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Abstract. This paper deals with the control design of a single-phase Modu-
lar Multilevel Converter (MMC) interfaced with a photovoltaic (PV) system.
The proposed strategy aims to simultaneously achieve two main objectives: i)
power factor correction (PFC) on the grid side to improve power quality, and
ii) regulation of the PV voltage to ensure precise maximum power point track-
ing (MPPT). To fulfill these objectives, a cascaded two-loop control structure is
developed, in the outer loop, a filtered proportional-integral (FPI) controller is
employed, while an Active Disturbance Rejection Control (ADRC) technique
is adopted in the inner loop to enhance dynamic performance and disturbance
rejection capability. In addition, a comparative analysis with conventional con-
trol approaches is carried out to highlight the effectiveness and robustness of
the proposed method. The performance of the suggested controller is verified
using MATLAB/Simulink simulation, and the obtained results demonstrate fast
dynamic response, accurate tracking performance, and stable operation under
different operating conditions.

1 Introduction

The increasing global requirement for cleaner, renewable energy has accelerated the de-
velopment and integration of Renewable Energy Sources (RES), such as solar and wind, at a
rapid pace. RES has numerous positive economic and environmental effects, but with them
come many challenges to grid stability [1], power quality, and conversion efficiency. To coun-
teract them, high-performance power electronic converters have a critical role in providing
seamless RES integration into modern power networks [2, 3].

Among the many converter topologies, one that stands out for its high performance in
high-power applications is the Modular Multilevel Converter (MMC) [4]. It is especially
well-suited for High Voltage Direct Current (HVDC) transmission [5], Flexible AC Trans-
mission Systems (FACTS) [6], and integrating renewable energy sources into the grid be-
cause of its high efficiency, adaptability, outstanding harmonic performance, and high degree
of scalability.

Furthermore, this kind of MMC technology is currently being investigated more and more
for AC / DC Hybrid Microgrid (HMG) [7], which combines the benefits of both AC and DC
networks to improve system efficiency, flexibility, and dependability. MMC serves as a cru-
cial interface between the AC and DC subsystems in these microgrids, facilitating voltage
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regulation, bidirectional power flow, and enhanced power quality. Therefore, MMC is essen-
tial for the creation of robust, effective, and future energy distribution networks [7].

In [8-10], several linear and non-linear controllers for MMC have been put forth and
used; all controllers share a common goal: to stabilize the system and maintain dynamic
stability. MMC control using a Proportional-Integral (PI) controller is widely used [8], but
it has major drawbacks due to the complexity and non-linearities of the system. It does not
efficiently manage circulating currents, is sensitive to parametric variations, and has low ro-
bustness against harmonics. In addition, its limited bandwidth reduces the responsiveness to
disturbances and transients. There are also other control methods for MMC, namely Sliding
Mode Control (SMC), which allows us to handle the nonlinearities of the system, offers a
fast convergence to the reference, and maintains a stable performance even in the presence of
disturbances, such as circulating currents and load variations. However, the implementation
of SMC can be complex due to the need for an adequate design of the sliding surface [9].

In the past few years, Active Disturbance Rejection Control (ADRC), originally proposed
by Han in 1998, has attracted considerable attention in various areas of control engineering
as a promising alternative to traditional PID regulators and model-based control approaches
[11]. To simplify the implementation of the nonlinear ADRC structure, the study in [12] in-
troduced a Linear Active Disturbance Rejection Control (LADRC) scheme, where nonlinear
functions were replaced by linear gains. Unlike many conventional control methods, ADRC
does not rely on an accurate mathematical model of the system, which makes its implemen-
tation simpler and reduces the complexity associated with parameter tuning [13]. In addition,
the controller order can be selected flexibly according to the application requirements, allow-
ing ADRC to be adopted in a wide range of systems. Owing to these characteristics, ADRC
offers several advantages such as fast dynamic response, high tracking precision, strong dis-
turbance rejection capability, and reliable system stability.

The present paper proposes an approach to improving the performance of a grid-
connected PV-MMC system through the implementation of a first-order ADRC. One of the
main advantages of the proposed topology lies in its ability to achieve effective compensation
performance while employing a reduced number of semiconductor devices. The proposed
control strategy is organized into two cascaded loops, namely an inner loop and an outer
loop. The inner loop is designed based on the ADRC technique to regulate the grid current
and circulating current, providing strong robustness against disturbances, parameter uncer-
tainties, and external perturbations, while ensuring fast dynamic response and outstanding
steady-state behavior. A nonlinear PI-based control loop with a filtering method controls the
DC-link voltage to manage the voltage of the PV array and ensure its convergence toward the
desired reference value. In addition, Maximum Power Point Tracking (MPPT) is achieved
using the Perturb and Observe (P&O) algorithm due to its simplicity and adaptability under
rapidly varying atmospheric conditions. Furthermore, a comparative study with conventional
control methods, including PI and Proportional Resonant (PR) controllers, is carried out to
evaluate the effectiveness of the proposed ADRC-based approach.

This work’s main contributions are summarized as follows:

e Application of the ADRC technique in the inner control loop for simultaneous regulation
of the grid current and circulating current in a single-phase PV-connected MMC, leading
to enhanced robustness and disturbance rejection capability.

e Design of an outer-loop control based on a filtered nonlinear PI regulator combined with
the MPPT P&O algorithm to ensure accurate PV voltage regulation, efficient maximum
power extraction, and power factor correction (PFC).

e Comparative performance analysis with conventional PI and PR controllers, demonstrating
that the proposed strategy provides faster dynamic response, improved disturbance sup-
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pression, accurate reference tracking, and unity power factor operation under irradiance
variations.

The remainder of this paper is organized as follows. Section 2 presents the mathematical
modeling and dynamic analysis of the PV-MMC system. Section 3 describes the proposed
ADRC-based control design. Simulation results and performance discussions are provided in
Section 4. Lastly, the main findings of this work are provided in Section 5.

2 Dynamics & Mathematical Model

The system under study is a PV system that interacts with the grid through a single-phase
MMC, as shown in figure 1. It is composed of: i) a PV array connected to the electrical power
grid via an MMC; ii) a single-phase MMC that includes a series of Half-Bridge Submodules
(HF-SM) in upper and lower arms.

The HF-SM, as shown in figure 1, consists of a capacitor with voltage v, connected across
two complementary switches, S| and S, each of which has an antiparallel diode. The current
in this circuit can flow in both positive and negative directions [10].

+
-

Lgry

Figure 1. Diagrammatic representation of the MMC supplied by a PV generator.

The state-space mathematical representation of the PV-MMC system is derived from the
equivalent circuit illustrated in Figure 1. In this configuration, the variables v,,; and v,
denote the output voltages of the photovoltaic sources, while ip,; and i, correspond to their
generated currents. The quantities v,, i,, v;, and i; represent the capacitor voltages and arm
currents associated with the upper and lower branches, respectively. Moreover, i, and v,
indicate the grid current and grid voltage, where the latter can be expressed as follows:

vy(t) = Vysin(wyt) (1)

In this expression, the symbol V,, represents the magnitude of the grid voltage, while the
symbol w, represents the angular frequency of the grid voltage. The grid current can be
expressed as:

ig(1) = i, (t) — if(1) @

The currents of the MMC converter are defined as:
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i, (1) = i.(1) + %ig(t)
in(t) = ie(t) = Lig (1)
io(t) = %(iu(t) + (1))

By applying Kirchhoff’s rules, the mathematical model is as follows:

di, o1 1
IE = —rily + 5 (Upvl — Uva) —Ug t 5 (v = vy)
di, o1 ., L 1
ZE = —ri, + E (51)[,,,1 + U[,vz) - Zlg + 2_Lgvg - E (6v, —vp)
diy o1 ., L 1
LZE = —ri;+ 5 (Upul + (5l)pvz) +Zi, + Z_Lgvg ) (6v; — vy,)
dip, |
AP TR
dip,
pUW Iy — 1
where
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and the upper and lower

arm voltage represented as follows:

n
2
_ L+pi
Uy = E =5 Uci
i=1
n

1—p;
2.,

=1
i=5+1

U1

3
“
&)

(6.2)

6.b)

(6.c)

(6.d)

(6.e)

(7.a)

(7.b)

It should be noted that there is a relationship between the circulation current i. and the

arm currents i, and i;, in (5). The model will be reduced to the fourth order as follows:

diy, o1 1
LIE = —riiy + Evp,,,d -V, + 3 (v —vy)
di, - o0+ 1 . L
— = =it —— Uy + —
>t relT Ty T,
dvpy, iy ;
pv dt —tpv u
dvpy, ; i
pv dt - pv

5 1
_Z(vu+ul)_z(vu+vl)

(8.a)

(8.b)

(8.c)

(8.d)
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where v, ; and v, 4 denote the sum and differential components of the PV voltages, defined
aS Vpys = Upyl + Upy2 aNd Upyg = Upp1 — Up2, TESpECively.
The inverter switching function ; is defined by:

[+1 if S, is ON, S, is OFF,
Hi=\_1 irs, is OFF S, is ON.

To achieve the objectives of this study, the variable y; must be controlled. The IGBTs
are intended to be regulated through the use of a Pulse Width Modulation (PWM) block,
and by comparing the modulating reference waveform via a triangular carrier signal that is
symmetrical, the PWM blocks produce signals. The creation of pulses for the MMC’s upper
and lower arms is made easier by this comparative procedure.

3 System Controller Design

The design of a non-linear cascaded controller is the goal of this section. The inner
regulator on the grid side is made to guarantee the unity power factor while also ensuring
regulation of the circulating current in the MMC. The external regulator is made to ensure
that the voltage across the photovoltaic panel is strictly regulated by MPPT. Figure 2 depicts
the framework utilized for the fully regulated system.

Py Electrical
System Power Grid
Vpv Loy P ;C o ;n:‘r -l-:)[’.-‘1.
oo : ADRC
Algorithm

. g,
(P&O) Il Equation || Equation I
—l—v;v,s i@ (18) .

) Lé$._.k ......... -

y Equations B @_Vg

(22) & (23)

Figure 2. Controller structure

3.1 The LADRC Concept

Active Disturbance Rejection Control, introduced by Han [11, 14], is a robust control
technique that compensates for modeling uncertainties and external disturbances in real time.
ADRC extends the system model with an Extended State Observer (ESO) to observe un-
known dynamics and disturbances. The estimate provided by the extended state observer is
used to decouple the system from disturbances, allowing it to be treated as a simplified model
for control design [11]. The linear ADRC concept is presented using a first-order system with
input u and output y:

dy

I f(x,d, 1) + bou(t) ©))

https://doi.org/10.1051/epjcont/202638002010
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In this expression, f denotes the entire disturbance, d represents the external disturbance, and
b is a known system parameter.

The core concept of ADRC involves the use of an ESO to estimate f (1). This estimate
enables the controller to effectively counteract the influence of f(¢) on the system.

X1 = xp + bou
BH=f (10)
y=x
In the form of a matrix:

{x=Ax+Bu+Df ()

y=Cx

where : A=(8 (1)) B=(%))’ c=(10). p=(0 1)

The entire disturbance can only be calculated via the ESO because it cannot be measured
directly, which is constructed based on the system’s input and output [14].
The ESO’s equations are as follows:

{Z‘:AZ+Bu+D(y—g) 12

§=CZ
where : . ’
Z=[Z1 Zz] , D=[ 1 ﬁz]

In this context, D denotes the observer gain. The variables z; and z, are the estimates of y
and f, respectively, the latter being the ESO outputs,
Consequently, the extended state observer’s system of equations is provided as follows:

{31 =2+ 1y —Z1) + bou (13)

2 =Py —21)

The bandwidth parameterization technique is used to select the observer gains under the
requirement that all of the matrix’s eigenvalues (A — DC) be set to (—wy) [13].

1= 2wy
(14)
f

_ 2
2 = Wy

In this expression, wy is the observer’s ESO’s bandwidth, which is determined by the pole
placement method.
The control law for first-order ADRC is expressed as follows.

ug(r) = kp (r(1) = 21(1)) (15.2)

u(t) = %_022(0 (15.b)

In this formulation, k, denotes the linear ADRC gain parameter, whereas r(f) stands for the
reference input signal, yielding the following relationship:

{k” - (16)

wy=3~Tw,
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the parameter w, denotes the controller bandwidth.

Thus, it can be concluded that the linear ADRC is capable of being controlled by a single
parameter k,. In the meantime, this control strategy’s simplification greatly facilitates its use
in the industrial sector. The block diagram of the linear ADRC applied to a first-order system
is shown in figure 3.

Il
N>
N

y=2 Ii

Figure 3. LADRC schematic representation

3.2 LADRC'’s Control of PV-MMC: Inner Loop
3.2.1 Grid Current Regulator

The PFC aim requires that the power network’s input current i, follow a sinusoidal ref-
erence signal iy = fBv,. The current control loop will now be designed using the LADRC
control.

According to (8.a), the following expression for the current of the grid is obtained:

di, 1 Upod Vg  NO
— =yt - — - 17
dt Ly ‘g 2L, Ly 4L, " an
It is formulated as:
dx,
—r =1 (xg:7) + byu(t) (18)
where
Ig = Xy
. n Upv.d 1
fg (Xg,t) = —L—lxg + 2_L1 - L—]Ug
nu,
b, =—
77 4L
The first-order LADRC control law of the PV-MMC system is as follows:
o(t) = kyi (X5(0) = 21(0)) (19.2)
1) —2(t
u(p) = O =20 (19.b)
by

The total disturbance impacting the current of the grid x, is represented by the variable f,.
The variable u indicates the current loop control input, and the system’s known parameters are
represented by b,. The ADRC controllers’ k,;, 81, and 8, parameters are carefully selected,

which will ensure that the current of the grid x, follows its reference x;.
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3.2.2 Circulating Current Regulator

The objective of this subsection is to control the system’s circulating current i, to follow
its intended value i using the ADRC technique. To achieve this, we base our approach on
(8.b):

dic I"Q . Upu,s L 1
— == o+ ——v, — —(1 + 8, 20
a T Lttt or 20)
It can be written as follows:
dx,
=5 = fo (o) + bool) @1
where
e = X¢
Upv,s L
C C» [ 6 1 -
Je Fe, 1) = <t 0D 20,0,

1
bo=——(0+6
Lz( )
Finally, the first-order LADRC control law of the circulating current is:

vo (1) = kpi (x:() = Z1c(1)) (22.0)

(= W00 (22.)

3.3 Outer Loop
3.3.1 PV Generator Reference

The MPPT "P&O" algorithm is employed to achieve the highest energy conversion ef-
ficiency, as it is simple to use and requires less computing time. The method necessitates
two input signals, vy = Upp1 + Up2 and ip, = ipy1 + ipu, to track the voltage vpv . that the
photovoltaic voltage must follow. The fundamental idea of this algorithm is to calculate the

photovoltaic output power and induce a perturbation.

3.3.2 Squared Output Voltage Regulation

The control law that generates the control signal needs to guarantee that the voltage
squared, represented by the equation y = vpv ¢ closely follows a given reference signal, rep-
resented by the equation y¢ = v . Furthermore, both the signal and its temporal derivative
must be available for analysis. Based on these requirements, a first-order filtered PI controller
is proposed as a solution:

b
P=7s (kpea + kies) (23)
where,
es(t) =y (1) —y(1) (24.a)
es(t) = f eq(T)dr (24.b)
0

https://doi.org/10.1051/epjconf/202638002010
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3.4 Stability properties of the PV-MMC system controlled by ADRC

The system we are examining is characterized by the dynamics in equations (8.a)-(8.d).
The dynamic exhibits first-order behavior in response to external and potential internal dis-
turbances. The uncertainties are compensated for by utilizing an ADRC strategy formed in
two cascading loops:

e The grid current i, is stabilized by an inner loop through a filtered PI controller, supple-
mented by an ESO, which reconstructs the aggregate disturbance online. This disturbance
is compensated in the control, reducing the dynamics to a simpler form:

dx, B
=1 (xg-1) + byu(r) (25)

By this means, the ESO facilitates dynamic decoupling between disturbances and system
behavior [14].

e The slower external loop stabilizes a large magnitude, here v, assuming the internal loop
responds correctly to setpoints. This uses the temporal separation of dynamics (which one
usually can rely upon in cascaded systems).

Under this context, stability can be explained for the overall system by the following
properties:

Property 1. The ESO enables active disturbance compensation, converting the uncertain
system into a pseudo-linear one [12].

Property 2. The PI controller ensures local stabilization in the inner loop.

Property 3. The system has a cascade structure, which is known to ensure semi-global sta-
bility under certain conditions [15], namely:

e stability within each sub-loop

e enough separation between dynamic speeds.

Therefore, without a strict Lyapunov analysis, these structural considerations allow us to
predict the stability of closed-loop behavior, verified by simulation. This line of argumenta-
tion is widely used within robust nonlinear control, especially in the case of electro-energetic
systems subject to rapid disturbances.

4 Results & Discussion

The numerical evaluation of the MMC-PV system was carried out in the MAT-
LAB/Simulink environment employing the proposed ADRC control scheme. The results are
presented under two operating scenarios: (i) standard climate, with temperature (7' = 25°C)
and irradiance (G = 1000W/m?). and (ii) variable climatic conditions to assess the robust-
ness of the proposed controller. In addition, a comparative analysis with conventional control
strategies (PI and PR controllers) is performed to highlight the effectiveness and superior
performance of the proposed method. The detailed parameters of the power system are sum-
marized in Table 1.
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Table 1. Global system parameters: plant and controller

Subsystem Symbol  Value
Electrical grid Uy 220V2 V /50 Hz
g, Ly 0.005 m, 2 mH
PV System Cp 9 mF
DC/AC Converter MMC) Cgy 1 mF
r,L 0.05 mQ, 0.1 mH
Switching frequency fe 10 kHz
Number of SM n 8
ADRC Regulator W, 1.5x 10°
wo 1.1x10*
PI Regulator k, 1x1073vV=2Q7!
ki 1x1072v2Q- 157!

4.1 Climatic conditions: Standard effect

The simulation results are presented in figures 4 — 8, which demonstrate the efficacy of
the proposed ADRC controller under standard climatic conditions. Figure 4. shows that
the voltage of the photovoltaic system follows its reference signal. Furthermore, figure 5.
illustrates that the active power produced by the photovoltaic system is fed into the network.
Figure. 6 and figure 7 demonstrate that the current in the grid and the circulating current
align with their respective reference signals, exhibiting a high degree of precision. Finally,
figure. 8. demonstrates that the grid current is sinusoidal and in phase with the grid voltage,
thus resulting in a unit power factor being achieved.

T T T T ) 1
*
81999- va— — va B
- e
¥ seel- -
S
L
°
>
] -
1 1 1 1 1 1 1
e 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
Figure 4. PV voltage along with its corresponding reference.
T T T T T
P (KW, P (KN,
, (KW) L, (KW

Power (Kw)
'

Figure 5. Grid and PV power.
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Figure 6. Current of the grid along with its corresponding reference.
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Figure 7. Current in circulation along with its corresponding reference.
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Figure 8. Check the power factor.

4.2 Climatic conditions: Change effect

The controller performance is tested by considering changing irradiation conditions while

maintaining a constant temperature of 7 = 25 °C. Initially, the irradiance G decreased from
1000 W/m? to 700 W/m? at 0.4s (see figure 9).

~

E 1000 : ' :

2 [=—sl

o 800 -
1Y)

5

S 600 [ E
o

t 1 1 1

H [} 0.2 0.4 0.6 0.8 1 1.2

Time (s)

Figure 9. Irradiation pattern.

This change in irradiance resulted in a decrease in power (see figure 10). Figure 11 shows
that the PV system voltage follows its reference. Furthermore, the amplitude of the grid and
the circulating current increased and remained in phase with the voltage of the network (see
figure 12, figure 13, and figure 14). The increase in irradiance from 700 W/m? to 1000 W/m?>

at 1s results in an increase in output power, and also the grid current decreases, while main-
taining a constant power factor.

11
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Figure 10. Grid and PV power under irradiance changes.
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Figure 11. PV voltage along with its corresponding reference under irradiance changes.
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Figure 12. Current of the grid along with its corresponding reference under irradiance changes.
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Figure 13. Current in circulation along with its corresponding reference under irradiance changes.
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Figure 14. PFC checking under irradiance changes.
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4.3 Comparative analysis with literature

To further validate the proposed ADRC-based control strategy’s effectiveness, a compar-
ative analysis with recent control approaches reported in the literature is carried out. Table 2
presents a comparative analysis of three control strategies commonly used in Modular Mul-
tilevel Converter (MMC) applications, namely the Proportional-Resonant (PR) controller,
the adaptive PI controller with fuzzy logic, and the Active Disturbance Rejection Control

(ADRC).

Table 2. Comparison of Different Control Strategies for MMC Applications

bances and parameter
variations

tuning

Criterion PR Controller Adaptive PI ADRC
Controller
(8,9]
(8]
) o Slnusmdal. reference D}.fnamlc tuning of PI ESO combined with a
Operating Principle tracking using resonant | gains through fuzzy .
. . . nonlinear control law
compensation logic adaptation
Moderate  robustness; Very high robustness
. . Improved  robustness . . .

sensitive  to  distur- . with active disturbance

Robustness due to adaptive fuzzy

and uncertainty rejec-
tion

Implementation Com-
plexity

Moderate complexity;
requires resonant gain
tuning

Moderate complexity;
fuzzy rules and mem-
bership functions must
be designed

Higher complexity due
to ESO tuning and ob-
server parameter ad-
justment

Dynamic Perfor-

mance

Good steady-state AC
tracking, but relatively
slow transient response

Fast and stable transient
response

Very fast transient re-
sponse with low over-
shoot

Improved balancing of

Active suppression of

Impact on MMC Per- | Effective output current . disturbances, circulat-
. submodule  capacitor | . .
formance regulation ing currents, and grid
voltages .
imbalances

The comparison highlights key performance criteria, including operating principle, ro-
bustness, implementation complexity, dynamic behavior, and overall impact on MMC perfor-
mance. It can be observed that the PR controller offers satisfactory steady-state tracking of
sinusoidal references but exhibits limited robustness and relatively slower transient response
under parameter variations and disturbances. The adaptive PI controller improves system
performance by dynamically tuning control gains using fuzzy logic, resulting in enhanced
robustness and faster transient behavior, although at the cost of increased design complexity.
In contrast, the ADRC approach demonstrates superior performance in terms of disturbance
rejection, robustness against uncertainties, and transient response speed due to the use of an
ESO and active compensation of internal and external disturbances. However, this improved
performance comes with higher implementation complexity. Overall, the table emphasizes
the trade-off between simplicity, robustness, and dynamic performance among the considered
control strategies in MMC applications.

5 Conclusion

This paper presented a grid-connected system’s control strategy for single-phase PV—
MMC based on the ADRC technique. The proposed cascaded control structure combines an
ADRC-based inner loop with a filtered nonlinear PI outer loop to achieve effective regulation

13
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of the grid current, circulating current, and PV voltage. In addition, the MPPT P&O algorithm
was employed to ensure maximum power extraction under varying atmospheric conditions.

The obtained simulation results demonstrated that the proposed controller provides fast
dynamic response, accurate reference tracking, improved disturbance rejection capability,
and stable operation under irradiance variations. Moreover, the proposed approach success-
fully achieves PFC while ensuring efficient transfer of the PV-generated power to the electri-
cal grid. A comparative analysis with conventional PI and PR controllers also confirmed the
superior performance of the ADRC-based strategy in terms of robustness, transient response,
and disturbance suppression.

The suggested control strategy demonstrates the ADRC’s effectiveness for single-phase
PV-MMC applications and highlights its potential as a reliable solution for enhancing sys-
tem stability, robustness, and power quality in grid-connected renewable energy conversion
systems.
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