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SUMMARY 

The Modular Multilevel Converter (MMC) has emerged as the preferred architecture for integrating 

renewable energy power plants into the grid via undersea HVDC cables and HVDC overhead lines. 

However, to mitigate the significant power pulsations introduced by the single-phase AC–DC conversion 

in its arms, the MMC necessitates the use of large DC-link capacitors. To address these limitations, the 

Alternate Arm Converter (AAC) topology integrates MMC arms with Director Switches (DS), thereby 

reducing the required number of sub-modules, potentially by half, when compared to conventional MMC 

configurations. Furthermore, the AAC provides inherent DC fault-blocking capability, which is a critical 

feature for future DC grid applications. Model Predictive Control (MPC) is widely employed due to its 

flexibility in incorporating multiple control objectives within a unified cost function. Nonetheless, the 

extensive number of possible switching states in AAC results in substantial computational complexity, 

posing challenges for real-time control implementation. To alleviate this computational burden, this work 

proposes the development of machine learning (ML)-based controllers for AAC, leveraging training data 

generated through model predictive control (MPC) operation. The system architecture utilizes a solar 

photovoltaic (PV) array as the DC energy source, interfaced with the AC grid via the proposed AAC-

based high-voltage direct current (HVDC) transmission link. In this study, an artificial neural network 

(ANN) is employed as the machine learning (ML) framework. The wellness of the proposed scheme is 

confirmed over a comprehensive simulation analysis that employs a detailed switching converter model. 

Key words: modular multilevel converter, alternate arm converter, model predictive control, machine 

learning, artificial neural network. 
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INTRODUCTION 

High-Voltage Alternating Current (HVAC) is converted by converters to High-Voltage Direct Current 

(HVDC) by converters to allow the power to be transferred and connected between AC and DC 

transmission networks with ease.  For such applications, two main converter topologies are currently in 

use.  As power systems continue to evolve due to the growing need for highly interconnected networks, 

system-level integration issues and the interpretability of new modular voltage source converter (VSC) 

topologies must be addressed in HVDC infrastructures [1]. Additionally, the proliferation of various 

distributed energy resources (DERs) and the rising global energy demand highlight modern architectures 

employing VSC and, more recently, modular multilevel converter (MMC) topologies [18], [3].  

Among the various power electronic solutions, Modular Multilevel Converters (MMCs) have gained 

prominence due to their scalability, high efficiency, and superior harmonic performance [20]. In 

particular, the Alternate Arm Modular Multilevel Converter (ARM-MMC) topology offers a promising 

approach for achieving reduced switching losses and improved system dynamics. However, the control 

of such complex systems remains challenging, especially when integrating large-scale photovoltaic (PV) 

arrays with the grid through HVDC links [4], [5], [8], [22]. 

MPC’s ability to handle multivariable systems with constraints in a predictive framework makes it 

particularly suited for managing the dynamic behavior of ARM-MMCs in PV-tied grid-connected 

HVDC networks [10]. Yet, conventional MPC methods often face limitations in adaptability under 

varying operating conditions such as fluctuations in solar generation, grid disturbances, and changes in 

system topology [6], [9], [10], [12]. 

It is known that voltage-sourced converter-based HVDC (VSC-HVDC) systems are a good way to 

integrate remote renewable energy sources with large AC networks, and among the high-power 

converter topologies, the Modular Multilevel Converter (MMC) has garnered a lot of research interest 

because of its unique benefits that make it ideal for VSC-HVDC applications [19], [7]. The rudimentary 

notions and working philosophies of the MMC have been the subject of numerous investigations.  

However, the architecture has several drawbacks, such as the need for numerous sub-modules, each of 

which contains hefty and cumbersome DC capacitors, increasing the system's physical footprint.  As a 

result, MMC layouts are not as small as other high-power converter designs.  Furthermore, DC faults 

cannot be blocked by MMCs based on chopper cells.  Using full-bridge sub-modules, on the other hand, 

improves DC fault-blocking capabilities but almost doubles the number of semiconductor devices 

needed, raising the complexity and cost of the system. 

The Alternate Arm Converter (AAC) was first introduced in 2010 [21], [11]. This innovative topology 

extends the capabilities of conventional voltage source converters (VSCs) by reducing the amount of 

required H-bridge cells, lowering total power losses, then providing inherent DC fault-handling 

capability. In the AAC architecture, the converter voltage is synthesized by stacking H-bridge cells 

connected to the DC bus, while each arm incorporates an IGBT-based director switch that governs the 

current path between the higher and lower arms. However, a key limitation of AAC is its higher power 

losses compared to traditional Modular Multilevel Converters (MMCs). 

Recent research has proposed several advanced hybrid multilevel converter topologies, among which 

the Alternate Arm Modular Multilevel Converter (AA-MMC) has garnered significant attention [23], 

[13], [14], [16]. This topology exhibits several attributes that make it highly suitable for HVDC 

applications. The key advantages of AA-MMC include: 

• A flexible and modular architecture, 

• Low switching losses, 

• DC fault tolerance, eliminating the need for large, high-rated AC/DC breakers in HVDC systems, 

• Fewer sub-modules compared to conventional MMCs, and 
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• The ability to generate nearly sinusoidal, low-harmonic AC currents. 

These characteristics position the AA-MMC as a highly promising and practical solution for HVDC 

transmission systems. Furthermore, the end-to-end HVDC transmission system developed in this study 

is fully compatible with existing multi-terminal DC (MTDC) grid configurations and MMC-based 

HVDC architectures [15], [17]. 

This is how the rest of the paper is structured.  The Alternate Arm Converter's (AAC) mathematical 

modelling and operating concept are presented in Section II.  The design and implementation of the 

controllers based on artificial neural networks (ANN) and model predictive control (MPC) are described 

in Section III.  Results are presented in Section IV and concluded in Section V. 

OPERATING PRINCIPLE AND MODELLING OF AAC 

A. Operating Principle 

The Alternate Arm Modular Multilevel Converter (ARM-MMC) represents an advanced evolution of 

the conventional MMC topology, specifically designed to optimize switching losses and enhance system 

efficiency in HVDC transmission. The ARM-MMC architecture integrates key operational features of 

traditional MMCs with alternating arm conduction patterns, enabling partial arm conduction and the use 

of lower-frequency switching techniques. 

Structural Overview 

The ARM-MMC consists of two arms per phase, namely upper and lower arms, with each arm composed 

of a series connection of submodules (SMs), typically based on half-bridge or full-bridge circuits. Each 

arm also incorporates a director switch and an arm inductor to facilitate alternate conduction patterns. 

Unlike standard MMCs, which operate with continuous arm conduction, the ARM-MMC conducts 

alternately during different parts of the fundamental AC cycle, significantly reducing the switching 

frequency and associated losses. 

Operating Principle 

The director switches control of this alternation by either bypassing the entire arm or allowing the 

submodules to contribute their voltage to the phase output. This operational strategy results in reduced 

arm current ripple, improved efficiency, and lower thermal stress on power electronic components. 

The IGBT switches in each full-bridge sub-module (as depicted in Figure 1) operate in complementary 

pairs—specifically, S1 and S3, and S2 and S4. To avoid short-circuit conditions, switches S1 and S2, as 

well as S3 and S4, must never be simultaneously closed. The operating sequence of the sub-module 

depends on the current direction and the desired capacitor voltage management. 

• When the sub-module is in current-receiving mode, the capacitor charges by triggering S1 and 

S4, at the same time S2 and S3 remain open-circuit. 

• Conversely, the capacitor discharges when switches S3 and S2 are triggered, i.e, closed, and S1 

and S4 remain open, allowing current to flow through the sub-module. 

• If the current reverses direction, the control sequence adapts accordingly: the capacitor charges 

when switches S2 and S3 are triggered, ie, closed, and discharges when switches S4 and S1 are 

left closed with S3 and S2 remaining open. 

This controlled switching strategy ensures precise capacitor voltage regulation and supports efficient 

arm voltage synthesis within the overall converter operation. 
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B. Modelling of AAC 

Here, the half-bridge is utilized for the AAC’s typical model. Ideal switches will be utilized in place of 

IGBTs to make modelling easier. Equation 1 represents the sub-module voltage Vmi to be expressed. 

Where ‘i denotes the sub-module’s count, Ni is allocated 1 or 0 based on whether the sub-module’s 

capacitor is being bypassed or activated, and Vci is the voltage across that capacitor.        

𝑉𝑚𝑖 =  𝑁𝑖 ∗ 𝑉𝑐𝑖                                       (1) 

Equation 2 can be used to compute the voltage across the capacitor, where C indicates the value of 

capacitance & im represents the current through the sub-module. 

𝐶(𝑑𝑉𝑐𝑖)

𝑑𝑡
= 𝑁𝑖 ∗ 𝑖𝑚                                           (2) 

We obtain the average model for both arms of the A phase by starting with "S," which is the number 

related to sub-modules in the stack. Applying a 120-degree phase shift to the A phase will yield it for 

the other phases. Equations 3 and 4 provide the voltage required for the upper and lower arms, 

respectively. In this equation, iu and il represent the current passing via the upper and lower arms, 

respectively. 

 

Figure 1. Structure of AAC 

 VlS and Vus denote the capacitance voltages of the lower and upper arm of S number of sub-modules, 

respectively. 

𝐶
(𝑑𝑉𝑙𝑠)

𝑑𝑡
=  𝑁𝑠 ∗ 𝑖𝑙                                                       (3) 

𝐶
(𝑑𝑉𝑢𝑠)

𝑑𝑡
=  𝑁𝑠 ∗ 𝑖𝑢                    (4) 
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Equations 5 and 6 can be used to express the cumulative voltage of the capacitors. 

𝐶
𝑑 ∑ 𝑉𝑙𝑠

𝑆
𝑖=1

𝑑𝑡
= ∑ 𝑁𝑙𝑖

𝑠
𝑖=1 ∗ 𝑙𝑖         (5) 

𝐶
𝑑 ∑ 𝑉𝑢𝑠

𝑆
𝑖=1

𝑑𝑡
= ∑ 𝑁𝑢𝑖

𝑠
𝑖=1 ∗ 𝑢𝑖                  (6) 

By using KVL, we derive the current expressions from the upper and lower arms of phase A. Equations 

7 and 8 show the current equations for the inductor. 

𝐿𝑙
(𝑑𝑖𝑙)

𝑑𝑡
=  

𝑉𝐷𝐶
2 ⁄ + 𝑉𝑎𝑐 − 𝑅𝑙 ∗ 𝑖𝑙 − 𝑉𝑙𝑎𝑟𝑚                              (7) 

𝐿𝑢
(𝑑𝑖𝑢)

𝑑𝑡
=  

𝑉𝐷𝐶
2 ⁄ + 𝑉𝑎𝑐 − 𝑅𝑢 ∗ 𝑖𝑢 − 𝑉𝑢𝑎𝑟𝑚                            (8) 

where VDC denotes the DC voltage, Ll and Lu are the inductors representing lower and upper arms, 

respectively, Rl and Ru denote the resistances of lower and upper arms, respectively, Vlarm and Vuarm 

specify the arm potential of lower and upper arm modules, and Vac indicates the AC voltage. 

IMPLEMENTATION OF THE ANN-BASED MPC CONTROLLER 

A. MPC Control Algorithm 

The standard MPC for AAC can be presented stage by stage as below, using 1 phase of the controller. 

The steps are as follows: 

• Measuring input parameters of MPC 

• Forecasting output and circulating current of each possible inserted sub-module for the 

upcoming sampling interval. 

• Forming the cost equation using the information from the above currents. 

• Choosing the appropriate upper or lower arm sub-module number that has the minimum value 

of cost. 

• Applying the above chosen best arm in the module. 

B. ANN Control Algorithm  
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(b) 

Figure 2. (a) Control structure of ANN-based MPC controller for AAC, (b) Structure of BP ANN 

Figure 2a illustrates the implementation of the Machine Learning-based MPC controller block replacing 

the standard MPC controller, which can be directly connected to the Grid. A back-propagation (BP) type 

ANN method is utilized in this study, and its structure is presented in Figure 2b. The training data 

obtained by the MPC algorithm is used for the ANN training purposes. All of the steps in the training 

process are illustrated below for clarity [1][2]. 

• N data samples are produced by the MPC algorithm. 

• The samples were randomly separated into three groups, namely, the training group, which 

utilizes 70% of the data, the validation group, which utilizes 15% of the data, and lastly, the 

testing group, which takes the remaining data. Once the ANNs have been trained by using the 

obtained data, they can be employed to determine the Nui and Nli of AAC using a MATLAB 

Code in real time. The output of the network should normally be processed, which can be used 

to control the output current. 

SIMULATION RESULTS AND DISCUSSIONS 

The proposed ANN-based MPC controller for the AAC topology has been modeled and evaluated, and 

the simulation results are presented herein Table I. 

Table 1.  Parameters of simulation 

Parameter Value 

Load Near AAC 10kW 

Load Near Grid 5kW 

Inductive Reactive Power 10kVAR 

Battery Voltage 7kV 

Battery Rating 3kAh 

Figure 3 represents the waveforms of solar voltage, PV & IV curve, and its output power, respectively. 

Figure 4a and Figure 4b depict the current and comparison of actual and reference voltage waveforms 

of the converter output.  
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The 11 levels of the capacitor voltage for the lower sub-module have been presented in Figure 5a, and 

its corresponding average value is shown in Figure 5b. 

 

(a) (b) 

 

(c) 

Figure 3. Solar Panels Outputs: (a) PV output voltage, (b) Solar IV & PV Curves, (c) output current with the Filter 

of the converter  

 

(a) (b) 

Figure 4. Capacitor (a) output current with filter of converter (b) Actual Voltage vs Reference Voltage of Converter 
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(a) (b) 

Figure 5. Capacitor (a) Capacitor voltage for 11-cells (lower module) (b) Average capacitor voltage (lower module) 

 

(a) (b) 

 

(c)                                                                        (d) 

Figure 6. AAC’s (a) AAC’s output voltage, (b) AAC’s output current, (c) AAC’s arm currents & circulating 

Current (d) AAC controller’s error voltage. 
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(a) (b) 

 

(c)                                                                                      (d) 

Figure 7: Grid side and Load side voltage and current waveforms: (a) Current at Grid side, (b) Grid side voltage,  

(c) Current at Load side (d) Load side voltage 

The AAC output current is shown in Figure 6(a), and the output voltage is shown in Figure 6(b); their 

corresponding current waveforms are presented in Figure 6(c). The voltage waveform regarding the 

error of the controller is shown in Figure 6(d). Additionally, Figure 7 presents the grid side and load side 

voltage and current. 

CONCLUSION 

This research proposes a novel ANN-based Model Predictive Control (MPC) strategy for a solar power 

grid-connected system employing an Alternate Arm Converter (AAC). The controller design and its 

performance have been validated through detailed simulation studies. Unlike the traditional MPC 

algorithm, which involves complex optimization computations, the trained ANN models rely solely on 

basic arithmetic operations, enabling a significant reduction in the real-time computational burden. 

These ANN-based models are effectively trained to replicate the behavior of MPC controllers. 

Theoretical analysis and simulation results demonstrate that the proposed AAC topology is well-suited 

for HVDC applications. Moreover, the ANN-based controller offers a compelling advantage over 

conventional MPC by substantially lowering the computational requirements, thereby facilitating more 

efficient and practical real-time control implementations. 
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