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Abstract — In recent years, Modular Multilevel
Converters (MMC) have been widely used in medium/high
voltage applications, such as high-voltage direct current
(HVDC) systems, and pointed out as a promising solution
for battery energy storage systems (BESS) and static
synchronous compensators (STATCOM), according to
recent research. Especially, in BESS application, the
current and voltage conditions in the battery bank are
fundamental to evaluate thermal dynamic, reliability, and
lifetime. However, depending on the voltage and power
levels, MMC is based on hundreds of SMs. Thus, the full
MMC system implementation can be costly and complex
for operational and reliability tests. In this sense, the
so-called mission profile emulators (MPE), have been
developed to emulate the voltage and current in an SM
and batteries. The MPE eliminates the need to implement
the full converter and contributes to more agile tests of the
MMC dynamics, resulting in the design of more reliable
converters. In addition, the MPE can be used to obtain
battery current and arm current spectrum similar to those
obtained in MMC. This work presents a detailed design
and implementation of the MPE for an MMC-based BESS.
The MPE is validated in simulations and in a reduced-scale
prototype.

Keywords - Design Validation, Mission Profile
Emulators (MPE), MMC-based BESS, Modular
Multilevel Converter (MMC), Testing Scheme.

I. INTRODUCTION

Modular multilevel converter (MMC) is a promising
technology for the next generations of medium/high-power
voltage source converters (VSC) [1], [2].  Especially,
MMC has favorable characteristics for application in battery
energy storage systems (BESS) due to the reduced switching
frequency, low harmonic distortion level, reduced passive
filters, and ease of state-of-charge (SOC) balancing [3],
[4]. The operating reliability of the MMC is important for
high-voltage direct current (HVDC) (as presented in recent
projects [5]), static synchronous compensators (STATCOM),
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Fig. 1. Basic structure of an MMC-BESS and MPE (a) converter
structure (b) SM structure (c) mission profile emulator connected to
the SM under test.

and battery energy storage system (BESS) (according to
recent research [6], [7]), among others. = However, the
significant use of submodules (SM) poses challenges to the
reliability of capacitors, IGBT modules, and batteries. These
components are the most vulnerable in power electronics
systems according to industry-based surveys [8], [9].
Electrothermal stress is one of the main mechanisms resulting
in SM fatigue and failure [10],[11]. Thus, the validation of
the MMC reliability before its operation in the field is crucial
[12]. Figure 1.a presents the MMC BESS topology studied
in this work. The SM structure, presented in Figure 1.b, is
a half-bridge topology. The battery pack is connected to the
SM, with series and parallel association to fulfill the power
and energy requirements.

Despite the technical advantages, the MMC-BESS
implementation is challenging, since the converter contains
hundreds or thousands of switching devices, capacitors,
and batteries [13], [14]. Thus, studies on the reliability,
electrical and thermal aspects of MMC can be extremely
costly and require high implementation complexity in a
full MMC construction [15], [16]. This is especially
important when the BESS application is taken into account.
Therefore, mission profile emulators (MPE) play an important
role in the simulation of SM, since the MPE can emulate
similar voltage and current profiles [17], [18], with the
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advantage of a significant reduction of components for
implementation [19], [20], [21].

Reference [14] proposes a model-assisted SM test scheme
for evaluating the MMC operation in HVDC, STATCOM,
among others applications with a full-bridge converter.
Reference [22] employs a full-bridge converter to emulate
the arm current profile with a circulating current suppression
method. In this study, a circulating current suppression
method is proposed and evaluated in the emulator operation
of inverting and rectifying mode. Authors of [23] develop
an MPE with two full-bridge converters to assess the thermal
behavior and the reliability of the power modules in the MMC.
Reference [24] proposes the use of a novel control scheme for
MPE with nearest level control. Reference [25] employs a
three-phase MPE for multiple SM in MMC.

The MPE can be used to obtain battery current and arm
current spectrum similar to those obtained in MMC. Thus,
thermal and degradation studies on the batteries connected in
the SM can be performed, without the implementation of the
full MMC-BESS. Thus, aspects of the inclusion of batteries
in the MPE design, operation during the batteries discharging
process, validation of typical battery current spectrum in
MMC-BESS, among others are not evaluated in the literature.
However, to the best of the authors knowledge, MPE for
MMC-based BESS has not been investigated.

This paper fills the aforementioned void, a MPE based
on a full-bridge converter is used to emulate the arm current
MMC in steady-state, as shown in Figure l.c. The SM
under test is switched in such a way that the battery current
harmonic spectra are similar to that observed in MMC-BESS.
The proposal is verified through simulations and a reduced
scale prototype which validates the proposal experimentally.
The rest of this paper is outlined as follows. Section II presents
the MPE control strategy and design. Section III presents the
case study and the parameters of the simulation and testing
scheme. Section IV presents the simulation and experimental
results of the MPE. Conclusions are stated in Section V.

II. MISSION PROFILE EMULATOR CONTROL
STRATEGY AND DESIGN

A. MPE Parameters

The MPE is composed of a current-controlled full-bridge
converter and a coupling inductor. The MMC-BESS
parameters and operational conditions are the input variables
used to derive the MPE parameters, as shown in Figure 2.
Thus, the MMC-BESS parameters, such as nominal power
(Sp), dc-link voltage (V,,.), number of SM (N), and operational
conditions (update in real-time), such as power factor (¢), grid
frequency (fg) and grid voltage (V;) are converted to the MPE
parameters: dc arm current reference (I;rm‘ 4¢c)» AC arm current
reference (I}, ..), SM (under test) voltage reference (V)
coupling inductor (L) and dc supply voltage (Ve em)-

The MPE output current 1is regulated by a
proportional-integral multi resonant (PIMR) controller.
Regarding the modulation strategy, sinusoidal pulse width
modulation (SPWM) is employed. The triangular carrier
frequency is denoted by fj,,1 in this paper. In addition, the
SM voltage control is performed with the third harmonic
injection to increase the linear region of the modulator
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Fig. 2. Control scheme of the proposed MPE.

[6]. This approach is known as third harmonic injection
pulse width modulation (THIPWM). The triangular carrier
frequency is denoted by f.2. In the simulation of the
full MMC-BESS, the classic equations of the MMC in
steady-state are implemented, as presented in [6], [26].

The half-bridge output voltage reference (v;,) used to
modulate the SM voltage is related with the equation that
relates the arm voltage (V) synthesized in the MMC. In this
sense, the half-bridge output voltage is given as a function of
the full MMC-BESS parameters, without loss of generality,
the upper arm of phase a is considered in the mathematical
modeling. Accordingly [6]:

Vi = ] —mVS—mcos(wgt) +mhcos(3wgt), )]
2 2 12
where Vj,, is the SM nominal voltage, m is the modulation
index, and @, is the angular grid frequency. The analyses
performed are referred to the converter phase a, which results
in angular displacement equal to zero degree in the vj,.

The circulating current in an MMC for BESS application
has a significant second harmonic component that affects
the SM voltage ripple and semiconductor losses [6]. In
this work, the circulating current control inserts damping
in the converter dynamic response through a proportional
and resonant controller tuned in the second harmonic. In
this sense, the second harmonic current suppression is
implemented only in the MMC simulation. The MPE design
approach assumes that the circulating current control works
properly, i.e., the second harmonic component is suppressed.
Thus, the arm current reference in MPE is based on the
analytical expression for an arm current in full MMC-BESS
[6]. Accordingly:

s« lde

i
Larm = ? + %Cos(wgt - ¢n)7 (2)

where i4. is the dc-link current, ig , is the amplitude of grid
current in the n-th converter phase and ¢, is the power angle
in the n-th converter phase. For the decentralized disposal of
batteries in the SM of MMC, as presented in Figure 1.a, the
izc is equal to 0, during MMC balanced operation [27].

B. Current Control Parameters Selection

The transfer function that relates the output voltage of the
full-bridge (V;) with the arm current (Z,,,,,) that flows through
the MPE coupling inductor is given by:
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C. MPE Coupling Inductance Design
Larm(s) — 1 , (3) The design of the MPE coupling inductor is based on the
Vs(s) Lems + Rem maximum current ripple present in the arm current emulated

where L,,, is the MPE inductance and R,,, is the resistance of ~ by the full-bridge converter. In this sense, a relationship

MPE inductance. Therefore, the open-loop transfer function ~ between the time that the semiconductors devices are turned
(Gi(s)) is given by: on in the full-bridge converter (f,,,1 and f,,3) and in the SM

under test (#,,5) can be derived to estimate the maximum
ripple magnitude.

Figure 3 shows the estimated arm current ripple obtained
ki ki1 kr2 1 1 for the instants where the SM is bypassed (S5 OFF), as
s 2407 2+ 0}, ) sTampe +15Lem+Rem”  presented in Figures 3.a and 3.c, and the instants where the

4) SM is inserted (S5 ON), as presented in Figures 3.b and 3.d.
where kp, k; and k, are the proportional, integral and resonant  Additionally, the Figure 3 details the situation where d; > ds,
gain, respectively, Ty, ype is the switching period of the  as presented in Figures 3.a and 3.b, and d; < d3, as presented
MPE and @, is the resonant frequency. The implementation  in Figures 3.c and 3.d.

delay caused by the modulator and sampling the arm current According to Figures 3.a and 3.c, the current derivative is
is considered as a first-order transfer function (for a double  negligible in the situation where the state of switches S; and S3
updated acquisition, T = Ty, ypg). The proportional, integral,  are both high or low. Furthermore, the considerable inductor

and resonant gains are computed based on [28], [29], which  current ripple is defined for the instant where the emulator
proposes to maximize the control bandwidth based on the  dc-link is inserted, being submitted to the emulator dc-link
phase margin (¢,,,). This methodology leads to the following  voltage and limited by the MPE coupling inductor.
tuning formulas: In a similar way, the analysis can be performed for the
instants where the SM is inserted. In this situation, zero
Lem(% - (Ppm)

k, = ’ (5)  current variation does not occur due to the voltage difference
TswmpPE between the emulator dc-link voltage and SM voltage. The
10Rum fon MPE maximum derivative is defined for the instant when the SM
ki= ———— (6) and the dc-link emulator is inserted, leading to the maximum
3 ripple magnitude [24].
kp(Z — Gpm) The duty cycle of full-bridge converter (d; and d3, related
k1 =kpp = (7)  with switch S and S3, respectively) and SM under test (ds,

2x 10 x T, '
X X Lo MPE related with switch Ss) can be defined by:

A phase margin of ¢,, = 60 degrees is assumed for the
implementation of arm current control in both simulation and ; ;
experiments. d, = on,1 ,dy = o3 and ds = ,
Assuming that typical frequency of MMC is in the range T mpE T mpE Towsm
of 150-2000 Hz [5], [23], the MPE requires switching
frequencies in the order of 1.5 kHz to 20 kHz. In this way, the
maximum value found in the typical frequency of the MMC is
adopted. Thus, the disturbances caused by the commutation of
the SM converter do not affect the control of the average arm
current.

ton,S

®)

where 7,3 is the time that the switch S3 are turned on, ., 5
is the time that the switch S5 are turned on, Ty, ype is the
switching period of the switch S; and S3 and Ty, sy is the
switching period of the switch S5. Additionally, the MPE
global duty cycle (d,;) can be defined as the relationship
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between emulator dc-link and SM voltage:

Vdc,em
dem = ——.
Vim

The relationship between the MPE global duty cycle and
the duty cycle of full-bridge converter can be given as a
function of the derivative of the arm current, the SM voltage,
and emulator dc-link voltage. Accordingly:

€))

Larm diarm
Vdc,em dt
(10)

The maximum ripple magnitude is defined as the maximum
difference between the reference arm current and the arm
current generated due to inserting/bypassing the emulator
dc-link. Thus, based on Figure 3, four situations of maximum
ripple magnitude can de be considered:

diarm 1
di—ds= |V Loym——
1 3 ( sm + Larm dt Vdc,em

Al = max (Narm,l7Marn1,2>AIarrn,37AIarm,4) . (11)

Once the switching frequency of the full-bridge converter
is assumed to be higher than the SM under test (fs.mpe >
Sfsw.sm), the maximum arm current ripple can be computed
considering the instant where the SM and the dc-link emulator
are inserted, leading to a greater deviation of the arm current,
in relation to the reference arm current, as shown in Figure 3.b.
In addition, the maximum current ripple (illustrated by
Al 2) occurs at approximately half of the switching period
of the full-bridge converter, as discussed in [24]. Accordingly:

Vieom — Vo di di—d
A[arm = A[arm.,Z ~ ( dL’EL = - l;;m) 2; MP3E. (12)
arm W,

Rearranging the terms of (12) and replacing the relation
(10) in (12), the following relation is obtained:

Vdc,em

JAV S-S [1 — (d1 —d3)} (dl —d3)2L FonPE
emJ sw,

13)

In this sense, the emulator inductance (L,,,) is obtained by
rearranging the terms in (13):

quem

Lem = [1—(dy —d3)] (di —dS)m-
armJ sw,

(14)

In addition, it is noteworthy that the other cases of
arm current variations (Alypm.1, Alyrm3 and Al 4), despite
imposing a higher rate in nominal terms, occur in events with
times shorter than the situation presented in Al 2, according
to [24].

The dc-link voltage emulator must be set considering the
voltage level of the SM, as well as the voltage drop in
the semiconductor devices and the maximum values of di/dt
values imposed by the MPE [19]. Accordingly:

Vdc,em 2 Vo + Lem wglurm + Remdarm + 3ViGsr, (15)

180

where 1, is the peak of arm current and Vigpr is the
collector-emitter voltage of IGBTSs.

The maximum current ripple is defined for the instant where
the derivative of the equation obtained in (14), in relation to
dy — ds, is equal to zero. Thus, for the instants which d; — d3
=0.5, the L,,, is defined.

III. CASE STUDY

A. MMC-BESS and MPE Simulation

The performance of the MPE is compared with a full
MMC-BESS system simulation of 25 MVA/33 kV and 75
MWh of BESS [7]. The grid frequency is equal to 60 Hz and
the MMC is considered an arm inductance of 34.7 mH (0.15
pw). The nearest level control (NLC) for SM voltage balancing
is implemented in the full MMC-BESS simulation [5]. The
simulation results are developed on the PLECS platform and
consider the implementation delay due to the acquisition of the
current signal of the MPE inductor. The main parameters for
the MMC-BESS simulation are shown in Table 1.

TABLE 1
Main System Parameters of the MM C-BESS Simulation

Parameters Symbol  Value
Rated apparent power [MVA] Sy 25
Rated reactive power [Mvar] [ 25
Rated active power [MW] P, 25
Total energy storage [MWh] E, 75
Output voltage (line to line) [kV] Ve 33
de-link voltage [kV] Vae 56
Grid frequency [Hz] fe 60
Arm inductance [mH] Larm 15.11
Number of SMs per arm N 30
Nominal SM voltage [kV] Von 1.87

In addition, the main system parameters used in the MPE
simulation are shown in Table II, considering the same
ratings of the SM voltage, grid frequency, arm current and
arm inductance observed in the full MMC-BESS system
simulation.

TABLE 11
Main System Parameters of the MPE Simulation (based
on full MMC-BESS simulation)

Parameters Symbol  Value
Peak ac arm current [A] Lirm.ac 309.2
Maximum arm current ripple [%] JAV p—t 10

MPE arm inductance [mH] Loy 15.11

Switching frequency of the MPE [kHz]  fo,mpE 20
Switching frequency of the SM [kHz] Sfowsm 2
Grid frequency [Hz] fe 60
Nominal SM voltage [kV] Ve 1.87
Emulator dc-link voltage [kV] Vic.em 2.9

B. MPE Setup

The MPE results are obtained considering the same SM
nominal voltage, grid frequency, battery arrangement, and
nominal arm current, for experimental and simulated results.
The results consider a reduced scale prototype, as presented
in Table III. The validations for the arm current and battery
current are based on the spectrum current and the maximum
arm current ripple.
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TABLE III
Main System Parameters of the MPE in Experimental
and Simulation Results

Parameters Symbol Value
Peak ac arm current [A] Larm.ac 1
Maximum arm current ripple [%] Al % 17.12
Arm inductance [mH] Loy 7.3
Arm induc. internal resistance [Q] R, 1.1
MPE Switching frequency [kHz] SfswmPE 20
SM Switching frequency [kHz] Sowsm 2

Sampling frequency [kHz] fs 40
Grid frequency [Hz] fe 60
Power devices IKP20N60H3)[A/V]  S;_¢,D1-¢  40/600
Nominal SM voltage [V] Ve 12

Emulator dc-link voltage [V] Vie,em 20
Battery (12MN63) voltage [V] Viar 12
Battery internal resistance [mQ] Rpat em 7
0.8
Vieem =15V
v =20V
0.6 de,em 4
Vieem =25V
limit of

maximum arm ,
current ripple

N
=

X73

Y 0.171233

arm current ripple (A)

S
to

025A 7

Testing scheme

0 I I I I I I I I I I
2 4 6 8 10 12 14 16 18 20

Inductance (mH)

Fig. 4. Maximum arm current ripple for different arm inductance
and emulator dc-link voltage.

The design of the coupling inductor considers a limit of
maximum arm current ripple of 25%. In this sense, the testing
scheme employed in this work adopted an inductance of 7.3
mH (with a 1.1 Q of internal resistance) leading to a maximum
arm current ripple of 17.12% (for V4 ¢, = 20V), according to
(14). Figure 4 shows the maximum arm current ripple derived
from (14) for different values of emulator dc-link voltage and
arm inductance, highlighting the design point employed in the
testing scheme.

The switching frequency of the MPE and SM is equal to 20
kHz and 2 kHz, respectively. The experimental setup used to
develop this research considers the operation of the MPE with
arm current control, for validation of the SPWM operating
with a switching frequency of 20 kHz.

Based on the MPE parameters presented in Tab. II and
I, the PIMR controller parameters are calculated for the
MPE with full MMC-BESS parameters and testing scheme,
as presented in Tab. IV, respectively.

TABLE IV
PIMR Controllers Parameters

Gains for MPE in full MMC-BESS Value
Proportional gain (k) 25.4
Integral gain (k;) 7.8% 103
Resonant gain (k.1 and k;.») 2.33 x 103
Gains for MPE in testing scheme Value

Proportional gain (k) 100.5
Integral gain (k;) 7.3 x 10*
Resonant gain (k,.; and k;.») 1.05 x 10°

Eletron. Potén., Florianépolis, v. 27, n. 2, p. 177-185, abr./jun. 2022

Figure 5.a shows the bode diagram for the traditional
PI controller and the employed PIMR controller (based on
equation (4)), highlighting the resonance frequencies used in
the PIMR controller (1-s¢ and 3-rd harmonics). In addition,
the bode diagram for the open-loop MPE transfer function and
the resulting compensated system (based on equation (3) and
(3)x(4), respectively) is presented in Figure 5.b.

Bode Diagram

. T PI
g s} 60 Hz 180 Hz PMR
Y \ ¥
=
2 100 | 1
E] \
s S0k i 4
90 T :
3 / |
g J ‘
=2 /_y
A~ 90 1 1 7
10! 102 103 10* 10°
Frequency (rad/s)
(a)
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8100 B
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& 0 .
<
s | | n
90 T . :
2 99—/ ;
g ]
& 1180 : . .
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Frequency (rad/s)
(b)
Fig. 5. (a) Bode diagram of traditional PI controller and the

employed PIMR controller (b) Bode diagram of the open-loop MPE
system and the compensated system.

(b)
(a) Experimental setup. (b) Top view of the PCB used to
develop the MPE and SM.

Fig. 6.

Figure 6.a presents the experimental setup developed in
this work, highlighting the connection between MPE, SM,
dc source, DSP, and bleeder resistor (Rp;4, used to discharge
the output capacitor of MPE unidirectional power supply).
In addition, the PCB developed for the operation of the
full-bridge converter and SM is presented in Figure 6.b.

The control algorithm is programmed in the Texas
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Instruments TMS320F28379D digital-signal-processor. The
dc power supplier FA-3050 supplies the voltage of the
full-bridge dc-side. The voltage and current measurements are
obtained from a Tektronix DPO 2014B oscilloscope equipped
with A612 and P5200 A probes.

The analyses carried out consider the discharge process of
a 12 V battery with a peak discharging current of 1 A. In
addition, the control dynamics is evaluated with a step in the
reference of arm current from 0.1 A to 1.5 A.

IV. RESULTS

A. MMC-BESS and MPE Simulation

Figure 7.a shows the arm current obtained from the full
MMC-BESS and MPE simulation. The arm current reference
is set to an amplitude of 309.2 A, in both simulations.
Figure 7.b shows that the maximum value of the coupling
inductor current ripple is equal to 28.6 A, which corresponds
to 9.25% of the arm current reference peak (considering a
maximum arm current of 309.2 A).

400

—— Arm Current Reference|
——MMC System =
= 200 — — MPE a
= =
5 2
s 0 =
3 =]
E ]
= o
<
200 5
;é 40 X: 0.9815
_400 Y:-283 ||
095 096 097 098 0.99 1 0.95 0.975 1
Time [s]

Time [s]

@) ®

350

I full MMC Simulation
300 I MPE Simulation
250
200 ‘

[A]

THD MMC Simulation = 0,93%
THD MPE Simulation = 2,81%

Spectrum Larm
9
=]

0 60 120 180 240 300 360 420 480
Frequency [Hz]
()

Fig. 7. (a) Dynamic behavior of the arm current (b) arm current
ripple (c) spectrum of arm current.

Based on the spectrum of the arm current, shown in
Figure 7.c, it observed that the harmonic contents of both
currents are similar, evidencing a purely ac signal (with
emphasis on the fundamental component). In addition, a low
level of total harmonic distortion (THD) is observed in both
simulations.

Figure 8.a shows the current measurements in the SMs of
the MMC upper arm, as well as the battery current measured
in the MPE. Once the full MMC-BESS simulation implements
all the SMs of the MMC, the 30 signals of battery current in
the upper arm of phase A are presented.

Figure 8.b shows the average current spectrum of the 30
battery current signals with the current spectrum measured
in the MPE simulation.  The harmonic content of the
battery current for both models are similar, especially for
the most significant components dc, 1%, 2" and 4" order.
Furthermore, the result shows that even using different
modulation techniques (NLC, for full MMC simulation and
PWM, for the MPE), the low-frequency spectral content is
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Fig. 8. (a) Dynamic behavior of the battery current in SM (b)
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well represented by the emulator.

B. Experimental Results - proof of concept

Figures 9.a and 9.b presents the battery current and SM
input voltage, respectively, during the battery discharging
process for an arm peak current of 1 A, from the MPE
simulation with the same parameters of the experimental
setup.
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Fig. 9. (a) Battery current from simulation. (b) SM input voltage

from simulation. (c) experimental waveforms of the SM input voltage
[10 V/div], arm current [1 A/div] and time division of 100 ms/div. (d)
spectrum of experimental and simulation battery current.

The difference observed between the upper and lower
level in the SM input voltage is due to the collector-emitter

saturation voltage in the IGBT (Veggy ~ 1.95V) and diode
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forward voltage (Vp =~ 1.65V). A similar effect will be
observed for the MPE output voltage. Figure 9.c shows the
experimental waveforms of the SM input voltage and battery
current during the discharging process for arm current peak of
1 A.

Figure 9.d presents the battery current spectrum for the
simulated and experimental system. The harmonic content of
the battery current for the two models is similar, especially for
the most significant components of dc, 1, 2md and 4" order,
with amplitude error lower than 10%.

Figures 10.a and 10.b presents the arm current and MPE
output voltage, respectively, during the battery discharging
process for an arm peak current of 1 A, from the MPE
simulation.
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from simulation. (c) experimental waveforms of the full-bridge
output voltage [10 V/div], arm current [1 A/div] and time division of
100 ms/div. (d) spectrum of experimental and simulation arm current.

Figure 10.c shows the experimental waveforms of the MPE
output voltage and arm current during the discharging process
for an arm current peak of 1 A. Figure 10.d presents the arm
current spectrum for the simulated and experimental system.
The harmonic content of the battery current for the two models
is similar, especially for the fundamental component, where
the 1 amplitude is equal to 0.99 A to the testing scheme
and equal to 0.998 A for the simulation result, resulting in
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an error lower than 1%. Some high-order components, in the
range of 200 - 1200 Hz, are verified in the experimental signal
spectrum, but with negligible amplitudes.
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Fig. 11. (a) Arm current from simulation. (b) MPE output voltage
from simulation. (c) Experimental waveforms of the MPE output
voltage [10 V/div], arm current [1 A/div] (for step of arm current) and
time division of 100 ms/div. (d) arm current ripple for experimental
setup for one fundamental cycle.

Finally, Figures 11.a and 11.b present the arm current
and MPE output voltage, respectively, for a variation of arm
current peak of 0.1 A to 1.5 A. Figure 11.c shows the arm
current control dynamic behavior for a step in the arm current
amplitude from 0.1 A to 1.5 A. The waveforms presented
are the MPE output voltage and the MPE output current. As
verified, the peak of the output current ranges from 0.1 A to 1.5
A, for a 60 Hz sinusoidal reference current. Figure 11.d shows
the arm current ripple with a maximum peak value of 0.203 A,
for the experimental result, and 0.158 A, for the simulation
result. The maximum arm current ripple is computed by
nulling the fundamental component of the Fourier transform
of the measured current of the arm. Thus, to obtain the
ripple signal of the arm current, the inverse Fourier transform
is performed. Tab. V presents a summary of the obtained
maximum arm current ripple values and their respective errors
for experimental and simulation results. The experimental arm
current ripple shows an error of 18.66% and the simulated arm
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current ripple, an error of 7.52%.

TABLE V
Maximum Arm Current Ripple Results

Method Current Ripple [A]  Error [%])
Theoretical Analysis - Eq. (13) 0.17123 -
Simulation Result 0.15835 7.52
Experimental Result 0.203192 18.66

V. CONCLUSION

In this paper, a methodology for the model and design
of an MPE was evaluated in terms of control dynamics and
maximum arm current ripple with a full-bridge converter. The
MPE design was evaluated using simulation and experimental
results, which validated the ability to reproduce the
characteristic waveforms of an MMC-BESS. The developed
design of the MPE coupling inductor was supported by
analytical expressions of the maximum arm current ripple
among the full-bridge converter and half-bridge converter.

The experimental results indicated that the converter
dynamics with the design implemented is suitable for
emulating SM steady-state waveforms of MMC-BESS during
the battery discharging process. The arm current transient
is smooth and does not significantly affect the converter
dynamics. Furthermore, the results showed that the estimated
maximum arm current ripple shows good agreement with
the approximation to design MPE coupling inductor. In
addition, the spectrum of arm and battery current showed that
the harmonic content of these signals is similar among the
experimental and simulation results, according to the typical
current spectrum observed in the MMC-BESS.
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