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Abstract: Smart Transformer (ST)-based Meshed Hybrid AC/DC Microgrids (MHM) present advantages 
concerning the performance of conventional AC/DC microgrids (MG). Despite this, MHMs present challenges 
in managing and controlling electronic converters associated with the ST and Distributed Energy Resources 
(DER), a scenario that makes it complex to achieve optimal system performance. Additionally, the high 
penetration of DER would impact the voltage profile, reduce the reactive compensation, and increase the 
losses in the distribution lines at a high cost in operation. This work proposes an optimal power management 
computational model for the day-ahead optimal operation planning of ST-based MHM. The management 
algorithm delivers the optimal operating points of each of the converters of the MG so that it allows the control 
of active power on both the AC and DC sides; likewise, it will enable reactive power injection control according 
to the availability of the solar photovoltaic resource and Battery Energy Storage Systems (BESS). According 
to the tests performed under different operation scenarios with varying degrees of penetration of Photovoltaic 
Generator (PVG), the benefits of implementing the ST as an energy router according to the operating set 
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points by the optimization algorithm are evidenced. Integrating the ST in MHM and optimization algorithms is 
a suitable alternative for managing microgrids with high penetration of distributed energy resources. This 
allows for improving the voltage profile in the MHM, reducing losses in the lines and energy exchange costs 
with the distribution network. 

Keywords: Day-Ahead Optimal Operation Planning; Smart Transformer; Meshed Hybrid Microgrids; Energy 

Management; Distributed Energy Resources; Multi-period OPF. 

INTRODUCTION 

In line with the need to reduce greenhouse gas (GHG) emissions, it is necessary to promote 
technological development to increase electricity coverage, as well as integrate BESS (1) and DER [1][2][3]. 
MGs make the integration of DER on a scale into the Distribution System (DS) more flexible while improving 
the reliability and energy efficiency of the electrical grid [4]. AC MGs are widely used; however, despite the 
degree of maturity of control and management techniques, they present the need to introduce Distribution 
Generation (DG) synchronization and reactive power management schemes [5]. On the other hand, DC MGs 
allow the integration of DER and BESS with higher efficiency by using fewer converters and no reactive 
power. However, incorporating these elements into the common DC bus makes voltage control complex and 
power-sharing algorithms are necessary [6][7].  

Hybrid AC/DC Microgrids (HMGs) appear as a typology of great interest since they combine the main 
advantages of AC and DC MGs [5][8][9], with a high degree of reliability, flexibility, and economy [10]. These 
MG configurations have been conventionally implemented based on radial distribution schemes with 
satisfactory results. However, they might show low reliability regarding power supply since DER can cause 
voltage increases and exceed the limit [8]. In contrast, high load demand can cause a significant voltage to 
decrease at the end of the line and, at the same time, overload distribution lines and connected transformers 
[11]. Therefore, voltage regulation is challenging, especially for long feeders, and may require voltage 
regulation devices [12][13]. Thus, in recent years, MHM [14] has been proposed as a feasible alternative to 
increase the penetration of DER and BESS [15]. Due to the degrees of freedom of the ST, it can be 
transformed into MHMs by interconnecting the Electronic Power Interface (EPI) of each DER with the ST 
stages at the DC or AC ports [14]. STs shape various energy flow paths and energy management strategies 
[14], in addition to eliminating the need for an Interlinking Converter (IC) [16]. 

Nonetheless, MHMs must integrate supervisory control coupled with an Energy Management System 
(EMS) to optimize network performance in terms of power quality, reduced line losses, and MG fault 
management capability [17]. Recently, EMS strategies have been proposed in MHM that integrate BESS and 
PVG in connection and disconnection maneuvers [18][19]. Similarly, they have shown that voltage and load 
profile control can be realized by meshing the network in a ring configuration with bidirectional power flow 
control [17], facilitating independent active and reactive power management [20]. Under this novel approach, 
the advancement and development of MHM require an EMS to optimize the performance of the network in 
terms of network voltage limit, overcurrent, and line losses, as well as to manage network operation in the 
event of failure, avoiding network collapse [17][21]. 

This work proposes an optimal power management computational model for the day-ahead optimal 
operation planning [22] of ST-based MHM. The management algorithm delivers the optimal operating points 
of each of the inverter-based resources of the MG so that it allows the control of active power on both the AC 
and DC sides; likewise, it will enable reactive power injection control according to the availability of the solar 
photovoltaic resource and BESS. A decoupled structure of the TS allows power flow control between the AC 
and DC side of the MHM since the third stage of the TS is considered an active Voltage-Sourced Converter 
(VSC) whose operating point is set by the optimization algorithm. Thus, the main contribution of this paper is 
the impact of ST-based MHM with high penetration of distributed energy resources based on a multi-objective 
multi-period problem to minimize operating cost, voltage deviation, losses in AC/DC microgrid, and VSC's 
optimal power dispatch.  

This paper is organized as follows: the material and methods section presents the main mathematical 
formulation and data used in the proposed model, followed by the results section. The paper ends with the 
conclusion section. 

MATERIAL AND METHODS 

Some elements must be introduced to recognize the nature of the equations involved in the MHM's power 
transfer between the AC and DC sides and formulate the optimization problem. For this, the operating 
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principle of the VSC and the variables in the power flow equations between the VSC ports are discussed. On 
the other hand, the principle of operation of the ST as a multi-stage electronic converter with decoupled 
control loops, which are important features for formulating the power flow equations between the ST stages 
and MHM, is introduced. Finally, the relevant equations for developing the optimization problem and the 
constraints associated with each microgrid element are described on the AC or DC side. 

Voltage-Sourced Converter 

The DERs considered in this work operate in connected mode (AC or DC current source) on the AC and 
DC side through a VSC and bidirectional DC-DC converter. The VSC allows making active and reactive 
power control independently for both the PVG and the BESS on the AC side, while the bidirectional DC-DC 
converter does the same for active power control on the DC side; all this, according to the availability of the 
available resource of the PVG and the State of Charge (SoC) of the BESS during the day. 

 

 
 

Figure 1. Equivalent VSC power flow model. 

Figure 1 represents the simplified equivalent power flow model for the VSC. The variables on the AC 

side are associated with the voltage and phase at bus 𝐵𝐴𝐶𝑘
 (𝑉𝑘

𝐴𝐶 , 𝛿𝑘) and on the DC side associated with the 

voltage at bus 𝐵𝐷𝐶𝑖
 (𝑉𝑖

𝐷𝐶). The coupling for the AC/DC power flow is selected from the active power on the 

AC side (𝑃𝑘
𝐴𝐶𝑉𝑆𝐶) and the active power on the DC side (𝑃𝑖

𝐷𝐶𝑉𝑆𝐶), whose bidirectional power transfer presents 

losses (𝑃𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 ) associated with the switching of the VSC IGBTs [23]. According to the equivalent model, the 

equations of power flow in the VSCs of the microgrid are established from (1), (2), and (3). These relate to 

the losses (𝑃𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 ) as a quadratic function of the inverter current (𝐼𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 ), which in turn depends on the active 

(𝑃𝑘
𝐴𝐶𝑉𝑆𝐶) and reactive (𝑄𝑘

𝐴𝐶𝑉𝑆𝐶) power transfer of the VSC on the 𝐴𝐶 side. The coefficients 𝑎𝑖 , 𝑏𝑖 y 𝑐𝑖 depend 

on the power and characteristics of the inverter. 

𝑃𝑘
𝐴𝐶𝑉𝑆𝐶 + 𝑃𝑖

𝐷𝐶𝑉𝑆𝐶 + 𝑃𝐿𝑜𝑠𝑠𝑖 
𝑉𝑆𝐶 = 0 

(1) 

𝐼𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 =
√𝑃𝑘

𝐴𝐶𝑉𝑆𝐶
2

+ 𝑄𝑘
𝐴𝐶𝑉𝑆𝐶

2

𝑉𝑘
𝐴𝐶  

 
(2) 

𝑃𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 = 𝑎𝑖 + 𝑏𝑖𝐼𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 + 𝑐𝑖𝐼𝐿𝑜𝑠𝑠𝑖

𝑉𝑆𝐶 2
 (3) 

The apparent power rating (𝑆
𝑘

𝐴𝐶𝑉𝑆𝐶𝑚𝑎𝑥 ) limits the dispatch of active and reactive power in the VSC of the 

inverter on the AC side. The operating space of the inverter can be seen in a PQ plane representing the 
semicircle around the positive active power axis. The behavior of this semicircle is defined according to the 
operation of the VSC [24].  

Figure 2a shows the operating region of the VSC coupled to the PVG in the PQ plane. This region is 
considered a minimum power factor (𝑃𝐹𝑚𝑖𝑛) value that sets the operational limit of the VSC. Thus, the reactive 

power (𝑄𝑘
𝐴𝐶𝑉𝑆𝐶) available for dispatch is restricted to the amount of active power (𝑃𝑘

𝐴𝐶𝑉𝑆𝐶) available in the PVG 

based on a Maximum Power Point Tracking (MPPT) algorithm. 
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Figure 2b presents the zones of operation of the VSC associated with the BESS. In this one, an operation 

in the four quadrants of the PQ plane is observed since the BESS operates in charge (𝑃𝑚𝑎𝑥𝐶ℎ
𝐸𝑆𝑆 ) or discharge 

(𝑃𝑚𝑎𝑥𝐷𝑐ℎ
𝐸𝑆𝑆 ) mode limited by the maximum active power in the VSC and physical characteristics of the BESS. 

In both modes of operation, the BESS VSC can control the reactive power injection 𝑄𝐴𝐶𝑉𝑆𝐶. 
According to the description of the operation of the VSCs coupled to the PVGs and BESS, the operational 

restrictions of the reactive power injection at all times 𝑡, limited by 𝑃𝐹𝑚𝑖𝑛 defined by the inverter 

characteristics, are defined as follows (4) y (5). The OPF algorithm adjusts the control variable 𝑄𝑘,𝑡
𝐴𝐶𝑃𝑉𝐺 and 

𝑄𝑘,𝑡
𝐴𝐶𝐸𝑆𝑆 at each time instant according to the following operational constraints. 

−𝑡𝑎𝑛(𝜃𝑃𝐹𝑚𝑖𝑛

𝐴𝐶𝑃𝑉𝐺)𝑃𝑘,𝑡
𝐴𝐶𝑃𝑉𝐺 

≤ 𝑄𝑘,𝑡
𝐴𝐶𝑃𝑉𝐺 

≤ 𝑡𝑎𝑛(𝜃𝑃𝐹𝑚𝑖𝑛

𝐴𝐶𝑃𝑉𝐺)𝑃𝑘,𝑡
𝐴𝐶𝑃𝑉𝐺 

 (4) 

−𝑡𝑎𝑛(𝜃𝑃𝐹𝑚𝑖𝑛

𝐴𝐶𝐸𝑆𝑆)𝑃
𝑘

𝐴𝐶𝐸𝑆𝑆𝑚𝑎𝑥 ≤ 𝑄𝑘,𝑡
𝐴𝐶𝐸𝑆𝑆 

≤ 𝑡𝑎𝑛(𝜃𝑃𝐹𝑚𝑖𝑛

𝐴𝐶𝐸𝑆𝑆)𝑃
𝑘

𝐴𝐶𝐸𝑆𝑆𝑚𝑎𝑥  (5) 

 
(a) 

 
(b) 

Figure 2. (a) Operating region of the VSC coupled to the PVG; (b) Operating region of the VSC coupled to the BESS. 

Solar photovoltaic generation (𝑃𝑋,𝑡
𝑋𝐶𝑃𝑉𝐺 

) is an exogenous variable that depends on environmental 

conditions such as irradiance and temperature. On the other hand, the energy available in the BESS depends 
on the operational requirements of the MHM, the optimal operating point set by the management algorithm, 

and the SoC of the BESS. The associated converters on the DC side control the active power (𝑃𝑖,𝑡
𝐸𝑆𝑆𝐷𝐶) 

injected (battery discharge) or absorbed (battery charge) [25][26][27]. Similarly, on the AC side, the 

associated inverter allows the control of active and reactive power (𝑃𝑘,𝑡
𝐸𝑆𝑆𝐴𝐶 , 𝑄𝑘,𝑡

𝐸𝑆𝑆𝐴𝐶) independently, since the 

batteries are supplied with dispatchable energy, the available power is conditioned according to the SoC 

(𝐸𝑘,𝑡
𝐴𝐶𝐸𝑆𝑆 , 𝐸𝑖,𝑡

𝐷𝐶𝐸𝑆𝑆) and the operating point of the MG [28]. The Multi-Period Optimal Power Flow (MPOPF) sets 

the load or discharge condition, equivalent to setting the power conditions at each instant during day-ahead 
optimal operation.  

Lithium-ion batteries are used as a reference for power flow modeling in this work. A lithium-ion battery 
is the most recent technology, with a solid electrolyte, high energy density, and storage efficiency (𝜂) higher 

than 90%, low self-discharge rates, and is not affected by memory effect [26]. In  
(6) and (7) are presented the equations that model the SoC as a function of the power control variables, 

either as a battery charge or as a discharge on the AC side (𝑃𝑘,𝑡
𝐴𝐶𝐸𝑆𝑆 > 0, 𝑃𝑘,𝑡

𝐴𝐶𝐸𝑆𝑆 < 0) and the DC side 

(𝑃𝑖,𝑡
𝐷𝐶𝐸𝑆𝑆 > 0, 𝑃𝑖,𝑡

𝐷𝐶𝐸𝑆𝑆 < 0), respectively. 

𝐸𝑘,𝑡
𝐴𝐶𝐸𝑆𝑆 = 𝐸𝑘,𝑡−1

𝐴𝐶𝐸𝑆𝑆 + 𝜂𝑃𝑘,𝑡
𝐴𝐶𝐸𝑆𝑆∆𝑡 

 
(6) 

 

𝐸𝑖,𝑡
𝐷𝐶𝐸𝑆𝑆 = 𝐸𝑖,𝑡−1

𝐷𝐶𝐸𝑆𝑆 + 𝜂𝑃𝑖,𝑡
𝐷𝐶𝐸𝑆𝑆∆𝑡 (7) 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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Smart Transformer-Enabled Meshed Hybrid Microgrids 

The ST is a multi-stage power electronic converter with multiple Low Voltage (LV) and Medium Voltage 
(MV) ports, both AC and DC. The ST is more than a straightforward substitute for the conventional Low-
Frequency Transformers (LFT) (60 Hz or 50 Hz). This device supplies many services to the intelligent 
electrical grid. It also eases the integration of new hybrid AC and DC microgrid architectures. Thus, the ST 
plays the role of an Energy router (ER) [29] since it can inject or absorb reactive power, mitigate harmonics 
[30], mitigate voltage sag [31], and limit current in the event of short-circuit faults [32]. In an ST-commanded 
grid, distributed resources are connected on the 𝐿𝑉𝐷𝐶 side or the 𝐿𝑉𝐴𝐶 side asynchronously with the grid side 
so that the low-voltage DC or AC frequency can be used as a feedback signal for power flow control. In this 
way, the power routing function is effectively achieved. 

By taking advantage of the degrees of freedom offered by each stage of the multi-stage power electronic 
converter, the ST concept [33] was proposed, which provides DC connectivity [34] and reduces the 
reinforcement in the 𝐿𝑉𝐴𝐶 distribution network caused by the increasing penetration of DER and BESS. The 
ST also represents a semi-decentralized solution for receiving network information since it functions as a 
controllable node to support the MV network [15]. The ST allows the formation of a hybrid meshed DS that 
provides voltage and power flow control to be achieved simultaneously with a centralized controller, as shown 
in Figure 3a. Under this scheme, a 𝐿𝑉𝐷𝐶  is connected between the 𝐿𝑉𝐷𝐶 ST link and the Distributed 
Generation Converters (DGC) at DC bus. This additional connection introduces several active power flow 
paths to support load demand. This new scheme reduces the complexity of the DGC control algorithms since 
the ST controls both 𝐿𝑉𝐴𝐶 and 𝐿𝑉𝐷𝐶 ports [14].  

Figure 3b shows the structure of an ST with each control and communication layer. It is evident that the 
stages of the ST adapt a decoupled control structure, which allows power flow control independently and 
bidirectionally, thus obtaining a greater degree of freedom for power flow control in the 𝐴𝐶 and 𝐷𝐶 side. 

 

 
(a) 

 

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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(b) 

Figure 3. (a) Formation of a hybrid meshed DS; (b) The basic structure of a three-stage ST 

For power flow analysis in the MHM, the second stage output of the ST is modeled as a controlled DC 

feeder (𝐺𝐷𝐶𝑖
), which allows active (𝑃𝑘,𝑡

𝐴𝐶𝑉𝑆𝐶) and reactive (𝑄𝑘,𝑡
𝐴𝐶𝑉𝑆𝐶) power injection on the AC side or active 

power (𝑃𝑖,𝑡
𝐷𝐶𝑉𝑆𝐶) on the DC side compactly and flexibly, so we would have an active inverter in the system; this 

stage also allows us to regulate the voltage level on the DC side. Thus, the conventional VSC is replaced by 
an active VSC for control and injection of active and reactive power according to the criteria and control 
variables provided by the optimization mechanism. So, a DC generator is introduced in the load flow 
equations associated with the DC side. The equivalent model for power flow studies at the AC and DC 
coupling ports of the ST are presented in Figure 4, and the power flow equations are described by (8), (9) for 
the AC side, and (10) for the DC side. 

𝑃𝑘,𝑡
𝐺𝐴𝐶 + 𝑃𝑘,𝑡

𝐴𝐶𝑆𝑇 − 𝑃𝑘,𝑡
𝐿𝐴𝐶 − 𝑃𝑘,𝑡(𝑉, 𝛿) = 0 (8) 

𝑄𝑘,𝑡
𝐺𝐴𝐶 + 𝑄𝑘,𝑡

𝐴𝐶𝑆𝑇 − 𝑄𝑘,𝑡
𝐿𝐴𝐶 − 𝑄𝑘,𝑡(𝑉, 𝛿) = 0 (9) 

𝑃𝑖,𝑡
𝐺𝐷𝐶 + 𝑃𝑖,𝑡

𝐷𝐶𝑆𝑇 − 𝑃𝑖,𝑡
𝐿𝐷𝐶 − 𝑃𝑖,𝑡

𝐷𝐶(𝑉) = 0 
(10) 

In (11), it describes the objective function: cost of energy exchange of the microgrid with the DS (𝑓𝑐,𝑡), 

the losses in the lines (𝑓𝑙,𝑡) and the voltage deviation in the 𝐴𝐶 and 𝐷𝐶 side (𝑓𝑑𝑉𝐴𝐶,𝑡 + 𝑓𝑑𝑉𝐷𝐶,𝑡 ) at all times 𝑡. 

𝑓𝑐,𝑡 is given by (12), it relates to the operating cost (𝑐𝑘
𝐴𝐶 , 𝑐𝑖

𝐷𝐶) to the feeder power (𝑃𝑘,𝑡
𝐺𝐴𝐶 , 𝑃𝑖,𝑡

𝐺𝐷𝐶) on the AC and 

DC side, respectively. 𝑓𝑙,𝑡 is given by (13), which establishes the relationship between generation, either 

feeder (𝑃𝑘,𝑡
𝐺𝐴𝐶 , 𝑃𝑖,𝑡

𝐺𝐷𝐶) of the DS or PVG (𝑃𝑘,𝑡
𝑃𝑉𝐴𝐶 , 𝑃𝑖,𝑡

𝑃𝑉𝐷𝐶), and demand (𝑃𝑘,𝑡
𝐿𝐴𝐶 , 𝑃𝑖,𝑡

𝐿𝐷𝐶), including the charging or 

discharging mode of the BESS (𝑃𝑘,𝑡
𝐸𝑆𝑆𝐴𝐶 , 𝑃𝑖,𝑡

𝐸𝑆𝑆𝐷𝐶). Finally, the voltage deviation on both the AC and DC sides 

is given by (14) and (15). 
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Figure 4. Equivalent ST power flow model. 

𝑚𝑖𝑛 ∑ (𝑤𝑐𝑓𝑐,𝑡 + 𝑤𝑙𝑓𝑙,𝑡 + 𝑤𝑑(𝑓𝑑𝑉𝐴𝐶,𝑡
+ 𝑓𝑑𝑉𝐷𝐶,𝑡

))

𝑇

𝑡=0

 
(11) 

𝑐𝑘
𝐴𝐶 ∑ 𝑃𝑘,𝑡

𝐺𝐴𝐶

𝑁𝐺𝐴𝐶

𝑘=0

+ 𝑐𝑖
𝐷𝐶 ∑ 𝑃𝑖,𝑡

𝐺𝐷𝐶

𝑁𝐺𝐷𝐶

𝑖=0

 
(12) 

∑ 𝑃𝑘,𝑡
𝐺𝐴𝐶

𝑁𝐺𝐴𝐶

𝑘=0

+ ∑ 𝑃𝑖,𝑡
𝐺𝐷𝐶

𝑁𝐺𝐷𝐶

𝑖=0

+ ∑ 𝑃𝑘,𝑡
𝑃𝑉𝐴𝐶

𝑁𝑃𝑉𝐺𝐴𝐶

𝑘=0

+ ∑ 𝑃𝑖,𝑡
𝑃𝑉𝐷𝐶

𝑁𝑃𝑉𝐺𝐷𝐶

𝑖=0

− ∑ 𝑃𝑘,𝑡
𝐸𝑆𝑆𝐴𝐶

𝑁𝐸𝑆𝑆𝐴𝐶

𝑘=0

− ∑ 𝑃𝑖,𝑡
𝐸𝑆𝑆𝐷𝐶

𝑁𝐸𝑆𝑆𝐷𝐶

𝑖=0

− ∑ 𝑃𝑘,𝑡
𝐿𝐴𝐶

𝑁𝐿𝐴𝐶

𝑘=0

− ∑ 𝑃𝑖,𝑡
𝐿𝐷𝐶

𝑁𝐿𝐷𝐶

𝑖=0

 
(13) 

∑(𝑉𝑘,𝑡
𝐴𝐶 − 1.0)

2
𝑁𝐴𝐶

𝑘=0

 

(14) 

∑(𝑉𝑖,𝑡
𝐷𝐶 − 1.0)

2
𝑁𝐷𝐶

𝑖=0

 

(15) 

The optimization problem is subject to the combination constraints from (1) to (10), including the 
operational limits of the feeders, voltages, and maximum power transfer on both AC and DC lines. The 
complete power balance constraints on the AC and DC side are given by (16), (17), and (18), respectively.  

 

𝑃𝑘,𝑡
𝐺𝐴𝐶 + 𝑃𝑘,𝑡

𝑃𝑉𝐴𝐶 + 𝑃𝑘,𝑡
𝐴𝐶𝑉𝑆𝐶 − 𝑃𝑘,𝑡

𝐸𝑆𝑆𝐴𝐶 − 𝑃𝑘,𝑡
𝐿𝐴𝐶 − 𝑃𝑘,𝑡(𝑉, 𝛿) = 0 (16) 

𝑄𝑘,𝑡
𝐺𝐴𝐶 + 𝑄𝑘,𝑡

𝑃𝑉𝐴𝐶 + 𝑄𝑘,𝑡
𝐴𝐶𝑉𝑆𝐶 − 𝑄𝑘,𝑡

𝐸𝑆𝑆𝐴𝐶 − 𝑄𝑘,𝑡
𝐿𝐴𝐶 − 𝑄𝑘,𝑡(𝑉, 𝛿) = 0 (17) 

𝑃𝑖,𝑡
𝐺𝐷𝐶 + 𝑃𝑖,𝑡

𝑃𝑉𝐷𝐶 + 𝑃𝑖,𝑡
𝐷𝐶𝑉𝑆𝐶 − 𝑃𝑖,𝑡

𝐸𝑆𝑆𝐷𝐶 − 𝑃𝑖,𝑡
𝐿𝐷𝐶 − 𝑃𝑖,𝑡

𝐷𝐶(𝑉) = 0 (18) 
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Benchmark Test-System 

Analysis cases were proposed to address the AC-DC optimization problem, taking the benchmark 
reported in (36) as a reference. It takes the parameters of the lines, loads, and busbar connections of the 
North American configuration low voltage distribution system. It has a radial structure starting at the 
secondary of a medium- to low-voltage transformer, MV of 12.47 kV and LV of 208 V, for each sub-network. 
The LV lines are either subway, mainly in urban areas with high load density, or overhead, mainly in rural 
areas with comparatively low load density. A one-line equivalent modified MHM schematic of the 
interconnection of the LV commercial sub-networks is shown in Figure 5. 
 

 

Figure 5. Benchmark Test-System ST-based MHM. 

The MG in Figure 5 consists of 15 AC busbars - 11 DC busbars. It has a feeder connected to 𝐵𝐴𝐶0, which 
corresponds to the low voltage output of the transformer secondary at the common coupling point. The 
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coupling of the 15 AC busbars with the 11 DC busbars is made from tow VSC coupled between 𝐵𝐴𝐶14 and 

bus 𝐵𝐷𝐶0, bus 𝐵𝐴𝐶13 and bus 𝐵𝐷𝐶9, and finally, the ST is connected to bus 𝐵𝐴𝐶2 and bus 𝐵𝐷𝐶10. PVG of 11 kW 
on the AC side and 13.8 kW on the DC side is integrated. As a base case, this equates to approximately 50% 
of the demand, considered a system with medium DG penetration [26]. Likewise, BESS is introduced on both 
the AC and DC sides coupled to their respective PEI with a capacity of 120 kWh. The connection of the PVG 
and BESS is distributed according to Figure 5. It should be noted that the MHM features a second 12.47 kV 
MV feeder connected at the first stage of the ST. This constitutes a DC equivalent feeder under the principle 
of operation of the ST described in the previous section. 

The PVGs are placed in the bars where critical loads are considered (𝐵𝐴𝐶6, 𝐵𝐷𝐶5, 𝐵𝐷𝐶6, and 𝐵𝐷𝐶7) and 
coupling points of load distribution branches as well as in the outer part of the feeder, which is susceptible to 
presenting a greater voltage deviation (𝐵𝐴𝐶3 and 𝐵𝐴𝐶4, and 𝐵𝐷𝐶9). 

The BESS allows the storage of surplus energy during a time slot to be used later in a different time slot 
when there is a higher demand that coincides with periods of low generation in the PVGs. Similarly, the BESS 
allows reactive power control on the AC side from the optimal management of the PEI coupled to each 
storage system. According to the power flow equations, the BESS supplies power in the MG, discharge 
condition for negative power. In case of positive power, the BESS is charging. For both scenarios, charging 
and discharging, reactive power control is performed according to the optimal operation requirements of the 
MG in each time slot. 

BESSs are connected to the system at points where additional services are required to support active 
and reactive power injection. On the AC side BESS are connected to buses 𝐵𝐴𝐶1, 𝐵𝐴𝐶4, and 𝐵𝐴𝐶8, thus 
presenting a mechanism to support reactive power injection and energy storage for optimal use during 
periods of low PVG and high demand. Under this same approach, BESS are connected on the DC side on 
buses 𝐵𝐷𝐶0, 𝐵𝐷𝐶2, and 𝐵𝐷𝐶4, with a storage capacity close to 60 kW-h. 

RESULTS 

This section presents the results of the computational model proposed, which intends to evaluate the 
behavior of the ST-based MHM under different levels of penetration of distributed energy resources based 
on a multi-objective multi-period problem to minimize operating cost, voltage deviation, and losses in AC/DC 
microgrid and VSC's power dispatch. 

The multi-objective multi-period power-optimal optimization problem was programmed in Python 3.9.5 
language in the Spyder 5.4.2 integrated development environment under the Pyomo 6.5.0 framework. Also, 
the Ipopt solver was used to treat nonlinear problems. 

Four case studies are proposed to validate the impact of DER in MG and determine the performance of 
the MHM management algorithm, in which two levels of PVG penetration (medium and high) are presented 
in two groups of MGs, one where only the VSCs are introduced at each coupling point between the AC and 
DC side of the MG; and another group in which the ST is presented as a power router whose equivalent 
model is proposed as a DC controllable feeder. 

 

• Case I: A VSC-based MHM with close to 50% PVG penetration level is considered. 

• Case II: An ST-based MHM with close to 50% PVG penetration level is considered. 

• Case III: A VSC-based MHM with close to 80% PVG penetration level is considered. 

• Case IV: An ST-based MHM with close to 80% PVG penetration level is considered. 
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(a) 

  
(b) 

Figure 6. (a) Case I: Voltage profiles on the AC and DC side; (b) Case II: Voltage profiles on the AC and DC side 

For each case, we seek to establish the decision variables of the problem associated with the voltage 
deviation in the system, the operational cost of the MHM, and the related losses according to the operating 
conditions of each case study. Likewise, the control variables associated with set points of each VSC and ST 
and the PEI coupled to the PVG and BESS for the control of active and reactive power are determined.  

Given that we seek to determine the impact of the penetration of the DER on the MHM and the impact 
of the ST on the management of the MHM, cases I and II, as well as cases III and IV, are directly compared. 
For cases I and III, the MG in Figure 5 is modified by replacing the ST with a VSC connecting bus 𝐵𝐴𝐶2 to bus 

𝐵𝐷𝐶10 (𝐿𝑉𝐷𝐶). Case II and IV present the same configuration as Figure 5. PVG is added on both the AC and 
DC sides of the MG. For cases I and II, on the AC side, it has a penetration close to 22%, while on the DC 
side, it presents a penetration close to 27% for an overall penetration in MHM growing to 50%. For cases III 
and IV, on the AC side, it has a penetration close to 48%, while on the DC side, it presents a penetration 
close to 31% for an overall penetration in MHM growing to 80%. 

Figure 6 shows the voltage profiles of the 𝐵𝐴𝐶14 on the AC side and the 𝐵𝐷𝐶10 on the DC side for Cases 
I and II. In Case I, the feeder connected to the AC side regulates the voltage with a reference of 1 p.u. 
(𝑆𝐵𝑎𝑠𝑒  =  50 𝑘𝑊, 𝑉𝐴𝐶𝐵𝑎𝑠𝑒

=  120 𝑉), on the farthest buses from an increase in the voltage on bus 𝐵𝐴𝐶0. 

However, the DERs contribute to compensating the voltage on the rest of the buses connected in the MG 
branches, given the power injected into the system in a distributed manner. On the DC side, the VSC 
connected to DC 𝐵𝐷𝐶10 regulates the voltage with a reference of 1 p.u. (𝑆𝐵𝑎𝑠𝑒  =  50 𝑘𝑊, 𝑉𝐷𝐶𝐵𝑎𝑠𝑒

=  500 𝑉). 

An overvoltage is observed on 𝐵𝐷𝐶5 due to the power injection of the DERs on that bus (20 kWh from BESS 

and 1.8 kW from PVG), as well as on 𝐵𝐷𝐶0 (DC side from VSC), there is an overvoltage due to it being 
connected to the DC port of the VSC connected to the AC bus closest to the feeder on the AC side. This 
phenomenon occurs mainly between 15:00 and 23:00 hours. 
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(a) 

  
(b) 

Figure 7. (a) Case III: Voltage profiles on the AC and DC side; (b) Case IV: Voltage profiles on the AC and DC side 

In Case II, there is a reduction in the voltage deviation on both AC and DC sides. This is evidenced by a 
more uniform color distribution and closeness to the reference color range at 1 p.u. The ST allows voltage 
compensation by integrating a second feeder in the MHM. It is observed that in the central buses of the MHM, 
the voltage profile is close to the reference value. However, during peak demand, an overvoltage is kept in 
the buses closer to the system's AC generator, and the MHM's voltage profile is better achieved. On the bus 
𝐵𝐴𝐶2 corresponding to the low voltage AC port of the ST, a reduction in voltage deviation is shown since a 
controlled and bidirectional transfer of power between the DC and AC side of the system is performed; a 
similar profile is maintained on the DC port of the ST connected to the bus 𝐵𝐷𝐶10. In both Case I and Case II, 
the voltage profiles where the coupling VSCs are associated between the AC and DC side maintain a similar 
voltage deviation profile since the VSCs do not have an active power transfer control, unlike in the ST. 

Figure 7 shows the voltage profiles for Cases III and IV. As in Cases I and II, the AC side power supply 
regulates the voltage with a reference of 1 p.u. on the farthest buses from an increase in the voltage on bus 
𝐵𝐴𝐶0, although with an increase of close to 1.01 p.u. In Case IV, including the ST contributes to voltage 
regulation in both the AC and the DC side.  On the other hand, since there is a higher PVG penetration in the 
MHM, a lower voltage deviation is observed in all AC and DC buses during the 24 hours; despite this, in Case 
III, there is an increase in voltage in 𝐵𝐴𝐶0 and 𝐵𝐴𝐶2 between 16:00 and 20:00 hours. The high penetration 
DERs contribute to compensating the voltage on the buses connected in the MG branches. The tension 
presents a better profile on the DC side, evidenced by a better color distribution close to 1 p.u. In Case III, 
there are areas with a considerable deviation between 15:00 and 20:00 hours, both on the AC and DC sides, 
on buses 𝐵𝐴𝐶0, 𝐵𝐴𝐶1, and 𝐵𝐴𝐶14, and 𝐵𝐷𝐶0, 𝐵𝐷𝐶1, and 𝐵𝐷𝐶10. This phenomenon occurs mainly between 15:00 
and 23:00 hours. 

Despite having a high DER penetration, a better voltage profile is presented. The ST allows voltage 
compensation by integrating a second feeder in the MHM and power flow control between the AC and DC 
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sides. It is observed that in the central buses of the MHM (𝐵𝐴𝐶2 and 𝐵𝐷𝐶10), the voltage profile is close to the 
reference value and does not exceed 1.01 p.u. However, during peak demand, an overvoltage is kept in the 
buses closer to the system's AC generator, and the MHM's voltage profile is better achieved. On the AC bus, 
𝐵𝐴𝐶2 corresponding to the low voltage AC port of the ST, a reduction in voltage deviation is shown since a 
controlled and bidirectional transfer of power between the DC and AC side of the system is performed; a 
similar profile is maintained on the DC port of the ST connected to the 𝐵𝐷𝐶10. 

Figure 8 shows the active and reactive power injected by the PVGs for Cases I and II (a), as well as 
Cases III and IV (b), in which, according to the availability of solar resources and the needs of the MG in each 
hourly interval, the operating point of the PEI is adjusted to control the reactive power injection dynamically, 
controlled by the minimum power factor (PF), set at 0.85, either in backward or forward. The time slot with 
the highest power injection is between 6 and 17:00 hours.  

 

  
(a) 

  

(b) 

Figure 8. (a) Active power injected by the PVGs on the AC side; (b) Reactive power injected by the PVGs on the AC 
side. 

Comparing Case I with Case II, the reactive power in the PVG connected to 𝐵𝐴𝐶3 is set as support for 
voltage regulation in this bus. In Case I, a forward PF power is injected. In contrast, a backward PF power is 
injected in Case II, given the effect of both active and reactive power control, which allows ST implementation 
in Case II. On the other hand, the PVG connected to 𝐵𝐴𝐶4 presents a value very close to zero since the 
reactive power support, according to the MG operating conditions, is supplied from the energy available in 
the BESS connected to 𝐵𝐴𝐶4; this happens in both cases. Finally, a forward PF power is injected from the 

PVG connected to 𝐵𝐴𝐶6 to meet the reactive power demand in the load connected to this bus. It also supports 

the load requirements on 𝐵𝐴𝐶7 and the needs of the other AC system buses further away from the 𝐵𝐴𝐶0 feeder. 
In this way, active power support is evidenced mainly to meet the demand and reactive power due to the 
need for voltage regulation in some areas of the network. Still, the functionality in the PEI is used for reactive 
power control to meet the demand and voltage regulation in the far buses of the AC feeder, and this is also 
in line with the need to minimize voltage deviation in the network, mainly in the distant parts of the feeders 
with the highest peak demand. On the other hand, on the DC side, the generation profiles are like those 
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presented in Figure 8 but are assorted according to the peak power of the PVG installed in each DC bus. In 
this case, only active power control is performed, which mainly seeks to meet the demand according to the 
availability of the energy resource. 

In Cases III and IV, there is a reduction in the amount of power injected into the grid. This is related to 
the penetration level in these case studies. Despite this, it is observed that around 17:00 hours, a peak close 
to 0.1 kVAR is followed, like what happens in Cases I and II, given that around that time slot, there is a peak 
demand in the MHM, leading to an increase in voltage deviation, as shown in Figures 6 and Figure 7, which 
is compensated with the injection of reactive power into the system. On the other hand, a slight increase in 
reactive power injection with a forward PF is observed in 𝐵𝐴𝐶3.  

Figure 8 shows the effect of high PVG penetration on the MHM. For a 50% PVG penetration, there is an 
increase in reactive power injection to compensate for the demand needs and support voltage regulation. On 
the other hand, by increasing PVG penetration by 80%, it is observed that there is a reduction in the reactive 
power injected since the availability of active power increases the voltage in some areas of the MHM. The 
amount of reactive power to the grid is reduced to reduce this voltage increase. For these two scenarios, it is 
evident that the ST allows better power control management since a minimum reactive power injection is 
always maintained concerning the management carried out in the MHM only with VSC.  

  
(a) 

  
(b) 

Figure 9. (a) Active power injected by the BESS on the AC side; (b) Reactive power injected by the BESS on the AC 
side. 

Figure 9 shows the BESS charging and discharging patterns (a) and the reactive power injection (b) from 
the PEI control coupled to each BESS on the AC side. From 0:00 to 8:00 hours, the BESS connected to 
buses 𝐵𝐴𝐶1 and 𝐵𝐴𝐶2 are charging, while the BESS connected to 𝐵𝐴𝐶4 is discharged, mainly in Cases I and 
II, although there is a reduction in the rate of charge in Case II. During that same time slot, the BESS 
connected on 𝐵𝐴𝐶4 present a rate of energy discharge to support the needs of the network. Between 9:00 

and 14:00 hours, an opposite effect occurs, in which the BESSs connected to 𝐵𝐴𝐶4 are charged, and the other 
BESSs are discharged. During the period of peak demand, between 15:00 and 23:00 hours, all BESSs are 
discharged. A similar charging and discharging profile are maintained on 𝐵𝐴𝐶4 in both cases. In the other 
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buses, the improvement in the charging and discharging profile of the BESS is observed by integrating the 
ST for power control in the MHM. 

During daily operation, power injection with a leading power factor is observed regarding reactive power. 
This is evidence of the functionality of the BESS to compensate for the voltage deviation, mainly in 𝐵𝐴𝐶8 Case 
I is a phenomenon that coincides with the voltage profiles in Figure 6a. The other BESSs have a lower power 
injection since it is supported from different points of the MHM; these two conditions are related to the fact 
that the PVGs keep part of the demand, and the surplus energy is stored. For 24 hours, the BESS connected 
to 𝐵𝐴𝐶8 of Case I injects reactive power into the MG, which supports the compensation of the MG since 𝐵𝐴𝐶8 
is a central bus that derives a large part of the MG demand on the AC side. 

Case I and IV loading and unloading patterns are like Cases I and II. However, given that there is an 
80% increase in the PVG penetration level, it is observed that the BESS patterns of 𝐵𝐴𝐶1 both cases (III and 
IV) are maintained in load conditions between 0:00 and 08:00 hours, while the other BESSs are maintained 
in unloaded conditions to support the demand and other services required by the MHM during this period. 
During peak PVG generation, both BESSs remain in load condition, taking advantage of the available 
resources. In Cases III and IV, since there is a more significant energy resource available in the DERs, most 
of the time, all the BESSs are in the same operating condition (charging or discharging), the effect of which 
is to have greater energy availability during the period of peak demand. As for reactive power, it's observed 
in advance during the 24 hours; however, the effort between 00:00 and 15:00 hours is lower than in Cases I 
and II, increasing from 16:00 hours to compensate for the voltage deviation during peak demand in the MHM. 
In all cases, it is observed that the availability of the solar resource and the possibility of storing it for later 
use during demand peaks are better exploited by incorporating the ST for optimal management of the MHM 
since this device offers additional degrees of freedom to the optimization algorithm to better set the operating 
point of the PEI in the MHM.  

Figure 10 shows the SoC in 24 hours of operation of the BESSs in Case I and II (a) and Case III and IV 
(b). The BESS connected to 𝐵𝐴𝐶4 presents a gmore significant deviation in the state of charge, mainly 
because they are connected to the most extreme buses of the MHM, thus requiring a gmore excellent 
compensation of available active and reactive power. On the other hand, the BESS systems connected on 
𝐵𝐴𝐶1 and 𝐵𝐴𝐶8 are fully charged during the middle of the period of maximum generation in the PVGs to support 
the peak demand represented after 15:00 hours. A similar phenomenon occurs in the BESSs on Case III and 
IV, which are loaded during part of the day to support the MHM's requirements during peak demand.  

 

  
(a) (b) 

Figure 10. (a) Active power is injected by the BESS on the AC side; (b) Reactive power is injected by the 
BESS on the AC side. 

It should be noted that the BESSs start with a SoC close to 70%. It is observed that the BESS has a 
depth of discharge close to 30%. Accordingly, the BESS connected to 𝐵𝐴𝐶4 presents a complete discharge 
between 6:00 and 8:00 hours, becoming harmful and affecting the useful life of the BESS. Likewise, it is 
observed that the BESS is fully charged between 14:00 and 15:00 hours, a time that coincides with the end 
of the period of maximum generation in the PVG. Case III shows how the SoC conditions of the BESSs are 
altered in the VSC-based MHM, while in the ST-based MHM, it is observed that despite operating with a 
penetration close to 80%, SoC profiles like Case II are maintained, thus proving the impact of managing the 
MHM from an ST under different levels of PVG penetration.  
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Figure 11 shows the charging and discharging profile of the BESS on the DC side. The bidirectional DC-
DC converters allow controlling the charging and discharging conditions in each time slot according to the 
MG requirements and the optimal solution set by the EMS in each operating hour. During peak generation in 
the PVGs (between 10:00 and 15:00 hours), the BESSs present a load power transfer above 1 kW. In 
contrast, in the periods of minimum generation, the BESSs serve the demand, mainly in the slot between 
15:00 and 23:00 hours, taking advantage of the energy stored during the maximum generation of the DERs 
of the MHM. This phenomenon is similar for all cases, whose main difference is observed in the power 
transfer rates, either charging or discharging, given that, with a higher level of PVG penetration, there is a 
greater availability of stored energy, which allows a more excellent power transfer according to the SoC of 
the BESS and the needs of the MHM. Under these operating conditions, the connected BESSs of Case II 
and IV show a reduction in SoC relative to Cases I and III, despite the increased level of PVG penetration in 
each case. The performance of BESS in VSC-based MHMs presents a more significant variation between 
the minimum and maximum value of the SoC. This situation affects the performance and degradation of the 
BESS under real operating conditions. The reduction in SoC variation in the BESS connected in ST-based 
MHMs is compensated by a better redistribution of power transfer conditioned by SoC in the other BESSs 
located in different points of the MHM, given the control of active power transfer between the AC and DC 
side of the MHM, as well as the availability of the resource, which, when efficiently managed, allows improving 
the overall performance of the MHM. 

 

  
(a) 

  
(b) 

Figure 11. (a) Active power injected by the BESS on the DC side; (b) Total energy of the BESS on the DC side. 

Another aspect closely related to the variables analyzed above and showing the impact of the ST in the 
MHM is the power transfer between the AC and DC sides of the MHM. The active power transfer is directly 
related to the operating point of the MG, both on the AC and DC side, as presented in (1). The reactive power 
is controlled independently by the operating point set by the management system, which respects the 
constraints associated with the nominal apparent power of each converter. Thus, Figure 12 shows the 
transfer of active and reactive power in the VSCs according to the operating conditions of each case under 
study. 
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Based on the data visualized in Figure 12, it is observed that the third stage of the ST is working in 
rectifier mode, so that it channels power from the AC side to the DC side, which is transferred to DC MG and 
the AC side, again, through the VSCs of 𝐵𝐴𝐶13 and 𝐵𝐴𝐶14, which works in inverter mode, to ensure the power 
balance of the MHM. In Cases III and IV, it is observed that the transfer of active power is reduced since 
there is greater availability of solar photovoltaic resources that are used to cover the demand of the network 
and, at the same time, stored for later use in peak demand periods.  It should be noted that the greatest 
power transfer is made in the third station of the ST, which reduces the effort of the other converters of the 
MHM.  

Regarding reactive power, it is observed that in Case III and IV, a greater reactive power injection with 
PF, both in forward and backward, since there is a greater PVG penetration, tends to increase the voltage 
deviation so that, to compensate for it, reactive power must be injected in the MHM, in addition to the support 
provided by the reactive power control in the PEI and VSC. 𝐵𝐴𝐶2 presents the highest reactive power transfer 
in the MHM. However, the ST allows optimized management in reactive power injection by achieving better 
performance of the MHM under minimum reactive injection. During the peak load period, the highest injection 
of active and reactive power is observed concerning what happens with voltage profiles, PVG generation 
profiles, and energy stored in the BESS. 

Table 1 presents a comparison of the optimal solution of the decision variables of the MPOPF problem. 
The four scenarios analyzed are compared, thus comparing the optimal value of each objective function. For 
the cost of energy exchange of the microgrid with the DS (𝑓𝑐,𝑡), the losses in the lines (𝑓𝑙,𝑡) and the voltage 

deviation in the 𝐴𝐶 and 𝐷𝐶 side (𝑓𝑑𝑉𝐴𝐶,𝑡 + 𝑓𝑑𝑉𝐷𝐶,𝑡 ) at all times 𝑡, are compared in the ache case study. 

  
(a) 

  
(b) 

Figure 12. (a) The VSC transferred active and Reactive power in Cases I and II; (b) Active and Reactive power was 
transferred by the VSC in Cases III and IV. 
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                                    Table 1. Comparative Case Study 

Objective Function Case I Case II Case III Case IV 

Cost of energy exchange [$/kW] 22.94 22.54 20.22 19.94 

Losses in the lines [kW] 23.00 11.44 20.32 10.96 

AC Voltage deviation [𝑉2] 0.12 0.02 0.10 0.02 

DC Voltage deviation [𝑉2] 0.02 0.01 0.02 0.01 

Table 1 shows that in the cases where an MHM structure based on ST presents a reduction in losses 
close to 50% for the losses recorded in the MHM based on VSC. As for voltage deviation, a decrease of 
about 84% is observed on the AC side, and on the DC side, a reduction of about 50 % in all cases. Although 
the cost of energy exchange with the DS has slight variations in each case, it should be added that in Cases 
II and IV, there is an additional cost for the energy exchange in the feeder on the DC side. This implies that 
the cost of the AC feeder is reduced in each case and on the DC side since the increased PVG penetration 
reduces the energy exchange with the DS and consequently reduces the overall operating cost of the MHM. 

In Cases II and IV, the impact of adding the ST was observed, even though this introduced an additional 
operating cost on the DC side. For these cases, under medium and high PVG penetration conditions, the 
management system manages to minimize the control and decision variables of the optimization problem in 
higher proportion compared to the results achieved with the VSC-based MHMs in Cases II and III. The ST 
allows the addition of a new controllable feeder on the DC side; this significantly impacts loss reduction since 
integrating this into a flail structure enables better power transfer paths. The flail structure was implemented 
based on VSCs, but by combining them with the ST, the overall performance of the MHM was optimized in 
terms of voltage deviation and loss reduction under different operating scenarios.  

The optimal solution from the formulation of an MPOPF problem to minimize operating cost, voltage 
deviation, and losses in MHM, which was found given the degrees of freedom provided by the Power dispatch 
in Voltage-Sourced Converters associated with photovoltaic generators, energy storage systems, and ST, 
facilitate the control of active power transfer between the AC and DC side of the MHM, as well as the 
management of power transfer between the MHM and the BESS. Similarly, these devices allow independent 
control of reactive power at different points of the MHM, facilitating voltage regulation maneuvers according 
to peak demand and optimization objectives that improve performance in the daily operation of the MHM.  
 

CONCLUSION 

The results show the positive impact of Smart Transformer-based Meshed Hybrid Microgrids with high 
and medium penetration of distributed energy resources, main PVG, is evident. Since there are energy 
storage and power control systems in the different MHM buses, it was possible to take better advantage of 
the functionalities of the ST as an energy router. 

Formulating a multi-period problem allowed us to minimize operating costs, voltage deviation, and losses 
in MHM, increasing the efficiency and performance of BESS, VSC, and ST functionalities. It also allowed the 
simultaneous control of active and reactive power to meet the load requirements, voltage regulation, and loss 
reduction. 

An Optimal Power Dispatch in Voltage-Sourced Converters associated with photovoltaic generators, 
energy storage systems, and ST management systems was developed, which allowed the control of active 
power transfer between the AC and DC sides, the control of active power injected in the MHM and the 
optimization of the SoC of the BESS as well as the optimization of reactive power injection to reduce voltage 
deviation during peak demand periods. 
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