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Abstract——Modular multilevel converters (MMCs) have 
emerged as a promising solution for integrating renewables. In 
case of photovoltaic (PV) systems, PV arrays can be integrated 
at the submodule (SM) level, and the distributed maximum 
power point tracking (DMPPT) can be achieved through AC 
and DC circulating current control and perturb and observe 
(P&O) methods. However, this implementation is hindered by 
the need for numerous measurements, since the voltage and cur‐
rent of all PV arrays in each SM must be known. To address 
this issue, we propose a three-phase reduced-sensor MMC with 
distributed MPPT for PV integration based on an extended Kal‐
man filter (EKF). For each MMC arm, the EKF estimates the 
voltage and irradiance of each SM by exploiting their gate sig‐
nals and duty cycles as well as the arm current and voltage. 
This solution is compatible with uniform and non-uniform irra‐
diance conditions both under the steady-state and transient con‐
ditions and uses significantly fewer sensors than other strategies 
employed in similar-purpose MMCs, while achieving compara‐
ble efficiency. Moreover, by exploiting the PV array characteris‐
tics, it allows performing DMPPT more directly, without using 
P&O methods. These features are confirmed by simulations of 
an MMC-based PV system with 12 SMs per arm.

Index Terms——Modular multilevel converter (MMC), photo‐
voltaic (PV), extended Kalman filter (EKF), maximum power 
point tracking (MPPT).

I. INTRODUCTION 

PHOTOVOLTAIC (PV) system is a key technology for 
the sustainable transition towards renewable-based grids. 

PV cells are the basic building block of such system: their 
series/parallel connection composes a module; moreover, the 
series connection of modules leads to a string that, if con‐

nected in parallel with others, forms a PV array. The maxi‐
mum power point tracking (MPPT) algorithms are common‐
ly employed to extract the maximum available power from 
PV systems [1]-[3]. However, their effectiveness is challeng‐
ing for large PV systems under partial shading conditions 
when the irradiance on each PV module differs, as the 
MPPT algorithms tend to optimize the power extraction for 
the group of modules rather than for individual ones. In this 
case, the most common and simplest solutions do not allow 
each PV module to work at its maximum power point 
(MPP), which is inefficient and leads to sub-optimal opera‐
tion [4]-[6]. Indeed, these solutions rely on a centralized ap‐
proach where the converter interface is based on: ① a single-
stage topology, where the entire PV system is interfaced 
through a single AC/DC converter equipped with MPPT [3], 
or ② a two-stage topology with an additional DC/DC con‐
verter between the main AC/DC converter and PV system, 
which regulates the DC-side voltage of main converter and 
performs the MPPT [7].

To improve the power generation of PV system, the dis‐
tributed MPPT (DMPPT) algorithms can be used for individ‐
ual PV arrays. To do so, each PV array must be connected 
through a dedicated power conversion stage, allowing the 
separate control of power flow [8] - [13]. Among the solu‐
tions proposed to implement DMPPT algorithms [14] - [19], 
integrating PV arrays at the submodule (SM) level of a mod‐
ular multilevel converter (MMC) ranks among the most effi‐
cient and versatile ones [20]-[23].

MMCs deploy a cascaded connection of identical SMs, 
which uses relatively low-voltage semiconductors to imple‐
ment high-voltage conversion systems with low-harmonic 
content of output current and many output voltage levels 
[24], [25]. Based on the SM structure and arrangement, mul‐
tiple MMC families can be defined [26], each of which is 
suitable for different applications [27]-[29].

In the case of PV integration, PV arrays can be integrated 
at the DC side of MMCs or directly at the SM level. The lat‐
ter solution is promising in the context of DMPPT imple‐
mentation: as proven in [30] for a single-phase MMC, PV ar‐
rays can operate at their MPPs even under partial shading 
conditions. This is achieved without the need to connect 
each PV array to a dedicated DC/DC converter (which leads 
to additional costs), but rather by generating a suitable set of 
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circulating currents flowing through the MMC arms with the 
converter control scheme. If a three-phase MMC is used for 
PV integration, the efficiency can be further improved by 
connecting the DC side of MMC to a capacitor, which en‐

ables the injection of zero-sequence circulating current com‐
ponents [23]. Table I compares the converters for PV integra‐
tion in different studies.

Albeit more efficient and cost-effective than other solu‐
tions, the converter topologies enabling a distributed control 
suffer from a practical issue. Indeed, the DMPPT algorithms 
require the voltage and current measurements of each PV ar‐
ray as inputs: if the PV plant is integrated through MMC, 
which can include even tens of PV arrays in each arm, a 
large number of sensors are needed. This drawback is com‐
mon for MMC-based applications, even if not meant for PV 
integration. For example, MMCs used in high-voltage DC 
(HVDC) systems, which rely on hundreds of SMs based on 
half-/full-bridge cells and a floating capacitor, require know‐
ing the capacitor voltage of each SM to perform capacitor 
voltage balancing. To address the subsequent need for numer‐
ous measurements, the control strategies in Table II for sen‐
sor reduction in MMCs (with half-bridge SMs) are pro‐
posed.

In [31], a control strategy for MMCs that equalizes SM 
capacitor voltages is presented. Although effective, this strat‐
egy does not estimate individual capacitor voltages, which 

are needed in MMC-based PV systems to control SM voltag‐
es separately and implement DMPPT. In [32], an SM volt‐
age balancing control is proposed, which relies neither on 
arm current sensors nor sorting techniques. However, this 
strategy still requires measuring all SM voltages. In [33], a 
sampling algorithm estimates SM voltages through arm volt‐
age and current measurements. While this algorithm effec‐
tively reduces the number of sensors, it assumes that SMs 
are equipped with capacitors. Hence, it is not directly appli‐
cable to SMs with PV arrays.

Similarly, [34] and [35] introduce estimators (e. g., based 
on EKF and Lyapunov) that reduce the number of voltage 
sensors. However, like [33], these strategies are based on the 
assumption that the SMs contain exclusively capacitors, mak‐
ing them unsuitable for implementing DMPPT in SMs in‐
cluding PV. EKFs are also used in PV-related applications to 
estimate the irradiance and perform MPPT more easily than 
one would do with perturb and observe (P&O) methods 
[36], [37]. However, the irradiance is estimated by knowing 

TABLE I
COMPARISON AMONG CONVERTERS FOR PV INTEGRATION

Ref.

[3]

[7]

[8]

[11]

[23]

This paper

Scheme of PV integration with different converters

PV plant is integrated through a single-stage three-phase 
inverter

PV plant is interfaced with a dual-stage conversion system 
using a DC/DC partial power converter and an inverter

PV plant is divided into PV arrays, each of which is inter‐
faced through a dedicated DC/DC power conversion stage

PV plant is divided into PV strings connected in series, 
each of which integrates a parallel partial power converter

PV plant is divided into PV arrays, each of which is inte‐
grated into SMs of MMC

PV plant is divided into PV arrays, each of which is inte‐
grated into SMs of MMC. SM voltages and irradiances are 

estimated by an extended Kalman filter (EKF)

Feature

√ Low component count 
√ Low computational burden 
√ Reduced number of sensors
× Whole-stack MPPT, i.e., non-distributed MPPT

√ Low computational burden 
√ Single set of sensors for each PV array
√ Higher control flexibility than [3] 
× Whole-stack MPPT, i.e., non-distributed MPPT

√ Higher control flexibility than [3]
√ DMPPT capability
√ Low computational burden
× Strict requirement for independent sensor set per array
× More complex control than [3]

√ Higher control flexibility than [3]
√ DMPPT capability 
√ Low computational burden
√ More efficient than [8] with partial power converters
× Strict requirement for independent sensor set per array
× More complex control than [8]

√ Intrinsic DMPPT capabilities
√ Dual-stage power conversion system elimination
√ Multilevel output waveforms, i.e., low filtering requirements
√ Fault-tolerant capability with modular structure
× Complex control algorithm
× Single set of measurements for each SM
× Complex control hardware with many analog-to-digital converters

√ Intrinsic DMPPT capabilities
√ No requirement for dual-stage power conversion system
√ Multilevel output waveforms, i.e., low filtering requirements
√ Fault-tolerant capability with modular structure
√ Reduced set of measurements with EKF
× Complex control algorithm

Note: √  and ×  represent the advantages and disadvantages, respectively.
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the voltage and current of PV array. This requirement trans‐
lates into the need for a high number of measurements in 

MMC, where PV arrays are integrated at the SM level—
such as the ones we consider in this work.

Finally, [36] proposes a sampling and processing algo‐
rithm capable of estimating all SM voltages of the converter 
using only one voltage sensor per arm. This control strategy 
is based on a multi-sampling technique that ① measures the 
arm voltages at a frequency that is 2N times higher than the 
switching frequency and ② eliminates unreliable data sam‐
ples. Other than posing significant challenges in applications 
with multiple SMs (particularly in terms of hardware de‐
mands and peripherals, that is, analog-to-digital converters), 
this strategy is based on the assumption that SM integrates 
only a capacitor, whose voltage cannot exceed a predefined 
threshold between subsequent voltage acquisitions. However, 
this assumption does not necessarily hold for SM integrating 
PV sources under partial shading conditions, where rapid 
voltage variations may occur. Thus, this technique is not suit‐
able for the purposes of this paper, either.

MMCs have evolved as a popular technology for HVDC 
systems in industry and academia: this trend is confirmed by 
a search on Scopus, according to which since 2018 (i.e., 15 
years from the first inception of this converter [24]), at least 
800 papers including “MMC” in their keywords have been 
published every year. MMCs are also gaining ground as 
means for integrating renewable energy sources at the SM 
level. Therefore, developing new and more efficient ways to 
harvest renewable energy sources through MMCs constitutes 
a research avenue worth pursuing, which may yield a rele‐
vant contribution to the industry sector and academic field. 
This is the reason why this paper focuses on using MMCs to 
integrate PV arrays at the SM level through a reduced num‐
ber of sensors.

Based on the previous introduction, MMCs with a re‐

duced number of sensors do exist. However, it is worth re‐
minding that such solutions with a reduced number of sen‐
sors are mostly conceived for SMs based on half-/full-bridge 
cells and a floating capacitor, and do not contemplate the 
possibility of integrating PV arrays at the SM level as we do 
in this paper. Depending on this case, extending the previous‐
ly-mentioned solutions to SMs with PV arrays may either be 
impossible or require certain adjustments anyway.

The usage of the EKF for MMC-based PV systems has 
never been explored before. To fill in this gap, in this paper, 
we improve the control strategy of three-phase MMC for PV 
integration in [23] by exploiting an EKF. For each MMC 
arm, the EKF receives the gate signals and duty cycles of 
SMs, the arm current, and the voltage across the cascading 
stack of SMs as inputs. In turn, the voltage and irradiance of 
each SM are estimated. Other than requiring significantly 
fewer sensors compared with strategies relying on the knowl‐
edge of voltage and current for each PV array, the availabili‐
ty of irradiance estimates allows performing DMPPT more 
directly, without resorting to P&O methods. Moreover, the 
gate signals and duty cycles used by the EKF are the out‐
puts of the MMC control strategy, so they are known and 
available: using them instead of the actual measurements at 
the SM level reduces MMC cost while retaining comparable 
efficiency. The EKF-based control strategy is compatible 
with SMs that include a PV array i.e., a non-linear element 
that calls for a more complex EKF formulation than [34], 
which considers only SMs with a floating capacitor and half-
bridge cells.

The remainder of this paper is organized as follows. Sec‐
tion II outlines the topology and control scheme of an MMC 

TABLE II
COMPARISON AMONG CONTROL STRATEGIES FOR SENSOR REDUCTION IN MMCS

Ref.

[31]

[32]

[33]

[34]

[35]

[36]

Control strategy

Hierarchical permutation 
cyclic coding strategy

Currentless SM voltage 
balancing control for MMCs

Improved SM capacitor 
voltage measurement 
algorithm for MMCs

EKF for full-state 
estimation and sensor 

reduction in MMCs

Lyapunov-based observer 
for double-star chopper-cell 

(DSCC) converters

Voltage reconstruction 
strategy

Brief description

A gate signal control strategy that en‐
sures SM capacitor voltage balancing is 

adopted without needing to 
measure/estimate SM voltages

All the SM voltages are measured. 
Instead of a sorting algorithm, a 

proportional-integral (PI) controller is 
used to balance the SMs, which does not 

rely on arm current measurements

SM voltages are estimated through arm 
voltage and current measurements with a 

sampling algorithm

An EKF is used to estimate SM voltages 
through arm voltage and current 

measurements

A Lyapunov-based observer is used for 
estimation of SM voltages

An algorithm that samples SM voltages 
by adequately triggering and processing 

the measurement of just one voltage 
sensor per arm is used

Feature of applicability to MMC-based PV systems [23]

× Do not measure/estimate SM voltages
× Do not control each SM voltage separately, i.e., non-distributed MPPT
× Assume all SMs have similar working points, which is not true for 

SMs integrating PV arrays

√ Do not require external HVDC source to operate converter
× Exploit external HVDC bus to balance SM voltages
× Involve complex control
× Measure all SM voltages, requiring many analog-to-digital converters

√ Require only one voltage sensor per arm regardless of SM number
× Rely on model of SM equipped with a capacitor for voltage estimation

√ Require only one voltage sensor per arm regardless of SM number
× Rely on SM equipped with a capacitor for voltage estimation

√ Require neither current nor voltage sensors regardless of SM number
× Rely on SM equipped with a capacitor for voltage estimation

√ Require only one voltage sensor per arm regardless of SM number
× Require specific hardware to use multi-sampling technique
× Suffer from unreliable sampled points
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that can be used to integrate PV plants based on DMPPT 
and the availability of numerous sensors at the SM level. 
Section III describes the EKF, and how its usage preserves 
the functionality of control strategy, while allowing the reli‐
ance on much fewer sensors. The simulation results that vali‐
date the EKF-based controller are reported in Section IV. Fi‐
nally, conclusions are drawn in Section V. For ease of refer‐
ence, in Supplementary Material A, we include a list of all 
the acronyms and variables used in this paper.

II. THREE-PHASE MMC FOR PV INTEGRATION 

This paper focuses on PV integration through a three-
phase MMC, and the three-phase MMC-based PV system is 
shown in Fig. 1. 

Different MMC topologies have been proposed in the ex‐
isting literature, and they can be further classified based on 
their circuit architecture. According to the classification in 
[39], this paper focuses on a DSCC structure, which is none‐
theless referred hereafter to as MMC for simplicity. The 
MMC includes three phase legs, each of which comprises 
two arms. Each arm has a cascaded connection of N SMs, 
each consisting of a half-bridge cell, a capacitor, and a PV 
array. The two arms of each phase leg are interconnected 
through two mutually-coupled inductors Larm. The midpoints 
between these inductors in each arm constitute the AC termi‐
nal of MMC, while the DC terminal includes a capacitor 
with capacitance Cdc and parasitic resistance Rdc. If the DC 
side is not accessible, the three phases are coupled, and any 
mismatch among the arm power gives rise to circulating cur‐

rent components, both active and reactive, within the con‐
verter. However, thanks to the presence of an accessible DC 
side, this topology achieves leg decoupling and requires only 
the active circulating current component for managing the 
arm power. This enhances the overall MMC efficiency [23]. 
At the steady state, only the sum of circulating currents gen‐
erated to address the arm power mismatches flows through 
the DC-side capacitor, thus constituting the current ıc.

By analyzing the MMC in Fig. 1, the following holds:
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where kÎ {abc} is the index of three phases; vupk and vlowk 
are the voltages of upper and lower arms, respectively; vgk 
is the grid voltage; vdc is the DC-side voltage of MMC; Rarm, 
Larm, and Marm are the arm resistance, arm inductance, and 
arm mutual inductance, respectively; Rf and Lf are the output 
filter resistance and inductance, respectively; and ıupk and 
ılowk are the currents of upper and lower arms, respectively, 
which are related to the output phase currents ıphk and circu‐
lating currents ıcirck:
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By substituting (2) in (1), it is possible to express the arm 
voltages with the output phase voltage vphk and circulating 
voltages vcirck as:
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The terms vphk and vcirck are among the main variables de‐
fined by the MMC control strategy. In particular, vphk is 
used for regulating ıphk, thereby managing the active/reactive 
power exchange at the AC terminals. Conversely, vcirck is em‐
ployed for regulating ıcirck, which is crucial for implementing 
the DMPPT algorithm. As demonstrated in [23], by injecting 
AC and DC circulating currents, the converter arms can op‐
erate at different voltage points while maintaining balanced 
output power. The AC circulating currents manage the ener‐
gy between arms belonging to the same phase, while the DC 
components regulate the energy among the three phase legs. 
Additionally, the voltage vcirck also contains the DC zero-se‐
quence component, which is necessary to enable the arms to 
synthesize only positive voltages, given that they are based 
on half-bridge cells. Lastly, by adopting a sorting algorithm 
based on the individual SM voltages, it is possible to regu‐
late the power produced by each integrated PV array.

A. PV Array Model

The PV arrays integrated at the SM level in the MMC-
based PV system (see Fig. 1) are modeled by:
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Fig. 1.　Three-phase MMC-based PV system.
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where vpv and ıpv are the voltage and current of PV array, re‐
spectively; vd and ıd are the diode voltage and current, re‐
spectively; ıl is the light-generated current; ıRsh

 is the current 

flowing through resistor Rsh; T and G are the temperature 
and irradiance of SM, respectively; vT is the voltage at tem‐
perature T; ı0 is the diode saturation current; and Eg is the 
energy bandgap. The other PV array parameters are listed in 
Table III.

B. Converter Control Strategy

Figure 2(a) depicts the converter control structure, which 
is extensively detailed in [23]. Hereafter, we recap only its 
key features, which are instrumental to understand the bene‐
fits introduced by the EKF-based control strategy.

This control strategy includes three main subsystems: the 
grid, circulating, and modulation controllers. The grid con‐
troller manages the active/reactive power exchanges based 

on grid requirements. In this paper, it is assumed for simplic‐
ity that the system always injects the maximum available 
power from the PV arrays and delivers no reactive power 
(i.e., the reference q-axis output phase current ı*phq is zero in 
Fig. 2). The circulating controller regulates the average volt‐
age of each arm at its average MPP and keeps the power in‐
jected into the grid balanced. Lastly, the modulation control‐
ler activates the SMs of each arm needed to synthesize the 
reference voltage and ensure that all PV arrays operate at 
their MPPs.

The grid voltage controller (①) defines the reference d-ax‐
is output phase current (i. e., ı*phd) by tracking the DC-side 
voltage to the mean value of reference MPP voltages, given 
by:

V *
dc =

1
6 ∑
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N
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where j and N are the index and number of SMs per arm, re‐
spectively; and v*

pvupkj and v*
pvlowkj are the reference MPP 

voltages for each SM in the upper and lower arms, respec‐
tively. Hereafter, variables with the symbol * are reference 
values.

Subsequently, the grid current controller (②) regulates the 
d- and q-axis output phase currents ıphdq through PI regula‐
tors, providing v*

phk as output. The Park transformations in 
this subsystem rely on the grid voltage angle θg, which is de‐
termined by a phase-locked loop (PLL).

The AC and DC circulating controllers define the refer‐
ence AC and DC circulating voltages (i.e., vac*

cirk and vdc*
cirk) for 

injecting the reference AC and DC circulating currents ıac*
circk 

and ıdc*
circk, respectively. Thus, the reference circulating voltage 

is given by v*
circk = vac*

circk + vdc*
circk.

The AC circulating voltage controller (③) determines ıac*
circk 

by tracking the difference between the reference MPP voltag‐
es in the upper and lower arms V *

diffk through an outer loop 
for phase k:
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The sequence components of d- and q-axis reference AC 
circulating currents ıac*

circdq+, ı
ac*
circdq-, and ıac*

circdq0 are defined 
from ıac*

circk and are regulated by the AC circulating current 
controller (④) with additional PI regulators. These regula‐
tors output the sequence components of d- and q-axis refer‐
ence AC circulating voltages vac*

circdq+, vac*
circdq-, and vac*

circdq0. By 
applying the inverse Park transformation, the corresponding 
sequence voltages in the abc frame vac*

circk+, vac*
circk-, and vac*

circk0 
are obtained, from which vac*

circk is then retrieved. The Park 
transformations in this subsystem rely on the angle of refer‐
ence output phase voltages θvph

, determined by another PLL. 

By doing so, the performance of AC circulating controller is 
improved compared with its implementation in the grid refer‐
ence frame (i.e., using θg instead). It is worth noting that the 
accessible DC-side in Fig. 1 allows decoupling the MMC 
legs during arm power mismatches, as the AC circulating 
currents are generated only in the affected phases and will 
close their path through the DC capacitor without impacting 
other legs.

TABLE III
PV ARRAY PARAMETERS

Description

Number of PV modules in series

Number of PV modules in parallel

Series resistance at reference irradiance 
and temperature

Shunt resistance at reference irradiance 
and temperature

Reference irradiance

Reference temperature

Temperature coefficient of short-circuit 
current

Light-generated current at reference 
irradiance and temperature

Ideal factor parameter

Reference diode reverse
 saturation current

Energy bandgap at reference temperature

Boltzmann’s constant

Temperature dependence of energy bandgap

Symbol

Nser

Npar

Rsref

Rshref

Gref

Tref

αısc

ılref

vTref

ı0ref

Egref

k1

dE/dT

Value

4

2

0.394  Ω

313.06  Ω

1000  W/m2

298.15  K

0.008 A /K

7.865  A

1.513  V

2.927 ´ 10-10   A

1.121  V

8.617 ´ 10-5   V/K

-2.68 ´ 10-4   K-1
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The DC circulating voltage controller (⑤) determines ıdc*
circk 

by tracking the differences between the sums of SM voltag‐
es of two legs (i. e., V *

diffa - b and V *
diffa - c) to their respective 

MPP values:

{V *
diffa - b =V *

dca -V *
dcb

V *
diffa - c =V *

dca -V *
dcc

(8)

V *
dck =
∑
j = 1

N

v*
pvupkj +∑

j = 1

N

v*
pvlowkj

2

(9)

Two PI regulators are used, exploiting the fact that the 
sum of three DC circulating currents must equal zero. From 
the outputs of these regulators, the reference DC circulating 
currents ıdc*

circk are derived. They are transformed into the αβ0 
frame (i.e., ıdc*

circαβ0) and controlled in the DC circulating cur‐
rent controller (⑥) through additional PI regulators, output‐
ting the reference DC circulating voltage in the αβ0 frame 
vdc*

circαβ0. By the inverse αβ0-abc transformation and adding 
V *

dc, the reference DC circulating voltages vdc*
circk are re‐

trieved.
Through (3) and by exploiting the fact that v*

circk = vac*
circk +

vdc*
circk, the reference voltages of upper and lower arms v*

upk 

and v*
lowk are computed (⑦). Then, the modulation controller 

(⑧) selects which SM to activate to synthesize v*
upk and v*

lowk, 
thus determining the gate signals (i. e., supkj and s lowkj) and 
duty cycles (i.e., Dupkj and Dlowkj) of each SM. A sorting al‐
gorithm (⑧) is adopted, which activates the SM based on the 
current direction of each arm and the deviation of SM capac‐
itor voltages from their theoretical optimum, as described in 
[30]. This allows the separate control of PV arrays integrat‐
ed into each SM, enabling the operation at different power 
points based on their irradiances. Once the SMs to be acti‐
vated are determined, v*

upk and v*
lowk are synthesized through 

phase-disposition pulse width modulation (PWM).
As will be detailed in Section III-C, to ensure the optimal 

operation of the MMC-based PV system, it is crucial to de‐
fine the reference MPP voltages for each SM (i. e., v*

pvupkj 
and v*

pvlowkj). These values are commonly derived through 
the P&O method. However, this method requires numerous 
sensors, as it uses the current and voltage of each PV array 
as inputs. In the control strategy proposed in this work, an 
EKF is implemented to reduce the number of measurements 
needed while maintaining optimal system performance. 

Figure 2(b) shows the measurement process in the case of 
EKF-based controller and benchmark controller, where the 
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Fig. 2.　Control structure and measurement process. (a) Control structure. (b) Measurement process in the case of EKF-based controller and benchmark con‐
troller [23].
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measurements and control signals common to both control‐
lers are coloured in green, and the measurements and control 
signals exclusively required by the benchmark controller and 
EKF-based controller are highlighted in red and blue, respec‐
tively. 

III. EKF

A. EKF in a Nutshell

The EKF [40] allows estimating the state variables of a 
discrete, non-linear, and dynamic system through the knowl‐
edge of its inputs and outputs in time, as well as of a model 
that captures its behavior with the discrete-time equations:

ì
í
î

xm = f (xm - 1um )+wm

ym = h(xmum )+ vm

(10)

where the subscript m indicates a specific time step, which 
has been ommitted in Fig. 1 for simplicity; f and h are the 
possibly non-linear vector functions; x, u, and y are the sys‐
tem state variable, input, and output vectors, respectively; 
and w and v are the process and measurement noise vectors, 
respectively.

The working principle of the EKF, as depicted in Fig. 3, 
can be explained as follows. Hereafter, variables with the 
symbol  are estimated values, while those without it are 
measured/true ones.

Input measurement 
noise

Output measurement noise
++

+

-

+
+

Real system: xm

EKF

System model:
xm?
- xm-1 um?= ,f ( )
ym? xm um? -= ,h( )um

em

Step A

ym

ym?

Step B

Step C

xm?

Fig. 3.　Working principle of EKF.

Since state variables are unknown, they can only be as‐
sumed. At each time step m, based on an assumed set of 
state variables x̂m - 1 and inputs um, a priori predicted state 
variables x̂-

m and outputs ŷm (step A) are provided through 
the system model. If the system model is accurate and the 
measurement noise is low enough, the differences between 
ŷm and ym (i.e., the prediction error em) are mostly due to de‐
viations between the state variable estimates and their true 
values (step B). The EKF exploits this mismatch to update 
the state variable estimates and provide a set of a posteriori 
predicted state variables x̂m (step C). The above steps are re‐
peated at each time instant. In the light of this, the EKF iter‐
atively resorts to two phases to update the state variable esti‐
mates: a prediction phase and a correction phase.

To initialize the EKF, it is necessary to specify an initial 
assumption of the state variables x0 and covariance matrix of 
state estimation errors P0, as well as the covariance matrices 
of process and measurement noises Q and R.

B. EKF for MMC-based Three-phase PV Systems

We now show how we applied the EKF to an MMC used 

to integrate PV arrays at the SM level, thereby enabling 
DMPPT. The proposed EKF is replicated in each arm of the 
MMC. For simplicity, however, hereafter we consider a sin‐
gle MMC arm with a given number N of SMs (or PV ar‐
rays), and use ıarm and varm to respectively refer to the current 
and voltage across the stack of SM of that given arm. In this 
implementation, the vectors x, u, and y and the functions f 
and g specialize as follows. For ease of notation, the vari‐
ables in this section lack subscripts up/low and k indicating 
upper/lower arm and phase, respectively, while the sub‐
scripts m and j are used.

1) The predicted state variables x̂mÎR2N ´ 1 collects the volt‐
age vpv and irradiance G of each PV array in a given arm. In 

particular, x̂m is organized as: [ v̂pv1m
 v̂pv2m

 ... v̂pvNm
Ĝ1m

 

]Ĝ2m
...ĜNm

T

.

2) The input vector umÎR( )2N + 1 ´ 1 includes the arm cur‐
rent ıarm, the duty cycles D, and gate signals s of each SM. 

um is organized as: [ ıarmm
D1m

D2m
...DNm

s1m
s2m

...sNm
]T

. 

The reason why both duty cycles and gate signals are used 
despite having similar meanings is explained in Section IV.

3) The output ymÎR1 (i.e., a scalar value) is the arm volt‐
age varmm

 across the stack of SMs in the MMC arm.

The entries of f: R2N®R2N can be expressed as:

f =
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v̂pv1m- 1

+
Dt

CSM
( )ıarmm

D1m
+ ıpv( )v̂pv1m- 1

Ĝ1m- 1

v̂pv2m- 1
+

Dt
CSM

( )ıarmm
D2m

+ ıpv( )v̂pv2m- 1
Ĝ2m- 1



v̂pvNm- 1
+

Dt
CSM

( )ıarmm
DNm

+ ıpv( )v̂pvNm- 1
ĜNm- 1

Ĝ1m- 1

Ĝ2m- 1



ĜNm- 1

(11)

where Dt is the period between two consecutive time steps 
(i.e., m and m - 1); and CSM is the SM capacitance.

The last N entries of f are introduced to allow the EKF to 
estimate generic parameters (i.e., irradiance levels of the PV 
array). Indeed, since they are not state variables strictly 
speaking, their estimates remain the same in the prediction 
phase, and thus can only change in the correction phase. On 
the contrary, the first N entries of f describe the charging/dis‐
charging of each SM capacitor in a discretized form by tak‐
ing into account that they depend on the arm current, duty 
cycle, and current of PV array ıpv. This latter variable is com‐

puted through the function ıpv( v̂pvjm
Ĝjm ): R2®R1 based on 

the estimated voltage and irradiance of each SM.
By examining (5), it is not possible to write an explicit re‐

lationship among ıpv, vpv, and G for a single SM at the first 
glance. Indeed, according to the second row of (5), ıpv is 
partly related with ıd and ıRsh

, both of which depend on vd. 
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However, as shown in the first row of (5), vd is determined 
by vpv and the voltage across Rs, which ultimately depends 
on the current ıpv that we would like to determine. A way to 
circumvent this issue is to in resort to the Lambert (or prod‐
uct-log) function W ( )x  [41], through which ıpvjm

 can be writ‐

ten in an explicit form as:

ıpvjm
= ıpv( v̂pvjm

Ĝjm ) = Rshjm( )ıphjm
+ ı0 - v̂pvjm

Rshjm
+Rs

-

vT

Rs

W

æ

è

ç

ç

ç
ç
çç
ç

ç

ç

ç
ö

ø

÷

÷

÷
÷
÷÷
÷

÷

÷

÷Rs Rshjm
ı0

( )Rshjm
+Rs vT

e

v̂pv Rshjm
+Rshjm

Rs( )ı0 + ıphjm

( )Rshjm
+Rs vT (12)

where the dependency of ıphjm
 and Rshjm

 on irradiance Ĝjm
 is 

kept implicit for ease of notation but can be found from (5).
The function h: RN®R1 is described as:

h = [ ]v̂armm
= [ v̂-

pv1m
v̂-

pv2m
...v̂-

pvNm
][ s1m

s2m
...sNm

]T
(13)

The function h, characterized by a single entry, allows pre‐
dicting the voltage varmm

, which is compared with its mea‐

sured counterpart at each time step in the correction phase.
Based on the above variables and functions, the EKF esti‐

mates the SM voltage and irradiance at each time step, sepa‐
rated from one another by a period Dt. This structure is repli‐
cated for each MMC arm. For instance, in the case of the 
MMC upper arm of phase a, x̂m, um, and ym become:

ì

í

î

ï
ïï
ï
ï
ï

ï

ïï
ï
ï

ï

x̂m = [ ]v̂pvupa1m
...v̂pvupaNm

Ĝupa1m
...ĜupaNm

T

um = [ ]ıupma
Dupa1m

...DupaNm
supa1m

...supaNm

T

ym = [ ]vupma

(14)

Given the predicted state variables x̂m, the integrated PV 
arrays can be individually controlled to extract their maxi‐
mum power. Specifically, by using the irradiance estimation, 
knowing the PV array temperature, and exploiting the charac‐
teristics of the PV array reported in (5), v*

pvupkj and v*
pvlowkj 

can be determined. Consequently, the reference arm, leg, and 
SM voltages can be retrieved, as described in Section II-B, 
allowing each PV array to be regulated at its optimal aver‐
age voltage.

The interested reader can refer to Supplementary Materi‐
als B and C for details about the Lambert function and EKF, 
which are omitted here for space reasons.

C. EKF-based and Benchmark Controllers: A Comparison

As shown in Fig. 2(b), the EKF-based controller and 
benchmark controller based on the P&O method [23] deter‐
mine v*

pvupkj and v*
pvlowkj at each time step. These voltages 

are then used as inputs of other blocks in Fig. 2(a), which 
are common to the two controllers. The difference is the pro‐
cess for determining v*

pvupkj and v*
pvlowkj. Indeed, the EKF-

based controller estimates the voltage and irradiance of each 
SM. Then, the MPP of each SM is determined based on the 
PV array characteristics. Conversely, the benchmark control‐
ler finds the MPP by performing voltage perturbations on 

each PV array and measuring their exchanged power.
Compared with the benchmark controller, the EKF-based 

controller is more flexible, as it allows PV arrays operating 
at points possibly different from the MPP by exploiting its 
characteristic curve. For instance, this may be required when 
the inverter-based PV systems must reduce their output pow‐
er to comply with stringent grid codes. If the P&O method 
were used instead, the modified control strategies would be 
necessary to determine the PV operating points correspond‐
ing to a lower power output.

Furthermore, another key difference between the two con‐
trollers is the number of sensors required.  These inputs are 
needed for implementing two main converter control blocks: 
the grid and circulating controllers. The necessary measure‐
ments include the voltages at the point of connection (vgk) 
and the arm currents (ıupk and ılowk), which are essential for 
determining the output phase and circulating currents. Re‐
garding the control signals, the reference output phase volt‐
age (v*

phk) is needed to derive θvph
, which is in turn used for 

generating the AC circulating voltages.
The inputs required by the two controllers are not the 

same because, as already stated, they derive the reference 
SM voltages in different ways.

P&O methods (used by the benchmark controller) use the 
current and voltage of each SM to compute their power ex‐
change, which is exploited to find the MPP while perform‐
ing voltage perturbations. Thus, the measurements required 
in this case increase with the number of SMs in the MMC, 
while no other control signal is needed.

On the contrary, the number of sensors needed for the 
EKF depends solely on the number of converter arms (i. e., 
six in the case of MMC), regardless of how many SMs are 
stacked inside them. Specifically, the EKF-based controller 
uses the arm voltage and current as well as the duty cycles 
and gate signals of each SM in one arm (i. e., control sig‐
nals) as inputs. These inputs are exploited by the EKF to es‐
timate the voltage and irradiance of each SM. It is worth not‐
ing that sensors are actually needed only for arm voltages 
and currents, since control signals are generated automatical‐
ly during converter operation (and, as such, ad hoc sensors 
are not needed for their retrieval). Thus, using more control 
signals is not disadvantageous for the actual implementation 
of EKF-based controller. Instead, reducing the number of re‐
quired sensors is economically advantageous, especially in 
the case of power plants with a large number of SMs.

To recap, the benchmark controller uses 9 + 2 ´N ´ 6 mea‐
surements and 3 control signals, while the EKF-based con‐
troller uses 15 measurements and 3 + 2 ´N ´ 6 control signals.

IV. SIMULATION RESULTS 

In this section, the validity of EKF-based controller is 
demonstrated by simulating the network in Fig. 1 in the time 
domain on MATLAB Simulink. The test bench consists of a 
20 kVA MMC-based PV system, with N = 12 SMs per arm 
connected to a 400 V electric grid. The PV array parameters  
and MMC system are shown in Tables III and IV, respective‐
ly. The EKF-based controller is implemented by adopting 
the parameters shown in Table V. 
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For the sake of simplicity, the irradiance variations are 
simulated only in the upper arm of phase a, while other 
arms operate under standard test conditions. Note that this 
does not compromise the operation of the whole system. In‐
deed, the EKF-based controllers are implemented separately 
in every converter arm. Each of them operates independently 
because they require the arm voltage and current as well as 
the duty cycles and gate signals of each SM in one arm as 
inputs.

The following two different scenarios are simulated.
1) In scenario A, the SMs in the upper arm of phase a op‐

erate at the same irradiance of 1  kW /m2, which is changed 
uniformly in a step-wise manner to 0.4   kW /m2 at 5  s to con‐
sider natural changes in irradiance over time.

2) In scenario B, the SMs in the upper arm of phase a op‐
erate at different irradiances from the beginning, which 
change unevenly in a step-wise manner at 5  s, as shown in 
Table VI. This scenario is introduced to test the performance 
of the EKF-based controller under the extreme condition, 
where partial shading phenomena affect each SM in one 
arm.

In both scenarios, all PV arrays work at the ambient tem‐
perature of 298.15   K (i.e., 25  ℃), assumed to be known.

Noises are added to the measurements of arm voltages 
and currents, i.e., vupk = vpeak

arm (1 +N ( )00.025 ) and ıupk =
ıpeak

arm (1 +N ( )00.05 ), respectively. Noises are also added in a 
similar fashion for the homologous variables in the other 
arms. The matrices R, Q, and P0 are listed in Table V. Their 
tuning has heuristically proven to yield good performances 
of the EKF-based controller.

For what concerns the initial estimates of the state vari‐
ables x0, the following holds. Analogously to the measure‐
ments, the initial estimates of the SM capacitor voltages are 
selected by adding a Gaussian noise with zero mean and 
standard deviation equal to 10% to their true initial values. 
The same is done for the initial estimates of the SM irradi‐
ances. This is made to consider the possibility that the EKF-
based controller may start operating with an initial estima‐
tion error. Nonetheless, its estimates are expected to con‐
verge to their true values after some time.

All simulations are carried out by adopting a fixed integra‐
tion time step of 1  μs. In principle, the EKF-based controller 
should update its output estimates at the same rate. Howev‐
er, given the computational capabilities of modern micropro‐
cessors, this value would be excessive and unpractical in re‐
al applications. To address this issue, we let the EKF-based 
controller work at a reduced rate of fEKF = 6  kHz, that is, the 
estimated outputs are updated only every Dt » 0.166  ms. 
Therefore, they remain constant at time steps between con‐
secutive multiple values of Dt.

This choice has a notable consequence on the EKF-based 
controller. Indeed, by down-sampling data, sudden jumps in 
the gate signals at time steps between consecutive multiple 
values of Dt are unnoticed. Being “average” values by defi‐
nition, duty cycles are more robust to data decimation than 
gate signals. Thus, using duty cycles rather than gate signals 
in (11) leads to lower errors when the EKF-based controller 
updates the SM capacitor voltages in the prediction phase. 
However, the duty cycles cannot replace the gate signals in 
(13) as the arm voltage computation is sensitive to the dy‐
namic behavior of gate signals. These features explain why 
the EKF-based controller adopts duty cycles in the predic‐

TABLE IV
MMC SYSTEM PARAMETERS

Description

Rated plant power

Rated grid phase voltage

Nominal peak arm voltage

Nominal peak arm current

Output filter resistance

Output filter inductance

Arm resistance

Arm inductance

Arm mutual inductance

SM capacitance

DC-side capacitance

DC-side resistance

Number of SMs per arm

Switching frequency

Execution frequency of
 EKF-based controller

Symbol

Pr

vg

vpeak
arm

ıpeak
arm

Rf

Lf

Rarm

Larm

Marm

CSM

Cdc

Rdc

N

fsw

fEKF

Value

20 kW

230.9 V

823.11 V

20.41 A

140 mΩ

3.9 mH

5 mΩ

1 mH

0.99 mH

50 mF

5 mF

15 mΩ

12

9 kHz

6 kHz

TABLE VI
IRRADIANCES OF SMS IN UPPER ARM OF PHASE a (SCENARIO B)

SM No.

1

2

3

4

5

6

7

8

9

10

11

12

G (kW/m2)

0 s < t < 5 s

1.00

0.73

0.25

0.60

0.54

0.35

0.65

0.95

0.80

0.90

0.51

0.16

5 s < t < 10 s

0.50

0.25

0.30

0.70

0.80

1.00

0.25

0.45

0.75

0.67

0.20

0.95

TABLE V
PARAMETERS OF EKF-BASED CONTROLLER

Symbol

R

Q

P0

x̂0

Value

[ ]1 ´ 10-4

diag (q1q2 )
10-10 I24 ´ 24

x0true(1 +N ( )00.01 )
Note: q1 = 10-12 I12 ´ 12, and I is the identical matrix; q2 = 10-10 I12 ´ 12; x0true

 is 

the vector of initial true state variables; and N (μσ) is a Gaussian distribu‐
tion with mean μ and standard deviation σ.
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tion phase and gate signals in the correction phase.
Lastly, it is worth specifying that scenarios A and B have 

been simulated twice. In one set of simulations, the EKF-
based controller is used, while in the other set, the bench‐
mark controller based on the P&O method [23] is consid‐
ered. Moreover, it was intentionally assumed that the bench‐
mark controller has full availability to measurements at the 
SM level and is devoid of measurement errors and down-
sampling as well as other real-world limitations. Many con‐
ventional control methods intentionally overlook these fac‐

tors, which are significant in the context of the EKF-based 
controller. Thus, the following comparison between the re‐
sults in each simulation set is meant to highlight how close 
the EKF-based controller operates compared with a some‐
what ideal scenario.

A. Scenario A: SMs Under Uniform Irradiance Conditions

In this scenario, the EKF-based controller is tested when 
the SMs in the upper arm of phase a work under uniform ir‐
radiance conditions. Simulation results in scenario A are re‐
ported in Fig. 4.

Initially, all the SMs operate at 1  kW/m2. After 5  s, their 
irradiance decreases to 0.4  kW/m2  . To test the effectiveness 
of the EKF-based controller and highlight its robustness, the 
initial estimates of the SM irradiances and voltages are inten‐
tionally set differently from their true values. After a short 
transient, the SM voltages (for clarity, only three of the 
twelve SM voltages are reported in Fig. 4(a)) stabilize at, on 
average, their theoretical optimal values vmpp. This is attribut‐
ed to the accurate irradiance estimates. Indeed, as shown in 
Fig. 4(e)- (h), the estimated irradiances converge to the refer‐
ence values Gtrue after a short transient highlighted in green.

After 5  s, SMs are subject to the same step change in irra‐
diance. Despite this, the estimated irradiances stabilize in 
less than 1  s (as shown in Fig. 4(e)-(h)), and the SM voltag‐
es quickly settle under the steady-state condition correspond‐
ing to the new MPP (as shown in Fig. 4(a)). Figure 4(b)-(d) 

compares the estimated and actual SM voltages during spe‐
cific time intervals, including transient and steady-state oper‐
ation. The discrepancy between the estimated and actual volt‐
ages is within a few volts: this deviation is considered ac‐
ceptable, given the measurement errors added to the EKF-
based controller.

In Fig. 4(i) and (j), the power injected into the grid Pg 
and the output power of the upper arm of phase a Pupa 
(which is compared with the maximum available one P max

upa) 
using an EKF-based controller are reported. These results 
can be compared with those in Fig. 4(k) and (l) using the 
benchmark controller. The two controllers yield very similar 
performances, especially before and after the step change in 
irradiance. The transient response to the irradiance changes 
(at 5 s) varies mostly due to parameter tuning differences in 
the two controllers.
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Fig. 4.　Simulation results in scenario A. (a) Estimated voltages of SMs 1-3 over entire simulation time. (b) Estimated and actual voltages of SMs 4-6 dur‐
ing 4.0-4.2 s. (c) Estimated and actual voltages of SMs 7-9 during 5.0-5.2 s. (d) Estimated and actual voltages of SMs 10-12 during 9.8-10.0 s. (e) Estimat‐
ed irradiances of SMs 1-3. (f) Estimated irradiances of SMs 4-6. (g) Estimated irradiances of SMs 7-9. (h) Estimated irradiances of SMs 10-12. (i) Pg using 
EKF-based controller. (j) Pupa using EKF-based controller. (k) Pg using benchmark controller. (l) Pupa using benchmark controller.
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As to the DMPPT efficiency (i.e., η), the benchmark con‐
troller achieves 99.93% and the EKF-based counterpart 
achieves 99.89% before the disturbance at 5  s. Under the 
second steady-state condition, the values of η are 99.94% 
and 99.90% for the benchmark and EKF-based controllers, 
respectively. This slight difference is illustrated in the three 
insets of Fig. 4(j) and (l), where it is evident that Pupa with 
the benchmark controller is slightly closer to the theoretical 
value (dashed line) and varies less around its mean. However, 
it is important to note that the EKF-based controller purposely 
operates at a lower execution frequency, is influenced by mea‐
surement errors, and requires significantly fewer sensors.

Compared with the benchmark controller, the EKF-based 
controller achieves higher efficiency not only at the steady 
state, but also during transient operation. This is confirmed 
by the middle insets of Fig. 4(j) and (l), which show the 
transient behavior of the system right after the irradiance 
step change at 5  s using the two controllers. The EKF-based 
controller exhibits a larger overshoot compared with the 
benchmark one but reaches the steady-state condition sooner 

(i.e., 6  s versus 6.5  s). Efficiency is a metric that is typically 
computed at the steady state: as such, it cannot be quantified 
just as easily during transient behavior. To provide a metric 
that conveys a similar meaning under these circumstances, 
we analyze the difference between P max

upa and Pupa and com‐
pute its integral during 5-6.5 s. This integral, which corre‐
sponds to an energy loss and is associated with the light 
blue shaded area in the middle insets, amounts to 21.01  J 
and 11.33  J for the EKF-based and benchmark controllers, 
respectively. Once again, this difference may vary depending 
on a plethora of factors (e. g., regulator parameter tuning), 
but it is quite small in any case, which confirms the efficien‐
cy of EKF-based controller during transient operation.

B. Scenario B: SM Under Non-uniform Irradiance Condi‐
tions

In this scenario, the EKF-based controller is tested when 
the SMs in the upper arm of phase a work under the non-
uniform irradiance conditions as shown in Table VI. Simula‐
tion results in scenario B are reported in Fig. 5.
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Fig. 5.　Simulation results in scenario B. (a) Estimated voltages of SMs 1-3 over entire simulation time. (b) Estimated and actual voltages of SMs 4-6 dur‐
ing 4.0-4.2 s. (c) Estimated and actual voltages of SMs 7-9 during 5.0-5.2 s. (d) Estimated and actual voltages of SMs 10-12 during 9.8-10.0 s. (e) Estimat‐
ed irradiances of SMs 1-3. (f) Estimated irradiances of SMs 4-6. (g) Estimated irradiances of SMs 7-9. (h) Estimated irradiances of SMs 10-12. (i) Pg using 
EKF-based controller. (j) Pupa using EKF-based controller. (k) Pg using benchmark controller. (l) Pupa using benchmark controller.

Also, in this scenario, the initial estimates of the SM irra‐
diances and voltages are intentionally set to be different 
from their true values to highlight the robustness of the EKF-

based controller. In the first 5 s, after a short transient, the 
SM voltages stabilize, on average, at their theoretical opti‐
mal values (as shown in Fig. 5(a)) owing to accurate irradi‐
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ance estimates (as shown in Fig. 5(e)-(h)). Since SMs work 
at different irradiances, the corresponding operating voltage 
points differ.

After 5  s, each SM irradiance changes unevenly. Despite 
the sudden change and non-uniform irradiance distribution, 
the estimations still stabilize in less than 1  s (as shown in 
Fig. 5(e)-(h)), and SM voltages settle at the steady state cor‐
responding to their new MPPs (as shown Fig. 5(a)). Also in 
this scenario, the estimation of SM voltages achieves good 
results despite noise and measurement errors, as shown in 
Fig. 5(b)-(d).

As shown in Fig. 5(i) and (k), Pg has a higher ripple 
when the EKF-based controller is adopted. This difference, 
which is also evident from Pupa (as shown in Fig. 5(j) and 
(l)), can be due to the lower execution time and measure‐
ment errors introduced in the EKF-based controller.

The middle insets of Fig. 5(j) and (l) compare the tran‐
sient performance of the EKF-based and benchmark control‐
lers right after the irradiance step changes at 5  s. The former 
has a larger overshoot and takes longer to reach steady state 
(i.e., 6  s versus 5.5  s). We compute the energy loss over the 
time window of 5 -6 s, which amounts to 5.36  J and 2.26  J 
for the EKF-based and benchmark controllers, respectively 
(i. e., a still very small difference). The effectiveness of the 
EKF-based controller is also proven under the second steady-

state condition, where η is 99.90% (versus 99.94% with the 
benchmark controller).

C. Effects of Parameter Variations on Key Performance Met‐
rics

Further numerical simulations of scenarios A and B are 
conducted to evaluate the impact of the execution frequency 
of EKF-based controller fEKF and the variation of specific PV 
array parameters, namely Rsref and Rshref, on key perfor‐
mance metrics. The following performance metrics are de‐
fined and analyzed: ① the DMPPT efficiency η of the EKF-
based controller at the steady state, ② the average mean ab‐
solute percentage error (MAPEs) of the estimated voltages 
- -- -- ----- --
MAPEv and irradiances 

- -- -- ----- --
MAPEG, and ③ the maximum con‐

vergence time of the irradiance estimation t max
convG to the 

steady state. Given that the SM voltages are continuous vari‐
ables, the average MAPE between the estimated and actual 
values is calculated over the entire simulated time range. On 
the contrary, since the true irradiance exhibits discontinuities 
at 5  s, their average MAPE is assessed before and after that 
time, as soon as the estimates converge to the steady state.

The parameter variations and related performance metrics 
are listed in Tables VII and VIII, corresponding to scenarios 
A and B, respectively.

We test how the MMC-based PV system performs using 
EKF-based controller when fEKF, Rsref, and Rshref change for 
two reasons.

1) Firstly, one may argue that, compared with an MMC-
based PV system based on benchmark controller, the one 
based on EKF has a higher computational burden, as the 

EKF block in Fig. 2(b) has to run continuously, thus requir‐
ing more powerful hardware. This is true to an extent, as the 
additional computational burden may be limited by reducing 
fEKF. By so doing, the EKF block would be executed less fre‐
quently. This can be done as long as changes in fEKF do not 
compromise the MMC operation.

TABLE VII
PARAMETER VARIATIONS AND RELATED PERFORMANCE METRICS IN SCENARIO A

fEKF 
(kHz)

6

3

1

6

6

6

Changing condition of Rsref and Rshref

Base case

Base case

Base case

Rsref and Rshref are changed for all 
SMs with a 10 % standard deviation

Rsref is doubled for all SMs

Rsref is tripled for all SMs

- -- -- ----- --
MAPEv   (%)

0.88

1.07

1.65

0.88

0.92

0.91

Before irradiance changes

η  (%)

99.89

99.89

99.89

99.88

99.00

96.40

- -- -- ----- --
MAPEG   (%)

1.82

3.98

4.28

1.92

4.28

9.47

t max
convG (s)

1.27

1.18

1.68

1.22

1.36

1.32

After irradiance changes

η  (%)

99.90

99.90

99.90

99.89

99.07

96.67

- -- -- ----- --
MAPEG (%)

4.58

8.97

9.56

4.42

4.71

5.55

t max
convG (s)

0.90

0.90

1.13

0.86

0.84

0.81

TABLE VIII
PARAMETER VARIATIONS AND RELATED PERFORMANCE METRICS IN SCENARIO B

fEKF 
(kHz)

6

3

1

6

6

6

Changing condition of Rsref and Rshref

Base case

Base case

Base case

Rsref and Rshref are changed for all 
SMs with a 10 % standard deviation

Rsref is doubled for all SMs

Rsref is tripled for all SMs

- -- -- ----- --
MAPEv   (%)

1.03

1.31

2.28

0.99

1.08

0.95

Before irradiance changes

η  (%)

99.90

99.90

99.90

99.89

99.04

96.57

- -- -- ----- --
MAPEG   (%)

4.05

6.81

8.94

3.95

5.09

7.06

t max
convG (s)

1.40

1.72

2.02

1.39

1.39

1.38

After irradiance changes

η  (%)

99.90

99.90

99.90

99.89

99.05

96.61

- -- -- ----- --
MAPEG (%)

4.13

7.67

9.46

3.76

4.87

7.15

t max
convG (s)

1.05

1.24

1.98

1.03

1.07

1.06
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2) Secondly, the EKF-based controller needs a model (i.e., 
the expressions of f and h in (11) and (13)) that closely 
matches the behavior of the controlled system to properly 
work. However, one must verify that the EKF-based control‐
ler adequately handles discrepancies in model parameters 
that inevitably arise due to an imperfect knowledge of the re‐
al system. For example, Rsref and Rshref may differ in each 
PV array by construction or due to aging.

To evaluate the impact of fEKF, three values of which are 
chosen for analysis: 6, 3, and 1 kHz. In the simulations cor‐
responding to the first three rows of Tables VII and VIII, no 
further variations in the converter model parameters are as‐
sumed. Reducing fEKF from 6 to 1 kHz does not decrease the 
DMPPT efficiency. Small estimation errors, particularly in ir‐
radiance, do not impact the MPP voltage of PV array and, 
thus, efficiency. In scenario B, the maximum convergence 
time nearly doubles at lower frequencies. Aside from this, 
the steady-state conditions are achieved in a few seconds, 
with high DMPPT efficiency and accurate voltage and irradi‐
ance estimates (i.e., 

- -- -- ----- --
MAPEv and 

- -- -- ----- --
MAPEG are lower than 10 %).

Among the tested cases, that with fEKF = 1 kHz exhibits the 
poorest performance across all metrics except for the 
DMPPT efficiency, which remains identical across all cases. 
This is particularly evident in Fig. 6, which presents the esti‐
mated voltage of SM 1 and the estimated irradiance of SMs 
1-3 in scenario B at different fEKF values, which are com‐
pared with their true values. In each case, the highest estima‐
tion errors occur right after the irradiance shift at 5  s. By re‐
ducing fEKF, higher errors are incurred for longer durations 
after 5 s primarily due to longer convergence time witnessed 
at lower frequencies. However, the steady-state performance 
remains satisfactory across all frequencies, with high-fre‐
quency oscillations in the estimates being reduced at lower 
fEKF. On the one hand, increasing fEKF improves the precision 
and shortens the convergence time under the transient condi‐
tions. On the other hand, higher frequencies introduce sub‐
stantial implementation challenges, especially for micro-con‐
trollers, as they demand increased computational resources. 
Thus, the tuning of fEKF must stem from a trade-off between 
accuracy required and processing capacity available.

To evaluate the impact of changes in PV array parameters, 
we vary Rsref and Rshref in three ways, as shown in Tables 
VII and VIII. To reflect differences in PV array characteris‐
tics due to manufacturing variations, we change Rsref and 
Rshref with a 10% standard deviation. We also consider aging 
effects or temperature-induced changes by doubling and tri‐
pling Rsref for all SMs [42]. While doing so, fEKF is fixed at 
6 kHz. The results in the last three rows of Tables VII and 
VIII indicate that these parameter variations primarily affect 
the DMPPT efficiency and irradiance estimation, while the 
SM voltage estimation and the maximum convergence time 
of irradiance estimation remain largely unaffected and practi‐
cally unchanged compared with the base case. This behavior 
can be attributed to the strong dependence of irradiance esti‐

mation on accurate PV array parametrization. Significant de‐
viations in irradiance estimation lead to a sub-optimal refer‐
ence MPP voltage, ultimately reducing the DMPPT efficien‐
cy of the EKF-based controller. Despite this, even when tri‐
pling Rsref, the DMPPT efficiency remains satisfactory, with 
about a 3% efficiency loss compared with the base case. In 
scenarios where the DMPPT efficiency might become low (e.
g., due to PV array aging), re-characterizing the PV array 
model would effectively restore the system performance.

V. CONCLUSION 

In this paper, a control strategy for a three-phase MMC-
based PV system is proposed. The EKF-based controller 
grants a highly efficient DMPPT and requires less sensors 
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Fig. 6.　Impact of fEKF in scenario B. (a) Estimated and true voltages of SM 1 at fEKF = 6 kHz. (b) Estimated and true voltages of SM 1 at fEKF = 3 kHz. (c) 
Estimated and true voltages of SM 1 at fEKF = 1 kHz. (d) Estimated and true irradiances of SMs 1-3 at fEKF = 6 kHz. (e) Estimated and true irradiances of 
SMs 1-3 at fEKF = 3 kHz. (f) Estimated and true irradiances of SMs 1-3 at fEKF = 1 kHz.
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than similar-purpose MMC based on P&O methods, yet 
achieving comparable performances. In particular, the num‐
ber of sensors required is always the same regardless of the 
number of PV arrays installed in each MMC arm.

Simulation results show that the EKF-based controller pro‐
vides accurate estimates (i.e., up to 10 % MAPE) of individu‐
al SM voltages and irradiances. These outputs, together with 
the characteristic of PV arrays, can be employed to deter‐
mine the optimal reference voltage for each SM, which are 
used by the MMC controllers to regulate the system.

Estimation accuracy is proven both under uniform and 
non-uniform irradiance conditions by adding measurement 
noises and significantly deviating some PV array parameters 
(i. e., Rsref and Rshref) from those used in the EKF due to 
manufacturing variations, aging effects, or temperature-in‐
duced changes. Estimation accuracy is also ensured when 
fEKF is reduced from 6  to 1  kHz to limit the computational 
burden of the EKF-based controller. Moreover, after sudden 
changes in irradiance, their estimates converge in less than 2  s, 
thus proving that the EKF-based controller can quickly react 
to shading phenomena.

Overall, the EKF-based controller is a valid solution for 
PV integration at the SM level through MMC, as it circum‐
vents the need for a multitude of sensors required in analo‐
gous applications. Using estimation techniques, such as the 
EKF, to reduce the number of sensors can contribute to the 
adoption of MMC as a means to integrate different energy 
sources (not necessarily PV systems) at the SM level, i.e., a 
solution that is recently gaining momentum in the literature.

Future work is aimed at extending the EKF-based control‐
ler to estimating the temperature of PV arrays (here assumed 
to be known) and detect changes in their parameters due to 
aging or temperature-induced effects.
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