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Unified Nonlinear Backstepping Control of a

Single-Stage Grid-Tied PV-MMC for Coordinated
Arm Current Regulation, MPPT, and Voltage
Balancing

Abstract

This paper presents the modeling and nonlinear control of a single-stage grid-
connected photovoltaic (PV) system based on a modular multilevel converter
(MMC) interfaced with the utility grid through an RL filter. The proposed control
strategy is designed to simultaneously achieve efficient solar energy extraction,
accurate grid current tracking, and stable MMC operation. A cascaded nonlin-
ear control scheme based on the backstepping technique is developed, in which
the inner loop regulates the MMC arm currents, while the outer loop governs
the PV-side dynamics. In particular, the differential component of the arm cur-
rents is controlled to ensure accurate grid current tracking and unity power
factor operation (UPF), whereas the outer loop simultaneously performs maxi-
mum power point tracking (MPPT) and capacitor voltage balancing. To facilitate
the controller design and stability analysis, a nonlinear averaged model of the
PV-MMC system is first derived. The main contribution is a unified nonlinear
control framework that integrates arm current regulation, MPPT, and capaci-
tor voltage balancing within a single-stage PV-MMC architecture, without an
additional DC-DC conversion stage. This approach also explicitly accounts for
the coupling between the PV source dynamics and the MMC submodule capac-
itor voltages. The proposed strategy is validated through detailed simulations
using a switched model implemented in the MATLAB/SIMSCAPE POWER SYS-
TEMS environment. The results demonstrate fast dynamic response, accurate PV
voltage regulation, effective capacitor voltage balancing, and high-quality grid
current injection under varying operating conditions.

Keywords: Photovoltaic systems, Modular multilevel converter, Backstepping control,
Arm current control, Maximum power point tracking, Capacitor voltage balancing

1 Introduction

The rapid depletion of fossil fuel resources, combined with increasing environmental
concerns and continuously growing global energy demand, has significantly acceler-
ated the transition toward renewable energy systems. Among the available renewable



technologies, photovoltaic (PV) generation has emerged as one of the most attrac-
tive solutions due to its sustainability, scalability, and environmental compatibility
[1]. Consequently, grid-connected PV systems are now becoming key elements of
modern power grids, supporting clean energy integration and contributing to global
decarbonization targets [2].

Power electronic converters are central to PV energy conversion systems, as they
enable the adaptation of the DC output of PV sources into grid-compatible AC power
[3, 4]. Over the past decades, several inverter topologies have been developed to
meet the harmonics and efficiency requirements. Two-level voltage source inverters
are simple and cost-effective, but they have high total harmonic distortion (THD) and
increased stress and losses on the semiconductor devices [5]. To meet grid integration
standards such as IEC 61850 and IEEE 1547, the THD must be below 5%. Meet-
ing these requirements while maintaining low losses is challenging. To address these
issues, several multilevel topologies have emerged, including H-bridge structures [6],
neutral point clamped (NPC) converters [7, 8], and flying capacitor (FC) converters
[9]. Although these topologies have demonstrated good steady-state performance in
specific applications because they produce staircase voltage waveforms with low volt-
age stress on semiconductor devices and low THD [8-10], they suffer from inherent
limitations such as complex voltage balancing requirements, high component counts,
and limited scalability, particularly in medium- and high-voltage applications [11, 12].

To address these challenges, the modular multilevel converter (MMC) [13, 14],
first introduced in [15], has emerged as one of the most promising topologies in mod-
ern power electronics converters for many applications [16]. Thanks to its modular
structure, low harmonic distortion, reduced switching losses, and excellent scalability,
the MMC has become a key enabler for high-performance energy conversion systems,
including renewable energy integration, motor drives, and high-voltage transmission
applications [17-20]. The MMC is made up of floating capacitor cascaded submodules
(SMs), which allow flexible voltage synthesis while ensuring improved power quality
and reduced device stress [21-23]. Unlike conventional multilevel converters such as
cascaded H-bridge (CHB) structures [10], which require multiple isolated DC sources,
the MMC is built from a large number of identical SMs—typically half-bridge or full-
bridge cells—each consisting of a capacitor and controlled switching devices [24]. This
modular architecture enables flexible voltage scaling through the series connection of
SMs in each arm, making the MMC particularly suitable for high-voltage applications,
particularly high-voltage direct current (HVDC) transmission systems, where it serves
a key role according to large-scale power transfer and renewable energy integration
[25-27]. Structurally, a single-phase MMC consists of an upper and a lower arm, each
composed of a large number of SMs. In three-phase systems, three upper and three
lower arms are used [24]. They allow to generate near-sinusoidal output waveforms
with very low harmonic distortion, significantly reducing or even eliminating the need
for bulky AC-side filters compared to conventional topologies. In addition, the low
common-mode voltage and reduced (dv/dt) stress improve compatibility with grid-
connected systems and motor drive applications. The arm inductors further enhance
system robustness by limiting fault currents and improving protection capability.



Recent research has focused on addressing challenges associated with large-scale
deployment. For instance, hybrid MMC configurations have been proposed to enhance
fault ride-through capability and reduce energy storage requirements [27], while
advanced reliability assessment methods have been developed for medium-voltage
DC systems [28]. In parallel, improved modeling and simulation techniques are being
explored to enable efficient real-time analysis of large HVDC networks based on MMC
technology [26].

Despite this progress, the MMC still presents important challenges, mainly related
to control complexity, capacitor voltage balancing, and internal circulating currents
[24]. Nevertheless, the modular and repetitive nature of the MMC remains a key advan-
tage, as it enables systematic scalability and facilitates hierarchical and distributed
control design. As a result, despite its complexity, the MMC continues to be a highly
attractive solution for next-generation high-power conversion systems if the control
complexity is appropriately addressed.

A wide range of control strategies has been developed. These include cascaded
control structures with phase-shifted PWM [29], nonlinear backstepping methods [30],
model predictive control approaches [31], and sliding-mode-based techniques [32]. For
instance, a unified cascaded control strategy based on sliding-mode control and filtered
Proportional Integral (PI) regulation was proposed for a multilevel single-input dual-
output (SIDO) boost converter, with simultaneous consideration of maximum power
tracking (MPPT), power factor correction (PFC), and DC-voltage regulation [33],
while backstepping strategies have also been reported for conventional grid-connected
PV systems, where simultaneous MPPT, DC-link voltage regulation, and power factor
correction (PFC) were successfully achieved [34]. Although this approach demonstrates
the potential of nonlinear multi-objective control for multilevel PV conversion systems,
it relies on a DC-DC conversion stage and does not address the internal dynamics and
voltage-balancing requirements inherent to MMC-based architectures.

More recently, Active Disturbance Rejection Control (ADRC) has also been inves-
tigated for single-phase PV-MMC systems, combining an outer filtered PI controller
with an inner ADRC loop to achieve grid-side power factor correction and PV volt-
age regulation for MPPT [35]. In parallel, recent studies have examined advanced
control and modeling approaches for MMC-based renewable-energy systems, includ-
ing the works reported in [36] and [37]. These contributions further highlight the
importance of coordinated regulation, dynamic modeling, and power-quality control
in MMC-integrated renewable-energy applications. However, the simultaneous regu-
lation of individual MMC arm currents, PV voltage balancing, MPPT, and grid-side
power quality within a unified nonlinear control framework remains insufficiently
investigated.

In addition to control-oriented developments, several analytical frameworks have
been proposed to better understand the internal dynamics of MMC systems, including
discrete-time modeling to predict the transient response and current stress [38], imbal-
ance analysis methods [39], adaptive PI-based strategies [40], sliding-mode regulation
techniques [41], and nonlinear model-based approaches [42—44]. However, despite these
significant contributions, most existing works deal with modulation, estimation, and
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Fig. 1: Architectural diagram of an AC-DC hybrid microgrid interfaced by an MMC.

control independently and separately, and a unified nonlinear control framework for
MMC-based renewable energy systems is still lacking.

Parallel to developments in inverter topologies, hybrid AC/DC microgrids have
gained increasing attention as flexible architectures capable of integrating distributed
energy sources feeding diverse loads. Within such systems, the MMC serves as a key
interface enabling bidirectional power exchange between AC and DC networks while
ensuring high power quality and modular scalability [45, 46]. However, the dynamic
interaction between PV sources and MMC structures introduces additional control
challenges, particularly when nonlinear system behavior, power factor correction, and
maximum power extraction must be addressed simultaneously. Therefore, this paper
concentrates on the PV-MMC grid interface highlighted in Fig. 1.

Motivated by these challenges, this study focuses on the nonlinear modeling and
control of a grid-connected PV system based on an MMC. The primary goal is to design
an effective control strategy that enables efficient power transfer from the PV source
to the grid, while ensuring stable system operation and delivering high-quality injected
power. Among the various nonlinear control approaches reported in the literature [47,
48], a framework based on Lyapunov theory and backstepping is developed to regulate
converter dynamics and ensure stable, efficient power transfer from the PV source to
the utility grid. The proposed control scheme adopts a cascaded dual-loop structure.
The inner loop control makes use of a Lyapunov-based backstepping controller to
regulate the MMC currents to perform power factor correction (PFC) at the grid side.
The outer control loop, also designed using backstepping, aims to fulfill two main
objectives: i) maximum power point tracking (MPPT) from the PV source and ii)
voltage balancing between the PV capacitor voltages to guarantee the MMC-based
PV system operates correctly.



The main contributions of this work are summarized below:

A nonlinear averaged dynamic model of a grid-connected PV-MMC system is

developed, suitable for control design and analysis.

® A Lyapunov-based backstepping inner current control loop is proposed to ensure
stable current regulation and unity power factor (UPF) operation at the grid
interface.

® An outer voltage control loop based on the backstepping approach is formulated to
achieve simultaneous MPPT and PV voltage balancing.

® The proposed control scheme is integrated into a unified nonlinear control frame-

work, enabling coordinated energy management between the PV source and the

electrical grid.

The effectiveness of the proposed control architecture is validated through detailed
simulations, demonstrating improved dynamic performance, accurate PV voltage reg-
ulation, enhanced power quality at the grid interface, and precise tracking of the arm
current references. Unlike existing approaches, the proposed strategy integrates a dual-
loop backstepping control framework that simultaneously ensures MPPT operation,
PV voltage balancing, PFC, and accurate arm current tracking within a unified con-
trol structure. To the best of the authors’ knowledge, most existing works address
these control objectives separately or partially [30, 49, 50]. In contrast, a fully inte-
grated control scheme for PV-MMC systems has been implemented for the first time
in this work to achieve the objectives of accurate arm current tracking, PFC, MPPT
operation, and PV voltage balancing.

The rest of this paper is structured as follows. Section 2 presents the system
description and mathematical modeling. Section 3 introduces the control objectives
and provides the steady-state analysis. Section 4 details the design of the nonlinear
controller. Section 5 discusses the simulation results. Finally, Section 6 concludes the

paper.

2 System Architecture and Mathematical Modeling
of the PV-MMC System

2.1 Description of the Studied System

Fig. 2 depicts the circuit diagram of the system under study in this paper. It consists
of a PV—fed grid-connected MMC composed of eight SMs, four SMs at the top side
and other four SMs at the bottom side. Each SM consists of a capacitor C' and a pair
of semiconductor switches. Moreover, each arm of the converter contains an inductor
with inductance L and an equivalent series resistor r. The MMC is interfaced with
the AC grid through a coupling filter characterized by the inductor with inductance
L4 and an equivalent series resistor rg.

Each SM within the MMC operates in four distinct circuit configurations (see Fig.
3), determined by the switching signals 5 ,, € {+1, -1}, wherex =1,...,4,and p,,; €
{+1, -1}, where y = 5,...,8. When p,, = +1 or p,; = +1, the corresponding SM is
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Fig. 2: Simplified schematic electrical diagram of a PV-fed grid-tied MMC.

inserted, and its output voltage equals the capacitor voltage v. , or v.,. Conversely,
when p; ., = —1 or p,; = —1, the SM is bypassed, resulting in a zero output voltage.

The sign of the SM current plays a key role in determining the SMs internal
behavior. A positive current (i.e., i, > 0 for the upper arm or 4; > 0 for the lower
arm) corresponds to current flowing from the upper to the lower terminal of the SM,
leading to capacitor charging when the SM is inserted. In contrast, a negative current
(iy, < 0 or 4y < 0) indicates current flowing in the opposite direction, resulting in
the capacitor discharging. Moreover, the current direction determines the conduction
paths through the semiconductor devices (IGBTs and antiparallel diodes), leading
to the four operating configurations illustrated in Fig. 3. In the figure, only the SM
in the upper arm is shown. For that arm, two IGBTs S, g and S, ; are used with
their antiparallel diodes D, g and D, r. Similarly, two IGBTs S, g and S, ; are
used in the lower arm with their antiparallel diodes D, z and D, 1. The differential
equation describing the behavior of the capacitor voltage v, ,, of an upper SM (SM,, ,,,
z=1...4) and a lower SM (SM,,;, y =5...8) can be written as:

dv 14+ pig
C Tu T, U 1
dt 9 an ( a)
dv,, 1
cfut _ iy, (1b)

2.2 Mathematical Modeling

Using KVL and KCL, the dynamic model governing the circuit behavior can be
obtained. The following compact form can be used to express this model:
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Fig. 3: Upper SM circuit configurations according to the values of the driving signals

and the sign of the current i,.
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0 appearing in the previous equations are given by:
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The upper-arm voltage v, and lower-arm voltage v; are, respectively, determined by
the SM binary signals ft, . and i, ; and the corresponding capacitor voltages v, and

U¢y according to the following expression:
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L+ pau
Vy = Z T’Ucz (3a)
=1
8
1+ pu,
v = Z #Ucy (3b)
y=>

These voltages are essential for capturing the MMC dynamics and enabling the
design of the associated control strategy.

The PWM scheme uses eight carrier signals that are equally phase-shifted by 7 /4.
The upper SMs use the carriers with phase shifts of 0, 7/2, 7, and 37 /2, while the
lower SMs are assigned the carriers with phase shifts of 7/4, 37/4, 57 /4, and 7w /4.
This allows a uniform distribution of switching events and helps reduce voltage ripple
at the converter voltages and currents. [51].

Using (2a) and (2b) as a basis, the system is first represented by a switched model.
The associated averaged model is then derived, leading to the following expression:

diy, .
L ;tl = Zitu + vy My + My (D — Do) (4a)
ATy, - .
OP“Tf — Ty M3 — iy (4b)

where overbar stands for averaging within one switching period.

3 Control Objectives and Steady-State Analysis

The control objectives for the grid-tied PV-MMC system are summarized below:

i) Accurate tracking of arm current references: The controller’s primary objective is
to provide precise tracking of the reference current vector of the MMC’s both upper
and lower arms i, = (id i;i)T. By regulating the arm currents, the converter can
control the power exchanged with the grid while maintaining the desired dynamic
performance.

ii) Power factor correction: this involves feeding power from the solar panels into the
grid with a UPF. The current supplied to the grid, 74, needs to be a sinusoidal
waveform that complies with its reference, igl = Pug, and is synchronized with the
grid voltage. ‘

iii) Real-time tracking of the maximum power point (MPP) through an MPPT algo-
rithm: optimizing solar energy extraction by keeping the system close to the MPP.
This is achieved by regulating the PV voltage vector vy, to its setpoint vgv dictated
by the MPPT algorithm.

iv) Balancing of voltages vp,1 and vp,2: ensuring that the average of the voltages vy,
and vp,2 are identical to their reference Ugv /2 in steady-state operation with the
desired dynamic performances.



Under steady-state and stable operating conditions, the grid voltage and current
exhibit sinusoidal waveforms and remain in phase. They can thus be expressed as
follows:

vy (t) = VyV/2sin(wt) (5)
ig(t) = I,V/2sin(wt) (6)

The upper and lower arm currents are expressed in terms of the PV current and
the grid current as follows:

bur = iy My + o M, My = (1 -1)7 (7)

Substituting (5), (6), and (7) into (2a), we obtain the following relationship, which
yields the steady-state expressions for the arm voltages:

Uy = Vuide Mg — Vyesin(wt + @) My (8)
where V1 dc, Vae and ¢ are given by the following expressions:

Vul,dc = Upy — ripv M4

. [(26ry 4+ (6 — 1)r) I, +2(6 — 1)V,
o1+ +)Iw]?

o (6 + DIwly
@ =tan? ((26rg + (06— 1)), +2(6 — 1)Vg>

)

Considering the upper- and lower-arm voltage expressions and using (8), the
steady-state control inputs u,; = (uu ul)T of these arms are given by:

Uy = — (M3 — V1) + Vysin(wt + ) 9)

The vectors V1 and V5 are expressed as:

Vu,de ,

— Ve — v,
Vi=\|vu |, Vo=
Vel Vel

4 8
where Vey = Y, Ve and v = D2, 5 Vey

=
N——

By neglecting the voltage drops in 74, 7, and L and considering that the control
inputs in u,,; are bounded within the interval (—1,1), the following condition can be
derived for the system to operate correctly:

Upyl + Upy2 > 4Vg (10)
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Fig. 4: Structure of the proposed controller.

This condition reflects a fundamental operating requirement of the converter: the
DC bus voltage must be sufficiently high to ensure proper modulation and controlla-
bility of the arm voltages. More precisely, it guarantees that the converter can produce
the necessary AC voltage in accordance with the grid voltage without saturation.
Therefore, under ideal conditions, the DC bus voltage must exceed four times the
peak value of the grid voltage to maintain stable operation and ensure effective power
transfer.

4 Control Architecture

Building upon the control objectives defined in the previous section, as well as the
inherent properties of the MMC topology, a cascaded two-loop control structure is
employed, as depicted in Fig. 4. The proposed strategy is composed of an outer volt-
age regulation loop and an inner current control loop. The outer loop is responsible
for regulating the PV-side voltages while ensuring the MPPT, whereas the inner
loop guarantees accurate tracking of the arm currents. To enhance system stability
and dynamic performance, nonlinear backstepping controllers are developed for both
control loops.

4.1 Inner Loop Design

To meet grid requirements, the inner control loop is designed to ensure UPF. This is
achieved by setting the grid current to be sinusoidal and in phase with the grid voltage.
In this work, the control strategy is based on the direct regulation of the arm current
vector 2,;. This choice relies on the relationship between the arm currents and the
grid current, given by (iy = i, — 4;). Therefore, accurate tracking of the arm currents
ensures the desired grid current behavior and enables PFC. To this end, a backstepping
controller is designed to regulate i,;, providing robust tracking performance under
varying operating conditions.

To guarantee accurate tracking of the arm current references, the following tracking

error vector is defined: : »
& =1L (fu i) (11)

10



Its time derivative is:

éi = Zulgul +ng1 + M, (ﬁpv _ﬁul) —L
A quadratic Lyapunov function candidate is selected as follows:
1
V= 55; 3 (13)

Its time derivative is given by the following expression:

~d
. - _ _ di,,
Vizg;'r (Zulzul+UgM1+M2 (vpv_vul)_L dtl> (14)
Let Q; = —diag(ki1, ki2) be a negative definite matrix, where k;; and k;5 are positive
constants. If the error dynamics are enforced to be as follows:
éi =Q;&; (15>

Then, Q, is a negative definite matrix; it follows that V; is negative. Consequently,
the tracking error vector &, converges asymptotically to zero, ensuring stable tracking
of the arm current references.

By substituting the system state equations into the derivative of the Lyapunov
function (14), the stabilizing voltage can be expressed as follows:

~d
B - &l
ﬁ1;[26;)1;'1']\421 (Zulzul+ng1_L dtl _Qi5i> (16)

Combining (16), (3a) and (3b), the following backstepping control law is derived:

Uy = V;l (’Upv + M;l (Zulgul + ’Ung

i’
ul )
L it Qz£z> V4)

where the vectors V3 and V4 are given by:

1 (ve, O 1 (v,
V;:7 cu V:7 cu
=3 () vema ()

Remark 1 Consider the PV-MMC system depicted in Fig. 2, which is described by the
averaged state-space model given in (4a). In closed-loop operation, the system dynamics can
be expressed in the error coordinates as follows:

£ =Q;&; (18)

(17)

11



Remark 2 The reference vector of the upper and lower arm currents is given by:
d ig
i = ipu.c + My 2 (19)

where iﬁl and 2py,c denote the reference arm current vector and the control input vector
generated by the outer loop, respectively. The control input 2pv,c will be explicitly designed in
Section 4.2. To perform PFC on the grid side, the grid current reference is selected as follows:

ig(t) = Bug(t) (20a)
The signal j is a state variable provided by the outer voltage loop. Ideally, in steady-state
operation, this signal is given by:
Vo Ipw
%

ﬂss =B = (20b)

4.2 MPPT and Outer Voltage Control

To ensure proper energy extraction and balanced operation of the PV sources, the
proposed control strategy regulates the PV voltage vector v,, toward the reference
d /2. This choice guarantees that the total PV voltage follows the optimal value

value vy,
vgv provided by the MPPT algorithm. Accordingly, two main control objectives are
considered:

1. ensuring the tracking of the maximum power point, and
2. maintaining the voltage balance between vp,1 and vpyo.

To achieve these objectives, a backstepping-based control law is designed in the outer
control loop to ensure accurate tracking and closed-loop stability.

Based on the tracking error defined in (11), the arm current vector ¢,; can be
expressed as follows:

= = 1
Tul = Ty + Zfi (21)
A sum-and-difference transformation is applied to the PV voltages such that
Vpv,m = (Upv,s 'Upv,d)T, where Upv,s = Upvl +Upv2 and Upv,d = Upvl — Upv2- By applylng
this coordinate transformation, one can write:
dﬁpv,m

dt
where the vector %,,. and the constant matrices IN; and N3 can be expressed as

follows:
. _ Z'pvc,u o 11 _ 0
ZP'U,C - <ipvc,l) 9 Nl - (1 _1> 9 N2 - (_1)

To ensure accurate tracking of the PV voltage references, the following weighted
tracking error vector is defined:

. =d
va :Nl"/pv,c_FNQZg_"lei (22)

Ev = CPU (va,m - ﬁgv,m) (23)

12



Taking the time derivative yields:

e . =d dﬁgv,m
gu:lepv,c+N2Zg+N1§i_vaT:Q'vEU (24)
where Q, = —diag(ky,1, kv2) is a negative-definite diagonal gain matrix. The coef-

ficients k,1 and k,2 are positive tuning parameters. To guarantee asymptotic stability,
the following quadratic Lyapunov candidate function is selected:

Vv = %ﬁlfv (25)

Its time derivative is given by:

. . dv?
V,=¢7 <N1 tpu,e + N2 z‘; +N1&, — Cpy 2:"’) (26)
By substituting (24), the following control input is obtained :

. 1 %gv,m ~d
va,c:Nl va _NQZg_lei_Qvgv (28)

dt

Remark 3 Let us consider the PV-MMC system shown in Fig. 2, described by the averaged
state-space representation in (4b) along with the control law introduced in (28). When operat-
ing in closed loop, the system dynamics can be conveniently expressed in the error-coordinate
framework as follows:

£ =Q€, (30)

5 Results and Discussion

The overall PV-MMC system and its corresponding control strategy are depicted
in Fig. 5. The model is developed in MATLAB/SIMULINK using the SimPowerSys-
tems toolbox with a fixed-step ODE1 (Euler) solver. All detailed specifications under
atmospheric conditions are outlined in Tables 7?7 and 2, the system parameters and
controller specifications are summarized in Table 3.

The closed-loop performance is evaluated under two operating scenarios: (i) varying
solar irradiance with constant temperature, and (ii) varying temperature with constant
irradiance. These scenarios assess the robustness of the proposed control strategy
under environmental variations.

5.1 Dynamic Performance under Step Variations of Solar
Irradiance

Fig. 6 illustrates the irradiance profile applied to evaluate the dynamic performance
of the proposed grid-connected PV-MMC control strategy, while the temperature is

13
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Table 1: Electrical characteristics of the
PV panel

Parameter Symbol Value

PV Array (1Soltech 1STH-220-P, 32Sx4P)

Maximum power voltage  Vip 29.3V
Maximum power current  In,p 7.47 A
Maximum power P 218.87T W
Short circuit current Isc 7.97 A
Open circuit voltage Voc 36.6 V

Table 2: Maximum power point (MPP) characteristics
under different operating conditions.

MPP G (W/m?) T (°C) Vumpr (V) Purp (W)

MPP1 1000 25 973.6 28020
MPP2 1200 25 930.2 33270
MPP3 800 25 943.5 22580
MPP4 1000 45 851.9 25700
MPP5 1000 15 980.6 29120

14



Table 3: PV-MMC system parameters.

Category Symbol Value

Controlled system characteristics.

Grid parameters Vg 220v/2V, 50Hz
rg, Lg 1mQ, 1mH
PV-side parameters Cpo 1mF
MMC parameters Cswm 2mF
r, L 1m&, 1mH
fe 10kHz

Main control design parameters.

Inner current regulator ki1, ki2 5x 10%4s—1
Outer voltage regulator k1, ky2 5081

maintained constant at 25°C. The corresponding system responses are presented in
Figs. 7-10. The DC bus voltage v,, shown in Fig. 7a remains well regulated despite
these variations, demonstrating the effectiveness of the outer control loop. The PV
voltages vp,1 and vy in Fig. 7b accurately track their reference values with mini-
mal steady-state error, ensuring proper MPPT operation. The system exhibits a fast
dynamic response with negligible overshoot and short settling times in response to
irradiance variations, confirming the good damping characteristics of the proposed
control strategy. As illustrated in Fig. 7c¢, both the PV power and the grid power
rapidly adapt to changes in irradiance, indicating effective power extraction from the
PV source and proper power injection into the grid. (see Table 2). The upper and lower
arm voltages in Fig. 8a and Fig. 8b remain well balanced, while the arm currents in
Fig. 8c closely follow their reference signals with smooth sinusoidal waveforms, high-
lighting the effectiveness of the inner current control loop. The grid current shown in
Fig. 9a remains sinusoidal and well synchronized with the grid voltage. This is fur-
ther confirmed by the phase alignment in Fig. 9b, demonstrating unity power factor
operation. The harmonic spectrum in Fig. 9c reveals a very low distortion level. For
a quantitative assessment of power quality, the THD of the grid current under dif-
ferent irradiance levels is reported in Table 4. As observed, the THD remains below
0.3% across all operating conditions, reaching its minimum at nominal irradiance
(1000 W/m?). Finally, the external signal 3 in Fig. 10a adapts appropriately to irradi-
ance variations. In contrast, the internal control signals w in Fig. 10b remain bounded
and smooth, ensuring the practical feasibility of the proposed control strategy.

In general, the obtained results confirm the effectiveness of the proposed con-
trol strategy in ensuring fast dynamic response, accurate reference tracking, balanced
operation, and robust performance under varying irradiance conditions.

15



1300 T T T T T T

1200 | B

= e
o =
S o
==
T
1

=3
=3
=3
T
1

Irradiation (W/m:

@®
=3
=
T
1

1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

Fig. 6: Irradiance change profile.

-
=]
=]

S
Up Vo

T

Time (s)

(b) Actual PV voltages (vpy1) and (vpy2)-

O 1 1 1 1 1
0 01 02 03 04 0.5 0.6 07

Time (s) .

(c¢) Active power injected into the grid from PV panels.
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Fig. 8: Dynamic performance of the proposed control strategy under varying irradi-
ation of voltages and currents of the arm.

5.2 Dynamic Performance under Step Variations of
Temperature

Fig. 11 presents the temperature variation profile applied to evaluate the dynamic
performance of the proposed PV-MMC control strategy, while the irradiance is main-
tained constant at 1000 W/m?. The corresponding system responses are illustrated in
Figs. 12-14. The DC bus voltage vp, in Fig. 12a remains well regulated despite tem-
perature changes, confirming the effectiveness of the outer voltage control loop. The
PV voltages vpy1 and vpy2 in Fig. 12b accurately track their reference values with min-
imal steady-state error, ensuring proper MPPT operation. The system exhibits a fast
dynamic response with negligible overshoot during temperature transitions. As illus-
trated in Fig. 12c, both the PV panel power and the grid power vary smoothly with
temperature (see Table 2), reflecting the natural dependence of PV characteristics on
temperature variations.
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Fig. 9: Dynamic performance of the proposed control strategy under varying irradi-
ation: (a) Grid current, (b) PFC performance, (c) FFT spectrum.

Table 4: THD of the grid
current under different irra-
diance levels.

Irradiance (W/m?)  THD (%)

800 0.23
1000 0.14
1200 0.16
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The arm currents in Fig. 13a maintain sinusoidal waveforms and closely follow their
reference signals, while the grid current in Fig. 13b remains well synchronized with
the grid voltage, confirming unity power factor operation. This is further supported
by the phase alignment shown in Fig. 13c. The external signal £ in Fig. 14a adapts
appropriately to temperature variations, indicating an appropriate adaptation of the
operating point to temperature variations, whereas the internal control signals u in
Fig. 14b remain bounded and smooth. The harmonic performance is summarized in
Table 5, where the THD remains very low under all temperature conditions (0.14%
at 25° C, 0.22% at 15° C, and 0.27% at 45° C), demonstrating the robustness of the
proposed control strategy and ensuring high power quality.

The obtained results demonstrate the stability, accurate tracking performance, and
robustness of the proposed control strategy under temperature variations.
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6 Conclusion

This paper has investigated the control of a single-phase grid-connected photovoltaic
system based on a modular multilevel converter (PV-MMC), with particular emphasis
on addressing its inherent nonlinear dynamics and multi-objective control require-
ments. A nonlinear control strategy based on the backstepping approach, supported by
Lyapunov stability analysis, has been developed to ensure stable and reliable system
operation. The proposed control framework achieves several key objectives simultane-
ously, including precise tracking of arm current references, effective balancing of PV
voltages, unity power factor operation at the grid interface, and optimal power extrac-
tion from the photovoltaic source. The inner current loop ensures accurate current
regulation and contributes to power factor correction, while the outer voltage loop
enables efficient maximum power point tracking and maintains voltage balance across
the system. The stability of the closed-loop system has been analytically validated
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Fig. 13: Dynamic performance of the proposed control strategy under temperature
variation: (a) Arm currents, (b) Grid current, (¢) PFC performance.

using Lyapunov theory, guaranteeing the asymptotic convergence of tracking errors.
In addition, simulation results under both nominal and varying operating conditions
confirm the effectiveness of the proposed approach, highlighting its robustness, fast
dynamic response, and good steady-state performance.

Overall, the proposed nonlinear control scheme offers a reliable and efficient
solution for coordinated power management between the PV source and the grid.
These results suggest that the proposed approach is well-suited for high-performance
PV-MMC applications. Future work will focus on experimental validation and
real-time implementation to further assess its practical feasibility.
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Table 5: THD of the grid cur-
rent under different tempera-
ture levels.

Temperature (°C) THD (%)

15 0.22
25 0.14
45 0.27
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