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Introduction 

One of the first applications of the power electronics is the HVDC system to obtain direct currents 

from alternate currents in the high voltage system, but in LV and MV distribution systems it was 

not very used because it was very expensive. With the PWM converters, the new device 

technologies (such as IGBT and MOSFET) and the reduction of the power electronics converters 

costs, it was possible to have photovoltaic or wind generators on the grid and it was possible to have 

some converters to supply ancillary services.   

So, nowadays the power electronics for low voltage and medium voltage grids has a key role about 

distributed generations, storage systems, DC charging stations and some devices to improve the 

power quality. In particular, with the power converters, it is possible to solve some typical problems 

on LV grids such as the active power flow inversion, peak shaving, load balancing, voltage 

regulation and reactive power compensation. In this work, has been studied the state of the art of 

power electronics converters installed on LV grids and the new solutions has been designed to 

reduce costs, to have more control and to solve the typical problems on LV systems. 

The focus on the Back to Back converter and the Unified Power Flow Controller has been made. 

These converters allow to manage the reactive power, the voltage level in the PCC (Point of 

Common Coupling) and the active and reactive power flow between two feeders. Furthermore, 

thanks to the improvement of electrical batteries, the electrical mobility market is growing so in LV 

grids there is an increment of DC and AC charging stations. For this reason, it has been chosen the 

DC charging station to design the new all-in-one solutions, so, in this way it has been possible to 

reach the goals of this work. Hence, two components for LV grids (using the power electronics 

converters) have been designed and tested. The first one consists in a DC charging station with a 

double three-phase power supply with an integrated UPFC and the second one consists in a DC 

charging station with an integrated B2B converter. 

To test the new components designed in this work, the MATLAB/Simulink software has been used.  
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In the chapter 1 the LV grids typologies are presented, and the most important power electronics 

solutions used for LV grids are presented, instead, in the chapter 2 the new components are 

explained with the power scheme and the mathematical formulae. The plant equations to design the 

control systems for the proposed solutions are shown.  

In the chapter 3 and 4 the design of the control systems and the test cases for the charging station 

with UPFC and B2B are explained. In particular, for the UPFC solution it is explained the design of 

the control system for the STATCOM and SSSC in dq synchronous rotating frame; to test the 

control design and to verify the mathematical formulae, two test cases has been made with the 

MATLAB\Simulink where in the first one the electrical vehicle is charged and with the SSSC one 

load is supplied by two grids. In the second test case, the solar energy is used to charge partially the 

EV and to supply partially the load avoiding the power flow inversion in one of two grids and it was 

tested the DC/DC control system. For the B2B solution, it is explained the design of the control 

system for both AC/DC converters in dq synchronous rotating frame; to test the control design and 

to verify the mathematical formulae, two test cases has been made where in the first one the 

electrical vehicle is charged, and one load is supplied by two grids, instead, in the second test case 

the solar energy is used to charge the EV and to supply partially the load avoiding the power flow 

inversion.  

Finally, in conclusion, main considerations on this work are discussed.   
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CHAPTER 1 

LV Grids and Power Electronics 

 

1.1  Low voltage distribution grids 

 

The electrical low voltage grid is an important structure to supply loads like public street 

lighting, public and private offices, homes, schools and small industries. Furthermore, 

nowadays due to the development of electrical batteries, LV grids also are very important to 

supply AC and DC charging stations for electrical mobility (cars and bus). The electrical 

grids can use DC systems or AC systems, the second one is the solution actually used in the 

distribution systems. There are three main topologies of these grids; the first one is the radial 

grid where there is only one supply point and one feeder to supply several loads, the second 

one is the loop grid where there is only one supply point but with two feeders in a loop 

configuration (open loop or closed loop) and the third solution consists in the meshed grid 

where there are several supply points. In figure 1.1 the radial solution is shown, in figure 1.2 

and in figure 1.3 loop solutions are shown with open and closed configuration. Finally, in 

figure 1.4 the meshed grid is shown.  

 

 

Figure 1.1: Radial AC LV Grid 
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Figure 1.2: Open loop AC LV grid 

 

 

Figure 1.3: Closed loop AC LV grid 
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Figure 1.4: Meshed AC LV grid   

 

The AC LV grids have different voltage levels; in Europe the line voltage equals 400 V, in 

China actually it is equal to 380 V, instead, in the United States the phase voltage is equal to 

120 V. The power is supplied from medium voltage grids using step-down transformers in 

the classical low voltage grid. The power flow is unidirectional, from transmission grids to 

low voltage grids and the main power is supplied with thermal and hydro power plants with 

high power density.  

 

1.2 Microgrids and distributed generation 

The development of power electronics converters has allowed the growing of distributed 

generators such as solar generator, wind generator and tidal turbine so the traditional low 

voltage distribution system has changed in a new low voltage system where there are several 

Distributed Generation Systems (DGSs) and the power flow is not unidirectional every time 

but in the case of the excess of active power flow there is an energy flow inversion from LV 

distribution system to MV distribution system (from down to up). This aspect is most 

important in the management of low voltage grids, in fact, thanks to DGSs, it is possible to 

obtain a new power electrical system with a low voltage level (e.g., 400V) using storage 
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systems with the lithium technology or similar solutions [1] [2]. The Department of Energy 

(DOE) defines the microgrid as ‘‘a group of interconnected loads and distributed energy 

resources within clearly defined electrical boundaries that acts as a single controllable entity 

with respect to the grid. A microgrid can connect and disconnect from the grid to enable it to 

operate in both grid-connected or island mode” [3]. The microgrids can work in grid-

connected or stand-alone operation modes. Particularly, the stand-alone operation, although 

may only for very limited period, can provide improved reliability to the smart grids. Some 

other systems, such as electric vehicles can be considered as always operating in standalone 

mode. Due to the intermittent nature of RE resources, other energy sources (such as diesel) 

and Storage Elements (SEs) are critical part to enable the stand-alone operation of 

microgrids or to smooth the microgrid power during grid-connected operation. SEs can be 

classified into two categories: capacity oriented energy storage and access-oriented energy 

storage. Capacity-oriented energy storage does not have fast response time, and they are 

used for long-term energy balancing to buffer out low-frequency power oscillation of DGs 

output power and compensate intermittency of RE sources in microgrids. Batteries, pumped 

hydroelectric systems, compressed air energy storage and hydrogen storage are types of 

capacity oriented energy storage. Access-oriented storage devices have fast response time, 

and they are responsible for short time disturbances in microgrids, by providing the high-

frequency component of power. They can supply or absorb the high-power transients with 

high-power density. Flywheels, SuperCapacitors (SCs) and superconducting magnetic 

energy storage are considered as access-oriented storage devices [4]. In figure 1.5 an AC 

microgrid is shown, instead, in figure 1.6 a DC microgrid is shown. 
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Figure 1.5: AC microgrid 

 

 

Figure 1.6: DC microgrid 
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1.3 Power electronics on low voltage grids 

On the low voltage grids there are new technologies to regulate the voltage and the reactive 

power and to manage active and reactive power flow in radial and meshed grids [5] due to 

low costs and to reliability of power electronics converters. So, today the power electronics 

has a key role for the future of electrical grids; for this reason, in this work, this aspect has 

been taken in consideration to design new components to control the active and the reactive 

power in LV grids.  

 

1.3.1 Voltage and reactive control 

In AC LV grids is most important to control the reactive and the voltage when the voltage 

profile is not ideal for the normal operations. To do this, it is possible to use the power 

electronics converters. These devices can be dedicated to regulate the reactive in the Point of 

Common Coupling (PCC) or they can be used to exchange active power with LV grids and 

at the same time, they can exchange reactive power with the grid. The first solution is 

composed of two main typologies; the STATic COMpensator (STATCOM) [6] and the 

Static Var Compensator (SVC) with the thyristor technology. The STATCOM is shown in 

figure 1.7, instead, the second solution is shown in figure 1.8, where an Active Front End 

(AFE) converter is used to exchange both active and reactive power. With the power 

electronics converters, it is possible to manage the reactive power or the voltage level in the 

PCC in the better way than the classical solution (with capacitors) with a very fast response 

and with a step-less solution. Furthermore, with the solution shown in figure 1.8, the 

reactive and voltage regulation is very cheap, because it is possible to regulate reactive and 

voltage with an all-in-one solution [7] [8].  
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Figure 1.7: Power electronics converter to exchange only reactive power with the LV grid 

 

 

Figure 1.8: Power electronics converter to exchange reactive and active power with the LV grid 

 

In figure 1.9 STATCOM control loop for direct component is shown, it is possible to see the direct 

current reference equals 0, in this way the power converter will be able to exchange only reactive 

power and it works as a static compensator. To control reactive power, it is possible to use the 

control loop shown in figure 1.10, where the reactive set-point is received from a central controller 

and thanks to the outer loop, it is possible to obtain the current reference for the current’s inner 

loop. The STATCOM solution is very fast to follow the set-point and it doesn’t have a step 

regulation. In figure 1.11 the control loop to use the STATCOM converter like SVC is shown, in 

this way, it is possible to control the voltage module in the PCC. To do this, the voltage module 

outer loop is used to obtain the current reference for the current’s control loop.  



Chapter 1: LV Grids and Power Electronics 

12 

 

qi

edi dv

Lω−

pIK

iIK

de

di

0

 

Figure 1.9: Direct current control’s loop 

 

di

∗
Q

Q

pQK

iQK

eqi qv

Lω

pIK

qe

qi

iIK

 

Figure 1.10: Quadrature current control’s loop for reactive control 
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Figure 1.11: Quadrature current control’s loop for voltage control 
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In figure 1.12 the AFE control loop for direct component is shown, where to exchange the active 

power with the LV grid there is an outer loop to control the DC link voltage. In this way the VDC 

controller will be able to obtain the current reference for the inner loop. To control the reactive 

power, it is possible to use the control loop shown in figure 1.10, instead, to control the voltage 

level must be used the control loop shown in figure 1.11. The AFE converter can work as 

STATCOM, SVC and at the same time can be used to connect solar system or wind system to inject 

active power into the grid or can be used to interface a storage system to exchange the bidirectional 

active power flow with the grid. Furthermore, it is possible to add other functions to the AFE 

converter such as active filtering and power balancing. With this solution, it is not necessary to use 

other devices to regulate the reactive power or the voltage level on the grid.  

 

qi

edi dv

Lω−

pIK

iIK

de

di
DC

V

DCpVK

DCiVK

*
DCV

 

Figure 1.12: Direct current control’s loop for active power 

 

To compensate the reactive power on the LV grid, it is possible to use the thyristor technology to 

regulate capacitor or inductor current. An example is shown in figure 1.13, where are shown two 

SVC typologies with simplified schemes; the first one consists in a reactor current controlled with 

two thyristors in an anti-parallel connection, the second solution consists in capacitors switched by 

thyristors in an anti-parallel connection.  
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Figure 1.13: SVC with thyristor technology  

 

1.3.2 Ancillary services with DC charging stations  

With the PWM technology, it is possible to control the current and the voltage in the best way. So, 

it is possible to have a full control of the reactive and active power exchanged between the power 

electronics converter and the grid. In this way, the converters (for DC charging stations, 

photovoltaic generators, for storage systems, for wind systems and so on) can be used to manage the 

reactive or the voltage level in the PCC and at the same time they can exchange the active power in 

the bidirectional mode. An example is shown in figure 1.14, where is used a DC charging to charge 

a car and to exchange reactive power with the LV grid. Furthermore, using the auxiliary battery, it 

is possible to optimize the charging process and also to exchange active power with the grid to do 

peak shaving [7] [8]. 

 

Figure 1.14: DC charging station with an AFE converter 
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In figure 1.15 are shown simulation results about all active and reactive powers for the DC charging 

station shown in figure 1.14; with the auxiliary battery (integrated in the DC charging station), the 

EV charging power is equal to 20 kW and it is kept constant, instead, the grid active power 

decreases from 20 kW to 10 kW. In this way, it is possible to avoid a congestion on the feeder and 

to optimize the EV charging time. So, in figure 1.16 is shown the simulation result about the grid 

current that decreases reducing the grid load. 

 

 

Figure 1.15: DC charging station active and reactive power 

 

 

Figure 1.16: DC charging station phase a current 

 

In figure 1.17 are shown simulation results about all active and reactive powers for the DC charging 

station shown in figure 1.14 with the active power injected in the grid; the auxiliary battery is used 

to charge the EV battery and it is able to supply the active power to the grid. This aspect is most 

important to do peak shaving or to reduce the grid load. Instead, in figure 1.18 the simulation result 

about the grid current is shown. It is possible to note the increasing of the grid current and the phase 

inversion.  
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Figure 1.17: DC charging station active and reactive power 

 

 

Figure 1.18: DC charging station phase a current 

 

In figure 1.19 the simulation result about the PCC voltage (rms value) regulation is shown; using 

the VDC|V| control, the charging station is able to exchange reactive power with the grid to reach the 

voltage set-point. In this case the set-point is equal to 230 Vrms. This function is most important to 

control the voltage profile in LV grids.  

 

 

Figure 1.19: Voltage control  
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1.3.3 V2G charging stations  

Due to the increasingly serious energy crisis and environment pollution issues, continuous 

development of the power storage battery technology and the arrival of the low-carbon era, EV has 

become an important direction of development of new energy vehicles, which is a significant means 

to solve energy and environment problems. With the increasing number of EV integration into the 

power system, the potential impact of EV on an electric utility could be substantial. In the aspects of 

generation side and transmission side, the effect is relatively small, but the impact on the 

distribution system can not be ignored. From the power system operator view, the load fluctuations 

and the power losses during charging are the significant concerns and have to be minimized. Not 

only load fluctuations, but also power quality (e.g., voltage profile, three-phase unbalance, 

harmonics, etc.) are essential to the system operator as well as to grid customers. In addition, a 

series of subsequent problem must be focused on, such as system planning, system efficiency, 

system reliability, EV user benefit, EV user convenience and so on. V2G concept was proposed by 

the above issues. V2G (Vehicle-to-Grid) is determined by Amory Lovins in 1995 firstly, and 

William Kempton developed it. The primary concept of V2G is that EVs can provide energy to the 

power system when it parked, battery of EVs can charge during low demand times and discharge 

when power is needed. In this way, the EV users buy electricity from the grid in the low price, and 

sell electricity in the high price to obtain a certain benefit. The V2G system offers a source of 

backup for renewable resources. These features can enable ancillary services including spinning 

reserve, black-start and control of voltage and frequency. Just as mentioned, the V2G has many 

benefits, but the most important is to solve the two problems which caused by EV integration into 

grid: harmonics pollution and load fluctuations. Meanwhile, it needs to bring benefits to the grid 

and EV users. Therefore, the study of solution to those two problems has great theoretical value and 

practical significance. In recent years, due to widespread use of EV and battery, V2G has received 

wide attention. V2G is still a relatively new concept, as an important part of the smart grid, it is 

research is still in its infancy.  
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V2G technology can achieve the following functions: 

- Load balancing; 

- Harmonics suppressing; 

- Peak load shaving; 

- System operation cost reducing; 

- Load factors improving; 

- Profit generating; 

- Emission reducing; 

- Tracking of variable renewable energy resources. 

Up to now, V2G researches have been mainly focused on the economic feasibility, global structure 

and implementation method. In 2005, Willett Kempton from University of Delaware studied 

primary V2G problems: capacity calculation and system profit. In the same year, he researched the 

V2G implementation issues: stabilizing the grid to support large-scale renewable energy [9]. In 

2009, Dirk Uwe Sauer from Germany published articles focused on the impacts from the mobile 

energy storage and the results showed that mobile storage systems consist of EVs and control 

systems can partially replace the static storage systems [10]. In [11], it researches the V2G 

application that the EVs join the peak modulation and establishes the V2G system model which 

provides the reference for the future research. Due to the diverse characteristics and different power 

supply function of EVs, some researches show that the V2G can be divided into four categories to 

achieve: 

- centralized implementation. It is suitable for large-scale charging place. Taking centralized control 

and having great impact on the grid; 

- autonomous implementation. The feature is flexible, convenient and free from time and place and 

so on. But it does not good to achieve unified management; 
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- based on micro-grid implementation. EVs integrate into the micro-grid rather than directly 

exchange the power from the grid. The EV also can be regarded as the energy storage system to 

achieve self-sufficient in a certain area; 

- based on replacing battery implementation. In this model, battery types need to be unified.  

At present, with the development of V2G, the key issues are as follows: 

- intelligent dispatching from the grid view; 

- smart charging management from the EV view; 

- bi-directional charger; 

- effect of V2G on battery. 

To solve two great problems of the harmonics pollution and the load fluctuations from EVs, the 

researches focus on the bidirectional charger and the charging/discharging strategy. 

Most of the conventional chargers are unidirectional, and they will cause the harmonics problems 

which will not meet the requirements in the power system. To achieve the V2G, we need to equip a 

two-way smart charger between the power grid and the EV. Battery charger play a critical role in 

the development of EV. The purpose is to ensure that can improve the efficiency, reduce the cost 

and volume and suppress total harmonic distortion under normal condition, and still it could have a 

good control performance when it is subjected to the external disturbance. From the literature, the 

research mainly focuses on the charger typology and the control strategy. 

 According to the different EV charger typology, it can be divided into the following three types: 

- consisting of uncontrolled rectifier and chopper. The feature is large volume, large current 

harmonics of grid side and low efficiency. It is not suitable for access to the public grid; 

- consisting of uncontrolled rectifier and DC-DC converter. The feature is large current harmonics 

of grid side (about 30%), low efficiency and low cost. It is the main charger on the market; 

- consisting of PWM rectifier and DC-DC converter. The feature is small harmonic, high power 

factor, dual energy flow and so on.  
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A typical bidirectional charger has two stages: an active grid-connected bidirectional ac–dc 

converter that enforces power factor and a bidirectional dc–dc converter to regulate battery current.  

Bidirectional charging system is characterized by non-linearity, time varying and strong coupling, 

greatly challenging the control system design, especially when model inaccuracy and external 

disturbances are taken account in. So, the control requirements are very high. At present, the control 

methods are many: traditional linear/nonlinear control, modern nonlinear control and intelligent 

control. Such as: PID control, Active Disturbance Rejection Control (ADRC), fuzzy control, 

adaptive control, neural network control, Lyapunov stability theory control and so on. ADRC is 

proposed by Jingqing Han and Zhiqiang Gao developed it. Comparing PID and ADRC, the 

advantages of ADRC as follows: 

- fast response, small overshoot; 

- at steady state, the fluctuation of voltage or current is small; 

- strong resistance to external disturbances. 

But the drawback is its parameters are relatively large, it is hard to set parameters. Just as 

mentioned, there are many control methods, and the control mode is complex. The technology of 

the traditional control method is mature and easy to realize. The intelligent control needs not to set 

up a charger mathematics model, so, it is introduced into the control of the charger. But the 

intelligent control is still very immature, it still stays at the stage of simulation. 

In summary, the bidirectional charger for research mainly includes the following aspects: 

- charger structure; 

- harmonic suppression from grid connection; 

- charger operation efficiency [12]. 
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1.3.4 Power flow control with UPFC 

In LV grids with a closed loop or meshed configuration, it is possible to control active and reactive 

power flows between two feeders to reduce the active power losses in the loop or in the meshed 

grid. With the power flow control, it is possible to solve some typical problems in LV grids such as 

a power flow inversion in one of two feeders, a congestion problem in one feeder or it is possible to 

pilot the active power flow to use in the best way the green energy in the distribution system. For 

example, to avoid the waste of green power, it is possible to pilot the active power flow towards 

near loads with the power electronics converters. There are some devices to control active and 

reactive power flows, one of them is the Unified Power Flow Controller (UPFC) [13] [14]. The 

UPFC power scheme is shown in figure 1.20.          

 

Figure 1.20: UPFC power scheme  

 

In figure 1.21 a LV distribution system with a closed loop configuration is shown. There are two 

feeders with the loads and Distributed Generations (DGs). Using the UPFC, it is possible to manage 

the closed loop in the best way, in fact, the active and reactive power flows in both feeders are 

controlled. Furthermore, it is possible to have an open loop configuration and to change the 

configuration from open to close with a smooth transient. 
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Figure 1.21: UPFC in the closed loop configuration  

 

In figure 1.22 is shown an example of active and reactive power dynamic exchanged with the UPFC 

connected between two feeders (simulation results). In this case the reactive is equal to 0 before and 

after the UPFC operations, so, the device exchanges only the active power. 

 

 

Figure 1.22: UPFC active and reactive power 

 

In figure 1.23 are shown simulation results about the active and reactive power of the transformer 1, 

where the active power is reduced due to the UPFC and in figure 1.24 are shown simulation results 

about the active and reactive power of the transformer 2. The active power is increased to supply 

the load of the feeder 1. 
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Figure 1.23: Transformer 1 active and reactive power 

 

 

Figure 1.24: Transformer 2 active and reactive power 

 

1.3.5 Power flow control with B2B 

Another device to control power flows on LV grids between two feeders is the B2B (Back to Back) 

converter. This converter consists in two AC/DC converters connected to the common DC link. In 

figure 1.25 is shown the power scheme of B2B converter, where the master converter is used to 

manage active and reactive powers with PQ control mode to control the active power between two 

feeders and to control reactive power in the master converter PCC. Instead, the slave converter is 

used to control the DC link voltage and the reactive power in the slave converter PCC. The main 

difference with the UPFC solution is the decoupling between two feeders, so, the all active power 

flows through all converters, and this solution is more expensive than the UPFC solution but more 

flexible, because it is possible to control the reactive power or the voltage module independently for 

both PCCs [15] [16].   
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Figure 1.25: B2B power scheme 

 

1.3.6 Droop control  

Another important aspect, in a AC or DC microgrid, is the droop control for the voltage in DC 

microgrid and for the voltage and frequency in AC microgrid. The droop control is used to sharing 

the active power and the reactive power for each converter in automatic without any central 

controller in the island mode. While, in the grid-connected mode, thanks to the droop control, it is 

possible to do primary frequency and voltage regulations. In this way, it is possible to use a power 

electronics converter like a traditional generator [17]. In figure 1.26 and in figure 1.27 are shown 

the droop characteristics for a resistive/inductive equivalent impedance seen from the point of 

connection of the converter. In figure 1.28 the control scheme to implement the droop control in a 

AC microgrid in the case the converter operating as a current source or a voltage source is shown. 

 

 

Figure 1.26: Droop control characteristic for a resistive line impedance 

 

 

Figure 1.27: Droop control characteristic for an inductive line impedance 
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Figure 1.28: Droop control in inverter control scheme 

(a) power converter as a current source (b) power converter as a voltage source 

 

 

 

 

 

 

 

 

 



Chapter 1: LV Grids and Power Electronics 

26 

 

1.3.7 Virtual synchronous generator  

Distributed power generation systems that use renewable energy resources such as solar panels and 

wind turbines have been developed in recent decades. As an inverter is usually installed at the 

output terminal, these systems are known as inverter-interfaced Distributed Generators (DGs). To 

facilitate the grid integration of DGs, the concept of “microgrid” is proposed to manage a cluster of 

DGs, Distributed Energy Storage Systems (DESSs) and nearby loads as a single sub-system. By 

applying microgrid configuration, the complexity of the power system introduced by DGs can be 

significantly reduced. Meanwhile, as a microgrid can operate in both island and grid-connected 

mode, high power supply reliability for internal loads can be obtained. The control system of a 

microgrid is usually in a hierarchical structure, in which the primary control level embedded in DGs 

is responsible for basic operation and the secondary (and sometimes a tertiary) control level 

installed in a Microgrid Central Controller (MGCC) is designed for optimal operations. Droop 

control is widely adopted in primary control level of microgrids, because it can provide automatic 

active and reactive power-sharing between DGs in island mode and seamless transition between the 

two operation modes. 

However, unlike SGs (synchronous generators) with rotating mass, inverters have barely any inertia 

to support dynamic frequency stability. As a result, microgrids with high penetration rate of 

inverter-interfaced DGs may suffer from power quality issues such as large frequency deviation 

during loading transitions and fault events. To address this issue, Virtual Synchronous Generator 

(VSG) control or synchronverter inverter control methods to mimic dynamic characteristics of a SG 

by emulating the swing equation with virtual inertia and virtual damping factor, are proposed in the 

literature. It is demonstrated that thanks to the virtual inertia, VSG control results in lower 

frequency deviation during both loading transitions and fault events, thus improves the power 

quality of the microgrid. Control scheme embedded in the DGs using VSG concept is shown in 

figure 1.29.  
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Figure 1.29: VSG control block diagram 

 

Control scheme embedded in the DGs using VSG concept is shown in figure 1.29, where in the 

block “Swing Equation Function”, the swing equation of the SG is emulated through iterative 

method to provide virtual inertia and damping. Instead, the “Stator Impedance Adjuster” block is to 

adjust the total output impedance of the DG by adding virtual stator impedance [18]. 
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1.4 Smart monitoring system for LV grids 

With the widespread diffusion of renewable and distributed energy sources such as solar or wind 

power plants, the energy flows through different grids, and in particular on medium and low voltage 

systems, have become bidirectional. Therefore, distribution systems have become active grids 

needing appropriate means to measure and manage extremely variable operating conditions. Many 

important progresses in this direction have been made on high and medium voltage grids, where 

great research and development efforts have been made to realize modern power electronic devices 

that can truly help systems operators to face a great range of operational issues such as primary and 

secondary regulation, voltage support, problems due to flow inversions, load unbalancing, 

congestions and so on. Low voltage grids, instead, have been still very slightly touched by this deep   

empowerment of electric networks, although they probably constitute the most important 

infrastructure of energy distribution system inside urban environments. These electrical networks, 

moreover, have very large extensions, so it is very important to use cheap, flexible and reliable 

monitoring systems [19] [20]. 

Furthermore, with the smart monitoring system it is possible to acquire time and position data for 

creating a time data logger and geo-localizing each device, thus, offering the possibility of real time 

fault localization. Fast identification and correction of faults and failures, together with other issues 

normally requiring the attention of utility companies, can reduce the overall power outage duration 

in a significant way [21] [22].  
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CHAPTER 2 

 New Components to Manage LV Grids 

 

With the development of power electronics and electrical batteries, the market of Electrical 

Vehicles (EVs) is increasing, so in LV grids, it is most important to have DC and AC charging 

stations to charge the EV [23]. In this work, this aspect has been considered to research and design 

innovative solutions for electrical grids. The DC charging station is a better solution than the AC 

solution because to obtain the DC voltage is necessary to use a rectifier. This device can be passive 

or active, in the first case there is not any control possibility, instead, in the active solution it is 

possible to manage the reactive power in the PCC or the voltage level and with the bidirectional 

power converter the active power can flow towards the grid, so, the EV can supply the grid in 

Vehicle to Grid (V2G) mode or it is possible to integrate an auxiliary storage to optimize the 

charging process and to supply the grid for the peak shaving.  

With the increase of distributed generation, the active power flow is not always unidirectional but 

when the total load in one feeder is lower, the inversion of the active power flow can occur. In this 

way, the green energy flows in the MV/LV transformer and in MV grids, and partially it will be lost 

in the cables and transformers, and the LV protections can work not well.  

It is possible to manage in the best way the energy in the closed loop LV grids or LV meshed grids, 

so, it is possible to reduce the total active power losses and to have more load capability for all 

feeders. Of course, it is not easy to control a meshed LV grid in the same way of the radial 

configuration, but in particular cases, it is convenient to connect two feeders between them to solve 

overload problems in one of two feeders or the active power inversion, and to improve the voltage 

profile for all grid. Furthermore, it is possible to reduce the total active power losses with only 

single interline link to redistribute the active and reactive power flows in the grid. 
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Actually, in LV grids there are not installed any power electronics converters to manage active and 

reactive power flows between two feeders in a closed loop configuration and in a meshed 

configuration, instead, to connect two feeders are used electromechanical switches to change the 

grid configuration. In the academic literature was studied B2B or UPFC power electronics 

converters on LV and MV grids, and in the high voltage grids are used UPFC or B2B converters to 

manage active and reactive power flows. In figure 2.1 is shown two electric feeders connected in 

two points with PE devices, where there are distributed generators, charging stations, storage 

systems and classical AC loads. Practically, the two radial grids are two microgrids, and they can be 

controlled independently; with the interline link, it is possible to control active and reactive power 

flows between two feeders and to redistribute the power flows into a new meshed grid, in fact, PE 

converters realize a new meshed grid with two supply points.        

 

Figure 2.1 LV grids with two feeders interconnected with PE devices 
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In this work, to design new components to have a better control of LV grids and at the same time to 

reduce costs and dimensions for the proposed solutions, two aspects were considered. The first one 

is that the DC charging station is a distributed device installed along the feeder and the second one 

is that the UPFC or B2B converters (to connect two feeders in LV grids) can have a full control of 

active and reactive power flow in the interline link and in their PCCs. So, two new devices have 

been designed and tested: a DC charging station with an integrated UPFC and a DC charging station 

with an integrated B2B. These all-in-one solutions have different characteristics between them and 

they allow to have more control of LV grids with low costs. Furthermore, with the all-in-one 

solution is not necessary to install other devices in the LV grids and with the charging stations, it is 

possible to control the reactive/voltage profile in one feeder, to manage the bidirectional active 

power (between the grid and the storage device/car battery) and thanks to the interline link the 

power flow control between two feeders is easy and more reliable with power electronics converters 

than the electromechanical switches.  

2.1 DC charging station with UPFC 

The converter designed is composed of an AC/AC PWM converter with a bidirectional PWM 

battery charger to control the power between the EV and the AC grids [24]. This power electronics 

converter is connected between two feeders as shown in figure 2.2 and the interline link is an AC 

link without decoupling, so, the active and the reactive power flows between two electric feeders in 

the three-phase AC cable. The AC/AC solution used is the Unified Power Flow Controller (UPFC) 

[25] [26] where the STATCOM converter is used to manage the reactive power or the voltage level 

in the feeder 1 PCC and this converter assures the power balance for the DC link. Thus, the control 

system of this converter can control the DC link voltage, ensuring the right voltage values on the 

DC link capacitor. The Static Synchronous Series Converter (SSSC) is used to control (by a series 

transformer) the power flows between two feeders. It can emulate a virtual impedance to manage 

the active and reactive currents in the interline link [27]. 
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Figure 2.2: DC charging station with an integrated UPFC 

 

 

The DC/DC converter is used like a battery charger, it is a bidirectional chopper, so, it is possible to 

control the battery current and the battery power in V2G (Vehicle to Grid) or G2V (Grid to Vehicle) 

mode. In figure 2.3 is shown the power scheme of the proposed solution, where the voltages and 

currents measurements signals are shown in orange lines. The STATCOM is designated with the 

letter ρ and the SSSC is designated with the letter σ. Furthermore, in the figure are shown the L 

filters used to interface the AC/DC converters to the grid to reduce the current harmonic content. 

For the EV is used a LC filter to reduce the current harmonic content and at the same time with the 

capacitor the voltage harmonic content is reduced to obtain a good power quality to charge or to 

discharge the EV battery.       
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Figure 2.3: Power scheme of the DC charging station with an integrated UPFC 

 

 

2.1.1 Plant for the STATCOM converter 

For the STATCOM converter shown in figure 2.2 and connected to the feeder 1 with a L filter, the 

one phase equivalent scheme for the positive sequence is shown in figure 2.4. The power 

electronics converter is equivalent to the voltage source with the instantaneous voltage vρ equal to 

the average value of PWM voltage in one switching period. This voltage source is connected to the 

grid with a L filter with Rfρ equal to the ohmic component of the filter’s impedance and Lfρ equal to 

the inductive component of the filter’s impedance. The equivalent circuit is obtained using the 

Thevenin model applied in the PCC where e1 is the no load voltage and Lg1 and Rg1 are the 

inductive and the ohmic component respectively of the grid impedance. The electric current 

exchanged between the power electronics converter and the grid is shown in the below figure as iρ.    
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Figure 2.4: One phase representation for the STATCOM plant 

 

Applying the Kirchhoff's voltage law to the circuit shown in figure 2.4, (1) is obtained where the 

converter voltage is equal to sum of three terms. The first one is the droop voltage due to the ohmic 

components, the second one is the droop voltage due to the inductive components and the last one is 

the grid voltage.     

= + + + +                                    (1) 

 

To consider the three-phase system, (2) shows the three-phase voltages and currents vectors.   

is the converter phase voltages’ vector,    is the converter line currents’ vector and  is the 

grid voltages’ vector. So, with the equation (2), the vector equation (3) is obtained applying the 

Kirchhoff's voltage law to the three-phase circuit. 

 =      =    =                                      (2) 

 

 = +  + +  +                       (3) 
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To reduce the number of equations in (3) the Clark transformation is used. In the equations system 

(4) are shown three generic sinusoidal waveforms with the initial phase equal to ψ. So, the rotating 

vector in the alpha-beta static frame is obtained thanks to (5). In (6) is shown the operator δ that it 

allows the alfa-beta transformation. The direct Clark transformation is shown in (7) and the inverse 

Clark transformation is shown in (8).      

x = X sin ωt + ψ               x = X sin ωt + ψ − 120°x = X sin ωt + ψ − 240°                      (4) 

=  + +                                              (5) 

= e                                                   (6) 

xx = − −
0 √ − √

xxx                                            (7) 

xxx =
    1      0−      √
− − √

xx                                       (8) 

 

In figure 2.5 is shown the alpha-beta static frame and the d-q rotating frame. The generic vector 

  rotates with an angular speed equal to ω and it is calculated by (5). The components on alpha 

and beta axis are sinusoidal waves, instead, in the d-q rotating frame, the vector components depend 

on from the frame angular speed. If the d-q frame angular speed is equal to the vector  angular 

speed (as shown in the figure), the rotating frame is synchronous and the  angular speed in the 

d-q frame is equal to zero at steady state, thus, the d-q components are constant at steady state. To 

calculate the angle θ is used the Phase Locked Loop (PLL), that it will be explained in the next 

chapter. 
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Figure 2.5: alpha-beta static frame and d-q rotating frame  

 

With (9) it is possible to obtain d-q components from alpha-beta components and vice versa. The 

direct transformation to calculate d-q components is shown in (10), instead the inverse 

transformation to calculate alpha-beta components is shown in (11).  

x = x e                  (9) 

 xx =    cos θ sin θ−sin θ cos θ xx                                  (10) 

 xx = cos θ − sin θsin θ    cos θ xx                                (11) 

 

With the equation (10) it is possible to obtain the converter phase voltages’ vector   in d-q 

reference frame, the phase currents’ vector    in d-q frame and finally the grid voltages’ vector 

 in d-q frame as shown in (12).  
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  =     =    1 = 11                                            (12) 

 

Applying the d-q transformation in (3), (14) is obtained, where  and  are calculated by (13) to 

simplify the equation.   

 = +         = +                         (13) 

 

  = ρ  + ρ   + ρ  + 1                              (14) 

 

The direct and quadrature components are shown in (15).  

 =  + − +
=  + + +                           (15) 

To design the control system for the STATCOM converter is necessary to obtain the plant with the 

mathematical formulation, so, to use the linear representation, is used the Laplace transformation. In 

this way, the equations in s-domain for the STATCOM plant in d-q rotating frame are shown in 

(16) with the initial conditions equal to zero. In figure 2.6 the schematic representation for the plant 

is shown, where the outputs are the currents, the inputs are the grid voltages and the converter 

voltages, furthermore, there are the coupling terms for both axis.   

 

=  + −
=  − −                     (16) 
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Figure 2.6: d-q plant in s-domain for the STATCOM converter 

 

2.1.2 Plant for the SSSC converter 

For the SSSC converter shown in figure 2.2 and connected between the feeder 1 and the feeder 2 

with a L filter and with a series transformer, the one phase equivalent scheme for the positive 

sequence is shown in figure 2.7. The power electronics converter is equivalent to the voltage source 

with the instantaneous voltage vσ equal to the average value of PWM voltage in one switching 

period. This voltage source is connected to the series transformer with a L filter with Rσ equal to the 

ohmic component of the filter’s impedance and Lσ equal to the inductive component of the filter’s 

impedance. In the equivalent circuit v1 is the voltage in the PCC of the feeder 1 and v2 is the voltage 

in the PCC of the feeder 2. The interline current iσ between two feeders is shown in the figure. 
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Figure 2.7: One phase representation for the SSSC plant 

 

Applying the Kirchhoff's voltage law to the circuit shown in figure 2.7, (17) is obtained where the 

converter voltage vσ is equal to sum of four terms. The first one is the droop voltage due to the 

ohmic component, the second one is the droop voltage due to the inductive component and the last 

two are the phase voltage of two feeders.     

= + + −                                                  (17) 

 

To consider the three-phase system, (18) shows the three-phase voltages and currents vectors. 

  is the converter phase voltages’ vector,   is the interline currents’ vector,   is the 

PCC 1 phase voltage’s vector and   is the PCC 2 phase voltage’s vector. So, thanks to (18), the 

vector equation (19) is obtained applying the Kirchhoff's voltage law to the circuit shown in figure 

2.7. 

 =      =    =   =                    (18) 

 

 =  +  + −                                   (19) 
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Thanks to (10) it is possible to obtain the converter phase voltages’ vector   in d-q reference 

frame, the phase currents’ vector   in d-q frame and finally the feeders voltages’ vectors  

and  in d-q rotating synchronous frame.  

  =    =    =    =                 (20)  

 

Applying the d-q transformation in (19), (21) is obtained to have a mathematical model of the plant 

for the SSSC converter.  

 =  +  +  + −              (21) 

The direct and quadrature components are shown in (22).  

 =  + − + −
=  + + + −                     (22) 

To design the control system for the SSSC converter is necessary to obtain the plant with the 

mathematical formulation, so, to use the linear representation, is used the Laplace transformation. In 

this way, the equations in s-domain for the SSSC plant in d-q rotating frame are shown in (23). In 

figure 2.8 the schematic representation for the plant is shown, where the outputs are the currents, 

the inputs are the feeders voltages and the converter voltages, furthermore, there are the coupling 

terms for both axis.   

 

=  + − −
=  − − −             (23) 
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Figure 2.8: d-q plant in s-domain for the SSSC converter 

 

2.2 DC charging station with B2B 

The DC charging station with B2B is made up of two inverters in the back to back configuration 

[28] [29]. One of two converters is called “pilot” and the other one is called “co-pilot”. The pilot 

converter is able to exchange the active power between two feeders and it independently is able to 

manage reactive power in the PCC, instead the co-pilot converter assures the active power balance 

in the DC link. The device designed is similar to the DC charging station with UPFC, but the 

interline link is different because it is not in AC. In fact, thanks to the two conversion systems, the 

link between the two feeders is a DC type with a nominal value equal to 650 VDC. Thus, the entire 

active power (exchanged between two electrical grids) flows through both conversion systems, so, 

the nominal apparent power is equal for both converters. This configuration is more expensive than 
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the UPFC solution, but it is more flexible; it is possible to use one of two converters to charge the 

EV at nominal power in case the failure on one of two feeders. 

 

 

Figure 2.9: DC charging station with an integrated B2B 

 

In figure 2.10 is shown the power scheme of the proposed solution, where the voltages and currents 

measurements signals are shown in orange lines. The pilot converter is designated with the letter δ 

and the co-pilot converter is designated with the letter ε. Furthermore, in the figure are shown the 

LCL filters used to interface the AC/DC converters to the grid to reduce the current harmonic 

content. For the EV is used a LC filter to reduce the current harmonic content and at the same time, 

with the capacitor the voltage harmonic content is reduced to obtain a good power quality to charge 

or to discharge the EV battery.       
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Figure 2.10: Power scheme of the DC charging station with an integrated B2B 

 

2.2.1 Plant for the pilot converter 

For the pilot converter shown in figure 2.9 and connected to the feeder 1 with a LCL filter, the one 

phase equivalent scheme for the positive sequence is shown in figure 2.11. The filter’s capacitor is 

neglected to examine the circuit at the fundamental frequency. The power electronics converter is 

equivalent to the voltage source with the instantaneous voltage vδ equal to the average value of 

PWM voltage in one switching period. This voltage source is connected to the grid with Rfδ equal to 

the ohmic component of the filter’s impedance and Lfδ equal to the inductive component of the 

filter’s impedance. The equivalent circuit is obtained thanks to the Thevenin model applied in the 

PCC where e1 is the no load grid voltage and Lg1 and Rg1 are the inductive and the ohmic 

component respectively of the grid impedance. The electric current exchanged between the power 

electronics converter and the grid is shown in the below figure as iδ.   
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Figure 2.11: One phase representation for the pilot converter plant 

Applying the Kirchhoff's voltage law to the circuit shown in figure 2.11, (24) is obtained, where the 

converter voltage is equal to sum of three terms. The first one is the droop voltage due to the ohmic 

components, the second one is the droop voltage due to the inductive components and the last one is 

the grid voltage of the feeder 1.     

= + + + +                            (24) 

To consider the three-phase system, (25) shows the three-phase voltages and currents vectors. 

  is the converter phase voltages’ vector,   is the converter line currents’ vector and  

is the grid voltages’ vector. So, the vector equation (26) is obtained applying the Kirchhoff's voltage 

law to the three-phase circuit. 

 =      =    =                                    (25) 

 

 = +  + +  +                      (26) 
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With the equation (10) it is possible to obtain the converter phase voltages’ vector   in d-q 

reference frame, the phase currents’ vector   in d-q frame and finally the grid voltages’ vector 

in d-q rotating synchronous frame.  

 

 =    =    =                                         (27) 

 

 

Applying the d-q transformation in (26), (29) is obtained, where  and  are calculated by (28) to 

simplify the equation. 

 = +         = +                         (28) 

 

 =  +  +  +                           (29) 

 

The direct and quadrature components of the equation (29) are shown in (30).  

=  + − +
=  + + +                              (30) 

To design the control system for the pilot converter is necessary to obtain the plant with the 

mathematical formulation, so, to use the linear representation, is used the Laplace transformation. In 

this way, the equations in s-domain for the pilot converter plant in d-q rotating frame are shown in 

(31). In figure 2.12 the schematic representation for the plant is shown, where the outputs are the 

currents and the inputs are the grid voltages and the converter voltages, furthermore, there are the 

coupling terms for both axis.   
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Figure 2.12: d-q plant in s-domain for the pilot converter 

 

 

2.2.2 Plant for the co-pilot converter 

For the co-pilot converter shown in figure 2.9 and connected to the feeder 2 with a LCL filter, the 

one phase equivalent scheme for the positive sequence is shown in figure 2.13. The filter’s 

capacitor is neglected to examine the circuit at the fundamental frequency. The power electronics 

converter is equivalent to the voltage source with the instantaneous voltage vε equal to the average 

value of PWM voltage in one switching period. This voltage source is connected to the grid with Rfε 

equal to the ohmic component of the filter’s impedance and Lfε equal to the inductive component of 

the filter’s impedance. The equivalent circuit is obtained using the Thevenin model applied in the 

PCC where e2 is the no load grid voltage and Lg2 and Rg2 are the inductive and the ohmic 
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component respectively of the grid impedance. The electric current exchanged between the power 

electronics converter and the grid is shown in the below figure as iε.   

 

Figure 2.13: One phase representation for the co-pilot converter plant 

Applying the Kirchhoff's voltage law to the circuit shown in figure 2.13, (32) is obtained, where the 

converter voltage is equal to sum of three terms. The first one is the droop voltage due to the ohmic 

components, the second one is the droop voltage due to the inductive components and the last one is 

the grid voltage of the feeder 2.     

= + + + +                                 (32) 

To consider the three-phase system, (33) shows the three-phase voltages and currents vectors.   

is the converter phase voltages’ vector,   is the converter line currents’ vector and  is the 

grid voltages’ vector. So, thanks to (33), the vector equation (34) is obtained applying the 

Kirchhoff's voltage law to the three-phase circuit. 

 =      =    =                                   (33) 
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 = +  + +  +                           (34) 

 

Using the equation (10) it is possible to obtain the converter phase voltages’ vector   in d-q 

reference frame, the phase currents’ vector   in d-q frame and finally the grid voltages’ vector 

 in d-q rotating synchronous frame.  

 

 =    =    =                                              (35) 

 

 

Applying the d-q transformation in (34), (37) is obtained, where  and  are calculated by (36) to 

simplify the equation. 

 = +         = +                       (36) 

 

 =  +  +  +                     (37) 

 

The direct and quadrature components of the equation (37) are shown in (38).  

 =  + − +
=  + + +                           (38) 

To design the control system for the co-pilot converter is necessary to obtain the plant with the 

mathematical formulation, so, to use the linear representation, is used the Laplace transformation. In 

this way, the equations in s-domain for the co-pilot converter plant in d-q rotating frame are shown 

in (39). In figure 2.14  the schematic representation for the plant is shown, where the outputs are the 

currents, the inputs are the grid voltages and the converter voltages, furthermore, there are the 

coupling terms for both axis.   
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Figure 2.14: d-q plant in s-domain for the co-pilot converter 

 

 

2.3 Plant for the DC/DC converter 

In figure 2.15, the equivalent circuit for the DC/DC converter is shown, where the electric car 

battery is represented by Thevenin model. Ebat is equal to no load condition voltage and Rbat is the 

equivalent resistance to represent the power losses in the battery and in the connection cables 

between the EV and the DC charging station. The DC/DC power converter is schematised with a 

DC voltage source with an ohmic-inductive-capacitive impedance for the converter filter, where Lf 

is the inductive component of the filter, Rf is the ohmic component of the filter and Cf is the filter 

capacitor. VEV is the DC/DC average voltage output applied to the LC filter and it is obtained 

thanks to the DC/DC power control.  
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Figure 2.15: Equivalent circuit for the DC/DC plant 

Applying the Kirchhoff’s voltage law to the circuit shown in figure 2.15, (40) is obtained. For 

simplicity, the capacitor effect has been neglected, because this component does not influence the 

design of the current’s controller for the EV battery. The capacitor is used only to obtain a little 

ripple in the output voltage. 

= + + +                  (40) 

 

To design the control system for the DC/DC converter is necessary to obtain the plant with the 

mathematical formulation, so, to use the linear representation, is used the Laplace transformation. In 

this way, the equation in s-domain for the EV charger plant is shown in (41). In figure 2.16 the 

schematic representation for the plant is shown, where the output is the battery current and the 

inputs are the EV battery voltage and the converter voltage. 
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Figure 2.16: plant in s-domain for the DC/DC converter 

 

=  −                            (41) 
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CHAPTER 3 

 Design and Test of Charging Station with UPFC Configuration  
 

In this chapter is explained the control system design of the charging station with the mathematical 

formulae. The power converters into the charging station with an integrated UPFC are PWM 

Voltage Source Converters (VSCs), for the STATCOM and SSSC converters the conversion system 

is a three-phase two level inverter, with IGBTs technology. Instead, the PWM bidirectional chopper 

is used to charge/discharge the EV battery.   

To design the charging station two LV grids with the nominal voltage equal to 400 V and the 

nominal frequency equal to 50 Hz have been taken into consideration as shown in the figure 2.2. 

The STATCOM control system is a VDC/Q control type, instead, the SSSC control system is a P/Q 

control type. Both control systems work in dq synchronous control system and the PLL has been 

designed in dq rotating frame for the STATCOM and SSSC controllers. 

The DC/DC converter control is a power control with two control loops; the outer loop to control 

the battery power dynamic and the inner loop to control the battery current dynamic. With this 

control type it is possible to use the EV battery in G2V or V2G mode.    

  

3.1 STATCOM control system overview 

In figure 3.1 is shown the STATCOM control system. The VDC/Q controller is able to keep hold the 

VDC voltage at the reference value and to control the reactive power exchanged between the 

STATCOM and the PCC of the feeder 1. So, in this way the power active balance in the DC link is 

assured as shown in the equation (42), where Pρ is the STATCOM active power, Pσ is the active 

power exchanged between the SSSC and the three-phase series transformer, PEV is the EV charging 

power and finally Ploss is the total active power losses (it is used the load convention). The control 

system has seven inputs: the PCC voltages of the feeder 1 in dq rotating frame, the converter 

currents in dq rotating frame, the DC link voltage and the set-points for the DC link voltage and for 
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the three-phase reactive power. The controller outputs are direct and quadrature converter voltages. 

Thanks to the inverse Park transformation, it is possible to obtain the three-phase voltages to apply 

to the inputs of the three-phase L filter. Finally, to generate PWM signals to send to the IGBTs of 

the STATCOM converter, it is used the sinusoidal modulation with the third harmonic injection.  

=  + +                                                    (42) 
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Figure 3.1: STATCOM Control system overview 

 

3.2 STATCOM current controller 

The control system has two control loops [30]; the first one is an inner loop and it is used to control 

the converter current, instead the second one is an outer loop to control the DC link voltage and the 

reactive power. For the inner loop was used the PI regulators to obtain the current values equal to 

the set-point values at steady state. (43) shows the set-points currents’ vector, the currents’ vector 

measured, the error currents’ vector and the decoupling matrix. The proportional gains matrix and 

the integrator gains matrix are shown in (44). The gain values have been calculated considering the 

plant shown in figure 2.6, the integrator time constants τρ are equal to the RL circuit time constant. 

In this way, it is possible to obtain the fast-current response. To limit the overshoot to 5% in the 

transient, the proportional gains are calculated with the damping equals 0.707 (Ts is the sampling 
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time, and the controller parameters are shown in (45)). With the equation (46), it is possible to 

obtain the control algorithm for the current inner loop as shown in figure 3.2 (the matrix U is the 

identity matrix).  

∗  = ∗
∗     =    = ∗ −∗ −    = 0 − 0  (43)      

                   

 = 00    = 00                  (44) 

 

 =   =   =                                            (45) 
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Figure 3.2: STATCOM Current controller 
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3.2.1 PLL for the STATCOM and SSSC control system 

The STATCOM current controller and the SSSC control system work in dq rotating frame. The 

choice of the frame angle is very important to establish the bond between the current components 

and the active and reactive power. Thus, to obtain a proportional bond between the active power 

and the direct current component and between the reactive power and the quadrature current 

component, the dq frame angle was chosen equal to the grid voltage rotating vector angle. So, the 

grid voltage quadrature component is equal to zero and the direct component is equal to the grid 

voltage module. This method is called Voltage Orientated Control (VOC) technique [31]. In figure 

3.3 is shown the alfa-beta static frame and the dq rotating frame orientated with VOC. To do this, it 

is necessary to use the PLL algorithm in dq frame. (47) shows the active and reactive power, 

instead, (48) and (49) show the PLL equations to obtain the algorithm shown in figure 3.4 with 

schematic representation. The PLL works with the grid voltage of the feeder 1, and for the 

STATCOM control system and for the SSSC control system has been chosen the same angle.      

 

Figure 3.3: alpha-beta static frame and d-q rotating frame with VOC technique 
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=         = −                                         (47) 

 

= + +                             (48) 

 

 

 =                                                (49) 
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Figure 3.4: PLL scheme in dq frame 

 

3.3 STATCOM DC voltage and reactive controller 

The outer loop to control the DC voltage is shown in the figure 3.5, where the inputs are the DC 

link voltage set-point, the reactive power set point, the DC link voltage and reactive power 

measured. The outputs are the set-points for the current inner loop; the direct component of the 

current to control the active power and the quadrature component of the current to control the 

reactive power. For the direct component is used the PI regulator; thanks to it, is possible to obtain 

the balance equation (42) at the steady state. The proportional gain and the integrator gain was 

chosen so that the outer loop dynamic is slower than the inner loop dynamic.      

 

∗ = ∗ − + ∗ −            (50) 
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Figure 3.5: STATCOM Voltage and reactive power controller 

 

3.4 SSSC control system overview 

In figure 3.6 is shown the SSSC control system. The P/Q controller is able to control the active and 

the reactive power between two electric feeders. The control system has eight inputs: the PCC 

voltages of the feeder 1 in dq rotating frame, the PCC voltages of the feeder 2 in dq rotating frame, 

the converter currents in dq rotating frame and the set-points for the three-phase active power and 

for the three-phase reactive power. The controller outputs are direct and quadrature converter 

voltages. Using the inverse Park transformation, it is possible to obtain the three-phase voltages to 

apply to the inputs of the three-phase L filter. Finally, to generate PWM signals to send to the 

IGBTs of the SSSC converter, it is used the sinusoidal modulation with the third harmonic 

injection.  
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Figure 3.6: SSSC control system overview 

 

3.5 SSSC current controller 

The control system has one current control loop; the design of the current controller is similar to the 

STATCOM current control loop, the plant used is shown in figure 2.8. The current controlled is the 

interline current between the two feeders. The main difference between the two converters is the 

forward compensation, in the STATCOM current controller there is the grid voltage instead in the 

SSSC current controller there is the difference between two feeders’ voltages. (52) shows the set-

points currents’ vector, the currents’ vector measured, the error currents’ vector and the decoupling 

matrix. The proportional gains matrix and the integrator gains matrix are shown in (53). The gain 

values have been calculated considering the plant shown in figure 2.8. (The controller parameters 

are shown in (54)). With the equation (55), it is possible to obtain the control algorithm for the 

current inner loop as shown in figure 3.7 (the matrix U is the identity matrix).  
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Figure 3.7: SSSC Current controller 

 

3.6 SSSC current set-points calculator 

To obtain the current direct and quadrature components set-points for the inner loop, the relation 

between powers and currents is shown in (56). The current direct and quadrature set-points depend 

on from the active set-point P* and the reactive set-point Q*. These last set-points are the AC 

powers between the two feeders. Figure 3.8 shows a simple schematic representation of the 
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equation (56), where the inputs are the powers set-points and the outputs are the currents set-points 

for the current controller.     

∗∗ = − ∗∗                                       (56) 
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Figure 3.8: Scheme to calculate direct and quadrature components for the current inner loop  

 

3.7 DC/DC power controller 

The PWM DC/DC converter thanks to the power controller, it is able to charge or to discharge the 

EV battery [32]. The inputs of this controller are the DC link voltage , the battery voltage  

(measured after the LC filter) and the battery current . The output is the modulation index to 

obtain the PWM signals to send to IGBTs. (57) shows the power error ; it is equal to difference 

between battery power set-point and battery power measured. (58) shows the power control 

equation, where is used a classical PI regulator to reach the power set-point at steady state. The 

design of this controller is made considering the current control inner loop dynamic, so, the 

proportional gain and the integrator gain were calculated to have a slower power dynamic than the 

current dynamic. (59) shows the current error where  is equal to difference between battery 

current set-point and battery current measured. (60) shows the current control equation, where with 

a classical PI regulator it is possible to reach the current set-point at steady state with a fast 

dynamic. The design of the current controller has been made considering the DC link voltage 
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dynamic. Finally, (61) shows the converter voltage  that it is applied to the LC filter. In figure 

3.9 is shown the DC/DC control schematic representation.   
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Figure 3.9: EV Battery control 
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3.8 Power circuit and control parameters  

In table 3.1 are listed the main technical parameters about the STATCOM power circuit, the SSSC 

power circuit and the DC/DC power circuit including the filters parameters. Furthermore, in the 

table are shown the gains control parameters for all power electronics converters. 

 

Table 3.1: DC charging station with UPFC main technical parameters   

Parameter Value Parameter   Value 

Grid rated voltage feeder 1 [V] 400 Inductance LC filter DC side [mH] 5 

Grid rated voltage feeder 2 [V] 400 Capacitor LC filter DC side [µF] 50 

Grid rated frequency [Hz] 50 L filters nominal value AC side STATCOM/SSSC [mH]  5/3 

Ohmic component grid 1 impedance [Ω] 0.1 DC link capacitor [µF] 1000 

Inductive component grid 1 impedance [mH] 1 Battery resistance [Ω] 0.3 

Ohmic component grid 2 impedance [Ω] 0.1 STATCOM current loop proportional gain  [V/A] 20.00 

Inductive component grid 2 impedance [mH] 1 STATCOM current loop integrator gain  [V/A] 666.67 

STATCOM switching frequency [kHz] 10 STATCOM voltage loop proportional gain  [A/V] 2.00 

SSSC switching frequency [kHz] 10 STATCOM voltage loop integrator gain  [A/V] 6.67 

DC/DC converter switching frequency [kHz] 10 SSSC current loop proportional gain  [V/A] 10.00 

Rated apparent power [kVA] 30 SSSC current loop integrator gain   [V/A] 333.33 

Rated EV charger power [kW] 20 DC/DC current loop proportional gain   [p.u./A] 0.01 

DC link Voltage [V] 650 DC/DC current loop integrator gain  [p.u./A] 1 

EV Charger Voltage [V] 200-500 DC/DC power loop proportional gain  [A/W] 0.001 

Battery voltage [V] 300 DC/DC power loop integrator gain  [A/W] 0.1 
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3.9 Test cases  

To test the charging station have been made two tests with MATLAB/Simulink software. In the 

first one it is simulated the active and reactive power flow control with UPFC converter integrated 

in the charging station, in particular, active and reactive power flow from grid 1 to grid 2 has been 

made by SSSC converter, so in this way it is possible to avoid a congestion problem in the grid 2 or 

to decrease the grid 2 load increasing the grid 2 capability. In the second one there is an active 

power flow inversion in the grid 2, so with a proposed device, the excess green active power is used 

to charge the EV and at the same time it is used partially to supply the loads.  

3.9.1 Case 1: active and reactive power flow control 

In the study case 1, the charging station (with UPFC configuration) is used to charge the EV and it 

is used to control the active and the reactive power flow between the grid 1 and the grid 2. In figure 

3.10 is shown the test model where there are two loads: the load 1 connected to the feeder 1 and the 

load 2 connected to the feeder 2. With the UPFC integrated in the charging station, at time equals 

0.5 s the load 2 is supplied from grid 1 and from grid 2, so, in this way the grid 2 has more power 

capability or in the case of emergency contingency it is possible to improve the power quality using 

the UPFC; in fact, it is possible to use the grid 1 to supply the grid 2 loads partially or totally thanks 

to the interline link in the charging station. In table 3.2 are reassumed the case 1 power values of the 

all components before and after the SSSC operations at time equals 0.5 s.   
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Figure 3.10: Case 1 test model 

 

Table 3.2: Case 1 test power values  

Active and reactive powers Before  After 

Grid 1 active power [kW] \ Load 1 active power [kW] 29 \ 20 49 \ 20 

Grid 1 reactive power [kVAr] \ Load 1 reactive power [kVAr] 10 \ 10 21 \ 10 

Grid 2 active power [kW] \ Load 2 active power [kW] 44 \ 50 27 \ 50 

Grid 2 reactive power [kVAr] \ Load 2 reactive power [kVAr] 22 \ 20 11 \ 20 

EV charging power [kW] 10 10 

 

Figure 3.11 shows the active and the reactive power of the test model. The EV charging power is 

equal to 10 kW for all simulation time, instead, the active power flow between the two feeders is 

equal to 20 kW from grid 1 to grid 2 to supply partially the load 2 after 0.5 s The reactive power 

between two feeders is equal to zero before time equals 0.5 s and it is equal to 11 kVAr after 0.5 s. 

So, with the proposed device, it is possible to charge the EV and to supply the load 2 from both 

grids. The loads used for both feeders are constant impedance loads.    

 



Chapter 3: Design and Test of Charging Station with UPFC Configuration  

64 

 

 

Figure 3.11: Test model active and reactive power  

 

In figure 3.12 are shown PCC feeder 1 phase voltages, where it is possible to see a little decrement 

of the voltage magnitude for all phases due to the increase of the grid 1 currents after 0.5 s.  

   

 

Figure 3.12: PCC of feeder 1 phase voltages 

 

In figure 3.13 are shown PCC feeder 2 phase voltages, where it is possible to see a little increment 

of the voltage magnitude for all phases due to the decrease of the grid 2 currents after the time equal 

0.5 s. 
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Figure 3.13: PCC of feeder 2 phase voltages 

 

Figure 3.14 shows grid 1 line currents, where it is possible to see the increase of the current 

magnitudes after 0.5 s due to the SSSC that moves active and reactive power from the PCC of the 

feeder 1 to the PCC of the feeder 2. Instead, in figure 3.15 is shown grid 2 line currents, where is 

shown the decrease of grid 2 line currents after 0.5 s. 

 

 

Figure 3.14: Grid 1 line currents 
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Figure 3.15: Grid 2 line currents 

 

Figure 3.16 shows interline currents between two feeders. After 0.5 s the interline currents flows 

from the PCC of the feeder 1 to the PCC of the feeder 2 using the SSSC.  

 

 

Figure 3.16: Interline currents between the two feeders 

 

Finally, the figure 3.17 shows the EV battery voltage and the EV battery current; the values are 

constant for all simulation time thanks to the DC/DC converters.  
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Figure 3.17: EV Battery voltage and current 

 

3.9.2 Case 2: active power flow inversion  

In the study case 2, the charging station (with UPFC configuration) charges the EV and it uses the 

green energy in the best way; in fact, the solar active power is higher than the load power, so, 

thanks to the UPFC at time equals 0.5 s the load 1 is supplied from the solar generator and the 

charging power is increased of 10 kW. In this way in the grid 2 has been avoided the power flow 

inversion and the green energy has been used to supply the load 1 in the grid 1 and to decrease the 

charging time. In figure 3.18 is shown the case 2 test model and in the table 3.3 are reassumed the 

case 2 power values of the all components before and after the SSSC operations at time equals 0.5 s.   

 

Figure 3.18: Case 2 test model 
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Table 3.3: Case 2 test power values  

Active and reactive powers Before  After 

Solar active power [kW] 30 30 

Grid 1 active power [kW] \ Load 1 active power [kW] 15 \ 10 5 \ 10 

Grid 1 reactive power [kVAr] \ Load 1 reactive power [kVAr] 7 \ 7 2 \ 7 

Grid 2 active power [kW] \ Load 2 active power [kW] -10 \ 20 9 \ 20 

Grid 2 reactive power [kVAr] \ Load 2 reactive power [kVAr] 5 \ 5 5 \ 5 

EV charging power [kW] 5 15 

 

Figure 3.19 shows the active and the reactive power of the test model. The EV charging power is 

equal to 5 kW before 0.5 s and it is equal to 15 kW after 0.5 s. On the feeder 2 there is the load 2 

with 20 kW and 5 kVAr and the power solar generation equals 30 kW. So, before 0.5 s in the grid 2 

there is an inversion of active power flow; the active power injected in the grid 2 is equal to 10 kW. 

Using the SSSC after 0.5 s, 20 kW are injected in the grid 1 from the grid 2. So, in this way the grid 

supplies 10 kW and the charging time is decreased.  

 

 

Figure 3.19: Test model active and reactive power 
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In figure 3.20 are shown PCC feeder 1 phase voltages, where it is possible to see a little increment 

of the voltage magnitude for all phases due to the decrease of the grid 1 currents after 0.5 s.  

 

 

Figure 3.20: PCC of feeder 1 phase voltages 

 

In figure 3.21 are shown PCC feeder 2 phase voltages, where the voltage magnitude is constant 

before and after the time equals 0.5 s.  

 

 

Figure 3.21: PCC of feeder 2 phase voltages 
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Figure 3.22 shows grid 1 line currents, where it is possible to see the decrease of the current 

magnitudes after 0.5 s due to the SSSC that moves active power from the PCC of the feeder 2 to the 

PCC of the feeder 1. Instead, in figure 3.23 are shown grid 2 line currents, where is shown the phase  

change of grid 2 line currents after 0.5 s. 

 

 

Figure 3.22: Grid 1 line currents 

 

 

Figure 3.23: Grid 2 line currents 
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Figure 3.24 shows interline currents between two feeders. After 0.5 s the interline currents flow 

from the PCC of the feeder 2 to the PCC of the feeder 1 using the SSSC to use the excess power in 

the grid 2 to supply partially the load 1 and to charge partially the EV battery.   

 

 

Figure 3.24: Interline currents between the two feeders 

 

Finally, the figure 3.25 shows the EV battery voltage and the EV battery current; the values changes 

after 0.5 s to increase the charging power. This is possible thanks to the DC/DC converter power 

control.  

 

 

Figure 3.25: EV Battery voltage and current 
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CHAPTER 4 

 Design and Test of Charging Station with B2B Configuration 

In this chapter the control system design of the charging station is explained with mathematical 

formulae. The power converters into the charging station with an integrated B2B are PWM VSCs. 

For the pilot and co-pilot converters the conversion system is a three-phase two level inverter with 

IGBTs technology. Instead, the PWM bidirectional chopper is used to charge/discharge the EV 

battery. To design the charging station two LV grids with the nominal voltage equal to 400 V and 

the nominal frequency equal to 50 Hz have been taken into consideration as shown in the figure 2.9. 

The pilot converter control system is a P/Q control type instead the co-pilot converter control 

system is a VDC/Q control type. Both control systems work in dq synchronous rotating frame and 

the PLL for both converters have been designed in dq frame with the VOC technique. 

The DC/DC converter control is equal to the converter control for the charging station with UPFC 

solution. 

4.1 Pilot converter control system overview 

In figure 4.1 is shown the pilot converter control system. The P/Q controller is able to control the 

active power between the two feeders and the reactive power in the PCC of the feeder 1. Has been 

chosen the name “pilot” because the converter with P/Q control it is able to set the active and 

reactive power between two feeders, so, the “co-pilot” converter will follow the pilot converter. The 

control system has six inputs: the grid voltages in dq rotating frame, the converter currents in dq 

rotating frame and the set-points for the three-phase active and for the three-phase reactive power. 

The controller outputs are direct and quadrature converter voltages. Using the inverse Park 

transformation, it is possible to obtain the three-phase voltages to apply to the inputs of the three-

phase LCL filter. Finally, to generate PWM signals to send to the IGBTs of the pilot converter it is 

used the sinusoidal modulation with the third harmonic injection.  
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Figure 4.1: Pilot Control system overview 

 

4.2 Pilot current controller 

The control system has two control loops; the first one is an inner loop and it is used to control the 

converter current, instead, the second one is an outer loop to control the active power and the 

reactive power. For the inner loop was used the PI regulators to obtain the current values equal to 

the set-point values at steady state. (62) shows the set-points currents’ vector, the currents’ vector 

measured, the error currents’ vector and the decoupling matrix. The proportional gains matrix and 

the integrator gains matrix are shown in (63). The gain values have been calculated considering the 

plant shown in figure 2.12, the integrator time constants τδ are equal to the RL circuit time constant. 

In this way, it is possible to obtain the fast-current response. To limit the overshoot to 5% in the 

transient, the proportional gains are calculated with the damping equals 0.707 (Ts is the sampling 

time, and the controller parameters are shown in (64)). With the equation (65), it is possible to 

obtain the control algorithm for the current inner loop as shown in figure 4.2 (the matrix U is the 

identity matrix).  
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Figure 4.2: PILOT Current controller 

 

4.3 Pilot power controller 

The power controller is the outer loop to set the current set-points for the inner loop. To obtain the 

power values equal to the set-point values at steady state was used the PI regulators. (66) shows the 

power set-points’ vector, the powers’ vector measured, the power errors’ vector and the decoupling 

matrix. The proportional gains matrix and the integrator gains matrix are shown in (67). To 

calculate the active and reactive power in dq rotating frame has been used the low pass filters to 

obtain the constant value for voltages and currents. The gain values have been calculated to have a 

slower dynamic than the current inner loop dynamic to assure a right working for the current 
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controller. With the equation (68), it is possible to obtain the control algorithm for the power control 

loop as shown in figure 4.3.  

 

∗ = ∗∗  =   = ∗ −∗ −                                 (66) 

 

 = 00    = 00              (67) 

 

 ∗ = +                                         (68) 
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Figure 4.3: PILOT Power controller 

 

4.4 Co-Pilot converter control system overview 

In figure 4.4 is shown the co-pilot control system. The VDC/Q controller is able to keep hold the 

VDC voltage at the reference value and to control the reactive power exchanged between the co-pilot 

converter and the PCC of the feeder 2. So, in this way the power active balance in the DC link is 

assured as shown in the equation (69), where Pε is the co-pilot active power, Pδ is the pilot active 

power, PEV is the EV charging power and finally Ploss is the total active power losses (it is used the 

load convention). The control system has seven inputs: the grid 2 voltages in dq rotating frame, the 

converter currents in dq rotating frame, the DC link voltage and the set-points for the DC link 

voltage and for the three-phase reactive power. The controller outputs are direct and quadrature 

converter voltages. Thanks to the inverse Park transformation it is possible to obtain the three-phase 
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voltages to apply to the inputs of the three-phase LCL filter. Finally, to generate PWM signals to 

send to the IGBTs of the co-pilot converter, it is used the sinusoidal modulation with the third 

harmonic injection.  
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Figure 4.4: Co-Pilot Control system overview 

 

=  + +                                                     (69) 

 

4.5 Co-Pilot current controller 

The control system has two control loops; the first one is an inner loop and it is used to control the 

converter current, instead, the second one is an outer loop to control the DC link voltage and the 

reactive power. For the inner loop was used the PI regulators to obtain the current values equal to 

the set-points values at steady state. (70) shows the current set-points’ vector, the currents’ vector 

measured, the current errors’ vector and the decoupling matrix. The proportional gains matrix and 

the integrator gains matrix are shown in (71). The gain values have been calculated considering the 

plant shown in figure 2.14, the integrator time constants τε are equal to the RL circuit time constant. 

In this way, it is possible to obtain the fast-current response. To limit the overshoot to 5% in the 

transient the proportional gains are calculated with the damping equals 0.707 (Ts is the sampling 
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time, and the controller parameters are shown in (72)). With the equation (73), it is possible to 

obtain the control algorithm for the current inner loop as shown in figure 4.5 (the matrix U is the 

identity matrix).  

 

 ∗  = ∗∗     =    = ∗ −∗ −   = 0 − 0   (70) 

     

= 00    = 00                 (71) 

 

=   =    =                                            (72) 

 

  =  +  +  +                      (73) 
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Figure 4.5: CO-PILOT Current controller 
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4.6 Co-Pilot power controller 

The power controller is the outer loop to set the current set-points for the inner loop. To obtain the 

power values equal to the set-point values at steady state was used the PI regulators. (74) shows the 

voltage-power set-points’ vector, the voltage-powers’ vector measured, the voltage-power errors’ 

vector and the decoupling matrix. The proportional gains matrix and the integrator gains matrix are 

shown in (75). The gain values have been calculated to have a slower dynamic than the current 

inner loop dynamic to assure a right working for the current controller. With the equation (76), it is 

possible to obtain the control algorithm for the current inner loop as shown in figure 4.6.  

 

∗ = ∗∗    =     = ∗ −∗ −                           (74) 

 

= 00    = 00             (75) 

 

 ∗ = +                                     (76) 
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Figure 4.6: CO-PILOT Power controller 

 

4.7 PLL for pilot and co-pilot converter 

The pilot and the co-pilot control system work in dq rotating frame. The schemes of PLLs used for 

both converters are equal to the PLL scheme for the STATCOM and SSSC converters as explained 

in 3.2.1. For this device there are two PLLs; the power configuration it is the same of the HVDC 
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system where there is a DC link between two AC grids. Thus, it is possible to manage the active 

and the reactive power between two grids with different frequencies and different line voltages.  

The VOC technique has been used for both PLLs. (77) shows the PLL equation to obtain the 

pulsation ωdqδ and (78) shows the dq rotating frame angle ϑdqδ for the pilot converter control system. 

Instead, (79) shows the PLL equation to obtain the pulsation ωdqε and (80) shows the dq rotating 

frame angle ϑdqε for the co-pilot converter control system. In figure 4.7 is shown the PLL schemes 

for both converters.  

 

= + +                           (77) 

=                                                  (78) 

 = + +                           (79) 

 

=                                                  (80) 
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Figure 4.7: PLL for pilot and co-pilot converter 



Chapter 4: Design and Test of Charging Station with B2B Configuration 

80 

 

4.8 LCL filters  

One of the most important aspect of power electronics is the current and voltage THD (Total 

Harmonic Distortion), so, to reduce it has been used LCL filters for both converters. In this way, the 

harmonic current ih flows in LC mesh in the converter side as shown in figure 4.8. The current ii is 

the converter current and ig is the grid current, instead, ic is the capacitor current. Lfi is the converter 

side inductance, Lfg is the grid side inductance and Cf is the filter capacitor. With the capacitor it is 

possible to have a low impedance at high frequency, so, the LCL attenuation is higher than the L or 

LC filter attenuation. In figure 4.9 is shown the LCL filter Bode diagram where is possible to see 

the filter attenuation equal to -60 dB/dec, instead, the LC filter attenuation is equal to -40dB/dec and 

the L filter attenuation is equal to -20dB/dec. The LCL transfer function between the grid current 

and the converter voltage is shown in (81).          

 

 
Figure 4.8: LCL filters 

 =                                                         (81)  
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Figure 4.9: LCL filter Bode diagram 

 

4.8.1 Design of LCL filter parameters  

The converter side inductance Lfi is designed to obtain a converter current attenuation equal to 3% 

as shown in (82). So, the inductance value is calculated by (83) where ωsw is equal to the switching 

frequency.  

 

| | = | || | = 0.03                                          (82) 

 

| | = . =   →  =  . = 0.5                      (83) 

 

The grid side inductance Lfg has been chosen equal to 1 mH and it is equal to the transformer 

inductance and the grid inductance. The capacitor has been designed by (84), with a reactive power 

equal to 1000 VAr (3% of the nominal apparent power). This reactive power has been compensated 

in the current control loop.  
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| | = =   →   =  = 20 μ                                  (84) 

 

The LCL filters parameters are equal for both grids, so the grid impedance (and transformer 

impedance) is the same for pilot and co-pilot converter.  

 

4.8.2 Design of active damping for LCL filter  

The transfer function for the converter side current is shown in (85) and figure 4.10 shows the Bode 

diagram for the GiLCL (green line). Rg is the ohmic component of the grid impedance. The resonant 

peak causes the increment of the harmonic current component at the resonant frequency, so, to 

avoid this, has been used the active damping. In particular, it has been used the digital notch filter 

on the alfa and beta components on the output voltages for both converters [33].  

 

= =                  (85) 

 

 

The transfer function Gnotch is shown in (86), where ωr is the LCL resonant frequency and δz and δp 

are the damping coefficients for the numerator and the denominator. In the figure 4.10 is shown in 

blue colour the Bode diagram for the Gnotch where it is possible to see the notch in the magnitude 

response curve. 

 

=                                      (86) 

 

 

To see the effects of the digital notch filter, the transfer function Ginew has been calculated. (87) 

shows the transfer function Ginew and in the figure 4.10 in red colour is shown the Bode diagram 

for the new transfer function; the resonant peak has been avoided using the active notch filter. 
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= =         (87) 

 

 

Figure 4.10 shows all Bode diagrams for (85), (86) and (87). The design of the notch filter has 

been made in according to [33]. 

 

 
Figure 4.10: LCL filter Bode diagram without and with active notch filter  

 

4.9 Active low pass filter for feedforward PCC voltage   

The main causes that increase the current Total Harmonic Distortion (THD) are discussed in [34].    

There are several current control typologies [35], but for the three-phase converters, the most type 

of controller used is the vector controller in dq rotating reference frame with the grid voltage 

feedforward compensation on d-axis and on q-axis, so, it is necessary to measure grid voltages at 

PCC to obtain direct and quadrature components. With VOC technique, the direct component will 

be equal to the amplitude of the grid voltage and the quadrature component will be equal to zero at 

steady state. If the voltage harmonic content at PCC is equal to zero, dq components of that voltages 

are constant without ripple. But in the point of common coupling there are high frequency 

harmonics due to the PWM modulation of the converter and the high frequency harmonics due to 

other PWM converters in the micro-grid. In this way, the dq components of grid voltages measured 

at PCC have a high ripple frequency. This ripple will be injected into the inner current control loop 
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after PI controllers and before the inverse Park transformation. So, the output current will have 

more harmonic content and higher THD value [36] [37]. It has been investigated the effect of the 

high frequency ripple in voltages at PCC on harmonic current emission and the feasibility to use 

low pass filters to obtain clean dq voltage feedforward signals for the current controller and to 

obtain hence the better current THD. 

To design and to investigate the effect of low pass filters on the current controller, it has been 

considered the scheme of the plant and of the current controller in s-domain to analyze the current 

response for a step variation of the PCC voltage. To do this, the superposition principle has been 

used for the PCC voltage. In this way, it is possible to see the effect in terms of overshoot, delay of 

the current time response and the harmonic attenuation in the frequency domain. Figure 4.11 shows 

the scheme in s-domain for d axis and for q axis. The capacitor of LC filter is neglected because 

only the fundamental frequency for the current controller is considered for this study. The dynamic 

on d axis and on q axis is the same, so, to study the effect of a low pass filter on the feedforward 

voltage it is possible to use only one ring. Furthermore, introducing a transfer function on 

feedforward in the current inner loop, it doesn’t change the dynamic of the current in response to 

the current reference input (without variations of the PCC voltage). Thanks to the integrator in 

Gc(s), the current will have a natural rejection of the voltage measured at PCC at steady state.  
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Figure 4.11: Control system and plant in dq frame 

 

To know the effect in the time domain and in the frequency domain of low pass filters on the PCC 

voltage feedforward is needed to calculate the transfer function of the new system. To do this the 

superposition principle for the inner loop current has been used. For simplicity, I instead Id or Iq is 

used to refer to current on d axis or on q axis. Furthermore, the decoupling components are neglected 

because they don’t affect the current dynamic of the PCC voltage rejection. So, the scheme in s-

domain has three inputs as shown in figure 4.12 and the current I(s) is expressed with (88) where 

I0(s) is the component of current due to set-point and it has an optimal module dynamic thanks to the 

PI regulator, the I1(s) is the component of the current due to the voltage feedforward V(s) with Gf (s) 

and I2(s) is the component of the current due to the PCC voltage.     

 
Figure 4.12: Simplified control system and plant in dq frame 
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= +  +                                                           (88) 

 

Figure 4.13 shows schemes in s-domain to associate the component I1(s) and I2(s) to the feedforward 

voltage with the low pass filter and the PCC voltage without the low pass filter. Now, it is possible to 

calculate the transfer function to obtain the time response and the frequency response of the PCC 

voltage rejection by current controller.  

 
Figure 4.13: Scheme in s-domain to calculate I1(s) & I2(s) 

 

There are three transfer functions associated to any components of the current I(s), as in (89) G0 is 

associated to the set-point input, in (90) G1(s) is associated to the feedforward voltage with the low 

pass filter and G2(s) in (91) is associated to the PCC voltage. In this way, it is possible to study the 

current I(s) dynamic for current set-point variations or for PCC voltage variations due to load 

variations or other causes. (92) shows the mathematical formula to calculate the current I(s) and to 

obtain the current dynamic. At steady state the current value is equal to the set point which attributes 

to integrator in Gc(s) and the components associated to the PCC voltage inputs are equal to zero at 

steady state (93).     
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= ∗ =                                                             (89) 

 = =                                                            (90) 

 = = −                                                         (91) 

 = ∗ + +                                              (92) 

 

→ = ∗
                                                                         (93) 

Hence, to analyze the rejection dynamic with the low pass filter it is possible to refer to (94) where 

the transfer function R(s) allows to know the current I(s) dynamic in relation to the PCC voltage 

when the current set-point I*(s) is equal to zero.  

 

= = + ↔ ∗ = 0               (94) 

 

 

To obtain the R(s) with the time constant form a first order low pass filter transfer function Gf(s) 

(95) is supposed. In this way, it is possible to know the effect in the time-domain for variations of 

the PCC voltage and in the frequency-domain using the Bode diagram. The R(s) transfer function 

is calculated by (96) [38], the low pass filter introduces one zero and one pole. So, the rejection 

time is higher than the classical solution without LPF. This is very important aspect to choose the 

right value of the filter time constant α.   

 

=                                (95) 

=                    (96) 
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To design in right way the low pass filter for the feedforward voltage in the inner loop current it is 

important to choose between two main aspects. The first one is the cut-off frequency to obtain the 

better clean voltage value on d axis and on q axis, but at the same time, the second aspect is the time 

delay and the effect associated to the cut-off frequency. This is directly proportional to the time 

constant of the filter, so, it is not possible to obtain a low cut-off value with a short delay.  

Without a low pass filter the rejection of the PCC voltage is very fast, the only delay is due to ADC 

and digital implementation of current controller with the microcontroller. In ideal case δ equals zero, 

the R(s) equals zero and the current I(s) equals only to I0(s). In this work to design the first order low 

pass filter, the rejection time delay has been chosen to a quarter of half period (2.5 ms) of the voltage 

waveform. In this way, the current controller is able to reject PCC voltage variations very fast, so α 

equals 0.0005 s and the cut-off frequency ωb is equal to 2000 rad/s or about 318 Hz (97), then the 

pole value equals cut-off frequency. To know the current overshoot of the rejection response, the 

step response of the R(s) transfer function is shown in figure 4.14, and also the comparison between 

rejection response with the cut-off frequency ωb equaling to 1000, 2000 and 3000 rad/s. The current 

overshoot due to PCC voltage variations is directly proportionally to the LPF time constant. So, if 

the cut-off frequency decrease the time delay and the current overshot increase. Therefore, the time 

delay and the overshoot are inversely proportional to the cut-off frequency ωb. In figure 4.15 the 

current I(s) dynamic with current set-point I(s)* variations and with PCC voltage variations is shown. 

It is important to note that at time 0.18 s the set-point changes value from -1 to 5 A and in the current 

response there is not the rejection contribute because there are not any PCC voltage variations.  

At 0.19 s instead, there is a PCC voltage variation equals -10 V (from 325 to 315 V) and there is the 

rejection dynamic by current controller. As shown in figure 4.15 the overshoot and the time delay 

introduced by LPF with a cut-off frequency equal to 1000 rad/s (red line) is higher than the time 

delay and the current overshoot using the LPF with the cut-off frequency equal to 3000 rad/s (fuchsia 

color).   
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=              =                      (97) 

 

= =                           (98) 

 

 

Figure 4.14: R(s) step response with LP filters 

 

 

Figure 4.15: Current response with PCC voltage variations 

 

To have better performances in terms of the current harmonic content it is possible to use high 

order filters. In this way the attenuation introduced is higher than the first order LPF. (99) - 

(102) are low pass filters with different order. Figure 4.16 shows the Bode diagram to compare 

the attenuation between LP filters with the cut-off frequency equal to 2000 rad/s in the 

frequency domain, instead, in figure 4.17 the step response in time domain for all different order 

filters is shown. With the increment of the LPF order the time delay and the overshoot increase.  
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=                                                                (99) 

 

=                                                          (100) 

 

= .. . .                                         (101) 

 

= .. . . .                               (102)    

  

 
Figure 4.16: Butterworth LPFs Bode diagram 

 

 
Figure 4.17: Butterworth LPFs step response 
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The effects for the current harmonic distortion using a first order LPF for the PCC voltage 

feedforward has been investigated. In particular, to test low pass filters, the three-phase PWM 

inverter with 12 A as set point for current direct component id
*
 and 1 A for current quadrature 

component iq
* has been used. The PLL works on the dq rotating frame and it’s able to obtain that 

quadrature component of the PCC voltage equal to zero, and the direct component of the PCC 

voltage equals the voltage amplitude. In this case, the cut-off frequency is 2000 rad/s and the filter 

time constant equals 0.0005 s. The simulation with MATLAB/Simulink runs without LPF and after 

0.1 s is activated the low pass filter for both voltage components in the rotating frame. In figure 

4.18, it is possible to see the effect after the LPF is active at 0.1 s; the ripple on dq components of 

PCC voltages is strongly reduced using the low pass filter, so, in figure 4.19 LPF effects on PWM 

modulation signals are shown. In this way, the grid current has less ripple and in figure 4.20 grid 

currents for all phases before and after the first order LPF insertion at 0.1 s are shown. Thanks to 

the LPF the reduction of current THD is equal to 42%. With low pass filters, it is possible also to 

filter the noise ripple due to the acquisition electronic circuit board or to the voltage grid high 

frequency harmonic components.   

 

 
Figure 4.18: Direct and quadrature components of the PCC voltage 
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Figure 4.19: Modulation signals without and with LPF 

 

 

Figure 4.20: Grid currents without and with LPF 

 

The disadvantage of the low pass filter has been examined with the LPF active for all simulation 

time. In figure 4.21 the PCC voltage step variation at 0.1 s equals -25 V is shown. Without LPF the 

PCC voltage rejection has not any overshoot in currents waveform as shown in figure 4.22, while, 

with the LPF active on direct and on quadrature components of the PCC voltage feedforward, during 

the step variation there is a current overshoot in grid currents waveform as shown in figure 4.23. This 

aspect confirms the mathematical considerations. Thanks to design of the LPF the time response is 

very fast and the rejection is completed in less of half period. So, using lower cut-off frequency, 

there will be a bigger overshoot in grid currents during the grid voltage variation. This is very 

important to considerate to design a low pass filter for the feedforward PCC voltage. So, to choose 

the right cut-off frequency must be made a compromise between the cut-off frequency and the 

overshoot in grid currents during a step variation of the PCC voltage.  
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Figure 4.21: Direct and quadrature components of the PCC voltage 

 

 

Figure 4.22: Voltage rejection at 0.1 s without LPF 

 

 
Figure 4.23: Voltage rejection at 0.1 s with the first order LPF 

 

With the Butterworth filters from the second order to the fifth order it is possible to obtain more 

attenuation with the same cut-off frequency at low frequency, but with a more overshoot and more 

delay time than the one order first low pass filter as is shown in figure 4.17. To test effects of all 

Butterworth filters, has been made five simulations with the same cut-off frequency, to investigate 

the effect of low pass filters for the current harmonic distortion. In table 4.1 the current THD 

obtained for any low pass filters and without the LPF is shown.  
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TABLE 4.1: THD VALUES WITH BUTTERWORTH FILTERS  

LPFs orders Current THD [%] 

Without filter 4.46 

1 2.59 

2 2.55 

3 2.33 

4 2.30 

5 2.02 

 

4.10 Power circuit and control parameters  

In table 4.2 are listed the main technical parameters about the pilot power circuit, the co-pilot power 

circuit and the DC/DC power circuit including the filters parameters. Furthermore, in the table are 

shown the gains control parameters for all power electronics converters. 

Table 4.2: DC charging station with B2B main technical parameters   

Parameter Value Parameter   Value 

Grid rated voltage feeder 1 [V] 400 LCL filters total inductance nominal value [mH] 1.5 

Grid rated voltage feeder 2 [V] 400 DC link capacitor [µF] 1000 

Grid rated frequency [Hz] 50 Battery resistance [Ω] 0.3 

Ohmic component grid 1 impedance [Ω] 0.1 Pilot current loop proportional gain  [V/A] 5 

Inductive component grid 1 impedance [mH] 1 Pilot current loop integrator gain   [V/A] 333.333 

Ohmic component grid 2 impedance [Ω] 0.1 Pilot power loop proportional gain  [A/W] 0.001 

Inductive component grid 2 impedance [mH] 1 Pilot power loop integrator gain   [A/W] 0.125 

Pilot switching frequency [kHz] 10 Co-pilot voltage loop proportional gain  [A/V] 0.25 

Co-Pilot switching frequency [kHz] 10 Co-pilot voltage loop integrator gain  [A/V] 3.333 

DC/DC switching frequency [kHz] 10 Co-pilot reactive loop proportional gain  [A/W] 0.001 

Rated apparent power [kVA] 30 Co-pilot reactive loop integrator gain  [A/W] 0.125 

Rated EV charger power [kW] 20 Co-pilot current loop proportional gain  [V/A] 5 

DC link Voltage [V] 650 Co-pilot current loop integrator gain   [V/A] 333.333 

EV Charger Voltage [V] 200-500 DC/DC current loop proportional gain   [p.u./A] 0.01 

Battery voltage [V] 300 DC/DC current loop integrator gain  [p.u./A] 1 

Inductance LC filter DC side [mH] 5 DC/DC power loop proportional gain  [A/W] 0.001 

Capacitor LC filter DC side [µF] 50 DC/DC power loop integrator gain  [A/W] 0.1 
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4.11 Test cases  

To test the charging station with B2B, have been made two tests with MATLAB/Simulink software. 

In the first one, it is simulated the active and reactive power flow control with B2B converter 

integrated in the charging station, in particular, active and reactive power flow from grid 2 to grid 1 

has been made by SSSC converter, so in this way, it is possible to avoid a congestion problem in the 

grid 1 or to decrease the grid 1 load increasing the grid capability. In the second one there is an 

active power flow inversion in the grid 2, so, with a proposed device, the excess green active power 

is used to charge the EV and at the same time it is used partially to supply the loads.   

4.11.1 Case 1: active and reactive power flow control 

In the study case 1, the charging station (with B2B configuration) is used to charge the EV and it is 

used to control the active and the reactive power flow between the grid 1 and the grid 2. In figure 

4.24 is shown the test model where there is a load connected to the feeder 1. Thanks to the B2B 

integrated in the charging station at time equals 0.4 s the load is supplied from grid 1 and from grid 

2, so in this way, the grid 1 has more capability or in the case of emergency contingency it is 

possible to improve the power quality using the B2B, in fact, it is possible to use the grid 2 to 

supply the grid 1 loads partially or totally due to the DC link in the charging station. The EV is 

supplied only by grid 2 for all simulation time. 

In table 4.3 are reassumed the case 1 power values of the all components before and after the pilot 

converter operations at time equals 0.4 s.   
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Figure 4.24: Case 1 test model 

 

Table 4.3: Case 1 test power values  

Active and reactive powers Before  After 

Grid 1 active power [kW] \ Load 1 active power [kW] 10 \ 10 5 \ 10 

Grid 1 reactive power [kVAr] \ Load 1 reactive power [kVAr] 4 \ 4 2 \ 4 

Grid 2 active power [kW]  9 14 

Grid 2 reactive power [kVAr]  -0.5 -0.5 

EV charging power [kW] 9 9 

 

Figure 4.25 shows the active and the reactive power of the test model. The EV charging power is 

equal to 9 kW for all simulation time (it is not plotted for simplicity), instead, the active power flow 

between the two feeders is equal to 5 kW from grid 2 to grid 1 to supply partially the load on the 

feeder 1. The grid 2 reactive power is about zero (it is negative for the LCL filter capacitors) and the 

grid 1 reactive power is equal to 4 kVAr before the pilot converter start and after 0.4 s the grid 1 

reactive power is equal to 2 kVAr. The pilot converter supplies a reactive power equal to 2 kVAr 

after 0.4 s and 5 kW to the grid 1 load. So, thanks to the proposed device it is possible to charge the 

EV and to supply the load 1 from both grids (5 kW from the grid 1 and 5 kW from the grid 2).  

The load used for the feeder 1 is a constant impedance load.    
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Figure 4.25: Test model active and reactive power 

 

Figure 4.26 shows grid 1 line currents, where it is possible to see the decrease of the current 

magnitudes after 0.4 s due to the B2B that moves active power from the PCC of the feeder 2 to the 

PCC of the feeder 1 and the pilot converter supplies 2 kVAr as reactive power, so, the grid 1 

supplies the load with 5 kW and 2 kVAr. Instead, in figure 4.27 are shown grid 2 line currents, 

where is shown the increase of grid 2 line currents after 0.4 s due to the 5 kW supplied from the grid 

2 to the grid 1. 

 

 
Figure 4.26: Grid 1 line currents 
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Figure 4.27: Grid 2 line currents 

 

4.11.2 Case 2: active power flow inversion  

In the study case 2 the charging station (with B2B configuration) charges the EV and it uses the 

green energy in the best way; in fact, thanks to the B2B at time equals 0.4 s the load on the feeder 1 

is supplied from the solar generator and the EV charging power is constant for all simulation. In this 

way, in the grid 2 has been avoided the active power flow inversion and the green energy has been 

used to supply the load in the grid 1 and to charge the EV with only green energy. In figure 4.28 is 

shown the case 2 test model and in the table 4.4 are reassumed the case 2 power values of the all 

components before and after the pilot converter operations at time equals 0.4 s.   

 

 

Figure 4.28: Case 2 test model 
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Table 4.4: Case 2 test power values  

Active and reactive powers Before  After 

Solar active power [kW] 20 20 

Grid 1 active power [kW] \ Load 1 active power [kW] 20 \ 20 10 \ 20 

Grid 1 reactive power [kVAr] \ Load 1 reactive power [kVAr] 9 \ 9 2 \ 9 

Grid 2 active power [kW]  -10  0.5  

Grid 2 reactive power [kVAr]  0 0 

EV charging power [kW] 10 10 

 

Figure 4.29 shows the active and the reactive power of the test model. The EV charging power is 

equal to 10 kW for all simulation time (it is not plotted for simplicity). On the feeder 1 there is the 

load 1 with 20 kW and 9 kVAr and the power solar generation equals 20 kW. So before 0.4 s in the 

grid 2 there is an inversion of active power flow; the active power injected in the grid 2 is equal to 

10 kW because the solar generator supplies the EV battery with 10 kW by co-pilot converter and 

the grid 2 with 10 kW. Using the pilot converter after 0.4 s, 10 kW are injected in the feeder 1 from 

the feeder 2. So, in this way, the grid 2 supplies only the active power losses and the active power 

flow inversion has been avoided.  

 

 
Figure 4.29: Test model active and reactive power 
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Figure 4.30 shows grid 1 line currents, where it is possible to see the decrease of the current 

magnitudes after 0.4 s due to the pilot converter that moves active power from the PCC of the 

feeder 2 to the PCC of the feeder 1. So, the grid 1 supplies partially the load with 10 kW and the 

solar power is used to charge the EV and to supply partially the load in the feeder 1. Instead, in 

figure 4.31 are shown grid 2 line currents, where is shown the decrease of grid 2 line currents after 

0.4 s, in fact, the grid 2 supplies only the active power losses. 

 

 
Figure 4.30: Grid 1 line currents 

 

 
Figure 4.31: Grid 2 line currents 

 

The DC/DC converter control performances are equal for both charging stations proposed (with 

UPFC and B2B converter). 
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Conclusion 

In this work has been designed and tested two innovative solutions for LV grids; the charging station 

with UPFC and the charging station with B2B converter. Both solutions are able to charge the EV 

battery and at the same time, thanks to the interline link between two feeders, they are able to control 

the active and the reactive power flow. The STATCOM converter (for the UPFC solution) is able to 

control the reactive power or the PCC voltage level, and both AC/DC converters for the B2B 

configuration are able to control the reactive and voltage level at PCC. So, with these converters, it is 

possible to manage in optimal way the LV grids, in fact, with the distributed charging stations it is 

possible to control the reactive/voltage profile on the LV feeder. Furthermore, with the AC link in 

the UPFC configuration and with the DC link in B2B configuration, it is possible to create the 

meshed grids and to manage the active and reactive power flow to avoid power flow inversion on 

one of two feeders to use in the best way the green energy and to reduce the total active power 

losses. Thus, using a central controller, it is possible to set the active and reactive power flow 

between two LV grids.    

The charging station with UPFC solution uses the AC interline link, so, there is not decoupling 

between two feeders and it is not possible to control directly the SSSC PCC voltage, instead, with the 

charging station with B2B configuration, it is possible to control reactive or voltage profile for both 

PCC, so, this solution is more flexible than UPFC solution and there is the decoupling between two 

AC grids. With the B2B converter it is possible to interconnect two grids with different voltage level 

or with different frequencies. These solutions are cheap if in the AC grids there will be the growing 

of EV charging stations, so, it is possible to use an all-in-one solution without other devices to 

control reactive profile or voltage profile or to control active and reactive power flows between two 

feeders. The tests done with MATLAB/Simulink confirm the mathematical formulae for both 

solutions, and they confirm the proper functioning of the control systems designed.  
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So, the technical feasibility has been demonstrated for the proposed DC charging stations, but there 

are several future developments because the proposed solutions are new for the LV grid, and they 

have never been tested on the low voltage grid until now. The PWM B2B converter is very used for 

the HVDC and light HVDC systems, thus, the power and the current controller were studied and 

were tested on HV and MV grids, so, the future development for this converter is the realization and 

the installation on the LV grids to create and to manage the meshed systems. Instead, the UPFC 

solution is less common on the HV grids, for this reason there are more aspects to study; the series 

transformer works with low level voltage to the primary winding, so, it is important to determine the 

right winding ratio to obtain an optimal converter output voltage level, otherwise, the modulation 

index (for the SSSC converter) is too low and it is not possible to have a good voltage THD. The 

interline power controller for the UPFC, it is another important aspect to study and to implement to 

set the current set-points for the SSSC current controller.  

Furthermore, for both DC charging stations, it is important to study the effects due to a short circuit 

on one of two feeders. Finally, one of the most important future development aspect is the local or 

central controller for these new LV components to set the active and reactive power set-points to 

optimal manage the LV systems to obtain the active power losses reduction and to use in the best 

way the green energy.  
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