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A B S T R A C T   

Producing hydrogen using renewable energy is a pivotal move towards cleaner and eco-friendlier energy gen
eration, playing a vital role in safeguarding the environment. This method merges power electronic tools with 
electrolysers, which are key in enhancing hydrogen creation efficiency. Given that electrolysis operate on direct 
current (DC) voltage, there’s a need for DC-DC or AC-DC converters to guarantee the right voltage and current for 
optimal electrolysis. This study aims to present a power regulation system tailored for hydrogen production 
powered by renewable resources. This system consists of two main stages: the matrix converter and the 12-pulse 
diode rectifier. The matrix converter ensures a controlled intake of current from the alternating current (AC) side, 
leading to a sinusoidal output with limited harmonic disruption. Additionally, it produces an AC voltage with a 
controlled magnitude and frequency, designed to suit the 12-pulse diode rectifier that follows. This meticulous 
voltage control is fundamental, granting enhanced operational adaptability and producing a high-quality 
waveform to support the electrolysis. Finally, the 12-pulse diode rectifier’s task is to transform the AC from 
the matrix converter into a consistent DC voltage, crucial for effective hydrogen production.   

1. Introduction 

Hydrogen stands out as a multifaceted energy medium that can be 
derived from various resources and leveraged in multiple applications. 
Among its potential uses, hydrogen’s role in power generation promises 
not only enhanced energy efficiency but also environmental benefits and 
potential economic gains ↱ (Carmo et al., 2013; Moradi and Groth, 2019; 
Buttler and Spliethoff, 2018). When used in fuel cells or internal com
bustion engines, hydrogen combustion results in just water as a residue. 
Adopting hydrogen for power generation can curtail carbon emissions 
from conventional power sources and augment the incorporation of 
renewables ↱ (Staffell and Green, 2019; Brouwer, 2010). Concentration 
overvoltage is typically negligible when operating below a current 
density of 1 A/cm^2. Some experts believe that concentration over po
tential becomes significant only at extremely high current densities, 
suggesting it wouldn’t be a major concern for the proton exchange 

membrane (PEM) electrolysers found in most commercial applications ↱ 
(Brouwer, 2010). Electrolysis, a prevalent method for hydrogen gener
ation, employs electric current to disintegrate water into hydrogen and 
oxygen. Powering electrolysis with renewables like solar and wind 
renders it an environmentally friendly and sustainable hydrogen pro
duction method. Nonetheless, electrolysis efficiency can be hampered by 
the power electronics governing the electric current. As a DC load, the 
water electrolyser needs either AC/DC or DC/DC power conditioning. By 
adeptly managing the power conditioning phase, the desired output 
power can be set. The electrolyser’s power output is gauged by the I-V 
curve, which is sensitive to both temperature and pressure during 
operation. The electrolyser cell stack’s current, denoted by its mean 
value, signifies the amount of hydrogen generated over a specific period.  
Fig. 1 underlines that concentration overvoltage is considerably pro
nounced in PEM electrolysis, yet in alkaline electrolysis, where current 
densities are typically under 0.5 A/cm^2, it’s less influential ↱ (Mazloomi 
and Sulaiman, 2012; De Lorenzo et al., 2022). 
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The role of power electronics is vital in ensuring efficient and 
dependable hydrogen extraction. This process entails extracting 
hydrogen from water or other mediums using electrolysis or other 
techniques such as thermochemical, photochemical, or biological pro
cesses. Power electronics can offer the required voltage and current 
management, power quality enhancement, and energy governance for 
varied hydrogen extraction systems ↱ (Uzunoglu et al., 2009a; Meng 
et al., 2018a, 2019). 

Uzunoglu, et al (Uzunoglu et al., 2009a). focuses on integrating 
photovoltaic (PV), fuel cell (FC), and ultra-capacitor (UC) systems to 
create a hybrid power generation system for sustained power supply in 
stand-alone applications ↱ (Uzunoglu et al., 2009a). The paper also 
presents mathematical and electrical models for the PV system, 
including a modified model for silicon solar PV panels to integrate the 
electrolyzer and FC-UC system. The paper does not discuss the 

scalability or applicability of the proposed system for larger or different 
types of stand-alone applications. Meng, et al (Meng et al., 2018a). 
proposed a 12-pulse rectifier based on a power electronic phase-shifting 
transformer (PEPT) to reduce the volume of the rectifier and improve 
power density. The proposed topology converts power frequency AC 
voltage into high-frequency voltage, which is then phase-shifted by a 
high-frequency transformer and sent to two sets of three-phase rectifier 
bridges for rectification. Simulations and experiments confirm the 
effectiveness and feasibility of the proposed topology. Meng et al. 
(2019). proposed a novel multi-pulse rectifier that combines a 
dual-passive-harmonic-reduction method and a traditional double-star 
uncontrolled rectifier. The method includes a multi-winding inter-
phase reactor (IPR) and an auxiliary circuit. The turn ratio of the 
multi-winding IPR is optimally designed to minimize the total harmonic 
distortion (THD) of the input line current. Under the optimal turn ratio, 
the proposed rectifier operates as an 18-pulse rectifier, with a theoretical 
THD of about 10.1 % and an experimental THD of 6.58 %. Abdollahi 
et al. (2021). proposed 36-PR uses a PTC and a ZSBT circuit to ensure 
independent operation of the autotransformer output voltages and 
suppress circulating current. It has less rating, weight, volume, and cost 
compared to other conventional 36-PRs. The PTC is used to reduce kVA 
rating and input current THD, making it suitable for retrofit applica
tions. The proposed structure achieves nearly sinusoidal waveforms for 
input line voltage and currents, with low THD values well below the 
defined standards. The performance of the proposed 36-PR is compared 
with other multi-pulse rectifiers (MPR) in terms of cost, power factor, 
and load rating. 

Du et al. (2022a) The paper proposes a 12-pulse rectifier based on a 
power electronic phase-shifting transformer (PEPT) to reduce the vol
ume of the rectifier and improve power density. The proposed topology 
converts power frequency AC voltage into high-frequency voltage, 
which is then phase-shifted by a high-frequency transformer and sent to 
two sets of three-phase rectifier bridges for rectification. Simulations 
and experiments confirm the effectiveness and feasibility of the pro
posed topology. Yang, et al (Uzunoglu et al., 2009b). investigated two 
types of open-circuit (OC) faults in a delta-polygon 18-pulse autotrans
former rectifier unit (ATRU) used in aviation aircraft. It quantitatively 
analyzes the effects of diode OC faults on various aspects such as diode 
conduction angle, output voltage ripple, winding current, input current 
harmonics, and diode and transformer winding losses. It also examines 
the operating characteristics of the ATRU under input OC faults and 
discusses a fault diagnosis idea based on the affected intervals of the DC 
output voltage. The paper concludes by validating the theoretical 
analysis and discussion through simulation and experimental results, 
emphasizing the significance of this work for guiding fault detection, 
fault location, and predictive maintenance of ATRUs. Meng, et al (Du 
et al., 2022b). The paper proposes a novel multi-pulse rectifier that 
combines a dual-passive-harmonic-reduction method with a traditional 
double-star uncontrolled rectifier. The method includes a multi-winding 
inter-phase reactor (IPR) and an auxiliary circuit. The turn ratio of the 
multi-winding IPR is optimally designed to minimize the total harmonic 

Nomenclature 

(PEM) proton exchange membrane 
(PV) photovoltaic 
(FC) fuel cell 
(UC) ultra-capacitor 
(PEPT) power electronic phase-shifting transformer 
(IPR) inter-phase reactor 
(THD) total harmonic distortion 
(OC) open-circuit 
(ATRU) autotransformer rectifier unit 
(MC) Matrix Converter 
(MPC) Model Predictive Control 
(MIMO) multi-input multi-output  

Fig. 1. Relation between voltage level and current concentration in Hydrogen 
Elecctrolyser. 

Fig. 2. General schematic of the proposed Hydrogen generation power conversion system.  
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distortion (THD) of the input line current. Under the optimal turn ratio, 
the proposed rectifier operates as an 18-pulse rectifier, with a theoretical 
THD of input line current of about 10.1 % and an experimental THD of 
6.58 %. The proposed method is simple and easy to implement. 

The system presented in this study is depicted in Fig. 2 and is 
structured in two primary stages. The initial stage comprises a three- 
phase to three-phase matrix converter, while the subsequent stage uti
lizes a 12-pulse diode rectifier. The primary functions of the matrix 
converter are twofold: it generates a high-frequency three-phase voltage 
and meticulously manages the input current to ensure it remains sinu
soidal and synchronized with the grid voltage. This precise control 
significantly reduces harmonics throughout the system, thereby 
enhancing overall efficiency and stability. 

In the second stage, the 12-pulse diode rectifier interfaces directly 
with the hydrogen electrolyzer, providing the necessary DC power to 
enable optimal operation and efficient hydrogen production. To achieve 
robust control of the proposed system, model predictive control (MPC) is 
implemented. MPC excels in handling multiple variables simulta
neously, making it ideal for this application. It is specifically designed to 
control the amplitude and phase shift of the input current, adjust the 
frequency and amplitude of the matrix converter output, and maintain a 
fixed current supply to the hydrogen electrolyzer. 

The proposed system merits could be summarized as follows:  

• The matrix converter manages input currents to remain sinusoidal 
and synchronized with the grid voltage, resulting in significant 
harmonic reduction and improved system efficiency.  

• The matrix converter generates a high-frequency three-phase 
voltage, which contributes to the stability and efficiency of the 
overall system.  

• The 12-pulse diode rectifier provides stable DC power to the 
hydrogen electrolyzer, ensuring optimal operation and efficient 
hydrogen production. 

• The implementation of model predictive control (MPC) enables so
phisticated handling of multiple variables, including the control of 
input current amplitude and phase shift, and the adjustment of the 
matrix converter’s frequency and amplitude. 

• The precise control mechanisms in place ensure overall system sta
bility, even under variable operating conditions. 

• The combined use of a matrix converter and a 12-pulse diode recti
fier, controlled by MPC, presents a novel and effective power con
ditioning approach for electrolysis systems. 

• The proposed system offers a significant advancement in the inte
gration of renewable energy sources, particularly in enhancing the 
efficiency and stability of hydrogen production systems. 

The remaining structure of the paper are as follows: Section II will 
delve into the operational principles of the 3-phase matrix converter, 
detailing its topology, control strategies, and effectiveness in managing 
input currents while synchronizing with the grid voltage to reduce 
harmonics and enhance system efficiency. Following this, in Section III, 
the operation of the 12-pulse rectifier and its interface with the 
hydrogen electrolyzer will be explored, elucidating its role in providing 
stable DC power for optimal hydrogen production under variable load 
conditions. Section IV will elaborate on the control system implemented 
in the setup, focusing on model predictive control and its multi-variable 
handling capabilities, crucial for adapting to changing operating con
ditions. Finally, in Section V, the results of simulations and experiments 
will be presented and discussed, analyzing system performance, miti
gating harmonic distortions, and ensuring stable operation of the 
hydrogen electrolyzer, while also drawing conclusions and suggesting 
avenues for future research. 

2. 3-phase2 3-phase matric converter operation 

The Matrix Converter (MC) stands as a unified power converter 

showcasing the ability to directly drive an m-phase load using an n- 
phase source, without the assistance of energy storage components, 
typically denoted as an n×m MC ↱ (Blaabjerg et al., 2018). Some of the 
prominent features that elevate its utility in various sectors include ↱ 
(Rivera et al., 2017):  

• Compact Design: The power circuit design of the MC is space- 
efficient, making it suitable for installations with spatial constraints.  

• High-Quality Power Delivery: The MC can generate superior voltage 
and current qualities for the load without binding the frequency. 

• Efficiency and Harmonic Reduction: MC is known to output sinu
soidal input currents, functioning with a unity power factor, thus 
increasing the efficiency and minimizing harmonic interference.  

• Bi-Directional Energy Flow: An exemplary attribute of the MC is its 
ability to manage energy flow in both directions, from the source to 
the load and vice-versa. This trait becomes pivotal for applications 
involving regenerative loads. 

A detailed schematic representation of the MC’s configuration can be 
referenced in Fig. 3. This design emphasizes bidirectional switches, 
ensuring a seamless connection between the three-phase power supply 
and the three-phase load, leading to a 3×3 MC model. The blueprint in 
Fig. 3 elucidates the construction of the bidirectional switch, integrating 
two power transistors paired with their diodes in an anti-series config
uration ↱ (Kassas, 2013). An input filter, symbolized by Lf, Rf, and Cf, 
bridges the MC to the three-phase source. This crucial component serves 
a dual role ↱ (Vazquez et al., 2019):  

• Overvoltage Prevention: It guards the system against potential 
overvoltages, which might originate from power supply’s short- 
circuit impedance, primarily during the swift commutation of cur
rents like ieu, iev, and iew.  

• Harmonic Suppression: The filter efficiently filters out high- 
frequency harmonics that manifest in input currents, namely iu, iv, 
and iw, ensuring a harmonious and robust power transmission. 

The operational state of each bidirectional switch is represented by a 
variable, expressed as Sxy, where x∈{u,v,w} and y∈{a,b,c}. The con
duction phase of these switches is determined by their respective control 

Fig. 3. 3 phase to 3 phase ac-ac matrix converter.  
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signals. For clarity, if Sxy=1, it signals that the switch xy is active, 
establishing a current passage. However, a value of Sxy=0 implies a 
deactivated or non-conducting switch. 

Given the inductive nature of the loads, it’s paramount to ensure the 
continuity of the load current, mitigating sudden interruptions which 
might induce overvoltages potent enough to jeopardize system compo
nents. Furthermore, it’s crucial that the switch operations are orches
trated to avoid short-circuit scenarios between input lines, which could 
initiate dangerous short-circuit currents. To encapsulate these opera
tional boundaries in a structured mathematical framework, one can 
establish the following equation 

Suy + Svy + Swy = 1∀y ∈ {a, b, c} (1) 

The equation describes the relationship between the input and 
output voltages of a 3×3 matrix converter (MC): 
⎡

⎣
va(t)
vb(t)
vc(t)

⎤

⎦ =

⎡

⎣
Sua Sva Swa
Sub Svb Swb
Suc Svc Swc

⎤

⎦.

⎡

⎣
veu(t)
vev(t)
vew(t)

⎤

⎦ (2) 

The formula is given using the real-time conversion matrix, sym
bolized by T. To delineate the input and load voltages in vector form, 
they can be articulated as follows: 

Vo =

⎡

⎣
va(t)
vb(t)
vc(t)

⎤

⎦ (3)  

Vi =

⎡

⎣
veu(t)
vev(t)
vew(t)

⎤

⎦ (4) 

By employing the definitions provided in equation (7.3), the rela
tionship between the voltages can be expressed as follows: 

Vo = T.Vi (5) 

By applying Kirchhoff’s current law to the switches, we can derive 
the following equation: 
⎡

⎣
ieu(t)
iev(t)
iew(t)

⎤

⎦ =

⎡

⎣
Sua Sva Swa
Sub Svb Swb
Suc Svc Swc

⎤

⎦.

⎡

⎣
ia(t)
ib(t)
ic(t)

⎤

⎦ (6) 

Taking into account the current vectors 

Ii =

⎡

⎣
ieu(t)
iev(t)
iew(t)

⎤

⎦ (7)  

Io =

⎡

⎣
ia(t)
ib(t)
ic(t)

⎤

⎦ (8) 

The equation describing the current is as follows: 

Ii = TT .Io (9) 

The expression TT denotes the transpose of matrix T. 

The two-way switches in the setup function by toggling at an 
elevated switch rate. This action is orchestrated to yield a voltage of 
lower frequency that boasts modifiable amplitude and frequency. This 
voltage waveform’s creation is realized using switch blueprints, as 
illustrated in ↱Fig. 4. In essence, the load voltage’s low-frequency facet is 
formulated by intermittently capturing the input voltages and suitably 
actuating the bidirectional switches. 

To meticulously determine the time span for which each switch Sij 
stays activated (ON), symbolized as tij, and taking T as the sampling 
time frame, the load voltage’s low-frequency facet can be detailed as 
follows: 

vjn(t) =
tuj.veu(t) + tvj.vev(t) + twj.vew(t)

T
j ∈ {a, b, c} (10) 

The low-frequency componentvjn(t) represents the mean value 
calculated over a single sampling interval T of the output phase j. From 
an examination of Figure 7.2, it’s evident that the voltage corresponding 
to phase a arises by supplying the load voltage veu within the time frame 
tua, the voltage vev within the interval tva, and the voltage vew during 
the duration twa. 

Nevertheless, it’s imperative to guarantee that the activation dura
tions of the switches adhere to specific boundaries. 

T = tuj + tvj + twj∀j ∈ {a, b, c} (11) 

By establishing the duty cycles as 

muj(t) =
tuj

T
, mvj(t) =

tvj

T
, mwj(t) =

twj

T
(12) 

By defining the duty cycles as mentioned earlier and then expanding 
equation (7.8) for each phase, we arrive at the following set of 
equations: 
⎡

⎣
vaN
vbN
vcN

⎤

⎦ =

⎡

⎣
mua mva mwa
mub mvb mwb
muc mvc mwc

⎤

⎦.

⎡

⎣
veu
vev
vew

⎤

⎦ (13)  

Vo =

⎡

⎣
vaN
vbN
vcN

⎤

⎦ (14)  

Vo = M(t).vi(t) (15) 

In this context, we have the low-frequency output voltage vector 
denoted as Vo, the instantaneous input voltage vector represented as 
vi(t), and the low-frequency transfer matrix of the MC, denoted as M(t). 

Following a similar approach for the input currents, it can be shown 
that 

ii(t) = MT(t).io(t) (16) 

In this context, the low-frequency component of the input current 
vector is represented as ii(t), and the transpose of the matrix M(t) is 
denoted as MT(t). 

Fig. 4. Matrix converter switching sequence.  
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3. 12 Pulse rectifier operation 

The structure shown in ↱Fig. 5 showcases a 12-pulse diode rectifier, 
integrating two distinct 6-pulse diode bridge rectifiers arranged in series 
↱ (Rodriguez and Cortes, 2012; Bayhan et al., 2018). This rectifier draws 
power from two independent 3-phase secondary transformers. One of 
these transformers adopts a star linkage, while the other employs a delta 
pattern. The voltage metrics for both these secondary transformers can 
be articulated as per Eqs. (1–6). 

va = Va.sin(wt − φa) (17)  

vb = Vb.sin(wt −
2π
3

− φa) (18)  

vc = Vc.sin(wt+
2π
3

− φa) (19)  

vxy = Vxy.sin(wt − φxy) (20)  

vyz = Vyz.sin(wt −
2π
3

− φa) (21)  

vzx = Vzx.sin(wt+
2π
3

− φa) (22)  

Where va=vb=vc=Vm (Phase magnitude) 

vxy = vyz = vzx =
̅̅̅
3

√
Vm (23) 

A comprehensive representation of the potential conducting states 
for a 12-pulse diode bridge rectifier, highlighting the intricate dynamics 
introduced by the commutation angle, denoted as μ is illustrated in 
↱Fig. 6. This angle is pivotal in representing the overlap duration, a 
phenomenon induced primarily by the inherent supply and load in
ductances in the diode bridge structure. During this period, the rapid 
transition of current across the diode phases is inhibited, thereby 
affecting the operational states of the rectifier. 

In scenarios where diodes are interconnected to sources with 
augmented reactance, the overlap duration inherent to the rectifier 
might be extended. Consequently, this can usher the system into more 
intricate operational states. Systematically categorizing these states 
based on the overlap angle, we can identify three distinct operational 
modes: 

Overlap Mode 1( 0≤μ<60∘): This mode encapsulates the opera
tional dynamics where the commutation overlap angle μ remains less 
than 60 degrees. Functionally, the bridge operates conventionally 
within this mode. Throughout the overlap period, the diode count 
oscillating between active states can fluctuate between two and three. 

Overlap Mode 2(μ=60∘): A subsequent elevation in the supply 
inductance can transition the system to this mode. Here, the commu
tation overlap angle μ stabilizes at a consistent 60 degrees. Intrinsically, 
during this mode, a trio of diodes remain actively conducting, mani
festing a stability in the system’s dynamics. 

Overlap Mode 3(μ>60∘): Amplifying the AC input inductance 
further evolves the bridge circuitry to this mode. Herein, the overlap 
angle μ exceeds the 60-degree threshold. The peculiarity of this mode is 
the initiation of overlap even before the culmination of the preceding 
commutation. Within this operational envelope, the device count 
oscillating between active states is not rigid and can waver between 
three and four. 

Connecting the theoretical understanding with the provided figure, 
it’s discernible that the sectors, notably S1 to S47, possibly delineate the 
various conducting states of the diode bridge. Transitions between these 
sectors capture the essence of the current flow and the intertwined ef
fects of commutation. The triad of dominant directions (namely x, y, and 
z) embedded in the diagram can be postulated to represent the three 
inherent phases of the 12-pulse bridge. Furthermore, the interspersed 
transitions might signify the metamorphosis from one state to its 

Fig. 5. 12-pulse bridge rectifier.  

Fig. 6. A comprehensive 12-pulse vector diagram.  

Table 1 
Comparative Analysis of 12-Pulse Diode Rectifier Topologies. *NR____Not re
ported analysis.  

Topology Efficiency PF THD Components 

12-pulse rectifier with 
conventional transformer 
unit (CTU). ↱[84] 

< 97 % 0.88 < 8 % 12 Diodes +
CTU 

12-pulse rectifier with 
autotransformer unit 
(ATU). [84] 

< 98 % 0.82 < 2 % 12 Diodes +
ATU 

12-pulse rectifier with three 
level choppers. ↱[77] 

<97.5 % 0.975 2 %– 
5 % 

15 Diodes + 3 
Mosfets 

12-pulse rectifier based on 
retrofit polygon 
autotransformer + Pulse 
tripling circuit (PTC). 
↱[85] 

97.95 % 0.99 1.03 % 12 Diodes +
Polygon ATU +
PTC 

Proposed 12-Pulse Diode 
Rectifier with Pulse 
Multiplication circuit 
(PMC). ↱[83] 

NR NR 0.7 % 12 Diodes +
polygon ATU +
PMC  
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successor, undrpinned by the varying overlap conditions and their cor
responding operational modes. 

Table 1 illustrates how the performance of 12-Pulse rectifiers varies 
based on factors such as converter complexity, filter types, and phase 
shift transformer designs. Utilizing a Conventional Transformer Unit 
(CTU) results in the lowest efficiency, power factor (PF), and highest 
Total Harmonic Distortion (THD %). Replacing CTU with an Auto
transformer Unit (ATU) enhances efficiency but yields the lowest PF and 
reduced THD. Integrating an interleaved buck converter with CTU 
significantly improves efficiency, achieves satisfactory PF, and main
tains natural THD %. Incorporating a pulse tripling circuit elevates ef
ficiency, delivers excellent PF, and ensures superior THD. Additionally, 
implementing a pulse multiplication circuit within the rectifier can 
further refine THD levels. 

4. Control system operation 

Model Predictive Control (MPC), an avant-garde control strategy, 
emerges as the nexus between optimal control theory and real-time 
decision-making. At its core, MPC revolves around leveraging an 
explicit model of the system, formulating an optimization problem, and 
then determining the optimal control inputs over a stipulated horizon. 
The principle that underpins MPC is forecasting: it anticipates future 
events and orchestrates responses proactively. In every iteration, MPC 
evaluates the system’s predicted behavior over a defined prediction 
horizon and optimizes the control inputs to minimize a certain cost 
function, which typically encompasses setpoint tracking and control 
effort. Post optimization, only the first control move is applied, after 
which the process is reiterated with updated measurements ↱ (Singh 
et al., 2010; Zhaksylyk et al., 2023; Liserre et al., 2005; Guo et al., 2014; 
Garcia et al., 2017). 

The merits of MPC are manifold. Foremost, its ability to handle 
multi-input multi-output (MIMO) systems effortlessly sets it apart from 
its contemporaries. Moreover, constraints, a quintessential feature of 
real-world systems, are inherently embraced within the MPC frame
work, ensuring that the system always operates within safe and pre
defined boundaries. MPC’s foresight also imparts a natural resilience 
against disturbances, both measured and unmeasured. Another 
compelling facet is its compatibility with nonlinear models, thus 
bridging the often-wide chasm between real-world systems and their 
linear counterparts. 

4.1. Load representation 

In the given context, the overarching objective is to formulate an 
equation capable of predicting the upcoming sampling interval’s load 
current value across all the switching states. The load current equation 
could be formulated as follows: 

L
dio(t)

dt
= Vo(t) − RIo(t) (24) 

The presented formula embodies a load model characterized by the 
parameters L and R, which denote the load’s inductance and resistance, 
respectively. 

Furthermore, it’s pivotal to acknowledge the estimated value for the 
output current’s derivative. This estimation plays a cardinal role as it 
paves the way for streamlined computations of the load model’s dy
namic behavior. Through this approximation, practitioners and re
searchers are positioned to delve deep into the intricacies of the load’s 
dynamics, crafting adept control methodologies that elevate system ef
ficacy. Such depth in modeling and scrutiny fosters the inception of 
avant-garde solutions spanning a range of industrial and technological 
arenas. 

dIo

dt
≈

Io(k + 1) − Io(k)
TS

(25) 

Considering the sampling duration Ts, we can extrapolate the 
equation to anticipate the load current by integrating Eq. (24) into Eq. 
(25). This derivation produces a model capable of forecasting the load 
current’s trajectory within a specified sampling time frame. The resul
tant formula captures the load’s dynamic response influenced by mul
tiple determinants, such as the sampling duration and associated 
parameters. This foresight is paramount in control systems and engi
neering domains, facilitating agile decision processes and on-the-fly 
adaptations for peak operational efficiency. By grasping and applying 
this forecasting model, professionals can bolster system robustness and 
agility, ensuring they remain receptive to evolving conditions and un
expected variables. These prognostic techniques are pivotal, driving 
technological progression and bolstering dependability and productivity 
in a spectrum of industrial sectors. 

Io(k+ 1) =
(

1 −
RTS

L

)

Io(k)+
TS

L
(Vo(k) ) (26) 

The formula aims to predict the upcoming load current, io(k + 1), for 
the next sampling phase (k + 1), taking into account various load 
voltage readings, vo(k). By analyzing the load voltage array, vo(k), in 
relation to the 27 possible converter switching states, professionals can 
gauge how the load current might change in the forthcoming period. 

Using this anticipatory method, both engineers and control mecha
nisms can effectively anticipate and manage load variations. With the 
help of reliable forecasting tools and methodologies, systems can 
actively adapt to changes, ensuring consistent performance. This level of 
accuracy and adaptability is crucial in multiple areas, such as motor 
drive applications, energy conversion units, and grid-connected setups. 

4.2. Input filter model 

The input filter model, derived from the circuit depicted in ↱Fig. 3, 
can be characterized by a set of continuous-time equations: 

VS(t) = Rf IS(t)+ Lf
dIs(t)

dt
+ Vi(t) (27)  

IS(t) = Ii(t)+Cf
dVi(t)

dt
(28) 

The mathematical model captures the intricacies of the line and filter 
system through its key parameters: Lf, Rf, and Cf. These elements — the 
inductance (Lf), resistance (Rf), and capacitance (Cf) — serve as the 
pillars that dictate the operational characteristics of the system. 

Lf, the inductance, is pivotal in deciding how swiftly the current 
through the system can change. A higher inductance typically restricts 
rapid current variations, making it beneficial in scenarios where steady 
current flow is desired. The resistance, denoted as Rf, is the measure of 
how much energy is dissipated as heat in the system. It acts as a 
dampening agent, reducing oscillations and preventing possible system 
instabilities. On the other hand, the capacitance, Cf, is crucial for sta
bilizing voltage fluctuations. It acts as a reservoir, absorbing and 
releasing energy, thereby mitigating abrupt voltage changes. 

For professionals working in the realm of electronics and power 
systems, decoding the interplay between these parameters is indis
pensable. This knowledge is instrumental in ensuring that the line and 
filter system operates at its peak efficiency, minimizes energy losses, and 
stands robust against potential disturbances. 

In essence, the choice of Lf, Rf, and Cf isn’t arbitrary. It’s a meticu
lous decision, grounded in the understanding of system requirements 
and the desired outcomes. Whether it’s curbing interference in 
communication systems or ensuring smooth power delivery in electric 
grids, the tailored design of these parameters is what makes the differ
ence. This mathematical model serves as a compass, guiding engineers 
in the intricate journey of system optimization and refinement. 

VS(t) = 2/3
(
vu + avv + a2vw

)
(29) 
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IS(t) = 2/3
(
Iu + aIv + a2Iw

)
(30) 

The present system operating in continuous-time can be reformu
lated as follows: 

Ẋ(t) =
[

Vi(t)
is(t)

]

andu(t) =
[

VS(t)
ii(t)

]

(31) 

When implementing a zero-order hold input on a continuous-time 
system represented in state space form, it leads to the derivation of a 
discrete state space model. By introducing a sampling period Ts, we can 
transform the continuous-time system described in Eq. (24) into a 
discrete-time system, yielding the following representation: 

X(k+1) = AqX(k)+Bqu(k) (32)  

with 

Aq = eACTS andBq =

∫ TS

0
eAC(TS − τ)Bcdτ (33) 

The transition from a continuous-time system to a discrete-time 
system is crucial in the digital control of systems. The sampled-data 
approach enables engineers and researchers to deploy digital control
lers for systems originally represented in continuous-time. 

MATLAB c2d() function acts as an invaluable tool in this transition. 
By effectively converting the continuous-time model to its discrete 
counterpart, it facilitates the implementation and simulation of control 
strategies that work on digital platforms. Given the ubiquity of digital 
control systems in today’s world, from industrial applications to con
sumer electronics, this transition is more relevant than ever. 

Equation (7.29), as referenced, is crucial for predicting the mains 
current. Predictive control, as its name suggests, is all about forecasting 
the future states of a system and adjusting the inputs accordingly to 
achieve desired performance criteria. By predicting the behavior of the 
mains current, engineers can make proactive decisions, preventing is
sues before they arise, leading to smoother operations and enhanced 
reliability. 

The combination of theory, predictive modeling, and powerful 
computational tools such as MATLAB provides a holistic approach to 
system analysis and control. It merges the rigorous mathematical 
foundation with the practical ease of simulation and implementation. 
Thus, engineers are not only equipped with the tools to design and 
analyze systems but also to visualize, simulate, and test their strategies 
in a virtual environment before actual deployment. This synergy of 
theory and practical tools paves the way for innovations and advance
ments in the realm of control systems and their applications. 

is(k+1) = Aq(2, 1)ve(k)+Aq(2, 2)is(k)+Bq(2, 1)vs(k)+Bq(2,2)ie(k)
(34) 

At this stage, the approach can employ the obtained model to fore
cast the value of is based on the input parameter ii. Subsequently, Eq. 
(34) is utilized to calculate ii for every switching state. 

4.3. Real-time reactive power fluctuations 

Enhancing the performance of the system is to control the reactive 
power generated from the wind by adjusting the phase-shift between the 
input voltage and current. The calculation of this reactive power is 
achieved through the utilization of the following equation (Mazloomi 
and Sulaiman, 2012). 

Q = IM{VS(t).IS(t) } (35) 

The equation involves the extraction of the imaginary part of the 
product of the vectors, and IS(t) represents the complex conjugate of is Is 
(t). Predicting the instantaneous reactive power can be achieved 
through the implementation of. 

Q(k+1) = IM{VS(k+1).IS(k+ 1) }

= vsβ(k+ 1)isα(k+ 1) − vsα(k+1)isβ(k+ 1) (36) 

The subscripts α and β denote the real and imaginary elements of the 
corresponding vector. The estimation for the future value of the input 
current, is(k + 1), is derived from Eq. (34). 

Regarding the line voltages, they are characterized as low-frequency 
signals, allowing us to approximate vs(k + 1) to be approximately equal 
to vs(k). 

4.4. Control of output current while reducing input reactive power 

The magnitude of this input current is inherently tied to the active 
power flow, given that the MC doesn’t possess energy storage capabil
ities. Targeting a unity power factor often necessitates the adoption of 
sophisticated strategies, as evident in many modulation techniques. Yet, 
when the goal is to function with either inductive or capacitive power 
factors, the intricacy of the challenge escalates notably. 

However, the introduction of the predictive control paradigm offers 
a silver lining. It presents an efficient mechanism for managing the 
reactive power, Q. This effectiveness stems from the ability to discern 
and subsequently penalize those switching states that prompt pre
dictions of Q that veer too far from the set reference value. Hence, 
predictive control paves the way to seamlessly meet the specified reac
tive power control goals, sidestepping the complexities that traditional 
methods might introduce. 

g2 = |Q∗ − Qp(k+1)| (37) 

For each appropriate switching state, the predicted reactive power, 
Qp, is derived from Eq. (36). The set reference value, Q*, indicates if the 
system operates with capacitive, inductive, or a unity power factor (PF). 
In numerous scenarios, a unity PF is preferred, meaning Q* = 0 and g2 =
|Qp|. Nonetheless, this technique offers a more direct control option for 
this parameter compared to other modulation methods. 

To fulfill both goals – controlling output current and reactive input 
power – a combined cost function is formed by merely summing g1 and 
g2. This method allows for the proficient oversight of system efficacy, 
effectively achieving the targeted power factor control along with 
optimal output current stability. Using this integrated cost function, 
professionals can conveniently calibrate and modify control settings, 
making it easier to enhance system efficiency across various real-world 
applications. 

g =
⃒
⃒i∗oα − iPoα

⃒
⃒+

⃒
⃒
⃒i∗oβ − iPoβ

⃒
⃒
⃒+A

⃒
⃒Q∗ − QP

⃒
⃒ (38) 

The weighing factor, A, acts as the backbone in the decision-making 
process within the predictive control strategy. It essentially provides a 
scalar value, quantifying the significance or priority of different objec
tives within the control system. Considering that the terms in the cost 
function, g, can span across various units, having A with a unit of V^(-1) 
provides a standardized metric to balance these terms. 

The dynamic nature of A is what sets this control scheme apart. Its 
value is not rigid; it’s adjustable. This means that the system can pivot its 
focus between two significant objectives: maintaining the power factor 
(or managing reactive input power) and adhering to the output current 
reference tracking. By dialing up the value of A, the system becomes 
more inclined to maintain the desired power factor, ensuring that the 
power system operates efficiently and reduces potential power losses. 
Conversely, reducing A’s value shifts the controller’s attention towards 
closely tracking the output current reference, ensuring the system 
output aligns with the desired target. 

This tunability offers a notable advantage. It’s not a one-size-fits-all 
solution; the control system can be calibrated according to the specific 
needs of a given application. Whether the emphasis is on power quality, 
energy efficiency, or precise output tracking, by simply adjusting the 
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weighing factor A, the control system can be fine-tuned to prioritize 
different objectives. This dynamic approach not only ensures optimal 
system performance but also paves the way for adaptable solutions in an 
ever-evolving technological landscape. 

5. Results 

To validate the functionality of the proposed system, we conducted a 
comprehensive simulation using MATLAB Simulink under the opera
tional conditions outlined in Table 2. The increasing emphasis on inte
grating renewable energy sources into contemporary energy systems 
necessitates rigorous evaluations to ensure optimal performance. 
Notably, wind energy is a significant focus in this paradigm shift, a fact 
accentuated by the system demonstrated in this research. The three- 
phase generator connected to the wind turbine, depicted in Fig. 7, 
epitomizes sustainable energy capture. This configuration is distin
guished not only by its eco-friendly approach to power generation but 
also by its sophisticated design, ensuring system stability amidst vari
able wind conditions. The gearbox plays a crucial role in maintaining a 
uniform generator speed regardless of wind speed variability, which is 
pivotal for consistent energy production. The system delivers a 311 V/ 
50 Hz sinusoidal voltage, signaling a viable pathway for energy systems 
that require stability, especially in regions with volatile wind patterns. 
The voltage amplitude oscillates between − 400 V and 400 V over a time 
span from approximately 0.085 seconds to 0.115 seconds. Three distinct 
sinusoidal outputs are observed: Va(in) in blue representing phase one, 
Vb(in) in orange for phase two, and Vc(in) in yellow for phase three. The 

phase shifts among these waveforms highlight the balanced nature of the 
three-phase AC system, with evenly distributed peaks underscoring its 
inherent equilibrium. 

Examining harmonic distortions reveals the dual nature of sinusoidal 
currents in such configurations. While an ideal sinusoidal waveform 
enhances energy transmission efficiency and reduces losses, achieving 
this amid power electronic switches remains challenging, as evidenced 
in existing literature. Fig. 8’s depiction of the input current from the 
proposed topology suggests potential advancements in this domain. 
However, the system’s ability to regulate both the output voltage and 
current for the hydrogen electrolyzer while shaping the input current is 
its most significant feature. Fig. 9’s harmonic content and subsequent 
analysis provide critical proof of the system’s proficiency in handling 
these challenges, indicating the viability of renewable energy-focused 
configurations in practical implementations. The introduction of the 
LC filter subsequent to the wind generator’s terminal is a cornerstone of 
the design blueprint. The significance of such a filter, particularly within 
the renewable energy sphere, is paramount. The post-filter voltage and 
current profiles, represented in Figs. 10 and 11, underline this compo
nent’s crucial function. Even minor harmonic distortions can lead to 
system inefficiencies, and the LC filter’s integration proactively counters 
such potential issues, fortifying power transmission quality. 

Matrix converters, known for their dynamic capabilities, impart the 
system with unparalleled versatility. Their adeptness at modulating both 
amplitude and frequency makes the system adaptable, as depicted in  
Figs. 12 and 13. Analyzing the system’s frequency-responsive behavior 
provides insights into its robustness and adaptability, essential for ap
plications where energy source variations and end-use system re
quirements are intertwined, exemplified by the hydrogen electrolyzer. 
The performance of the hydrogen electrolyzer remains central to this 
research. Its operational prerequisites, particularly the unyielding 24 V 
voltage for optimal functioning, are stringent. Observations from  
Fig. 14, which highlight the stable electrolyzer voltage despite current 
perturbations, are paramount. These findings denote a robust system 
design capable of insulating end-use components from upstream irreg
ularities, ensuring uninterrupted hydrogen generation. 

Table 2 
System simulation parameters.  

Parameter Description 

Operating Voltage: Minimum: 20 V 
Maximum: 25 V 
Optimal: 24 V 

Operating Current: Maximum: 30 A 
Inputs 3-phase, 440 V, 50 Hz 
LF 900 uH 
Cf 600 μF 
Ts 10 us  

Fig. 7. Three-phase input voltage.  
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6. Conclusion 

The system described in Fig. 2 comprises two main components: an 
initial matrix converter followed by a 12-pulse diode rectifier. The 
matrix converter effectively manages the input current, ensuring syn
chronization with the grid voltage, which significantly reduces har
monics and enhances overall system efficiency. The 12-pulse diode 
rectifier directly interfaces with the hydrogen electrolyzer, providing 
the necessary DC power for optimal hydrogen production. Through the 
integration of model predictive control, the system demonstrates 

exceptional multi-variable handling capabilities. Validations conducted 
using MATLAB Simulink simulations confirm the operational viability of 
the proposed system. Within the context of renewable energy integra
tion, wind energy, as demonstrated by the capture mechanism in Fig. 7, 
emerges as a key contributor. The system’s resilience, particularly in 
coping with wind speed fluctuations, highlights the robustness of its 
design. Harmonic distortions present significant challenges, yet the 
proposed topology offers a compelling solution. Figs. 8 and 9 illustrate 
the harmonic analysis, showcasing the system’s proficiency in address
ing these challenges and signaling a promising future for renewable- 

Fig. 8. Three-phase input current.  

Fig. 9. Total harmonic distortion of the input current.  

O. Abdel-Rahim et al.                                                                                                                                                                                                                          



Energy Reports 12 (2024) 775–786

784

focused systems. The strategic inclusion of the LC filter enhances the 
system’s resistance to potential inefficiencies caused by harmonic dis
tortions. The dynamic capabilities of matrix converters, as depicted in 
Figs. 12 and 13, highlight the system’s adaptability, which is especially 
important when examining the performance metrics of the hydrogen 
electrolyzer. Observations in Fig. 14 emphasize a robust system archi
tecture that remains insulated against potential upstream perturbations, 
ensuring consistent hydrogen generation. 
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