — 2Vsap, 9

where the following Clarke’s transformation has been
considered:

Xop = TX123, (10)
where xalgz[xa,x,g]T, X123=[x1, x2, 131" (x can represent
either ip, vs or ep), and

211 -1/2 —1/2
T= f? [o J3 —fs/Z] ’ (4
which corresponds to a three-to-two power-invariant Clarke’s
transformation, where the homopolar component has been
disregarded based on assumption A1l. Moreover, the proper-
ties T™! = TT and TBT"! = I, with I, representing the
2 x 2 identity matrix, have been used to obtain (9).

B. CIRCULATING CURRENTS’ DYNAMICS

The vector of circulating currents ir1232[ir1, ir2, it3]" is
defined as the sum of the upper and lower arm currents,
. . A . . .

i.e., ir123=ip123+in123, which can also be interpreted as
common-mode currents vector, and whose dynamics, based
on (1) and (2) is described by

—~

Lit123 = E —er123, (12)

where er1232[er1, era, er3] " represents the vector of total
inserted voltages produced by the upper and lower cells,
which can be interpreted as a common-mode inverter voltages
vector, i.€.,

A
er123 = ep(23 + ex123. (13)
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C. CAPACITORS’ VOLTAGE DYNAMICS
Considering the following variable transformation

i 2 %vzc,y» ie{l,...,2n}, (14)

then the capacitor voltage dynamics (3) can be rewritten as

Cso = i vei i PE{l . n), as)
Y inj-veij-u, ie€f{n+1,...,2n}

Notice that Cz;; represents the energy of the ith capacitor
(i € {1,...,2n}) in the jth phase, while z;; is just a scaled
version, which explains why this new system description is
referred to as the capacitors’ energy dynamics in previous
works [24], [25].

So far, system (15) is of order 6n. In what follows, a change
of variables is proposed to reduce the order of the system,
and thus the control design problem. These new variables are
defined as the accumulated energies of the upper and lower
arms, i.e.,

n 2n
A A
Zpj= E Zijy  ANj= E Zjj. (16)
i=1

i=n+1

Out of this, the model (15) is reduced to

Cipj = ipj - epj, CZNj = i]vj * €Nj- (17)

Notice that the order of the system has been reduced
from 6 x n in (15) to simply 6 in (17), i.e., the total
number of arms. In what follows, the control design focuses
on the control of the energy per arm, or equivalently,
on the total inserted voltage per arm rather than on the
individual capacitor voltages. The regulation and balance
of the individual capacitors voltages is left to the natural
balancing capability of the modulation scheme PSC-PMW
under certain conditions [23].

Furthermore, to facilitate the controller design, it is
convenient to express (17) in terms of new variables defined
as

21§ £ ZPj + ZNj» (18)
ZDj £ ZPj — ZNj» (19)
where Czr; represents the total accumulated energy of
capacitors in both upper and lower arms of the jth phase,
while Czp; represents the difference between the energies

of the upper and lower arms of the jth phase. Out of these
definitions, (17) can be rewritten as

CZT] = ipj -epj + i]\/j * eNjs (20)

Czpj =ipj - epj — inj - enj, 21)
which, in terms of i7j, ig;, erj and ep;, can also be written as

Ciry = 3 [ij - ey — iy - eny] » (22)

Cip; = % |ioj - erj — ity - enj] - (23)
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D. CONTROL OBJECTIVES
Based on the transformed model comprising (9), (12), (22),

and (23), the control objectives can be established as follows:
1) Injected current loop. The grid current ip,g must

asymptotically track a reference i), 'L ie.,
. . 10
100 — lOaﬂ = Z—VSO‘:B as
Vs .RMS
where vgqg is the grid voltage in aff-coordinates, Py is
the constant power reference, and vs gys is the line-to-
line RMS voltage of vg123. This control objective can
also be expressed in terms of the original three-phase
coordinates, i.e.,

t— o0, (24)

. . Py
10123 = Ypp23 = 35—
VS RMS
2) Circulating current loop. The circulating currents
vector irjp3 must asymptotically track a reference

Vsi23 as t— oo. (25)

- .
i7,5. 1€,

. o
17123 — 17123

=Tr123
di Ppi, Ppo, P
" iag ([ D21 D2 1)3])VS123 s o oo
Vs.RMS
(26)

where, as as it will be described in the next section,
Yri123=[Yr1, Y12, Yr3]" is the outcome of the volt-
age regulation loop, and vector [Pp1, Pp2, Pp3] is the
outcome of the voltage balance loop.

3) Energy regulation loop. The total accumulated energy
must be regulated (in average) toward a constant
reference per phase, i.e.,

E2

2y —> Iy =—— as t— 0. 27
n

4) Energy balance loop. The energy difference of each
phase must be zeroed (in average), i.e.,

zpj—~> 0 as t— oo. (28)
Ill. CONTROLLER DESIGN

It is here proposed to separate current and voltage stages
such that, in close-loop, the inductor current dynamics evolve
faster than the capacitor voltage dynamics. Therefore, using
scale separation arguments, the controller design can be split
in the current and voltage stages. The current stage comprises
injected and circulating current loops, whereas the voltage
stage comprises energy regulation and balance loops.

A. INJECTED CURRENT LOOP

The injected current loop design considers the subsystem (9).
This controller aims to establish epys to force the grid
current vector ipys to follow i(";aﬂ, described in (24). For
Ehis, subsystem (9) is expressed in terms of the increments

iOaﬂéiOaﬂ — iéaﬁ’ i.e.,
Lioap = €pap — 2Vsap + Ppup (29)

VOLUME 12, 2024



G. A. Catzin-Contreras et al.: Energy Model-Based Controller for a Three-Phase Grid-Tied Modular Multilevel Converter

IEEE Access

where ¢ Daﬂé — Lij,z. Based on the structure of the error
model (29), the following controller is proposed

€pug = 2Vsap — RDiOaﬂ - &Daﬁa (30)

which comprises a feedforward term 2vgqg; a damping term
Rpioup, where Rp>0 is a damping gain; and a compensation
term with a resonant structure:

2 . opS ops ~
= dia —., — | )ioug; 31
Ppap g([s2+w(2) s2+w%:|) 0ap, (3D

where op>0 is an estimation gain, wo=2nfy is the grid
voltage fundamental frequency in rad/s (fj is the fundamental
frequency in Hz) and s is the complex variable. The
compensation term ¢ Dap 18 aimed to estimate @pqg in (29),
and thus, to cancel it out.

B. CIRCULATING CURRENT LOOP

The circulating current loop design considers (12). It aims
to generate erip3 such that the circulating current vector
ir123 follows its reference i’}123, described in (26). To this
end, subsystem (12) is expressed in terms of the increments
i7123 éir]zg, - i;k-123, yielding

Liri3 =E —er123 + ¢723, (32)
with @732 — Li7 ;. Based on the error model struc-

ture (32), the following controller is proposed:

er123 = E + Rririns + $T123’ (33)

which comprises a feedforward term E; a damping term
Rrir123, where Ry >0 is a damping gain; and a compensation
term with the following resonant structure:

qA) i ors ors ors 3
T123 = diag ) ) 17123,
s2+a)(2) s2+a)(2) s2+a)g

(34)

where o7 is an estimation gain. The compensation term $T123
is aimed to estimate @73 in (32), and thus to cancel it out.

C. ENERGY REGULATION LOOP

The energy regulation loop considers the subsystem (22).
It is assumed that the current control objectives are attained
relatively quickly; therefore, based on scale separation, it is
considered that after a relatively short time the following is
achieved:

ig1o3 ~ i(>§123, irT123 &~ i;lzg, (35)
Dp123¥0p123,  Pr123¥P7r123- (36)

Out of these, the controller expressions (30) and (33) can be
simplified as
ep123 = 2vs123 + L i§53, (37)

—~

eri3=E—L i;lZS' (38)
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Using assumptions (35)-(36) and simplifications (37)-(38)
in (22), and extracting the DC components of all terms on
the right-hand-side (RHS) (recall that the control objective
focuses on the regulation of z7j in average), yields

1 Pp; - vsj ~
Cirj = §<(T7j+ = SJ) (E —Li’;j)>
VS.RMS 7 Ipe
1/ Po-vs -~
! <(§_V5/) (2vsj +L igj)> . (39)
2\ vs.rus DC

. E 1 /2P - vsj- vsj
CZTj=—TTj——<—2 ;2
DC

2 2 VS.RMS
E P

Cirj= =Tr — =, (40)
2 3

where (-)pc represents an operator to extract the DC
component of the argument; in particular, <v§j >DC =v§y rus/3-
Notice that, Y7; represents the actual control input of
the jth phase, while Py/3 represents an unknown constant
perturbation.

Now, expressing (40) in terms of the increments Z7=z7; —
z”;j yields the following set of decoupled first order systems
(one per phase) perturbed by an unknown constant:

2 E Py
Therefore, the following proportional plus integral (PI)
controller (written in the s-domain) for the jth phase is

proposed:
kit \ -
Yr=— (ka + ’TT) Zrj, 42)

where k,7>0 and k;7>0 are the proportional and integral
gains, respectively.

D. ENERGY BALANCE LOOP

The energy balance loop design involves subsystem (23).
As in the voltage regulation loop, assumptions (35)-(36)
and simplifications (37)-(38) are applied in (23), based on
the accomplishment of the current’s control objectives. If,
only the DC component is considered, i.e., all harmonic
perturbations are neglected, then the following reduced
system can be obtained for the jth phase:

. 1 Py - vg; ~
Cipi= = E — Lik.
w 2 <( "Lz? RMS g
s DC

1 Pp; - vsj »
-3 <(Tn + = S’) (2ij + Li?S,-)> . 43)
VS.RMS DC
. 1 2PD'-VS"VS'
Cinj=—3 <%
VS.RMS DC
. 1
Cipj = —3Ppj, (44)
where <v§j> =v§‘ rus/3 was used. Notice that Pp; repre-

sents the actual control input of the jth phase.
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Now, expressing (44) in terms of the increments Zp;j=zp; —
zz‘)jzsz yields the following set of decoupled first order
systems (one per phase):

. 1
Czpj = —EPDJ-. (45)

Therefore, the following PI controller is proposed for the jth
phase:

ki \ -
Ppj = (k,,D + TD) ZDj, (46)

where k,p>0 and k;p>0 are the proportional and integral
gains, respectively.

Remark 1: As it will be shown in Section III-F, for
the jth phase, signals z7; are mainly polluted by second
order harmonics, while signals zp; are mainly polluted by
fundamental components. Therefore, to avoid propagation of
such disturbances through the controller, it is suggested to
filter them out by means of the following notch filters tuned
at those specific harmonics:

2 2
s° + dwyg
2T = ———\zr 47
<T1>2nd (S2+VTS+460%) Tj 47
2, 2
s —l—wo
o =(m) )

where yr and yp are the gains that define the speed of
response and selectivity of these filters. Cleaned signals
(z7j)yq and (zpj),, can now be used in the place of z7; and
zpj (je€{1,2,3}) to compute the error signals involved in
controllers (42) and (46).

Once er123 and ep(23 are obtained, the original vectors of
the total inserted voltages in upper and lower arms epj23 and
en123, respectively, can be recuperated out of definitions (6)
and (13) as follows:

€r123 — €p123 er23 +€pi23
——, ey =— 7. (49

2 2

As described in [9], and based on (4), the duty ratios can
be calculated as

€p123 =

e Lefl . n},
Sj=1 "exl . (50)
FC[]’ le{n+1,...,2}’l}.
Finally, the original switching control signals u;

(ief{l,...,2n}, je{l,2,3}) can be recovered out of a
PSC-PWM scheme using duty ratios (50). Recall that the
PSC-PWM was chosen as it guarantees a natural balancing
mechanism of the cells’ voltages. Summarizing, the overall
proposed controller is composed by the loops of injected
and circulating currents (30)-(31) and (33)-(34), respectively;
the loops of energy regulation and balance (42) and (46),
respectively; the notch filters for cleaning the energy
signals (47) and (48); the transformation of variables (16),
(18)-(19); the references for each arm (49), and the references
for each cell (50). A block diagram of the overall proposed
controller is shown in Figure 3.
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E. CONTROL PARAMETERS’ TUNING
The current control loop parameters’ tuning follows from
similar ideas as in [8]; here, for the sake of brevity, only the
results are presented. The interested reader can consult the
details about the parameters’ derivation in [§].

The proportional gain and the resonant filter’s gain op at
the output current loop was set to
wfsL 2.2

76 9
5 b=,

Rp < (5D
where f; is the sampling frequency of the controller
implementation; 7 is the desired rise time for the (envelope
of the) estimated harmonic component, evaluated between
10% and 90% of a step response of the amplitude of the
corresponding sinusoidal perturbation.

In their turn, the gains in the circulating current loop, Rt
and o7, were set using similar expressions to (51), i.e.,
mfsL 22

or

Ry < ,
=73 T,

(52)

The tuning rules of parameters k,7 and k;7 of the energy
regulation loop can be obtained from the characteristic
polynomial of the closed loop between system (41) and
controller (42):

o Ekpr Ek;t
s s+ —

2C 2C

where the natural frequency is given by w,,r=+/EkiT /(2C)
and the damping ratio is {;r=Ek,7/+/8CEk;T. According
to [26], if the damping ratio is restricted to {,7>1/ «/5, then
the bandwidth of the energy regulation dynamics is limited to

BW_r <wp,r. It is proposed here to restrict the bandwidth as
BW,r < wo/6. In this way, k,7 and k;7 can be set as

=0, (53)

oo 2Ce0 Cw} 54
=3 7T 18E

The tuning of the energy balance loop parameters can
be obtained using the following characteristic polynomial
that results from the closed loop between system (45) and
controller (46):

> kpp  kip

s+3cs+3c—0, (55)
where the natural frequency is w,;p=+kip/(3C) and the
damping ratio is ¢,p=k,p/+/12Ckip. As in the energy
regulation loop, if the damping ratio is restricted to be
z:p>1/+/2, then the bandwidth of the energy balance
dynamics is limited to BW_p<wy;p. Moreover, the dynamics
of this loop must be the slowest of the overall control scheme.
In this case, a bandwidth of 2 Hz has been selected, i.e.,
BW,p<4m. Out of this, k,p and k;p can be fixed according
to

24 C
ka > il

>~ kip < 487>C. (56)

VOLUME 12, 2024



G. A. Catzin-Contreras et al.: Energy Model-Based Controller for a Three-Phase Grid-Tied Modular Multilevel Converter I E E E ACC@SS

Grid voltage Pp1 Pps Pps Circulating current loop Regulation and balance loops for the j-th phase
VERIVERY Vel Sy =)
E J . : ) 0 P
Ve2; D 0| PP NP o - kip D§f
| HASF P42 s
B2 L2l I B -
NOTCHES je{1,2,3)
’ VCn+15 D 2w,
o ors ors o 0 _ -
8 diag |—2 = 5 L 53 Ex 2:| VCn+2j D 7-’(%1; Ry ko — kLT—»YI/
S 12[3,, |_5 +wh s°+wp $°+ W 5 9 |2 27 (eryoud By T s
Vs123 [1£- e =
i Injected current loop Modulation scheme
V123 VSas @ %
> 2 Fr 5 ]
by Vi = =
1 +v e J j
29 3R Dadlaf i€{l,..,n}j €{1,2,3} z
D + ) A ::> u
= 123 o
O s 2]
i dis ops ops en; 2 Iw X 5‘, S
e * igi23| /afs - 2+ w2+ Wl Veij : —
- - k 0 0, VCij P+
Current variables Arm voltage references ie{n+1,.,2n}je{1,2,3}

FIGURE 3. Block diagram of the overall proposed controller.

Finally, following the ideas in [27], the parameters in the
notch filters (47) and (48) can be tuned according to

9
vr = s YD =
sT sD

(57)

where Tsr=2.25/wy and Tsp=4.5/wq represent the settling
times of systems (47) and (48), respectively.

F. HARMONIC COMPONENTS IN THE ENERGY VARIABLES
Energy variables z7; and zp;, for the jth phase, in the steady
state, are not purely DC signals, but they contain a second
and a first harmonic, respectively, as it will be shown next.
Dynamic models describing z7; (22) and zp; (23) are linear
systems, then, superposition can be applied and general
expressions for both signals (in the steady state) can be
decomposed as

T = (ZU)DC + (ZU)AC > (58)
2pj = (@j)pe + (EDi)ac - (59)

where (-)pc and (-) oc represent the DC and AC components
of the argument. In what follows, DC component, average
or equilibrium of a variable are used indistinctly, whenever
dealing with the regulation issues. Hereinafter, a bar above a
variable, i.e., () stands for a steady-state expression. For the
sake of brevity, the analysis below only considers phase one
of the MMC as an example. The same steps can be followed
for the other two phases, with the appropriate definitions for
the involved variables and, in particular, for the grid voltage.

1) DC COMPONENTS IN Z7; AND Zp,

The DC component of z7; is obtained from the closed loop
between the error model (41) and the PI controller (42)
expressed as Y71 = —kpyrzr1 — kiré and £ = Zr;. This
yields the following state-space dynamical representation:

=L FIEE] o

VOLUME 12, 2024

The equilibrium point of system (60) is given by [271 , € ] =

[0, —2Py/(3Ek7)]. The equilibrium point Zr1 =0 implies
that, at steady-state, the controlled variable z7| has reached,
in average, its reference value given in (27), that s, (z71)pc =
E?/n.

Regarding the DC component of zp1, the state-space rep-
resentation of the closed loop between the error model (45)
and the PI controller (46), expressed as Pp1 = kppZp1 +kipx
and ¥ = Zpy, is given by

zp1| _ [~kpp/3C —kip/3CT [Zp1
o Rl i 4 B

The equilibrium point of system (61) is given by [EDI , )"(] =
[0, O]. The equilibrium point Zp1 =0 implies that, at steady-
state, the controlled variable zp; reaches, in average, its
reference value stated in (28), that is, (Zp1)pc = 0.

2) AC COMPONENTS IN Z7; AND Zp;

To determine the AC component of z7; (see (58)), expres-
sion (22) is solved for the steady-state. For this, the steady
state solutions of all involved variables on the RHS of (22)
are calculated, and then used in this same expression. Finally,
the resulting expression is integrated with respect to time
disregarding initial conditions and DC components.

On the one hand, consider once more that, in the steady
state, Zr1 = 0 and Zp; = 0, and thus their time derivatives are
also zero. Hence, after zeroing the error models (41) and (45),
Y71=2Py/(3E) and Pp1=0. Consequently, the steady-state
value for the circulating current i equals the steady state
value of its reference (26), which is given by ;?1 =2Py/(3E),
that is,

< = 2PO
IT1 = l;l = 3_E’ (62)
and its controller (38) in steady-state e7| reduces to
er1 =E. (63)

On the otyer hand, consider that, the output current in the
steady state i has reached its reference ig | described in (25),
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that is,
< . Py
o] = iy = ——Vsl. (64)
VS,RMS
If the grid voltage is given by
2 .
vs1 =/ 3 Vs.rus sin (wot), (65)
then its time derivative is given by
Vs1 = @o¢1, (66)
2
¢ = \/; Vs,RMs €08 (wof) , (67)

and thus the controller expression (see (37)) in steady state is
given by
_ LPywo
epl =2vs1 + 5——¢1. (68)
VS RMS

Direct substitution of (62)-(68) into (22) yields
2Py 2P v

20 feri)ac =5

LP2wo - @1 - v,
k B og‘m st 69)
v v
S,RMS S,RMS
Notice that the above substitutions set the solution of (22)
around (z71)pc; therefore, (69) effectively represents the

dynamics of (Zr1)ac by itself. Now, using the identities

sinwot) = 2sin(wpr) cos(wpr) and 2sinZ(wpr) = 1 —
cos(2wpt) in (69) yields the following expression:
Bridae = 22 cos Gann) — I in o). (10)
I )ac = 7 €08 Qwot) — ———— sin 2wo?) .
3¢ 6CVs rus

Finally, (zr1)ac is obtained by integrating both sides
of (70) with respect to time, which yields
LP(Z) Quwot). (71)
—————— cos 2wot) .
2
12Cvg puys

_ Py .
Z = sin 2wot) +
(Zr1)AC 6w0C (2awot)
As above mentioned, the constant term associated to the
integration of (71) implies a DC offset, which is not a part
of the AC solution, and thus it can be omitted. Consider that,
indeed, initial values to solve (Zr.l) ac imply some departing
condition at, typically, =0, which, in this case, are rather
the steady-state conditions previously solved and substituted.
Thus, the full expression for z71 in the steady state is given
by

zr1 = {Zri)pc + @ri)ac (72)
E? P LP?
= T+ sin Quot) + ——2— cos (2wor) ,
n 6wy C 12CVS,RMS

where the second harmonic component clearly comes out.

Regarding the harmonic content of zp;, expression (23)
can be solved with the same rational and following a similar
procedure. The direct substitution of (62)-(64) and (68)
into (23) produces

2LP%a)0g01
-
3EVS rus

. (73)

PoE 4P
- — v
3E S1

2ol = |:V§ RMS

1138

=S
=
=S
o
=S

DAC board

FIGURE 4. Setup to implement the RTS.

(Z ) =\/§ PoE__ 2Povs rus sin (wot)
Pliac =V 3| 2Cvs rms 3EC 0

B V2LP3wy
3V/3ECvs rus

where (65) and (67) have also been used.
Integrating both sides of (74) with respect to time yields
the AC component of zp1, i.e.,

cos (wot) , (74)

(Zp1)ac = — V2 PoE  _ 2Povs.rus cos (wot)
DllAC = ﬁwo 2Cvs rms 3EC 0
2LP?
- #sin (wot) . (75)
3V3ECvs russ

Again, integration with respect to time of the RHS of (75)
would have yielded a DC offset that can be omitted.
Furthermore, (Zp1)pc = 0, making Zp1= (Zp1)ac, clearly
exhibiting the fundamental frequency component.

IV. RTS EVALUATION

The MMC model (1)-(3), as well as the control and
modulation schemes shown in Figure 3 were implemented in
an RTS platform based on the DS1007 board from dSPACE.
All equations describing the MMC and the controllers were
discretized. The discretization method used for the plant
was the Euler’s forward rectangular approximation [28]; the
resonant controllers and notch filters were discretized fol-
lowing the exact discretization method [29], and the discrete
version of the PI controllers in the energy loops were obtained
using the Euler’s backward rectangular approximation [28].
Figure 4 shows the experimental setup used to carry out all
tests.

The sampling frequency for the control scheme was set
to 12 kHz, while the sampling frequency for the MMC was
108 kHz. This last value is 9 times the sampling frequency
of the controller and is high enough to accurately represent
the MMC model obtained via the Euler’s approximation,
as compared to the continuous-time system. It was observed
that keeping the MMC model sampling frequency at an
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integer multiple of the control sampling frequency resulted
in cleaner signals.

The sampling frequency of the controller was selected
based on the effective switching frequency of the MMC. Each
cell is inserted or bypassed using a fixed switching frequency
of 1 kHz. As there are six cells per phase, the effective
switching frequency of the MMC is 6 kHz. Therefore, this
is the minimum value that can be used for the sampling
frequency of the controller, or an integer multiple of it. In this
work, the sampling frequency of the controller was selected
as twice the effective switching frequency of the MMC, i.e.,
12 kHz.

The following parameter values were used for MMC:
a DC-link voltage of E=630 V, three cells on each arm
(n=3), a capacitance of C=4.7 mF (same on every cell),
an inductance of L=7.5 mH (same on each arm), a pure
sinusoidal and balanced three-phase grid voltage with a
fundamental frequency of fy=60 Hz and a line-to-line RMS
voltage vs rps =400 Vrms, and a load power Py fluctuating
between 15 kW and 21 kW.

The control parameters were tuned according to the
conditions presented in Section III-E. Injected current loop:
Rp=6 and op=300. Circulating current loop: Rr=5 and
or=300. Energy regulation loop: k,7=0.001 and k;7=0.05.
Energy balance loop: k,p=0.5 and k;p=0.001. The notch
filters used to clean the signals as described in (47) and (48):
yr=yp=40.

The frequency of the triangular carrier waveforms, for the
PSC-PWM, was set to f,=1 kHz. Each arm comprises three
cells; hence, three triangular carriers were required per arm on
each phase. The three triangular carriers guard a phase-shift
from one another of ¢=1[0, 27v/3, 47/ 3]T rad. Moreover, the
same set of three carriers was used for the upper and lower
arms on all three phases, as recommended in [9] since the
number of cells on each arm was odd.

The performed tests comprise (i) steady-state responses;
(ii) transient responses under load step changes; and (iii) tran-
sient responses due to a reset of initial conditions of the
capacitor voltages with unbalance. The latter was intended
to show the natural balancing mechanism of capacitor
voltages under the PSC-PWM scheme [23]. In addition to
guaranteeing the natural tension balance of the cells, the
PSC-PWM also allows the MMC to reach efficiencies of
around 99.5% [30], [31]. All plots include a right arrow
mark to the left of the corresponding curve indicating the
corresponding DC offset, allowing the curves to be zoomed
in and showing more detail.

A. STEADY-STATE RESPONSES

This test was performed considering a fixed load power
of Pp=15 kW. The steady state responses of the three-
phase MMC-based inverter, in closed loop with the overall
proposed controller, are presented in Figures 5-8. Due to
space limitations, most plots only show the responses for
phase 1; in fact, the responses of the other two phases are
quite similar. Figure 5 shows the steady-state responses of
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FIGURE 5. Steady-state responses (x-axis 5 ms/div) of (from top to
bottom) the arm currents ip; and iy (y-axis 31 A/div), the grid voltage
vsy (y-axis 325 V/div), the injected current ip; (y-axis 31 A/div), and the
circulating current i (y-axis: 13 A/div).

(top plot) the currents on the upper and lower arms ip;
and iy1, respectively, which are biased oscillating signals as
expected. In fact, the oscillation is mainly a sinusoidal at
the fundamental frequency. Notice that (the two plots in the
middle) the injected (differential-mode) current ip; reaches
a sinusoidal shape with zero phase-shift (as required in this
example) with respect to the corresponding grid voltage vs,
thus, approaching a unitary power factor (PF).

Grid voltage sources were internally generated as pure
balanced sinusoidal signals, while the injected currents,
experimentally obtained, reached a THD of 1.1425%,
a value well below the 5% required in the IEEE 519-2022
standard [32].

In its turn, (bottom plot) the circulating (common-mode)
current i resulted in an oscillating signal biased by a DC
component. The slight ripple observed in the iz is due to the
effect of the switching at the (common-mode) total inserted
voltage er, plus low frequency oscillations propagated
through the reference i7.. Recall that the construction of this
later involves the feedback of the arms energies through the
energy regulation and balance loops, where the arm energies
are contaminated with low frequency oscillations.

According to [33], the way in which carriers were used
in this work leads to output voltages with low harmonic
distortion, while the circulating currents must exhibit odd
harmonics of the switching frequency.

Figure 6 shows (top plots) the inserted voltages in the upper
and lower arms, ep; and ey, respectively; as well as (the two
next plots) the control voltages ep; and er. Notice that ep is
a staircase signal close to a sinusoidal, exhibiting the expected
7 levels (n=3, and thus 2n+4-1=7), i.e., mainly comprising a
fundamental component with very small amount of switching
ripple at 6 kHz (6 times the carriers’ frequency f). In fact,
ep1 can be interpreted as the differential-mode voltage at
the output of the MMC inverter feeding the load. The
signal er; is a biased oscillating signal, with oscillations at
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FIGURE 6. Steady-state responses (x-axis 5 ms/div) of (from top to
bottom) the inserted voltages in the lower arm ey; and the upper arm
ep; (y-axis 630 V/div), the differential voltages by the lower and the
upper arms ep; (y-axis: 630 V/div), and the total voltage inserted by the
lower and the upper arms er; (y-axis: 630 V/div).

x +
Czpy

FIGURE 7. Steady-state responses (x-axis: 5 ms/div) of (from top to
bottom) the total energies in the upper arm Czp; and the lower arm Czy;
(y-axis: 35 J/div), the energy difference between the upper and the lower
arm Czp, (y-axis: 20 J/div), and the total energy in the phase Czy;
(y-axis: 28 J/div).

3 kHz, which can be interpreted as the common-mode voltage
serving as the supply to produce the so-called circulating
currents.

Figure 7 shows (from top to bottom) the accumulated
energy of capacitor voltages at the upper arm Czp and at
the lower arm Czy1, the energy difference between the upper
and the lower arms Czpj, and the total accumulated energy
of both arms Czr; (state variables have been multiplied
by C to recuperate the formal energy definition and the
proper energy units). Notice that, besides the oscillation at
the fundamental frequency, predicted in Section III-F, the
energy difference Czp; reached zero (in average) after the
accumulated energies of each arm (zp; and zy1) get balanced
(in average). Meanwhile, Czr; included an oscillation at
the second harmonic as predicted in Section III-F, which
was mounted on a DC component of 622 J (i.e., CE?/3) as
expected.

Figure 8 shows the oscillating behavior of the upper arm
capacitor voltages vcii, vea1 and vesp, and those of the
lower arm vca1, ves1 and veer. This figure shows that all
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FIGURE 8. Steady-state responses (x-axis: 5 ms/div) of the capacitor
voltages of (left plots) the upper arm v¢qy, Va1 and vesg; and (right
plots) the lower arm v¢4;, vesy and veg (y-axis: 15 V/div).

capacitors are regulated (in average) to the same constant
voltage reference of 210 V (i.e., E/n) as expected.

B. LOAD STEP CHANGES

In this test, the load power was changed step-wise going
from Py=15 kW to Pyp=21 kW and back. Figure 9 shows
the transient response due to this change on the load power
conditions of (from top to bottom) the upper and lower arm
currents ip; and iy, respectively, as well as the circulating
current i7 and the injected current ig;. The latter is shown
on top of vg1 to corroborate the in-phase requirement for a PF
close to one. Notice that, besides the expected change on the
amplitude of ip; in correspondence to the change of power,
this current maintained an almost sinusoidal waveform in
phase with the grid voltage after almost imperceptible
transients. Currents ipj, iy; also maintained their biased
sinusoidal waveform, which grows for a bigger load power
demand. The amplitude of the circulating current i, also
referred to as the common-mode current, also followed
the changes on the load power. Both variables reached the
steady-state condition at approximately 75 ms.

Figure 10 shows the transient response of the control
signals from the energy regulation loop Y7 and the energy
balance loop Pp; (outcomes of the PI controllers). Notice that
Y71 grew for a bigger power demand and stabilized after
a relatively short transient around a constant value, which
is reasonable as Y7; is the control signal that guarantees
regulation of the total energy Czr; in the phase. As observed,
this transient took about 50 ms. Besides, control signal Ppy,
used to guarantee the balance between upper and lower
energies, returned to zero (in average) after a transient of
about 150 ms, i.e., three times longer than the transient
of Yri. Recall that Yp; and Pp; are used to build the
reference for the circulating current ., according to (26),
where it was observed that the effect of Pp; in i}, and
thus in i7y, was reduced due to scaling factors. In fact,
Pp1 had a considerable overshoot at the very beginning, but
it vanished once the steady-state was reached. Hence, the
shape of the transient observed in i7; was mainly dominated
by TTl .

C. PHASE JUMP IN THE THREE-PHASE GRID VOLTAGE
In this test, a phase jump was introduced in the three grid
voltages and in both directions +30° (for leading) and
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FIGURE 9. Transient responses (x-axis: 25 ms/div) of (from top to
bottom) the arm currents ip; and iy (y-axis: 31 A/div), the circulating
current iz (y-axis: 13 A/div), and the injected current ip; (y-axis:

62 A/div), during a step change in the load power going from (left)
Po=15 kW to Py=21 kW and (right) back from Py=21 kW to Py=15 kW.
Grid voltage vg; (y-axis: 325 V/div) is also included to show the zero
phase-shift with iy, .
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FIGURE 10. Transient responses (x-axis: 25 ms/div) of (from top to
bottom) the control signals from the energy regulation loop Y7, (y-axis:
10 A/div) and the energy balance loop Pp; (y-axis: 640 W/div), during a
step change in the load power going from (left) Pg=15 kW to Py=21 kW
and (right) from Py=21 kW to Py=15 kW.
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FIGURE 11. Transient responses (x-axis: 10 ms/div) of (from top to
bottom) the grid voltage vg; (y-axis 325 V/div) and the injected current
ig1 (y-axis 31 A/div), after (left) a jump of +30° and (right) a jump of
—30° in the phase angle of the three-phase grid voltage.

—30° (for lagging), while maintaining a constant load power
Po=15 kW. The results for this experiment are shown in
Figure 11. Notice that, after introducing a phase jump of
+30°, the injected current slightly increased its amplitude
during the transient. In contrast, after a phase jump of —30°
was introduced, the current decreased its amplitude during the
transient. After the transient, that only took few cycles, the
current recovered its amplitude and kept synchronized with
the grid voltage despite the phase jumps.

D. CAPACITOR VOLTAGES WITH UNBALANCED INITIAL
CONDITIONS

For this test, the system was considered to be already in
its steady state condition, then suddenly the voltages of
the capacitors of each arm were reset to different values
causing an instantaneous condition of imbalance between
the voltages of the capacitors. It was preferred to realize
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FIGURE 12. Transient responses (x-axis: 2.5 s/div) of the capacitor
voltages in (left) the upper arm v¢qq, Vca1 and vesq, and in (right) the
lower arm v4q, vcs1 and veg, (y-axis: 15 V/div), after the capacitors’
voltages are suddenly reset to v¢11=210V, v =250V, vc3;=190 V,
Vea1=220V, vc5; =210 V and veg =140 V.

this test starting from the steady state condition rather than
from the start-up, just to observe, during the transient, the
effect of a sudden unbalance in the capacitors voltages.
Therefore, in this test, the capacitor voltages in the upper
arms (of all phases), that were already in the steady state
reaching 210 V, were suddenly reset to vci1;(0)=210 V,
v2j(0)=250 V and v3;(0)=190 V. For the lower arms, the
capacitor voltages (in all phases), that were already in the
steady state reaching also 210 V, were suddenly reset to
vc4j(0)=220V, v¢5;(0)=210V, and vce;(0)=140 V.

Figure 12 shows the transient responses of each capacitor
voltage on phase 1 after suddenly resetting their values, and
under the proposed control. Notice that, after a transient
taking approximately 10 s, all v¢;; approached the 210 V
(E /n) reference, which corroborates the natural balancing
mechanism associated to the PSC-PWM scheme. However,
this transient took considerably more time as compared to
the transients of the rest of state variables in the system.
Therefore, it is recommended adding an explicit algorithm
to guarantee a faster balancing of the individual capacitors
voltages.

Figure 13 shows the transient responses of the lower and
upper arms total inserted voltages ey and epi, respectively;
during (a) load power step change going from Py=15 kW to
Pp=21kW; and (b) after the capacitors voltages are suddenly
resetto ve11=210 V,vc21=250 V, vc31=190 V, vc41 =220V,
vc51:210 V and VC61:140 V.

E. COMPARISON AGAINST PREVIOUSLY REPORTED
CONTROL SCHEMES
The responses of the proposed controller are compared
against those of control schemes reported in [25] and [34],
with slight modifications to guarantee the fairest comparison
possible. The tests consider the transient responses under load
step changes and under unbalance in the capacitor voltages.
The control scheme in [25] considered a PI to regulate the
output currents in the dg-coordinates, a PI and resonant (PIR)
control for the circulating currents, a PI to regulate the overall
energy in the three phases of the converter, a PI regulator
for the energy on each phase, and a sorting algorithm for
the capacitor voltages balancing. The controller [25] was
modified to make a fair comparison. For this, the sorting
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FIGURE 13. Transient responses of the lower and upper arms total
inserted voltages ey; and ep; (y-axis: 252 V/div), (a) during a step
change in the load power going from Py=15 kW to Py=21 kW; and

(b) after the capacitors voltages are suddenly reset to v¢q;=210V,
Ve21=250V, vc37=190 V, vy =220 V, vc5;=210 V and vg; =140 V (in all
plots x-axis: 25 ms/div).

algorithm was replaced by a PI regulator for the energy
balance between the upper and lower arms; moreover, the PI
that regulates the overall energy in all phases has been omitted
as well, as this regulator was concerned with the control of
reactive current, that was not considered in our proposal. The
control parameters considered in the modified [25] scheme
are detailed next. Injected current loop: proportional gain
20 and integral gain 5; circulating current loop: proportional
gain k,=5, integral gain k;=0.01, resonant gains w.=0.0027
and k,=150/wp; energy regulation loop: k,7=0.001 and
kir=0.05; energy balance loop: k,p=0.5 and k;p=0.001.

The control scheme in [34] considered a PI to regulate
the average value of the capacitor voltages on each phase
(averaging loop), a proportional controller weighted by
an appropriate sign (depending on the sign of the arm
currents) for each capacitor voltage (balancing loop), and
a PI controller for the circulating currents. In this scheme
no explicit control rules were given for the output currents,
so the same control as in the proposed controller is considered
for these variables. The control parameters considered for
the scheme [34] are detailed next. Injected current loop:
Rp=6 and op=300; circulating current loop: proportional
gain K3=5 and integral gain K4=0.7958; averaging loop:
proportional gain K1=0.5 and integral gain K»=1; balancing
loop: proportional gain Ks=2.5.

1) LOAD STEP CHANGES

Figure 14 shows the transient responses of (a) the pro-
posed controller, (b) the controller reported in [25], and
(c) the controller reported in [34], after the load power is
changed from (left plots) Pp=15 kW to Pp=21 kW and
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FIGURE 14. Transient responses (in all plots x-axis: 20 ms/div) of (from
top to bottom on each plot) the injected current iy; (y-axis: 31 A/div),
and the circulating current iy (y-axis: 13 A/div); after a step change in
the load power going from (plots to the left) Pg=15 kW to Py=21 kW,
and (plots to the right) back from Py=21 kW to Py=15 kW; under (a) the
proposed controller, (b) the controller reported in [25], and (c) the
controller in [34].

(right plots) from Pyp=21 kW to Pop=15 kW. Each graph of
all three controllers shows (top signal) the injected current
and (bottom signal) the circulating current. The tests revealed
that the proposed scheme and the [25] modified scheme
yielded very similar results. However, the currents obtained
with [34] scheme exhibited more deteriorated waveforms,
that is, a perceptible ripple is observed in the injected current
as well as in the circulating current when compared to the
responses with the proposed control.

2) CAPACITOR VOLTAGES WITH UNBALANCED INITIAL
CONDITIONS

For the sake of comparison, the controllers reported in [25]
and [34] were also exposed to the same test described in
Subsection IV-D, that is, the capacitor voltages in the upper
arms (of all phases) were suddenly reset from their steady
state value of 210 V to v¢1j(0)=210 V, v¢2;(0)=250 V and
vc3j(0)=190 V; while, for the lower arms, the capacitor
voltages (in all phases) were suddenly reset from their steady
state value of 210 V to vc4j(0)=220 V, v¢5;(0)=210 V, and
vcej(0)=140 V. As a consequence, the upper and lower arms
stored energy Czp;j(0) and Czy;(0) also suddenly changed
their values from 311 J in the steady state to Czp;=335.351
(8% above) and Czy;=263.44 J (15% below), respectively;
and thus their difference and their sum took the sudden
values Czp1=71.91 J and Cz71= 598.79 J. Figure 15 shows
the transient response due to the aforementioned reset on
the capacitor voltage conditions under (a) the proposed
controller, (b) the controller reported in [25], and (c) the
controller reported in [34].
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FIGURE 15. Transient responses (in all plots x-axis: 40 ms/div) of (from
to top to bottom on each plot) the total energies in the upper arm Czp,
and the lower arm Czy; (y-axis: 88 J/div), the energy difference between
the upper and the lower arm Czp; (y-axis: 40 J/div), and the total energy
in the phase Czy, (y-axis: 62 J/div), under (a) the proposed controller,
(b) the controller reported in [25], and (c) the controller reported in [34].

TABLE 1. Performance parameters comparison.

Parameter Proposed | Controller [25] | Controller [34]
controller
ts Czny 40 ms 40 ms 120 ms
i71 RMS error 1.12 A 149 A 5.15A
191 THD 1.1% 1.1% 3.0%
Execution time 0.90 us 0.98 us 1.04 ps

Notice that, under the proposed controller, Czp; and Czr
reached their references in approximately 120 ms and 50 ms,
respectively, a considerable shorter time than that observed
in the individual capacitor voltages’ responses. As a matter
of fact, recall that control actions are only exerted on the
energies, leaving the balance of the individual capacitor
voltages to the modulation scheme, which explains why the
energy variables reached the steady-state condition faster
than the capacitor voltages. The controller of [25] allowed
Czr1 to reach its reference also in 50 ms approximately;
however, the energy difference Czp; was maintained at
steady state slightly below its reference value. Finally, it was
observed that, in the controller [34], both Czp; and Czr;
maintained oscillations at low non-characteristic frequencies
around their reference values.

Table 1 shows a comparison between some performance
parameters obtained with the proposed controller and the
controllers reported in [25] and [34]. The parameters included
in this comparison are those in which a noticeable difference
appears, as other performance parameters achieve similar
results. It is observed that the proposed controller and the
controller [25] achieve similar injected current ip; THD,
as well as similar settling time #; in the response of lower
arm energy Czy1. Notice that the proposed controller showed
the smallest execution time of the algorithm (realized in the
dSPACE board). It is also observed that the proposed scheme
gets the smallest circulating current i71 RMS error, which is
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calculated as the RMS value of the difference between i and
its steady state value of 15.87 A (at the lower power demand
Py=15 kW). In contrast, the controller [34] showed the worst
performance among the three algorithms in the parameters
considered in Table 1.

V. CONCLUSION

This work presented an energy model-based controller for a
three-phase modular multilevel converter (MMC) topology of
2n+1 levels used in a grid tied application. A mathematical
model of the three-phase MMC was developed in this work,
that consisted in the sum and difference of the arm currents
and arm energies. These represented suitable state-variables
that facilitated the control design process as they lead to
a decoupled model representation, which in its turn allows
to split the control design into four loops. Overall, the
proposed control scheme guaranteed tracking of the output
and circulating currents towards their references, as well as
energy regulation and energy balance of the MMC arms.
In addition to the MMC modelling and control design, tuning
rules of every involved parameter in the control scheme
were provided. Moreover, to achieve voltage balance at the
cell level, the designed controller was augmented with the
phase-shifted carrier-based pulse-width modulation (PSC-
PWM), a well known modulation scheme to provide a natural
balancing mechanism for the individual capacitor voltages.
The performance of the MMC-based inverter in closed-loop
with the proposed control, including the PSC-PWM scheme,
was evaluated in a real-time simulation platform using the
DS1007 processor board from dSPACE. The case study
considered an MMC of 7 levels (n=3), and the tests included
load step changes and a sudden reset of capacitor voltages
values to create an unbalanced condition (in all phases) to
observe the transient behaviors of the variables of interest.
These results showed that the proposed controller guaranteed
a relatively fast response maintaining the energy variables
in their references (in average). It was also observed that
the PSC-PWM scheme was able to ensure balance of the
individual capacitors voltages as claimed in the literature,
albeit at a slower rate. Future work must include the design
of a controller to guarantee a good performance of the MMC
even under perturbations in the grid voltage such as unbalance
or/and harmonic distortion.
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