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Dynamic Phasor Modeling of the Single-Phase
MMC under Modulation PSC-PWM

Glendy A. Catzin-Contreras
Andres A. Valdez-Fernandez

Abstract—This paper develops a model, based on the dynamic
phasor approach, for the single-phase modular multilevel
converter (MMC). The switching sequences for the MMC
are generated by the phase-shifted carrier-based pulse-width
modulation (PSC-PWM) scheme. The modeling process begins
with the MMC state space model, from which the DC and
the fundamental complex Fourier coefficients, called dynamic
phasors, are extracted for both the original state variables and
the switching functions. All capacitor voltages per phase are
considered separately in the developed dynamic phasor-based
model (DPhM) for the MMC, which contrast with the usual
definition of variables based on the sum and difference of the
capacitor voltages per arm. The developed MMC DPhM is
able to reproduce the steady-state waveforms of all original
state variables, including the ripple amplitude, as compared
to the results obtained from the switched MMC. Furthermore,
both the switched MMC under the PSC-PWM and the derived
DPhM MMC show that all capacitors voltages converge to the
same steady-state average value without adding an external
balance controller, but only due to the natural balancing action
of the PSC-PWM scheme, despite arbitrary initial conditions in
such voltages.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9305

Index Terms—Dynamic phasor, modeling, modular multilevel
converter, phase-shifted carrier-based pulse-width modulation.

I. INTRODUCTION

HE MODULAR multilevel converter (MMC), proposed
Tin [1], is a topology that has received great attention
from the scientific community in the last decade. Research
works on MMC topologies have addressed issues such as their
modulation [2], modeling [3]-[6], and control [7]-[11].

Either to improve simulation times or to aid in the controller
design process, most of the models proposed for the MMC
are based on averaging techniques [8]-[10], which generally
consider the sum and difference of currents and voltages per
arm in the MMC. This may represent a modeling drawback
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when there is an interest in the behavior at cell level. Moreover,
averaged models are the starting point to develop other kind of
models [11], such as those based on dynamic phasors (DPh),
which are suitable for electromagnetic transient (EMT) simu-
lations [4] or stability analysis [3], [5], [6]. Roughly speaking,
DPhs are time-varying Fourier series coefficients that can
model the fundamental component and the higher harmonics
in a given system [12]. DPh-based modeling was introduced
in [13] as a generalized averaging method. In particular, a
dynamic phasor-based model (DPhM) is of great interest in the
analysis of circuits involving periodically switched devices [3],
[14].

A first DPhM for the MMC was reported in [3], which was
intended for the analysis of the small signal stability. Other
DPhMs used for small signal stability analysis of the MMC
were developed in [5] and [6]. Yet another DPhM for the MMC
was obtained in [4] with the purpose of carrying out EMT
simulations. The modeling process based on DPhs in these
works starts by obtaining the averaged model of the MMC in
terms of sums and differences of the currents and voltages on
the MMC arms. Then, the DPhs properties (to be reviewed
later in this work) are applied to the averaged model to get
the model of the MMC expressed in terms of the dynamic
phasors, that is, a DPhM. In the DPhMs for the MMC, reported
in [3]-[6], the state variables are described using sums and
differences of the original variables. Similarly, switching (or
insertion) signals’ functions, are also expressed in terms of
sums and differences of the original switching signals given at
arm levels. Therefore, DPhs for switching signals at individual
capacitor levels were not considered in those works.

Based on the DPhs approach, the present paper aims to
develop and evaluate a model for the single-phase MMC that
considers the original state variables of the converter, i.e.,
neither sums nor differences of the arm quantities are used
in the modeling process [10], as commonly encountered in
averaged techniques and also in the works using the DPhs
approach. In fact, the proposed model considers DPhs for
switching signals of every capacitor on the MMC, allowing
to observe the MMC behavior at the cell level. Regarding the
modulation stage, the PSC-PWM scheme has been selected for
the generation of the switching sequences. This modulation
scheme has reported a natural capacitor voltage balancing
benefit [10], [15], [16]. To achieve this paper’s objective, as an
initial step, the mathematical model of the MMC is developed
considering the original electrical variables. Then, the model is
transformed by considering, as the new variables, the DC and
the fundamental phasor components of the state variables and
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switching signals. For this, the methodology presented in [17]

is adapted to the MMC topology to obtain its generalized

averaging model, which is able to reproduce both the average
and the ripple response of the state variables.

Thus, the developed model is able to reproduce the wave-
forms of the state variables in the original MMC, including
their ripple amplitude. As an illustrative example, a detailed
procedure to obtain the DPhM of a single-phase MMC with
six cells on its phase is included. However, the modeling
presented here can be easily extended to the case of an
arbitrary number of cells on the single-phase MMC. The
responses of the developed model are compared against the
results of a switched MMC under the PSC-PWM scheme.
Moreover, it is shown that the natural balancing performance,
observed in the switched MMC under the PSC-PWM scheme,
is also reproduced by the derived DPhM of the MMC. That
is, independently of the initial conditions on the capacitor
voltages, all capacitors converge to the same steady-state
average value without adding an explicit balancing controller,
but only due to the natural balancing action of the PSC-PWM
scheme. This feature is known in the literature as a natural
balancing mechanism [15], [16], [18].

Summarizing, the main contributions of the proposed DPhM
with respect to previous works are described as follows:

(1) A DPhM of the MMC topology considering every single
capacitor voltage in the modeling process, instead of
variables based on the sum and difference of the capacitor
voltages on the arms. In this way, every cell voltage
behavior can be observed.

(2) A detailed procedure to obtain the DPhM of a single-
phase MMC with six cells on its phase is provided.

(3) Through the results obtained from the proposed DPhM
and from the switched MMC, it is observed that the devel-
oped DPhM represents the steady-state waveforms of all
state variables in the MMC, including their corresponding
ripple amplitudes.

(4) The DPhM reproduces the natural balancing of capacitor
voltages observed in a real MMC operation under the
PSC-PWM scheme.

The DPhM may be of great help in the design of an
MMC, as the model’s fast simulation allows to evaluate how
the currents and voltages respond before specific values of
parameters like the switching frequency, capacitances and
inductances.

The rest of the paper is organized as follows: Section II
presents the mathematical model of a single-phase MMC and
the description of the PSC-PWM scheme. Section III shows
the fundamentals of the DPh-based modeling technique. Based
on the theory exposed in Section III, a DPhM of the MMC
is developed in Section IV. Section V presents the simulation
results of the developed DPhM and the real-time simulation
of the switched MMC operating with the PSC-PWM scheme.
Finally, Section VI presents the concluding remarks.

II. DESCRIPTION OF THE MMC AND THE PSC-PWM

A. MMC

Fig. 1 shows a single-phase MMC with a load impedance
Zy connected at its output to model different types of load.
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Fig. 1. Topology of the single-phase MMC of 2n+1 levels.

This topology comprises two arms, namely, the upper and
lower arms. Each arm comprises a series connection of n half-
bridges, referred to as cells or submodules, plus an inductor.
Each cell is composed of a pair of complementary IGBTSs
(with corresponding free-wheeling diodes) and a capacitor.
The four possible current paths for the i-th cell of the MMC
are shown in Fig. 2. Depending on which switch is in the
ON state, the capacitor may be inserted or bypassed from the
associated arm. That is, if the upper switch S; is ON, the
capacitor is inserted to the arm. This holds true independently
of the direction of the current, i.e., if the current is flowing out
from the terminal marked as positive, then the IGBT conducts
(Fig. 2a); otherwise, if the current flow is reversed, diode d;
conducts (Fig. 2b). However, if the switch S; is ON, then
the capacitor is bypassed (Figs. 2c and 2d); consequently, the
voltage at the cell terminals is zero, irrespective of the current
flow.

The mathematical model of the MMC depicted in Fig. 1,
which is built with an arbitrary number n of cells on each
arm, is described by

%ip % <£27 — Vo — €P> ) (D
Giv = 1(E+uw-ev), @
%'Ui _ ézpu Vie {l,...,n}, 3)
%m _ ému Vie{n+1,....2n}, (@

where L is the arm inductance value; ¢p and i, represent the
upper and lower arm currents, respectively; E is the DC-link
voltage value; vy is the AC voltage; ep £ 2?21 v;u; and
ey = Zfﬁn 41 Viu; are the total inserted voltage in the upper
and lower arms, respectively. The number of attainable levels
in the output voltage depends on the modulation scheme used
in the MMC, and it can be up to 2n+1 levels. Finally, v; is the



355

voltage of the i-th capacitor (i € 1,...,2n), u; € {0,1} is the
i-th switching signal (i € 1,...,2n), and C is the capacitance.

€
(b)
)
+
€; Usg do
(d)

Fig. 2. Different current paths for the i-th cell (i € 1,...,2n) of the
MMC showing whether the capacitor is ((a) and (b)) inserted or ((c)
and (d)) bypassed.

B. PSC-PWM

For a single-phase MMC, the PSC-PWM scheme considers
two normalized sinusoidal references given by

Dp =0.5(1 — mgsin (27 fot)) , %)
Dy =0.5(1 4+ mgsin (27 fot)) , (6)

where m, is the modulation index and must be within the
interval 0<m,<1 to avoid overmodulation, Dp and Dy are
the modulating signals for the cells in the upper and lower
arms, respectively, fy is the frequency of the modulating
signals, and ¢ denotes the time.

Regarding the carrier signals, the PSC-PWM requires as
many triangular carrier waveforms (with frequency f.) as the
number of cells in the converter. The normalized amplitude
of the carrier signals is in the range [0, 1], whereas their i-th
phase angle ¢; can be obtained using

2

¢>z‘:?(if1)+<ﬁ, vie{l,...,n}, M
¢i:2%(i—(n+l)), Vie{n+1,....2n}, (8

where ¢ € {1,...,2n} represents the cell number in the MMC
phase, ¢; is the i-th carrier phase angle on each cell, and ¢
is the phase-shift between the carriers of the upper and lower
arms, which is selected as follows [19]

n odd, )]
(10)

=0,

s
p=_ n even,

leading to a voltage signal of 2n+1 levels at the converter’s
output. In this way, when 7 is odd, the set of carrier signals
is the same in both arms.
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III. THE DPH-BASED MODELING TECHNIQUE

In the DPh-based modeling technique, a time domain signal
x(t) on the interval [t — T, t] can be expressed by the follow-
ing complex Fourier series:

(o)
S (aheltyeret,

k=—oc0

2(t) = (1)
where w. = 27/T is the angular switching frequency with T
the converter’s switching period; j is the imaginary unit, and
(z)x(t) is the k-th complex Fourier coefficient obtained as

@M@y:%lqyﬁkﬂmﬂm.

This coefficient is also known as the index-k or the k-

phasor [17]. As the Fourier coefficient () (t) varies with

time, it receives the name of DPh [4]. The following two

noteworthy properties are used in the DPh-based modeling

technique:

(i) Differentiation of the k-th Fourier coefficient with respect
to time

G0 = (G} (el

(i) Index-k average of the product of two signals xz(t) and
u(t) (convolution property)

(uz)r(t) = > (wr—e(t)(@)e(t).

{=—o00

(12)

(13)

(14)

The differentiation property can be applied to a general
state-space model z(t) = f(x(t), u(t)), by first computing the
Fourier coefficients on both sides of the expression as follows:

d
(G = (15)
and then substituting (15) in (13), which yields
d
— (@) = (f{z, u})y — jhwe(z)r. (16)

dt
To simplify the notation, in (15), (16), and in what follows,
the time argument is dropped out.

Assuming that the signals x and w are well approximated by
the sum of their index-0 (DC) and the index-1 (fundamental)
averages, the fundamental Fourier coefficient of such signals
are given by

()1 = (@)T + j ()1, (17)
(u)1 = (W)T + j(u), (18)

where R and [ indicated the coefficient’s real and imaginary

parts. Then, using the fact that the positive and negative

indexes are complex conjugates of each other, ie., (2)} =

(@)%, (@) = = @)Ly, () = (W, (W] = —(u)’,, the
following expressions can be obtained after the application of
the convolution property (14) with ¢ € {—1,0, 1}, that is,

(uz)o = (uho(x)o + 2 ()T ()T + (w){(z)]), (19
(uz)f = (W ()T + ()o(w)T, (20)
(uz)] = (u)o(z)] + (x)o(u)]. 1)

Expressions (16)-(21) are the basis to develop the DPhMs
involving the index-0 and index-1 averages.
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IV. THE DPHM OF THE MMC

In this section, a DPhM of the MMC, comprising three
cells on each arm, is developed. To obtain the index-0 model
of this particular MMC, (16) and (19) are applied to the MMC
model given in (1)-(4), with n = 3. This yields the following
equations:

Ao — 2 (=Rlir+ Rlindo — (undo(on)o ~ (uzlolezl
— (ug)o(vs)o — 2(ua) T (v1)F — 2(ur){(v1)]
— 2(ug) ¥ (v2)] — 2(u2){ (v2)] — 2(us) (vs) T
—2(us)! (v3)] + E) (22)
u3)1(V3)1 9 )
Aol — 2 (Rlirdo — Rtiwo — (urdo(wndo = tusho(us)
— (ug)o(ve)o — 2(ua) T (va) T — 2(ua){ (va)]
- 2<Us’>>§%<v5>§Ce - 2<U5>{<7J5>{ - 2<u6>§?<06>?
—2(ug)1 (ve)] + g) ; (23)
Woido _ L ((uotirdo + 20w lir)E + 20wt ()],
for i={1,2,3}, (24)
Wilo _ L (@waotindo + 20 Rlin)? + 20 fin)}).
for i={4,5,6}. (25)

In 22 and 23, the AC voltage vg = R(ip —iy) has been used,
assuming that Zj is a resistive R load. Notice also that (24)
and (25) are repeated three times each one. Therefore, the
index-0 model of the MMC with n = 3 comprises eight
equations in total, one for each cell capacitor voltage, and
one for each arm current.

To obtain the MMC index-1 model, first (16) with k =1 is
applied to (1)-(4) (n = 3) and then each term (-) is split in its
real and imaginary parts. Next, (20) and (21) are applied to
each of these expressions. Finally, the real and imaginary terms
on each equation are taken apart to produce two expressions,
namely the index-1 real part and the index-1 imaginary part
of every equation. Application of this procedure yields the
following equations:

FRY
d<d];>1 B 2(_<u1>§{%<vl>0 — {(u2){{v2)o — (u3) T (vs)o

— (u)o(v2) T — (uz)o(vs)T ), (26)
: I
QR L fun)fon)o — (uabfwado — (us)fuaho)
~wlip)F + 7 (<R + Rn) — (oo}

27

in) R
d(in) :%(_<u4>§%<v4>0—<u5>?<vs

4 R(ip)R — R(iN>§f> + welin

+ %(_<“4>0<U4>§{e — {us)olvs)T — <u6>0<v6>§1}e)’

i)
L () oado — Gushusho — (s (oo

+ Rip)) —welim)? + 7 (Rl — (uadolos)]

— (us)ofvs)f — (ug)olvs)i ).

(29)

vt i )
d<dt> - é(wiﬂ?@p)e + <“i>°<zp>?) Fee(vii

for i=1{1,2,3},

(30)

= — (<ul>{<lp>0 + <Ui>0<iP>{)_w0<Ui>§1R7

for i=1{1,2,3}, (31)

= = () Rlino + (us)olin) ) +eelvi)],
i=1{4,5,6},

&
Q

(32)

— —(<UZ>{<ZN>O + <Ui>0<iN>{) _w0<vi>?’

dt C
for i={4,5,6}. (33)

As in the index-0 model, (30)-(33) are repeated three times
each. Thus, the MMC index-1 model comprises 16 equations
in total; a real and an imaginary set of eight equations, one for
each cell capacitor voltage, and one for each arm current. The
index-0 and index-1 averages of u; are computed as indicated
in [20] to take into account the phase-shift of the carriers,

which yields
(ug)o = Dy, Vie{l,...,2n},

Vie{l,...,2n},

(34)

1 .
(u;)y = —sin (D) e?9i, (35)

where D; is the duty cycle of the i-th cell and ¢; is the carrier’s
phase for the i-th cell. Gathering the index-0 and index-1
models in a single system, results into the 24th (3(2n + 2))
order DPhM of the MMC with n = 3 cells per arm, described
in (36)-(43):

ix = Ax+ BE,

dt (36)
with
x =[(ip)o, (in)o, (v1)0s+ (w6)ol,ip)T, ip) L, (in) T,
T
(T o8, ) waF, ()] (37)
_ AL A
A= { A, A } (38)
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The proposed DPhM (36)-(43) of the MMC, as well as

a switched version of the converter, were simulated and
implemented in a real-time simulation (RTS) platform, re-
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spectively, and their time responses were compared. Both
implementations considered the single-phase MMC shown in
Fig. 1, with n=3, and with the following parameter values:
a DC-link voltage of E=420 V, a capacitance of C=3.2 mF
(same for every cell), an inductance of L=1 mH (same for
each arm), and a load resistance of R=16 ). For the PSC-
PWM, the modulation index was fixed to m,=0.9. There
were two modulating signals with a fundamental frequency of
fo=50 Hz. The frequency of the triangular carrier waveforms
was set to f.=2,500 Hz. Each arm comprises three cells;
hence, three triangular carriers were required per arm, i.e.,
one per cell. The three triangular carriers required phase-
shifts of ¢=1[0,27/3,47/3]" rad. Moreover, the same set
of three carriers was used in both arms, as the number of
cells on each arm was odd. In what follows, we simply used
Simulink/MATLAB® for the implementation of the proposed
DPhM and an RTS platform for the implementation of the
switched MMC.

To have a better comparison between the time responses
obtained from the DPhM and the time responses from the RTS,
the DPhM (36)-(43) was sampled at f;=50 kHz. Although the
DPhM can run at lower sampling frequencies, fs was set to
50 kHz to match the scope’s data recording rate for the RTS
waveforms. The expressions for the switching signals, found
with (34) and (35), are as follows!:

<ui>0 :DP7 Z:{17273}7
<ui>0 = DN, fOI' 7= {4,5,6},

1Dpel®  (ug)y =
(ug)r =  LDped™/3 (ug) =
(us)1 = ZDneI?™3 (ug)) =

where Dp and Dy are given in (5) and (6), respectively.

The simulation of the proposed DPhM consists of a single
Simulink file running at a sampling frequency of f,=50 kHz.
Fig. 3 shows a block diagram of the DPhM simulation. This
program file contains a single MATLAB function, where the
MMC parameters, DPhM, and Fourier synthesis of each MMC
state variable are coded. The inputs to the MATLAB function
are the time ¢, modulating signals Dp and Dy, and the x
vector. The outputs from the MATLAB function are the time
derivatives of the x vector, which are integrated to yield the
x vector, and the waveforms of each MMC state variable
obtained via the the sum of the index-0 plus the index-1
DPhM.

In the experimental RTS implementation, the single-phase
MMC was emulated in a field-programmable gate array
(FPGA) XC6SLX16 on the Xilinx Nexys 3 board operating
at a sampling frequency of 25 MHz, and the PSC-PWM
scheme was implemented in a DSP TMS320F28335 from
Texas Instruments operating at a sampling frequency of f,=15
kHz. The latter corresponds to the output effective switching
frequency of the MMC. Recall that the converter comprises
six cells on its phase, each switching at f.=2.5 kHz, which

for

%DPGjQﬂ/B’
%DNGJO,
%DN€J47T/3,

<U1>1 =

!'Simulations showed that the use of (35) generated capacitor voltages that
oscillated as low frequency sinusoidal waveforms. However, avoiding the sine
function, while keeping only the duty cycle, conducted to the results included
in this paper.

leads to an effective switching frequency of 15 kHz. If the DSP
allows higher sampling frequencies, then it is recommended
to use integer multiples of the effective switching frequency.

'a )
MATLAB 7
/ function % .
Definition of E, -
_ C,L.R. f., @
b, 5 ,
P el p—> i p
Eqs. (34) to (43)
©) % =Ax + BE
Dy— —> iy
Eq. (11) from
(37) k=—1tok=1,
X yields ip, iy, and [P V; Simulink
vi,i€fl,...2n} model
L running at f; :)

Fig. 3. Block diagram of the DPhM simulation in Simulink.

The MMC model implementation in FPGA was realized
as follows: (i) expressions (1)-(4) were discretized using the
forward Euler’s rectangular rule [21], and (ii) the hardware
description of the discretized equations was coded in VHDL
using 32-bit fixed-point words to represent all variables and
constants. The MMC model implementation in FPGA has
also been used in other similar works [9] and [22]. It is
worth to notice that responses obtained with the forward
Euler’s discretized MMC model and those obtained with the
continuous-time MMC model are very similar as long as the
sampling time is 10 ps or less [23]. In this work, we use
a sampling time of 40 ns in the FPGA, thus fulfilling the
guidelines given in [23] for discrete MMC models to approach
the behavior of the continuous version.

In both simulation and RTS, the comparison test consisted
in operating the MMC with the PSC-PWM, while imposing
different initial conditions on the capacitor voltages. This has
the purpose of demonstrating that, despite different initial
conditions on the capacitor voltages, the PSC-PWM scheme,
by itself, leads the voltages to the same average value in steady
state. For the upper arm, the initial capacitor voltages were
fixed to v1=140 V, v9=180 V and v3=110 V, while for the
lower arm, the initial capacitor voltages were fixed to v4=160
V, v5=140 V, and v5=100 V.

Figs. 4(a) and 4(b) show the startup responses of the
capacitor voltages on the upper and lower arms of the MMC,
obtained with the the sum of the index-0 plus the index-1
models in (11), coded in Simulink. The DPhM shows that all
capacitor voltages get overlapped after 12 seconds, approxi-
mately. Fig. 5(a) shows the startup responses of the capacitor
voltages vy, ve and wvs, while Fig. 5(b) shows the startup
responses of the capacitor voltages v4, vs and vg. Figs. 5(a)
and 5(b) were obtained from the RTS platform and show that
the shapes of all capacitor voltages overlap after a relatively
short transient. As observed in Figs. 4 and 5, both simulation
and RTS results confirm the natural balancing mechanism of
the MMC under the PSC-PWM.

Figs. 6(a) and 6(b) show the startup responses of the arm
currents ¢p and iy, respectively, which are obtained with
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the index-0 plus the index-1 DPhMs coded in the MATLAB
function as indicated in Fig. 3.

. . . . . . . . .
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0 2 4 6 8 10 12 14 16 18 20
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Fig. 4. Capacitor voltages build with the index-0 plus the index-1
models: (a) v, v2 and v3 and (b) vy, vs and ve.
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Fig. 5. RTS transient responses (z-axis: 5 s/div) of the capacitor
voltages on (a) the upper arm v, v2 and wvs (y-axis: 20.475 V/div)
and (b) the lower arm w4, vs and ve (y-axis: 20.475 V/div), when
the initial conditions were fixed to v1=140 V, v2=180 V, v3=110
V, v4=160 V, v5=140 V and vs=100 V.

Figs. 7(a) and 7(b) show, for the RTS platform, the startup
responses of the arm currents i p and ¢ y. Both figures, 6 and 7,
show that the arm currents reach the steady state in less than
2.5 seconds. Figs. 4 and 6, show that the DPhM approach
may be useful to predict the transient behavior duration of the
MMC state variables under the PSC-PWM scheme.

Figs. 8(a) and 8(b) show the steady-state responses of v;
and vy, respectively, obtained with (solid) the simulation using
the index-0 plus the index-1 DPhM models, and (dotted) the
switched circuit implemented in the RTS platform. Both Figs.
show that the steady-state waveforms of the capacitor voltages
from the DPhM simulation and those of the switched converter
in the RTS are very similar to each other, even the ripple
amplitude is very close. The expected steady-state average
value of capacitor voltages is E/n = 420/3 = 140 V. The
waveforms obtained with the proposed DPhM demonstrate that
operating the MMC with the PSC-PWM scheme is enough
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to guarantee that all cell capacitor voltages will reach the
expected steady-state value, thus avoiding the need to include
sorting algorithms to balance the capacitor voltages.

)
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Fig. 6. Arm currents obtained with the index-0 plus the index-1 of
the DPhM: (a) ip and (b) in.
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Fig. 7. RTS transient responses (z-axis: 1 s/div) of the arm currents
in (a) the upper arm ¢p (y-axis: 20.475 A/div) and (b) the lower arm
in (y-axis: 20.475 A/div).

Figs. 9(a) and 9(b) show the steady-state responses of the
arm currents ip and ¢y, respectively, obtained with (solid)
the index-0 plus the index-1 DPhM, and (dotted) the switched
circuit implemented in the RTS platform. Figs. 9(a) and 9(b)
show that the steady-state waveforms of the arm currents
generated with the DPhM approach replicate those produced
in the switching circuit implemented in the RTS platform.

Consequently, from the above results, the proposed DPhM
yields comparable results to those obtained from the switched
converter, helping to predict the amplitudes of all state vari-
ables in MMC under known parameters.
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Fig. 8. Steady-state waveforms of the capacitor voltages (a) v and
(b) v4 obtained with (solid) the DPhM simulation (comformed by
index-0 plus index-1 models) and those obtained with (dotted) the
switched circuit implemented in the RTS platform.
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Fig. 9. Steady-state waveforms of the arm currents (a) ¢p and (b) in
obtained with the (solid) the DPhM simulation (composed by index-0
plus index-1 models), and those obtained with (dotted) the switched
circuit implemented in the RTS platform.

VI. CONCLUSIONS

This paper developed a dynamic phasor-based model
(DPhM) for the single-phase MMC operated with the PSC-
PWM scheme, where an MMC with n = 3 cells on each
arm was considered as a case study. The modeling process
began with the state-space model of the MMC, which was
then processed to find the expressions for the DC and the
fundamental complex Fourier coefficients (dynamic phasors,
DPh) of each original state variable. No traditional transforma-
tions (sums and differences of voltages, energy like variables,
etc.) of arm variables were required in the model presented
in this work. In the developed DPhM, the Fourier coefficients
of the original MMC state variables became the new state
variables, giving rise to a 24th-order model, as the fundamental
Fourier coefficients were split into real and imaginary parts.
The DPhM also involved the DPh of every switching signal
on the MMC.

Performance comparisons between the DPhM and the
switched MMC were carried out in Simulink/ MATLAB® and
in a real-time simulation (RTS) platform, respectively. For the
RTS, the MMC was emulated in a field-programmable gate
array, while the PSC-PWM was implemented in a digital signal
processor. The test consisted in starting the MMC operation
with different initial conditions on the capacitor voltages of
each cell, most of them different from their steady-state value.
The DPhM was able to reproduce all the waveforms of the
original state variables in the MMC, even the ripple amplitude
was replicated by the proposed model. Also, results showed
that, after a relatively short transient, all capacitor voltages

converged towards the same steady-state average value without
adding an external balancing controller, i.e., by the only use
of the PSC-PWM scheme. The modeling presented here can
be extended to the MMC with a different number of cells on
the arms by simply following the detailed guidelines provided
in the case study.
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