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Harmonic Current Emission Estimation of Modular
Multilevel Converters in MV Charging Stations
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Abstract—This paper proposes a novel framework for modular
multilevel converter (MMC) current harmonic emission estimation
from medium voltage (MV) charging stations. The framework
is enlightened by wave decomposition, exploiting an analytical
derivation of the emission, without a time-domain model. Accord-
ingly, voltage harmonic distribution in grids can be estimated with
a frequency-domain model, using the estimated voltage-dependent
current emission in the iterations. Compared to conventional time-
domain simulation, such method not only enables analytical har-
monic estimation integrated with a large load-flow model, but
also benefits from the potential of distributed computation. A
10.5 kV grid-tied single-phase half-bridge MMC simulation case
on PLECS has been implemented and investigated for comparison.
Corresponding results revealed that the estimated harmonic series
kept the absolute average difference to the PLECS model lower
than 0.02% and a correlation ratio higher than 99.990% with
the simulated ones. The effectiveness of the proposed estimation
framework is successfully verified.

Index Terms—Modular multilevel converter, harmonics
estimation, harmonic interaction, wave decomposition.

I. INTRODUCTION

E ELECTRIC vehicle (EV) is promising to realize road
transport decarbonization, and fast charging demands are

being boosted correspondingly to shorten charging time and
improve EV user experiences [1], [2]. With high power electron-
ics technology developing, medium voltage (MV) fast charging
scheme comes feasible and economical to meet such demands
and relieve low voltage grid burdens [3]. However, caused by the
switching nature of power converters, harmonic current injection
from charging stations is unavoidable, impacting the distortion
on MV grids instead [4], [5].

The augment of active filter employment is potential to cope
with the power quality problem in MV grids [6]. Nevertheless,
such strategy not only increases investment cost but also lowers
grid reliability due to a raised number of semiconductors and
passive components. Intended to achieve an optimal trade-off
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regarding the regulation capability of active filters, harmonic
current injection from EV chargers needs to be quantified in
advance. The selection of EV charger topology will influence
its harmonic current emission directly [7]. Instead of converters
with a fixed level number, MMC is extensible and considered
as a suitable topology for MV fast chargers to achieve a higher
withstanding voltage and operation efficiency [8], [9]. Therefore
MMC-based MV fast chargers are mainly focused and grid-tied
MMC current injection estimation is intended in this paper.
Data-driven current harmonic estimation is widespread used
in industrial practices according to prior measurement data
especially considering a black-box model [10]. Electromagnetic
transient (EMT) simulation is also feasible to generate current
emission profiles once the white-box charger model accuracy
is assumed acceptable [11], [12]. Either strategy is adopted, a
complete profile needs to take a huge amount of testing scenarios
into account, and the main drawback is revealed by its high
time expenses for profile preparation. The profile also suffers
an excessive storage burden and a short period of validity due
to time-variant component parameters. Moreover, the spectrum
obtained above fails to answer the impacts of those converters
on grids. A time-domain model will typically not be coupled
to the larger network to assess the impact, and a large network
model based on load flow will commonly have an overly sim-
plified converter model. Therefore, such profile-based strategy
lacks determinacy and interpretability, proposing a request of a
generalized harmonic current emission model.

A classic method for generalized current harmonic emission
estimation is based on the converter impedance model. In [13], a
harmonic-state-space impedance model of MMC was developed
to simulate MMC harmonic behaviour, while harmonics whose
orders are beyond three have been neglected. Furthermore, a
complex-valued impedance model was studied to explicitly track
the zero-sequence component dynamics [14]. In [15]–[17], an
extended MMC model considering grid impedance and ca-
pacitor voltage ripples was proposed, intended to quantify its
harmonic coupling using small signal perturbation. They have
exploited the mutual impacts of grid power quality and MMC
harmonic current emission based on the average model, while
still limited in a single-feeder scenario. Regarding a multi-infeed
AC system, a novel impedance model of MMC has been devel-
oped to quantify the converter harmonic interaction in [18].

Nevertheless, such impedance model is more suitable for
harmonic stability analysis instead of harmonic emission es-
timation, since the impedance model accuracy can be heavily
harmed by harmonics induced by modulation methods [19]. For
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Fig. 1. Schematic of single-phase half-bridge MMC.

a higher estimation accuracy especially in switching frequency
part, Fourier decomposition over modulated submodule output
voltage is unavoidable in advance of utilizing the impedance
model, which would be further discussed later in this paper. The
impedance model is also inconvenient to be integrated into a
load-flow model for grid-level power quality investigation, in
software such as DIgSILENT PowerFactory.

The motivation of this paper is to address these challenges,
targeting at analytical harmonic estimation with modulation
behavior considered. Therefore, this paper proposes a novel
scheme to estimate MMC-based EV charger harmonic current
emission based on wave decomposition, whose application in
signal prediction is one of the main innovations of this paper.
Wave decomposition technology has been widespread inves-
tigated and developed in recent years, while it was used for
signal processing, and here it is proposed as a part of the
modeling process [20], [21]. Moreover, unlike undetermined
decomposed signal types in previous applications, in this paper,
all decomposed signal types are predefined, including step and
trigonometric functions. In this paper, such scheme aims to
realize accurate and efficient estimation under a distributive or
centralized framework, where modulation-induced harmonics
will be pondered. This makes it possible to perform a large
load-flow model integrated with analytically estimated harmon-
ics emission. With a proper iteration algorithm, network voltage
harmonic distribution estimation would be implemented as well,
eventually contributing to future management suggestions for
grid operators.

The remainder of this paper is organized as follows. Sec-
tion II represents the general operation principle of MMC,
including its modeling, controlling and modulation. Then single
converter harmonic current estimation strategies are proposed
and analyzed in Section III. Harmonic interaction estimation
algorithm is discussed in Section IV. Simulation verification
is implemented in Section V and a conclusion is provided in
Section VI.

II. MODELING AND OPERATION PRINCIPLE OF MMC

A. MMC Modeling

The schematic of a single-phase half-bridge MMC for MV
charging is given in Fig. 1, where DC-side capacitors are simpli-
fied as a stable voltage sourceUdc considering a potential redun-
dant DC bus regulator. The AC-side and DC-side ground connec-
tion points are preferred to be separated to reduce common-mode
noises on grids. The DC-side portal would be in series with
a DC/DC converter for voltage transforming to charge EVs,

Fig. 2. Classic MMC operation framework.

while the AC-side portal is connected to MV feeders. The total
conducting resistance of submodules and conduction lines are
equivalent to a lumped resistor Rp or Rw in either arm, in the
context of MOSFET integration and synchronous rectification.
The arm inductorLp orLw is employed to restrict the circulating
current.

Regarding grid-tied interface voltage Uac and injection cur-
rent I , they should follow (1). The difference between upper arm
current Ip and lower arm current Iw denotes equivalent injection
current to the DC link. Such equivalent current determines the
DC-link injection power, which helps estimate the charging
power and monitor EV charging status.

Uac = Lp
dIp
dt

+RpIp − Up +
Udc

2

Uac = Lw
dIw
dt

+RwIw + Uw − Udc

2

I = Ip + Iw (1)

Up and Uw denote relative total submodule voltage separately.

B. MMC Operation

A typical flow chart of MMC operation has been given in
Fig. 2 [22]. Uabc and Iabc are measured or calculated 3-phase
input voltage and current to meet power requirement. U ∗

dc and
U ∗
com denote regulated DC-side voltage and common mode

single-phase input voltage.U ∗
p orU ∗

w is expected equivalent total
submodule voltage in either arm. Usm denotes the submodule
capacitor voltage.

a) Control Framework: PID controller is a classic solu-
tion for external and internal control and has been widespread
adopted [23]. Such strategy would lead to predictable U ∗

p and
U ∗
w in a normal stable operation scenario, indicating that MMC

injection current in a specific steady status could be assumed
countable, as soon as simplifying the whole submodule as an av-
erage model. However, due to finite submodule voltage levels, a
proper modulation method is mandatory to determine switching
sequences and generate asymptotic stepwise signals. Therefore,
such simplification would naturally neglect harmonics caused
by modulation, whose orders are commonly much higher than
those intrinsically caused by controllers. That explains the
main drawback of impedance modeling for converter emission
estimation.

b) Modulation Technology: There exist several modula-
tion schemes for MMC application, including phase-shift mod-
ulation (PSM), level-shift modulation, sampled average modu-
lation, and so on [23], [24]. Voltage balancing is considered a
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preliminary condition for effective modulation, which is com-
monly realized by sorting algorithm. Meanwhile, PSM was
discussed for its natural voltage balancing property, explaining
the potential omission of voltage balancing module in Fig. 2 [25].
Whereas [26] concludes that a constant bias error among sub-
modules is highly potential under pure PSM, indicating the extra
balancing module should still be kept for long-term MMC opera-
tion. Regardless of the voltage balancing module, once the mod-
ulation scheme has been determined, combined with predictable
U ∗
p andU ∗

w, switchedUp andUw could be forecast. In accordance
with such assumption, injection harmonic current of MMC
keeps theoretically calculable even based on a switching model.
Switching-frequency harmonics would be counted eventually.

Focusing on harmonic estimation part, an open-loop con-
troller is adopted to replace the PID controller for switching
sequence generation, which was proved efficient as well espe-
cially with FPGA (field-programmable gate array) implemen-
tation [27]. For quasi-dynamic simulation in grid case studies,
a close-loop controller can still be utilized, while its feedback
period should be set long enough for the grid to move to
another stable status. In summary, in this paper, Up and Uw

are assumed predictable in such open-loop or quasi-dynamic
scenario, where further discussions on various controlling and
modulation methods are saved.

III. SINGLE CONVERTER HARMONIC CURRENT ESTIMATION

As stated in Section II, it is viable to estimate harmonic current
emission from MMC-based EV chargers based on predictable
switching sequences. In advance of evaluating the impacts of
MMC on grid power quality, the emission of a single MMC
should be estimated.

a) Step Signal Decomposition: During a steady status of
MMC, controlled Up and Uw tend to be periodic. Regarding Up,
it keeps positive in a half-bridge case while potentially becomes
negative in a full-bridge case. Through decomposing Up into a
series of step or trigonometric signals as illustrated in Fig. 3,
MMC connected to an ideal AC voltage source can be assumed
as a linear time-invariant system, indicating the feasibility of
Laplace transform for future s-domain calculation. Considering
step signal decomposition, Ip in (1) becomes calculable in s-
domain as illustrated in (2).

Ip(s) =
Uac(s)− Udc(s)

2 + Up(s)

Lps+Rp
(2)

where

Uac(s) = Uac · ω

s2 + ω2

Udc(s) =
Udc

s
, Up(s) =

N∑
j=1

U j
step

s
e−Tjs (3)

with ω being grid angular frequency. Tj and U j
step denote time

delay and magnitude of a decomposed step function. Even
considering control delay in practices, once such delay is pre-
dictable, Tj would keep predetermined and corresponding cur-
rent harmonic emission can still be estimated.

Fig. 3. Voltage wave decomposition. (a) Step decomposition. (b) Trigonomet-
ric decomposition.

Fig. 4. Flow chart of arm current harmonic estimation.

Through symbolic calculation and inverse Laplace transform,
an analytical equation representing Ip is obtained. Iw can be
also derived likewise, eventually leading to calculable I . Based
on estimated current waves, the spectrum can be obtained with
fast Fourier transform (FFT). The analytical solution to MMC
current harmonic emission is achieved eventually. The estima-
tion accuracy is boosted by taking modulation into account, and
such current spectrum is convenient for load-flow-based model
integration. Under constant sampling frequency and length,
such computation is advanced due to its potential to derive an
analytical sensitivity coefficient regarding a specific parameter,
considering the linear representability of the butterfly diagram in
FFT. When those parameters vary, repetitive computation could
be omitted in reference to these analytical results, which is inap-
plicable for conventional time-domain simulation technologies.

A flow chart based on step decomposition is given in Fig. 4 to
further illustrate the estimation process and discuss its potentials
for distributed computation. In a centralized framework, inverse
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Laplace transform is performed directly over the whole s-domain
Ip equation, which includes all decomposed step functions.
Comparatively, the s-domain Ip equation is pre-decomposed
into several groups in the distributive framework, where the
inverse Laplace transform is performed by each client. There
exist two various decentralized working flows, distinguished
by their timestamps of returning local computation results to
the central processor. Since current samples own a larger data
volume than a pure analytical equation, especially when a high
sampling frequency is adopted, an earlier back-to-center pro-
cedure could reduce communication burden. Correspondingly,
the computation capability of distributive processors is partly
sacrificed. With the MMC submodule number increasing, the
advantage of distributive computation can be more apparent, as
the conventional time-domain simulation can be more possible
to fail due to the limited computation capability of a single
processor.

Even with only one processor, it is still possible to accel-
erate estimation by circumventing repetitive inverse Laplace
transform. Algorithm 1 is listed for further illustration, where
f, fs denote fundamental and sampling frequency for FFT.
ILT (·), SAM(·), FFT (·) are inverse Laplace transform, sam-
pling and FFT functions. SWT, SWV are sequential lists con-
taining timestamps and corresponding equivalent switched sub-
module quantity when Up varies. X[α : β] denotes the fragment
of a data sequence X from index α to index β. Eventually,
Ip(s) is divided into two parts for computation as shown in

Algorithm 1, where the later one I(2)p (s) can be decomposed and
derived from previous computation result segments. For futher
illustration, as shown in Fig. 5, response signal sequence R(t2)
caused by step excitation U(t2) can be calculated directly by
re-sampling R(t1).

However, Algorithm 1 is designed for open-loop controlled
converter status estimation. Considering close-loop controller
integration for higher system robustness, Algorithm 2 is de-
veloped, which integrates Algorithm 1 to generate a snapshot

Fig. 5. Response signal sequence resampling. (a) Excitation. (b) Response.

of converter status in each feedback period. Although it sacri-
fices the capability of transient status estimation, during quasi-
dynamic estimation or simulation, the transient status itself is
not mainly concerned. The close-loop feedback period in quasi-
dynamic estimation is assumed long enough for equipment to
move from one stable state to another one, so the effectiveness
of Algorithm 2 is guaranteed.

b) Trigonometric Signal Decomposition: Under trigono-
metric signal decomposition as illustrated in Fig. 3(b), Up in (3)
can be updated as (4a). Through shifting Up phase, only cosine
parts in Fourier decomposition would be nonzero and harmonic
phase delays are eliminated naturally if Up owns quarter-wave
symmetry. In accordance with such phase shift,Ui(s) andUdc(s)
in (3) would be changed as given by (4b).

Up(s) =

n∑
j=0

U j
tri · s

s2 + (jω)2
(4a)

Ui(s) = Uac · ω

s2 + ω2
eTshifts,

Udc(s) =
Udc

s
eTshifts (4b)

with U j
tri being the jth order trigonometric signal magnitude. n

is the highest decomposition harmonic order and and Tshift is Up

shifted time to ensure Up even-symmetrical.
If Up is quarter-wave asymmetric, its decomposed harmonic

phase delays can be removed during calculation and recycled
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Fig. 6. Response signal sequence phase angle transfer. (a) Excitation.
(b) Response.

in the final sum-up stage, which is similar to Algorithm 1. As
illustrated in Fig. 6, when modulated signals vary, those voltage
harmonic delays could be directly transferred and added to
corresponding current spectra for acceleration Unlike repetitive
resampling step-function response signals and sum them up
again, those harmonic delays can be directly transferred to previ-
ously derived current spectra. This property is named “Harmonic
Phase Transfer”. Accordingly, the harmonic estimation based on
trigonometric decomposition can be also designed distributive
likewise. Moreover, such method can be further accelerated if
Selective Harmonic Elimination PWM is adopted, where the
modulated Up spectrum is predetermined and corresponding
FFT procedure can be saved [28].

Instead of the emphasis on equivalent impedance calcula-
tion, this estimation method mainly focuses on current har-
monic emission directly, to eliminate the negative impacts of
modulation on estimation accuracy. Meanwhile, except extra
trigonometric decomposition over modulated Up, the principle
of such estimation is similar to that of impedance modelling
method, both of which allow to compute current harmonics of
each separate order through s-domain calculation. Therefore,
considering the efficacy of impedance modelling method has
been verified in [15], the validation of this estimation method
based on trigonometric decomposition can be omitted.

c) Comparison: The main difference between these two
methods, is its theoretic spectrum bandwidth. When adopting
trigonometric signal decomposition, the highest decomposed
sinusoidal harmonic order n determines the upper threshold
of derived current spectrum bandwidth. Instead, the step de-
composition technology sets no limit on final current spectrum
bandwidth, which only depends on the sampling frequency
of derived analytical solutions. Moreover, with accurate step
function timestamps, its estimation accuracy can be boosted,
while that of trigonometric decomposition is still restricted by
n. Last but not least, carrier wave frequency can be a non-integer
multiple of grid frequency, and they are often not connected.
This makes it difficult to determine the fundamental frequency
of FFT over modulated submodule voltage waves. If it happens
and the fundamental frequency keeps equal to grid frequency,
spectral leakage will be aggravated on switching-frequency part,
eventually harming estimation accuracy.

However, step decomposition owns some comparative weak-
ness as well. With the carrier wave frequency increasing, such
method suffers a boosted computation burden, revealed by a rais-
ing number of decomposed step functions. The direct harmonic
phase angle transfer is also inapplicable in step decomposition.

TABLE I
COMPARISON BETWEEN DECOMPOSITION METHODS

Table I emphasizes preferred properties by bold fonts between
both methods. For a higher estimation accuracy, step decom-
position is adopted, and further discussions on trigonometric
decomposition are saved in this paper.

IV. HARMONIC INTERACTION ESTIMATION

The estimation method proposed in Section III can be inte-
grated in many options for grid calculations, including power
flow calculation and power quality assessment. In this section,
an exemplary grid voltage harmonic calculation would be dis-
cussed. With determined harmonic current emissions from an
MMC-based EV charger, corresponding voltage harmonic dis-
tribution can be calculated in reference to (5). For the observed
order, relevant voltage harmonics can be calculated, where gird
itself is assumed a linear time-invariant system and there exists
no cross-frequency phenomenon. The fundamental-order admit-
tance matrix can be estimated accurately by measurement data
analysis, and other admittance matrices can be calculated as
(5) [29], [30].

Ih = YhUh, Y h
ij =

1

Real( 1
Y 1
ij
) + h · Imag( 1

Y 1
ij
)

(5)

where U and I denote grid voltage and injection current vector.
Yh is the admittance matrix, whose superscript h denotes the
harmonic order. Y h

ij is the ith element in the jth column of Yh.
Real(·) and Imag(·) are functions to separately extract the real
and imaginary part.

Unless the converter is connected to the slack bus, accord-
ing to (5), the current harmonic emission from MMC itself
would distort its original point of connection (POC) voltage
spectrum after its integration. Simultaneously, distorted POC
voltage could change the current harmonic emission in reverse.
Unfortunately, switching sequence prediction would be unavail-
able under such interaction due to inconstant converter POC
voltage. The situation would become more complicated when
multiple EV chargers are integrated. Hence, Algorithm 3 is
proposed to quantify such mutual impacts by iteration, where
Bus 1 is assumed as a slack bus. Instead of utilizing New-
ton or Quasi-Newton method to estimate voltage harmonic
distribution, Gaussian-Seidel method is adopted in Algorithm 3
to ensure a stable solution [31]–[33].

Algorithm 3 can be designed distributive through allocating
I
h,(i)
j estimation tasks as shown in Fig. 7. During every iteration,

each client can divide and distribute its own current harmonic
estimation workload to its own salves. Under such hierarchical
distributive framework, it is potential to figure outs its optimal
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Fig. 7. Harmonic interaction estimation flow chart.

batch size in each level to achieve a trade-off between compu-
tation and communication cost.

V. MODEL VALIDATION AND DISCUSSION

Intended to verify the effectiveness of proposed methods in
Section III-IV, simulation based on PLECS time-domain model
and estimation based on MATLAB frequency-domain compu-
tation have been implemented. Both simulation software and
estimation codes were run on a computer with an Intel i7-9750H
processor running at 2.60 GHz using 15.8 GB of RAM, running
Windows 10 Enterprise version.

A. Single MMC Harmonic Estimation

Regarding a single-phase MMC-based EV charger in this
case, it shares the same schematic as that in Fig. 1. The gate
driving signals are generated as illustrated in Fig. 8, where T
is the carrier period, θ and ω denote initial phase and angular
frequency derived from PLL module. An open-loop controller
with PSM is integrated as explained in Section II-B, whose arm
current reference value is controlled by the external close-loop
controller. Component and controller parameters are listed in
Table II. The regulated input current in fundamental frequency
is set to 20 A, and the equivalent DC-link injection current is
set to 6 A. The current spectrum range is set up to 50 kHz,

Fig. 8. Controller schematic for upper arm submodules.

TABLE II
EXPERIMENTAL PARAMETERS OF A SINGLE MMC

TABLE III
SIMULATION AND ESTIMATION RESULTS COMPARISON

so that switching-frequency harmonics can be observed. Corre-
spondingly, the maximum harmonic order is set to 1000 when
calculating relevant admittance matrices.

At first, the MMC is set connected to a nominal AC voltage
source, without any input voltage harmonics. Since the sim-
ulation starts from the zero state, it would cost a period for
MMC to become stable. In this case, the stabilization period
is set to 1 s referring to simulation results, indicated by close-
to-zero DC part of the total current I . Accordingly, simulated
current waves in 0.02 s ∼ 0.04 s and 0.98s ∼ 1 s are sampled to
observe relative harmonics from an MMC-based EV charging
station during the transient and steady status. Correspondingly,
harmonic estimation on the same case using step decomposition
is implemented for comparative analysis.

Concerning I , corresponding estimation and simulation re-
sults are listed in Table III. The original estimation method has
been illustrated by the central computation route in Fig. 4, while
the accelerated one follows Algorithm 1. The estimation and
simulation time expenses running on the same computer are
listed. The correlation coefficient (CC) and average absolute
estimation error (AAE) are indices quantifying how estimation
results match simulation ones. High CCs and low AAEs in
all cases prove the efficacy of proposed estimation method,
including the original and accelerated ones.

a) Nominal Operation: For more details, in a period of
0.98 s ∼ 1 s, regarding those current harmonics derived by
accelerated estimation, they have been plotted as shown in
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Fig. 9. MMC total current spectrum (t=0.98∼1 s). (a) Logarithmic-scale
holistic spectrum. (b) Linear-scale zoomed spectrum. (c) Phase angle estimation
error distribution.

TABLE IV
MMC LOW-FREQUENCY TOTAL CURRENT HARMONICS

in Fig. 9(a). The estimated harmonics match the simulated ones
well, indicated by high CCs and low AAEs. Specifically, detailed
simulation (SIM) and estimation (EST) numerical value of low-
frequency total current harmonics are listed for comparison in
Table IV , and the estimation accuracy in low-frequency domain
is verified by tolerable divergences. Concerning those consid-
erable high-frequency harmonics induced by modulation, the
spectrum is zoomed and plotted linearly as shown in Fig. 9(b),
where the estimation accuracy is further confirmed by highly
coincident points. Also, the simulated and estimated phase angle
difference can be calculated according to (6), and corresponding
scatter figures have been given in Fig. 9(c) and Fig. 10(c), where
high-magnitude harmonics are annotated by their harmonic or-
ders for illustration. In a logarithmic-scale figure, the divergence
of estimated low-value harmonics is tolerable, since their relative

Fig. 10. MMC total current spectrum (t=0.02∼0.04 s). (a) Logarithmic-scale
holistic spectrum. (b) Linear-scale zoomed spectrum. (c) Phase angle estimation
error distribution.

TABLE V
INDICES WITH NOMINAL VOLTAGE SOURCE

error to fundamental part is low enough to be ignored. Regarding
the total current I , the even harmonics estimation AAE is only
4.80E-11 A, while the odd one is up to 4.50E-3 A.

Δθ = min{|θe − θs|, |θe − θs + 360◦|, |θe − θs − 360◦|}
(6)

where Δθ denote the estimation and simulation angle difference
for a specific harmonic. θe and θs are corresponding estimated
and simulated angles.

Due to the uncertain sampling frequency in simulation soft-
ware PLECS, the spectrum leakage is inevitable and contributes
to the spectrum difference. More indices are imported to deal
with such uncertainty. Corresponding total harmonic distor-
tion (THD) derived by estimation and simulation are listed in
Table V, and the difference is considered acceptable. There lacks
an official standard to assess superharmonic whose frequency
is beyond 9 kHz, while IEC 61000-4-7 is under consideration
for extension to the 9-150 kHz range. Therefore, an extended
assessment index referring to IEC 61000-4-7 is adopted to assess
superharmonic beams as illustrated in (7), where a and b denote
the center frequency and bandwidth of each frequency segment,
and f is the fundamental frequency [34]. y(jHz) is the value
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Fig. 11. Time-domain simulated and estimated current waves.

of jHz harmonic derived by FFT. Referring to IEC 61000-4-30,
the frequency segment bandwidth is set 2 kHz, and the center
frequency is selected as 20 kHz and 40 kHz in accordance with
two peaks in Fig. 9(a) [35]. As listed in Table V, the difference
of this superharmonic assessment index derived by estimation
and simulation is assumed tolerable as well.

y

(
a± b

2
Hz

)
=

√√√√√
a+ b

2∑
j=a− b

2 ,f

y2(jHz)− 1

2
y2

(
a+

b

2
Hz

)
− 1

2
y2

(
a− b

2
Hz

)

(7)
When it comes to 0.02s ∼ 0.04 s under accelerated estima-

tion, relative low-frequency results are also listed in Table IV.
The total divergence is low as well, and odd harmonics remain
a higher variance. Moreover, coincident points in the zoomed
spectrum as shown in Fig. 10, together with a high CC and low
AAE referring to the whole spectrum, prove the validity of the
proposed estimation method. The signals restored in the time
domain and respective single-cycle RMS values are plotted in
Fig. 11. Through taking the simulated single-cycle RMS value
as a converter stable status criterion and setting its threshold
20 ± 0.1 A, as the RMS value reaches 21.39 A, the period
of 0.02 s ∼ 0.04 s is judged as a transient period. Moreover, by
zooming out the fragment of 19.7ms ∼ 20.3ms, the peak value
is over 37.6 A, which is higher than nominal value 28.28 A,
eventually further supporting such judgement. Therefore, the
converter is confirmed in a transient status in 0.02 s ∼ 0.04 s,
and the capability of transient status estimation in the open-loop
scenario has been verified accordingly.

THDs and superharmonic assessment indices separately de-
rived by estimation and simulation are listed in Table V. The
THD difference is still mainly caused by low-frequency parts,
and all estimated indices keep close to simulated ones. Although
the high-frequency current harmonics is relatively low in this
case, the grid operator will still ask for rechecking these appli-
ances before integration, and estimation is one way to check.

b) Operation Under AC-Side Harmonics and DC-Side
Ripples: Considering imperfect grid voltage and limited DC
link regulation capacity, the charger POC voltage is assumed
distorted with harmonics on both AC and DC links in this part.
On the AC side, harmonics whose orders are equal to 3 and 5
are set 5% and 6%. Both harmonics phase angles are set zero
and total harmonic distortion is equal to 7.81%, which is on
the edge of violating grid code [36]. Besides, according to [37],
the DC link ripple can be assumed 100 Hz sinusoidal wave in

TABLE VI
DISTORTED LOW-FREQUENCY TOTAL CURRENT HARMONICS

Fig. 12. Distorted simulation and estimation current. (a) t = 0.02 s ∼ 0.04 s.
(b) t = 0.98 s ∼ 1.00 s.

TABLE VII
INDICES WITH DISTORTED VOLTAGE SOURCE

EV charging scenarios, and its magnitude can be set to 1%.
Algorithm 1 is employed for computation acceleration.

Distinguished by DC part value of I , 0.02s ∼ 0.04 s and
0.98s ∼ 1s are considered transient and steady periods during
converter operation. Corresponding simulated and estimated
numerical values of low-order harmonics have been listed in
Table VI. The estimation deviations remain tolerable. Regarding
the stable-state simulation results, odd harmonics are augmented
by relative input voltage harmonics, leading to raised values
compared to those in Table IV. Meanwhile, the estimation results
exhibit no such phenomenon. As shown in Fig. 12, in both
steady and transient states, the estimation accuracy remains
acceptable according to low AAEs and high CCs. Estimated
and simulated THDs and superharmonic assessment indices are
given in Table VII, and those differences are assumed tolerable
referring to nominal input current.
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TABLE VIII
CURRENT SPECTRUM COMPARISON (59.98-60 S)

Fig. 13. Total current spectrum (Close-loop, 59.98-60 s).

c) Operation With Close-Loop Controllers: Compared to
open-loop scenarios, the close-loop controller is expected for
higher robustness to model uncertainties, for instance mea-
surement data error and component parameter variation. Both
simulation and estimation models have been established for
close-loop controlling as shown in Fig. 8. The close-loop feed-
back will be applied based on a fixed period, which is long
enough for the converter to switch between stable states. In
this case, the PID feedback period is set to 1 s, and the total
running time is set to 1 min. Regarding the PLL integration,
which plays a role of phase detector, its feedback period is set
to 1 s to avoid overstretching the estimator. With a strong grid
connection, its detected phase error can be assumed negligible
during estimation.

During testing, it is assumed that the measured AC voltage
level has dropped 1% from the nominal input voltage, while the
open-loop controller failed to detect such change. Modulated
switching sequences will keep, and the fundamental-frequency
part of input total current will become excessive. Instead, by inte-
grating a close-loop controller with the proportional and integral
coefficient being 1.2 and 2, such fundamental-frequency part has
been corrected as shown in Table VIII. This close-loop controller
advances in its immunity to immeasurable AC voltage level
distortions. Combining Table VIII and Fig. 13, the effectiveness
of close-loop estimation scheme has been verified. Intended to
quantify the estimation deviation, relative AAE is utilized, which
defined by the ratio of AAE to fundamental-frequency value.
The maximal relative AAE is found regarding the open-loop
converter current spectrum, which keeps lower than 0.02%.

d) Parametric Computation: With charging demand vary-
ing or component degrading, the converter operation status will
change accordingly. In conventional time-domain simulation,
repetitive simulation is inevitable when modelling parameters
vary, eventually leading to huge time expenses in total. Instead,
by utilizing previously derived analytical solutions and substi-
tuting various values to a certain parameter, it is potential to omit
repetitive computation and accelerate subsequent estimations.

In this part, we inherited the testing case from the close-loop
scenario, and assumed the input voltage as a variable. After the
first-round parametric calculation, the analytical solution can be
recycled. Through allocating a different value to parameter Uac,

TABLE IX
CLOSE-LOOP ESTIMATION AND SIMULATION TIME

Fig. 14. MV grid schematic.

the corresponding estimation result would be derived. Regarding
this testing case, computation time expenses for estimation and
simulation are listed in Table IX. Based on first-round analytical
results, estimation in left rounds can be implemented quickly
by reusing analytical solutions. Comparatively, the time-domain
simulation technology has no such property. Therefore, the
potential of omitting repetitive computation has been confirmed
in the proposed estimation scheme.

e) Summary: In summary, all estimation methods based
on step function decomposition in Section III have been verified.
Although the theoretical divergence should be infinitesimal,
there exist several factors contributing to the experimental di-
vergence: The step size when determining timestamps of step
functions is set to 1E-7 s, leading to inevitable estimation
timestamp errors; The simulation software step size is dynamic,
whose maximum value is set 1E-6 s, contributing to inevitable
sampling errors; The simulation relative tolerance is set 1E-3,
indicating intrinsic simulation errors. The accelerated method
benefits a lighter computation burden than the original one.
Furthermore, the accelerated estimation speed even exceeds
than the simulation one on PLECS. With more processors, the
advantage of distributive computation feasibility would become
apparent, and the estimation speed advantage would be deeply
exaggerated.

B. Harmonic Estimation in Grids

Intended to explore the validity of harmonic interaction es-
timation in Section IV, an existing Dutch MV grid with the
voltage level of 10.5 kV is selected as shown in Fig. 14. Node 9 is
assumed as a slack bus to power the whole grid. All existing loads
share the same power factor of 0.98, and accordingly they were
converted into constant passive components for modeling sim-
plification. An MMC-based EV charging station is connected to
Node 8 with nominal input current being 20A. More network
parameters are given in Appendix.

a) Operation Without Network Parameter Deviations: As
illustrated in Algorithm 3, an iteration method is adopted for
iterative harmonic estimation. Intended to ensure the estimation
ans simulation accuracy in the grid case, both the step function
timestamp resolution and the simulation maximal step size are
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Fig. 15. Simulated and estimated network status.

Fig. 16. AAE variation during iterations.

set to 1E-7 s accordingly. Referring to simulation results, all
node voltage levels become stable after 1 s. Therefore, during
each iteration, the MMC current estimation period is set to 1 s,
which is long enough for converter to become stable. After 5
iterations, relative estimation results are recorded and compared
to simulated ones as illustrated in Fig. 15. The estimation AAE
converges indicated by its oscillation restricted in a small range
as shown in Fig. 16. Such oscillation is assumed tolerable, as its
absolute value is relatively low compared to the nominal value.
Eventually, the efficacy of iterative estimation method proposed
in Section IV has been verified.

b) Operation With Network Parameter Deviations: In-
tended to exploit the impacts of network parameter deviation on
harmonic interaction, the grid input impedance, which is equal
to the impedance between Bus 8 and Bus 9, is selected as a
variate. In this case, compared to the original grid, the grid input
impedance varies from 100% to 200%. According to testing
results in Table X, with feeder input impedance increasing, the
fundamental part of converter input voltage can be influenced.

TABLE X
BUS-8 VOLTAGE WITH GRID IMPEDANCE VARYING

Fig. 17. Part of Bus 8 voltage spectrum (0.98-1 s). (a) Simulation results. (b)
Estimation results.

Moreover, Bus 8 voltage spectrum has changed accordingly as
shown in Fig. 17. Those phenomena have confirmed the impacts
of network parameters on simulation and estimation results.
Meanwhile, based on same network parameters, the estimation
results are still close to the simulated ones, emphasizing the
estimation accuracy.

VI. CONCLUSION

This article has presented a novel scheme for harmonic current
emission estimation from MMC-based EV charging stations.
Enlightened by wave decomposition, such scheme transform the
MMC submodule as a linear time-invariant subsystem. Through
taking modulation into consideration, it not only derives analyt-
ical solutions with a higher theoretical accuracy than conven-
tional impedance modeling method, but also allows analytical
solutions to current harmonic emissions. Such analytical solu-
tion is convenient for load-flow model integration, eventually
helping answer the impacts of chargers on grid power quality.
Regarding the verification part, during single MMC harmonic
estimation, the accelerated estimation time expense is even
lower than the simulation one. With the potential of distributive
computation, such estimation scheme can be further accelerated.
Finally, the highly matched estimation results compared to sim-
ulated ones illustrate the efficacy of proposed methods, whose
minimal CC and maximal relative AAE in all cases are high than
99.990% and lower than 0.02%.

In the future, transient close-loop-controlled MMC current
harmonic emission would be exploited. Moreover, harmonic cur-
rent interaction in a larger network should be further investigated
as well, to achieve a higher estimation accuracy in the premise
of iteration convergence.
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APPENDIX

MV DUTCH GRID CASE PARAMETER

The Π-model is adopted for power cable modeling, with
ground capacitance being 0.2929μC/km. Cable and transformer
impedance are listed as below.

TABLE XI
POWER CABLE AND TRANSFORMER PARAMETERS
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