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Abstract 

 
In a world of constantly evolving and with the green sector of energy blooming, in our days is not strange 

more and more companies and governmental agencies investing in this area. Based on this sector is 

dedicated the idea of this thesis. An area which is currently evolving and is based among others on the 

electric vehicles sector and together with them the battery chargers. Electric vehicle is a perfect example 

of which the transformation from the old oil era will pass to the new electricity era. The traditional 

conventional car is giving up its place for the hybrid and the second to the full electric. Currently in the 

market all three types coexist.  

In the near future, full battery chargers are expected be released in the market in a larger amount that 

exist today. The variety of the battery charger schemes have a large spectrum already and by evolving to 

become more efficient, subsequently the number of schemes is increasing. Therefor a unified method 

must present in order to fast identify the behaviour of this amount of chargers fast, efficient and also 

avoid creating any problems interfacing the grid at system level. 

As it is well known the battery chargers in their core are AC/DC converters. The proposed solution in this 

document to deal with this problem is the black-box model. Black-box models can determine the dynamic 

behaviour of power electronic converters by analysing the output results created by the changes in the 

input variables. The black-box approach is already used in an adequate extent in DC/DC converters for DC 

microgrids and in DC/AC for AC microgrids. Although in the AC/DC section the studies are limited due to 

the complexity of the system and that is the main contribution of this thesis. 

In this research black-box modelling techniques used in DC/DC previously are extended to single-phase 

and three-phase AC/DC converters and more precisely to battery chargers. Firstly, the model is 

transformed from AC/DC to DC/DC model with a Park transformation and then by using the input/output 

data is identified in a small signal model. In a small signal model, the validity is limited to small 

perturbation around the operating point applied in the input variables of the converter. The validity of 

this model has been expressed with an electrical equivalent circuit and mathematically through their 

transfer functions and it is considered as one of the main contributions of this thesis.    

The linear model approach is validated by both virtual and experimental tests. In the virtual part, with the 

aid of PSIM simulator, an AC/DC converter is created. This converter model, it is assumed to be an accurate 

representation of an actual AC/DC converter and therefor having its dynamic behaviour compared with 

the results of the black-box models. The results obtained by the virtual and experimental tests, show the 

accuracy of dynamic behaviour representation of single and three-phase battery chargers in the small-

signal spectrum of operation.  
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Following the small-signal operation, large perturbations applied to the input variables of the converter 

and a clear loss of accuracy observed leading to a large-signal black-box approach in case of large 

perturbations. This approach name is polytopic and it is already used in DC/DC and DC/AC converters. In 

this thesis it will be used for first time in a two-stage single and three phase bidirectional AC/DC converter 

like battery charger.  

Polytopic model approach consists of a group of different linear models in different operating points 

combined with nonlinear weighting functions which are depended on the instantaneous input variables 

to create a single nonlinear structure. Accuracy in the selection of the local model together with the 

weighting functions are essential for the accuracy of the system. Keeping this in mind and looking back in 

the bibliography it can be assumed that Double Sigmoid is the most suitable weighting function for the 

AC/DC battery charger application. This large-signal nonlinear models represent another main 

contribution of the thesis.      

In the same manner as in small-signal, large-signal nonlinear approach experimentally. On the 

experimental part, tests proceeded to both power flow direction tests in V2G and G2V operating modes. 

The results coming out from the large-signal tests show with no surprise better accuracy than in small-

signal models in case of large perturbations as input variables. This conclusion validates in case of large 

perturbation operation, the correct use of the large-signal black-box models for the dynamic behaviour 

representation in single and three-phase of two-stage bidirectional battery chargers.  

 

 

 

 

 

 

 

 

 

 



Resumen 

 
En un mundo en constante evolución y con el sector verde de la energía floreciendo, en nuestros días no 

es extraño que cada vez haya más empresas y administraciones invirtiendo en esta área. A este sector se 

dedica la idea de esta tesis. Un ámbito que está evolucionando en la actualidad y que se basa, entre otros 

en la proliferación de los vehículos eléctricos y junto a ellos los imprescindibles cargadores de baterías. El 

vehículo eléctrico es un ejemplo perfecto de que la transformación de la antigua era del petróleo pasará 

a la nueva era de la electricidad. El coche convencional tradicional está cediendo su lugar al híbrido y el 

éste, en un siguiente paso, al totalmente eléctrico. Actualmente en el mercado conviven los tres tipos. 

En un futuro próximo, se espera que la demanda de cargadores de batería crezca continuamente y se 

lancen al mercado en una cantidad mucho mayor que la existente en la actualidad. La variedad de 

esquemas de cargadores de batería es, hoy en día, bastante grande y, su evolución hacia sistemas más 

eficientes supondrá la aparición de un número, aún mayor, de soluciones diferentes. Por lo tanto, debe 

existir un método unificado para identificar el comportamiento de todos estos cargadores de baterías, en 

particular en su interacción con la red, para estimar sus efectos y evitar problemas desde la perspectiva 

del sistema eléctrico. 

Como es bien sabido, los cargadores de batería son esencialmente convertidores AC/DC. La solución 

propuesta en esta tesis para abordar este problema es el modelo de caja negra. Los modelos de caja negra 

pueden determinar el comportamiento dinámico de los convertidores electrónicos de potencia 

analizando los resultados de salida creados por las perturbaciones en las variables de entrada. El enfoque 

de caja negra ya se utiliza de manera adecuada en convertidores CC/CC para microrredes de CC y en CC/CA 

para microrredes de CA. Los estudios previos de convertidores CA/CC en caja negra son limitados debido 

a la complejidad del sistema, por lo que su estudio en profundidad es el principal aporte de esta tesis. 

En esta investigación, las técnicas de modelado de caja negra utilizadas anteriormente en CC/CC se 

extienden a convertidores CA/CC monofásicos y trifásicos y, más precisamente, a cargadores de baterías. 

En primer lugar, el modelo se transforma de CA/CC a CC/CC mediante la transformada de Park y luego, 

utilizando los datos de entrada/salida, se identifica un modelo de pequeña señal. En los modelos de 

pequeña señal su validez está limitada a pequeñas perturbaciones en las entradas del convertidor 

alrededor del punto de operación. La validez de este modelo se ha expresado con un circuito eléctrico 

equivalente y matemáticamente mediante las funciones de transferencia, siendo ésta una de las 

principales aportaciones de esta tesis. 
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El enfoque del modelo lineal está validado por pruebas virtuales y experimentales. En la parte virtual, con 

la ayuda del simulador PSIM, se crea un convertidor CA/CC. Se supone que este modelo de convertidor es 

una representación precisa de un convertidor CA/CC real y, por lo tanto, su comportamiento dinámico se 

compara con los resultados de los modelos de caja negra. Los resultados obtenidos por las pruebas 

virtuales y experimentales muestran la precisión de la representación del comportamiento dinámico de 

cargadores de baterías monofásicos y trifásicos en las condiciones de operación de pequeña señal. 

Después de la operación de pequeña señal, se aplicaron grandes perturbaciones a las variables de entrada 

del convertidor y se observó una clara pérdida de precisión que condujo a un enfoque de caja negra de 

gran señal en caso de grandes perturbaciones. La técnica empleada se basa en los modelos politópicos, 

que ya se emplea en convertidores CC/DC y CC/CA. En esta tesis se utilizará por primera vez en un 

convertidor CA/CC bidireccional monofásico y trifásico de dos etapas como cargador de batería. 

Los modelos politópicos están compuestos de un grupo de diferentes modelos lineales en diferentes 

puntos de operación, combinados con funciones de ponderación no lineales que dependen de los valores 

instantáneos de las variables de entrada para crear una única estructura no lineal. La precisión en la 

selección del modelo local junto con las funciones de ponderación es esencial para la precisión del 

sistema. Teniendo esto en cuenta y mirando hacia atrás en la bibliografía, se puede concluir que Double 

Sigmoid es la función de ponderación más adecuada para modelos de cargador de baterías CA/CC. Estos 

modelos no lineales de gran señal representan otra de las contribuciones de esta tesis. 

De la misma manera que en los modelos en caja negra de pequeña señal, los modelos en caja negra de 

gran señal, se han probado experimentalmente. En la parte experimental, las pruebas se realizaron para 

convertidores bidireccionales en ambos modos de funcionamiento: V2G y G2V. Los resultados de las 

pruebas en gran señal muestran, sin sorpresa, una mayor precisión que en los modelos de pequeña señal 

en caso de grandes perturbaciones en las variables de entrada. Esta conclusión valida, en caso de grandes 

perturbaciones de las variables de entrada, los modelos politópicos en caja negra, en gran señal, para la 

representación del comportamiento dinámico de cargadores de batería monofásicos y trifásicos de dos 

etapas, unidireccionales y bidireccionales. 
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CHAPTER   

1 Introduction 
 

1.1 EV technology 

As we advance in the information age, the scars left by the traditional industry become more and more 
evident, particularly the ones left to the environment. These scars come from the extended use of 
conventional energy sources like coal or oil. Some might say that this was necessary in order to advance 
in technology and that nothing comes without a “price”. The “price of this evolution came in the form of 
different consequences to the environment like greenhouse gases emissions, ozone layer depletion, a rise 
of the temperature, and more [1]. Since the degradation of the environment is getting worse, some 
measures need to be taken.     

During the last decades, non-conventional power sources have been introduced to the energy market. 
Some of these are the renewable or inexhaustible sources that do not cause environmental pollution [2]. 
The Kyoto Protocol [3] and Paris Agreement are international treaties, which set certain rules to stop 
further degradation. In the Paris Agreement date packages (2020, 2030 and 2050) it was agreed to make 
the reversal of environmental destruction more realistic [4]. Thanks to that, in the last years, a respectable 
share of the power sources has turned to renewable source. A quite recent but fast evolving example of 
initiatives attenuating environmental degradation is the electric vehicle (EV) technology. 

Until now, the main energy source for vehicles has been fossil fuel (Gasoline and Diesel). By igniting the 
fuel into an internal combustion engine (ICE) the energy is harvested. This ignition causes an explosion 
driving down a cylinder and producing a rotation motion, like pushing the pedal of a bicycle. This is a smart 
way of producing mechanical force, but it has many flaws. One of those is the complex and expensive 
engine with a significant amount of precise moving parts. Also, the heat of the engine wastes 50% of the 
energy produced in a normal car, showing a very low efficiency. This heat loss and the exhaust gases  
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emitted in the rate of 1L of gasoline to 2,3kg of CO2 give the final push for an alternative path of energy 
[5].  

EV technology goes back to the last quarter of the 20th century but lately has come back and looks very 
promising. Rechargeable batteries, which are charged from electrical energy sources (wind turbines, solar 
panels...), can provide power to an electrical drivetrain to move a vehicle. This can be a definition of an 
electric vehicle. Opposed to the ICE engine, the electric motor operates in a cleaner manner. Due to 
rejection and attraction of a magnetic field, a coil attached to the rotor starts to rotate. One of the 
advantages of the electric motor over the ICE engine is the lower maintenance costs due to the simpler 
structure and operating mode.  

Also, the energy efficiency of electrical motors is much higher and offers the opportunity to take back 
energy to the battery by regenerative braking. Regenerative breaking or regeneration is the action of 
storing energy back into the battery while using the break and use it when it is needed. This energy is lost 
in a conventional car.  The energy efficiency of an EV in comparison with a conventional vehicle is noticed  

Figure 1.1 Electric Vehicle types in market 
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in a certain degree with a normal car and even more with a sport car. Taking into consideration all these 
advantages, the question which rises is, why not turn to EV technology already?   

Fossil fuel car engines (gasoline and diesel) might have a lot of disadvantages which are resolved by the 
electric vehicles but in the case of energy storage it still has the upper hand. At the beginning of the new 
millennium (2000) lead acid batteries were 350 times worse - in terms of energy density Whr/Kg- in 
storage than a gasoline vehicle, with 3000kg batteries for a 500km autonomy. Recently, in 2015, Lithium 
Ion batteries have dropped the batteries storage burden to 400kg per 500km reducing to 50 times worse 
than a gasoline vehicle. Other unsolved issues are the recharging time, battery lifetime, etc.  

The idea of using a technology based on EV -in extent- can give a new breath to our already bruised 
environment. Only the advantage of not using conventional power source as oil could be enough reason 
to give it a chance. The amount of CO2 reduction by changing the fuel of only one application would be 
massive. In addition, electricity as a fuel is cheaper, where taxes on CO2 emissions play a crucial role 
[6,7,8] and the maintenance of the vehicles can be faster and significantly reduced [9, 10]. Different kind 
of EV´s, like Hybrid EVs (HEV), Plugin Hybrid EVs (PHEV), Fuel Cell EVs (FCEV) and Full EV (FEV) [11, 12], 
already exist on the market (Figure 1.1). 

Hybrid EV is a mix of an electric vehicle and a conventional vehicle and the next step from a conventional 
vehicle. The combination of hybrid EV operation is of only combustion engine usage, both combustion 
engine and electrical engine and only electrical engine, depending on the circumstances. Regenerative 
braking is the only mechanism to charge the battery [13]. Therefore, the fuel saving can reach up to 20% 
compared to HEV, the Plug-in HEV can be charged by plugging it into an outlet. PHEV can also operate 
with both conventional fuel and alternative electrical energy, but with the ability of a bigger range of 
electricity usage due to the extra power plug.  The disadvantage which a PHEV has over a full EV is the 
cost of the drive train (both HEV and PHEV have similar power train but with HEV not having external 
charging infrastructure) and the maintenance due to the two different charging features. Second 
disadvantage is the CO2 emissions caused in gasoline operation of the vehicle (this disadvantage also 
applies and on HEV). 

Putting aside the conventional fuel, the Full EV run exclusively on electricity. As it was mentioned before, 
the advantages of this vehicle are many from the cheap energy source, low maintenance, small and 
efficient motor, to the green operation. The main disadvantage is the energy storage, due to the size of 
the battery and the limited recharging times. A problem which is currently resolved with the FEV’s 
becoming cheaper and more accessible to the middle class.  Moreover, another disadvantage is the 
charging speed of the FEV for 250km trip, that needs 1 hour to charge 50kw in comparison with gasoline 
that just takes a few minutes [14]. 

A relatively new kind of EV is the Fuel Cell EV. The FCEV operates entirely with compressed liquid 
hydrogen. The fuel cell interacts with the hydrogen and with an installed electric motor which drive the 
wheels. This procedure of refilling the tank takes only some minutes and even if the battery is relatively 
small it lasts for a long range. The main drawback is the efficiency, which is lower than the FEV due to the 
big amount of energy that is lost from the conversion hydrogen-electricity and back with 1/3 of the energy  
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dissipating. Also, price development of fuel cells, storage and electrolysis are major factors for the future 
of the FCEV’s.  
 

 

1.2 EV battery charging 

There are three common methods for charging EVs.  The conductive charging which can be classified in 

AC and DC charging; the inductive charging and the battery swapping technology [15]. The first two have 

the charger placed either inside (onboard) or outside (offboard) the vehicle. In AC conductive charging an 

onboard charger is used while an offboard AC/DC converter is used for the DC conductive chargers. In 

case of the inductive method a combination of both chargers is used. In the battery swapping method, 

the batteries are removed and replaced by a new one already charged. 

The most common charging method is the conductive. AC charging, [16] as it was mentioned, uses an 

onboard charger allowing a connection to the grid inexpensively. The voltage and frequency of the AC 

power varies depending on the country and on the number of phases (single or three-phase). Due to the 

absence of registration for a global AC connector, the different AC power characteristics depending on 

the countries and the large variety of EVs on the market, the AC connectors are globally generalised in 

four types. USA and Japan share the same type of converter (type 1), while currently in Europe there are 

two (type 2 and 3). China, on the other hand, has its own AC connector. Although, in Europe the type 3 is 

almost dominated by the type 2 and China’s connector is similar to type 2. Therefore, the main types of 

AC connectors are the type 1 and 2.  

The type 1 is used exclusively for single phase charging having two live phases (one of them used as 

neutral), a protective earth cable and two signal pins for charging control from the pilot controller and the 

connectivity confirmation between the charging point and the vehicle. The power rates of this type are 

120V with maximum 16A and 240V with maximum 80A. The type 2 connector can be used for single phase, 

three-phase, and for DC charging. The connector is composed of 3 AC phases (L1, L2, L3) a protective earth 

terminal (PE) and a neutral (N). Two signal pins for charging control and connectivity are also present. The 

power rates for this type are 230V with maximum 80A for the single phase and 400V with maximum 63A 

for the three-phase charging.  

DC charging [17] in comparison with AC is significantly more expensive, however it provides higher power 

and faster charging. The higher power and the increase of charging speed lead to larger chargers, which 

is the reason to use offboard chargers. The DC charging, following the AC paradigm, is divided in five 

connectors. The first two types of connectors are the CCS-combo 1 and CCS-combo 2 used in USA and 

Europe, respectively. Both connectors pin configurations are similar to the AC connector types previously 

mentioned. The CCS-combo 1 has the same pins as the AC type 1 connector with the difference of two DC 

power pins for fast charging. Likewise, the CCS-combo 2 consists of the same pins as AC type 2 connector, 

with two DC power pins for fast charging. The power rate of those two chargers can reach a current of 

350A with a DC voltage varying from 200 to 1000V. 
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The third type of DC charger, named Chademo, is used exclusively for Japan made vehicles. This connector 

has three power pins and uses the Controller Area Network (CAN) protocol to communicate with the 6 

signal pins. The power using this connector can reach up to 500V and 400A. The fourth type of DC 

connector is the TESLA connector. As it can be observed in the figure 1.2 the AC connectors has the same 

pin configuration with type 2. Although the difference with the AC type 2 connector is that the TESLA can 

use the same connector for DC charging and AC but only on single phase. Therefore, the pin configuration 

for AC is consisted of two power, two signal and one earth pin. In DC, the TESLA plug orientation consists 

of two DC power couples (positive and negative pins), the two signal (control and proximity) and one earth 

pins. The rating for TESLA in AC is 240V single phase with maximum 17.2Kw and in DC 400V with maximum 

300A for DC power. Lastly, with the GB/T standard, there is the Chinese DC connector. The pin 

configuration of this charger consists of five power and four signal pins. The power pins are distributed as 

follows: two for DC power, two for auxiliary low voltage power and one for earth. The signals have 

proximity pilot and for CAN communication from 2 each [17]. The current of this charger can reach 250A 

with different DC voltages from 750V to 1000V.  

 

 

 

 

Figure 1.2 Electric Vehicle conductive types for battery charging  
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1.3 Smart charging  

The charging of an EV could be applied in an efficient manner [18] with a lower cost and an economic 

profit for the owner of the vehicle (Figure 1.3). This method can be achieved through intelligent 

procedures by a controlled charging called smart charging.  The charging schedule can be controlled in 

order to avoid problems in the grid. Firstly, a reduction of the demand peak in the network can be achieved 

by shifting the high peak times for charging. Also becoming more sustainable by using renewable sources 

to charge the vehicle (hypothetically existing in the network). Finally, the charging time can take place at 

times when the electricity is cheaper, and this energy can be sold back to the grid whenever the price is 

higher with a financial gain.  

By taking advantage of the EV battery for a Vehicle to Grid (V2G) operation, an extra power supply system 

acting as a renewable source reduces the peak demand and consequently reduces the emissions. 

Although, some disadvantages can arise like the faster degrading of the battery since the charging cycles 

of the battery are increased. 

   

 

 

 

 

Figure 1.3 Daily Electricity price with and without the usage of EV in V2G mode   
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1.4 Modelling battery chargers 

The battery chargers of the EVs come in different structures. The well-distributed approach in the market 
is the unidirectional one [19, 20]. Unidirectional battery chargers can only charge the vehicle. The problem 
with this approach is that a big amount of EVs requesting power to the can cause a huge drain in the grid, 
hence, a bidirectional approach has been introduced [21, 22]. Bidirectional battery chargers cannot only 
charge from the grid but also deliver back the energy available in the battery to satisfy the grid 
requirements at certain periods. This procedure increases the charging times, but it also profits by lower 
fares. 

On the other hand, having all these kinds of chargers in the system without any control in a fleet scale has 
its drawbacks. The uncontrolled usage of an EV fleet, can lead to several problems such as huge power 
drains from the grid on the G2V operation and high spikes created from a massive return of energy to the 
grid on the V2G operation. Therefore, a system-level approach has to be considered in order to avoid any 
unwanted situation in the bargain with electric power. A Transmission System Operator (TSO), in case of 
a fleet of EVs entering the grid, will face a problem with the variety of charger structures. As a result, a 
smart solution that will unify all kind of battery chargers must be applied. 

A useful method for modelling a fleet of chargers is the black-box approach. The main feature of the black-
box approach is that it does not need any internal information of the converters to form a model. The 
black-box model provides a dynamic model by means of system identification methods through the 
responses to tests applied on the external ports of the charger. The tests can be performed in time or 
frequency domain.    

The interactions between the grid and the battery charger can be well structured with small-signal 
analysis. This method is simple and easy to implement and it is based on the linearization around a specific 
operating point through equations. Normally, the interaction between converters (such as battery 
chargers) and the grid are well defined by a small-signal approximation to keep the power in system level 
constant with accurate outcome.  

On the other hand, small-signal approximation in very variable operating conditions is quite far from the 
actual behaviour, and a good representation of battery chargers requires nonlinear models. This work is 
directly focused to develop linear and nonlinear black-box models to obtain an accurate representation 
of the charger behaviour, either unidirectional or bidirectional in any operating conditions. 

 

 

1.5 Contributions 

In summary the main contributions of this thesis are: 

1. Modelling of AC/DC battery chargers by identifying the transfer functions in any operating 

condition without knowing the specific details inside those chargers. This approach is called black- 
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box modelling and the strategy is based on the information provided by the input and output 

variables of the charger. The research illustrates the flexibility of the proposed models to work 

with single-phase and three-phase AC/DC chargers which are linked to on-board and off-board 

charging stations. 

 
 

2. The models proposed in this thesis are applicable in either small-signal and large-signal operation 

of the battery chargers. Small-signal models are linear, and the large-signal models are based on 

the Polytopic architecture showing a nonlinear behavior. 

 

3. The proposed models are extensively tested in wide variety of operating conditions showing a 

good accuracy. 

 

1.6 Thesis outline  

Chapter 1 has been devoted to introducing the topic and the main objectives and contributions of this 

thesis. Chapter 2 is showing a survey with different structures of EV battery chargers existing in the 

market.  These chargers can be classified as:   

• onboard and offboard chargers  

• single and three-phase 

• unidirectional and bidirectional 

This chapter also explains the different identification techniques used to obtain the linear and nonlinear 

(polytopic) black-box models. 

Chapter 3 is dealing with a design of an AC-DC battery charger in a power simulation program with 3 parts 

(boost rectifier, dual active bridge and a battery charger) in the first part and then a more complex of a 

secondary battery added as a second battery charger owner. In the end of this chapter both battery 

chargers are identified using linear black-box method showing the accuracy between the virtual 

prototypes of battery chargers with black-box models. 

Chapter 4 is dealing with the experimental part of the thesis showing 2 setups both with a commercial 

battery charger but the first by substituting them with a unidirectional power source and a DC electronic 

load in a resistive mode and the second by having E-bike batteries. In the last part, in the same manner as 

in chapter 3, chapter 4 is using black-box model to identify the experimental setup illustrating once more 

the accuracy of black-box model but here with actual battery charger setups and the black-box model. 

The model methods are including linear and nonlinear methods. 

Chapter 5 is illustrating the conclusions along with the future work of this thesis document.  

 

 



 

 

 



 

 

CHAPTER   

2 Modelling Battery Chargers 
 

2.1 Introduction in battery chargers 
 

As the era of the conventional resources has already started to fade many applications have followed the 

‘green’ route. On this innovation path a huge chapter of conventional application as vehicles could not be 

absent. In the recent years, different kind of electric vehicles (EV) introduced themselves. The three main 

EV types in the market are the fuel cells (FCEV) the hybrids (HEV) and the battery EV (BEV).  

Hybrids are divided in 2 subsections, the purely hybrids and the plug-in hybrids. Both of them have 

gasoline engine and electric motor with batteries. Their difference is based on the charging of the 

batteries which in the case of purely hybrids the batteries can be charged by the combustion engine and 

the regenerative braking and in the hybrid plug-in, the batteries can also be charged  plugging into outlet 

[23].   

Battery electric vehicles in difference with HEV’s have only an electric motor with batteries which 

eliminates emissions from the combustion engine. Also, the BEV can be connected to an outlet or charging 

stations and gets their batteries charged. 

Fuel cell electric vehicles are using the same electric motor structure as battery EV, but the storage of 

energy is quite different.  Instead of using an outlet to charge, a hydrogen tank is added and with the 

mixture of oxygen from air produces electricity in the fuel cell.   

In this subsection different kind of electric vehicle battery chargers will be shown and explained. Due to 

the high expansion of this technology a large variety entered in the market from the simplest scheme to 

the more complicated, from low power –single phase- to higher power -3-phase- and from unidirectional- 

to bidirectional power flow.      

 

 

 



CHAPTER 2. Modelling Battery Chargers                 11 

 

The range of the battery chargers as it was mentioned before varies from a simple scheme of a diode 

bridge with a capacitor and an inductor [24,25] to a complex 2-stage scheme [26] with an AC-DC converter 

composed of the cascade connection of a boost power factor corrector converter and a DC-DC converter.   

The most known approach of an EV battery charger scheme consists of 2 stages [27,28,29], an AC/DC 

converter with a power factor corrector (PFC) and a DC/DC converter. The AC/DC converter is used mainly 

to rectify the AC power to DC and maintains power factor as close to unity as possible. The DC/DC 

converter is responsible for adapting the voltage and current levels at the requirements of the battery 

providing galvanic isolation. 

Another approach is the single-stage scheme [30,31,32,33,34]. In contrast with the 2-stage, the single-

stage has some advantages over the first. The main limitations of the 2-stage are the less efficient power 

conversion due to the double power conversion and the cost because of the higher component count (e.g. 

semiconductors). Also, the more complex control structure and a bulky dc-link capacitor are important 

factors against the 2-stage converter, but on the other hand the 2-stage chargers are more flexible to 

control the power factor and the battery current independently. 

As it has been noticed from the previous references, the majority of the EV chargers lie on the conductive 

charging. Conductive charging is known to use a direct contact between the charge socket and the vehicle 

connector through a cable. Recently a significant number of inductive EV charging applications appeared 

[35,36,37,26]. In inductive charging, a transmitting coil transfers energy in the form of AC electromagnetic 

field and the receiving coil alternate it to electricity to charge the batteries. This approach has some 

disadvantages in comparison with the conductive charging like the relatively lower efficiency, 

manufacturing complexity and the cost. On the other hand, it gives more vehicle charging comfort without 

the use of the cable and also safety through galvanic isolation (Figure 2.1). 

 

Figure 2.1 Galvanic isolation between two circuit parts 
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2.1.1 On and off board chargers 

EV battery chargers can be also classified depending on where they are placed. On-board chargers are 
placed inside the vehicle, whereas off-board chargers are outside [38-42]. As it was mentioned in the 
previous section a typical battery charger consists of an AC/DC converter and a DC/DC converter (Figure 
2.2).  
In on-board chargers the weight has to be taken into consideration, due to the limited space and also to 

the extra weight which will burden the vehicle. Consequently, they are designed to work in a low charging 

rate and, typically, they take several hours to charge. Commonly, they use ac charging stations of level 1 

(residential) and level 2 (commercial).  

Despite the disadvantages, on-board chargers have important advantages to offer. In a matter of EV 

battery heating there is much less concern in comparison with the off-board chargers due to lower power 

levels. Also, the battery management system (BMS) is easier than the case of off-board chargers because 

the connection and the system is fixed.  

Off-board chargers have also remarkable advantages over the on-board ones. Firstly, the higher charging 

power rate, using dc charging stations, which can complete the charging process in a matter of minutes 

instead of the hours needed in on-board solutions. Secondly, due to the absence of the charger, the  

Figure 2.2 Charging of an EV system with both on and off board chargers. 



CHAPTER 2. Modelling Battery Chargers                 13 

 

weight in the car drops significantly and it can increase the vehicle’s overall efficiency. Additionally, in this 

case it is easier to communicate the battery with the grid energy management system.  

 

2.1.2 Single and three-phase battery chargers 

As it has been mentioned previously, AC charging stations are used for slower charging rating on on-board 
EV chargers. The AC charging supply is divided in single-phase and three-phase charging stations.  
The main difference of single and three-phase supply system is the amount of power that they are able 

to deliver. Higher power levels in three-phase implies lower charging times and the corresponding extra 

cost in terms of volume and complexity [43].  

On the other hand, residentially, single-phase supply is preferred because there is no need for such three-

phase distribution that implies an extra cost for the consumer. Changing the electricity infrastructure just 

for adding a power supply for EVs might not be worth it financially.  

 

2.1.3 Unidirectional and Bidirectional structure 

The direction of the power flow is also a sorting factor among the battery chargers. In unidirectional 
battery chargers the power can only flow in one direction, in particular, from the grid to the vehicle (G2V) 
battery. In contrary, the chargers which can also transfer power to the opposite direction - from vehicle 
battery to the grid (V2G)- are called bidirectional [26,44-47]. 
The majority of the EV battery chargers existing on the market are unidirectional. These chargers typically 

consist of a diode bridge rectifier followed by DC/DC converter. Also, their simple control makes easier 

the energy management from an amount of EVs.  

A typical scheme of a bidirectional battery charger it composes of a bidirectional AC/DC rectifier followed 

by a bidirectional DC/DC converter. Both unidirectional and bidirectional approaches can use isolated 

configurations or not. The more complex power structure and control circuitry of bidirectional topologies 

is a disadvantage in comparison with unidirectional ones.  

The bidirectional approach is a relatively new technology. The idea behind this approach is to provide to 

the owner of the vehicles the flexibility of interacting with the grid and bargain to profit from an energy 

bargain. Owning a bidirectional battery charger gives the opportunity of having an extra power source 

available connected to the grid.  
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This gives the leverage to distribute the power more efficiently with less power loss. As an example, an 

amount of energy can be sent back to house –Vehicle to House- for domestic purposes. In a different 

approach, the Grid Technical System Operator (TSO) can take, occasionally, active, or reactive energy from 

the vehicles to reduce the peak demand or for stabilization purposes (Figure 2.3). There is also the 

opportunity to sell and buy energy from the grid when the prices are more in favour of the owner.  

 

 

2.2 Modelling Requirements 

In the introduction, it was described that the main motivation of this work is the development of models 

for battery chargers able to represent their behaviour at system level. Having these models, it would be 

possible to simulate the grid behaviour, including dynamic analysis, either as loads or generators 

depending on the G2V or V2G operation. As it was clearly mentioned in the first part of this chapter, 

electric vehicles (EVs) are being introduced at a fast pace. The variety of EVs existing in the market is as 

numerous as their battery chargers. Different kind of EV chargers has been described previously putting 

thoughts on how this amount of EV can be controlled. Controlling this amount of EVs entering the grid is 

a must for the utilities and the availability of models will contribute to this objective.  

Most of the modelling work in the literature has been oriented to DC-DC power converters, although there 

is a significant amount of work devotes to either DC-AC or AC-DC power converters. On the other hand, 

most of the proposed models in the literature are linear, assuming generally the small-signal 

approximation. Linearity is an excellent characteristic that simplifies the modelling problem. 
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Unfortunately, the battery chargers, and particularly bidirectional ones, show a huge variation of the 

operation conditions, even behaving as a load or a generator, and it is possible to switch dynamically 

between these two different operating modes. For all these reasons, it is required to address nonlinear 

model structures in order to represent the battery charger behaviour at system level. 

On the other hand, most of the work already developed for DC-DC converters can be applied to three-

phase AC-DC converters using the Park’s transformation of three-phase signals to DC signals in the 

synchronous d-q axis. For single-phase applications, it is also possible to apply a single-phase AC 

transformation to the d-q axis. Assuming, then, the AC side signals can be transformed to the synchronous 

reference frame d-q axis, all the powerful modelling structure applied to DC-DC converters could be 

extended to model AC-DC converters. 

In the following sections, some of the most popular linear modelling strategies for DC-DC converters are 

described.  

  

2.2.1 Linear Models 

Among different options to model DC-DC converters, a well-established method over the years for 

representing the dynamic behaviour of switching converters is the state-space averaging. This technique 

which is used by industry and academia is proven to be highly capable of representing the converters 

dynamic behaviour in continuous and discontinuous conduction modes. The small signal average model 

procedure is created through the stages of averaging, perturbation, and linearization. This approach 

requires a detailed knowledge of the converter to be modelled. 

The stages of creating a state-space averaging model of a DC-DC converter in continuous conduction mode 

will be described below [48-49]. Firstly, a state-space description is separated in linear circuits 

corresponding to each switching period. Those linear circuits are alternatively operating in the ON and 

OFF state of the switch transistors creating a number of consecutive linear intervals. The set of equations 

is averaged using the duty cycle in order to create the state-state averaged behavioural model. The next 

step is to linearize the state space equations around an operation point, which can be performed by 

adding a small perturbation, expanding the result and eliminating the nonlinear values -which are 

produced by the product of small perturbations of two different variables.   

A completely different approach to obtain a converter’s averaged behavioural model is system 

identification. The system is settled to an operation point and analysing the response of the converter to 

different tests set to the input variables, a small-signal input-output model is obtained. The determination 

procedure of a model starts adding a small perturbation to each of the input signals. The response that 

comes from the output accompanied by the input perturbation are used for the construction of a transfer 

function linked with that operating point. The input/output values which are collected have before 

subtracted their nominal values. The same operating point has to be applied on every input but separately  
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in order to get accurate transfer functions. Making this step implies the assumption of the linearity of the 

system, as the superposition theorem is applied. The identification process is applicable in both time and 

frequency domain.  

In linear models the identification methods can be separated in parameter and non-parametric methods 

[50]. Parameter estimation methods are the methods which identify several parameters in a model 

structure. Examples of this kind of structures are grey and black-box models described below 

The modelling approaches are separated in three levels of knowledge: the white, the grey and the black-

box [51-56]. In the upper part of the Figure 2.4 it can be clearly seen the power flowing through the battery 

to the charger (DC/DC and AC/DC), then to the generator and lastly to the wheels. This modelling approach 

applies only when the converter structure and control are completely known. Then, it is possible to derive 

the differential equations that describe its dynamical behaviour and to use the state-space averaging 

technique for modelling the system. This is the typical approach to obtain the white-box model. 

The middle part of Figure 2.4 shows partly the EV operation. The same applies on the grey modelling 

approach. In this model the physical insight is partly known but there are several parameters that have to 

be determined from testing data. Lastly the black-box model is the one used when no insight data is given, 

and the parameters are determined through observed data.  

In practice, most of cases when you try to model the battery charger in the vehicle, the available 

information is very limited and the situation is rather close to the black-box models described in the 

previous paragraph. On the other hand, the number of different vehicles and their corresponding onboard 

chargers is so high, that it is impossible to have insight information of them. The same conclusion can be 

applied to the off-board chargers, coming for a high number of different manufactures offering a very 

limited information about their internal structure (power stage, control loops, etc.). 

 

2.2.2. Small-Signal Black-box Behavioural Model 

Although, the battery charger behaviour is nonlinear and consequently a good accurate representation of 

the converter requires a nonlinear model, the first step is to define a small-signal black-box modelling 

structure, which has been proposed in this thesis. As it was mentioned before, assuming the small-signal 

conditions are set, any nonlinear system can be approximated with a linear system. This model takes 

advantage of previous work oriented to obtain behavioural black-box models for DC-DC [57] and DC-AC 

[58] converters. This extension to the AC-DC converters, in general, and to battery chargers, in particular, 

is one of the main contributions of this thesis [59]. 
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Black-box model structures are widely known from the DC/DC converters [58, 60-64]. The extension from 

DC/DC structure to AC/DC structure requires a Park transformation. A typical AC/DC battery charger 

system is connected to a three-phase AC input. Their input variables are recognised as the input (Vabc) 

voltages along with the control reference (Iref), while the output variables are the input (Iabc) and output 

(Ibat) currents. 

In Figure 2.5 the battery charger transformation is shown from the AC to D-Q framework.  The upper part 

depicts a three-phase system, whereas the lower part represents a single-phase system [65]. The three-

phase case has the AC variables transformed to DC in the D-Q framework through Park transformation. 

The DC model new variables of voltage and current which are the d and q components Vd, Vq and Id, Iq 

from their respective AC values Vabc and Iabc. The values of the DC model are completed with the input 

reference current and the battery current output.   

 

Figure 2.4 White, grey, and black-box model concepts.  
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The single-phase AC/DC converters model transformation follows partly the procedure of Park 

transformation. The park transformation consists of Clarke transformation which translates an AC three-

phase frame (abc) to an AC two-phase frame (αβ) following by a rotation to D-Q framework (dq). Since in 

the single-phase case it is not possible to apply the same route, the procedure splits. By considering that 

Va is in phase with the Vα an artificial 90ᵒ phase shift is applied to generate the beta component, Vβ. After 

the creation of the αβ plane a rotation is applied creating the D-Q framework. The variables in the single-

phase structure in the Figure 2.5 (b) are the same as in (a) with the difference of the AC part having only 

Va for voltage input and Ia for current output.  

 

Figure 2.5 Battery charger transformation to D-Q framework: a) 3ph AC/DC battery charger 

transformation to D-Q framework, b) 1ph AC/DC battery charger transformation to D-Q framework 
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In case of small-signal conditions meeting around an operating point, then the system could be considered 

linear, and the small-signal black-box model can be obtained. Adding a small-signal step perturbation in 

one of the input variables and observing the perturbation in the output variables, a collection of transfer 

functions is easily obtained through identification algorithms. Following the same procedure with all the 

input variables, it can be obtained a number of transfer functions equal to the number of output variables 

multiplied by the number of input variables. As linearity is assumed, the superposition theorem can be 

applied, and the small-signal model structure represented in Figure 2.6 can be obtained. It must be taken 

into account that the variables are perturbations of the input and output variables around the operating 

point, and they are represented by x̂ letters. 

The following matrix equation (E 2.1) represents the small-signal model of the block diagram described in 

Figure 2.6, where, 𝑌𝑑𝑑(𝑠), 𝑌𝑑𝑞(𝑠), 𝑌𝑞𝑑(𝑠), 𝑌𝑞𝑞(𝑠), 𝑌𝑏𝑎𝑡𝑑(𝑠), 𝑌𝑏𝑎𝑡𝑞(𝑠), 𝐻𝑑𝐼(𝑠), 𝐻𝑞𝐼(𝑠), 𝐻𝑏𝑎𝑡𝐼(𝑠), 𝐻𝑑𝑄(𝑠), 

𝐻𝑞𝑄(𝑠), and 𝐻𝑏𝑎𝑡𝑄(𝑠) are the transfer functions that describe the dynamic response of the system, where 

the first subindex refers to the output and the second subindex refers to the input variable involved. For 

instance, 𝑌𝑑𝑞(𝑠) is the transfer function that describes the dynamic response of the d-component of the 

input current when the q-component of the input voltage is perturbed and the rest of the input variables 

are kept constant. The rest of the transfer functions can be defined analogously. The small-signal model 

defined in (1) can be represented by the equivalent circuit depicted in Figure 2.7.  
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Figure 2.7 Equivalent circuit of the black-box model 
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The limitations of this model come from the definition of small-signal average models and the use of the 

D-Q synchronous reference frame. Therefore, this model is useful for systems with a linear response or 

nonlinear systems around a specific operating point, which is considered as a dc bias in the model. On the 

other hand, it does not consider the switching ripple, but it provides information about the average 

dynamic performance of the system. The synchronous reference frame restrains the model to balanced 

conditions of the grid and it only provides useful information about its fundamental frequency.  

 

Modelling procedure 

The procedure to obtain the model is as follows. First, an operating point is selected, defined by the values 

of the inputs and outputs variables in steady state. Then, associated to this operating point, a small-signal 

model is generated. This small-signal model is characterized by twelve transfer functions as in the block 

diagram of Figure 2.6. To obtain these twelve functions, small-signal steps around the operating point 

values are applied to every input, one by one, observing the perturbation in the output variables, while 

the rest of the input variables are kept constant. With this information by means of identification 

algorithms in MATLAB, the transfer functions represented in the block diagram of Figure 2.6 are 

generated. The order of the transfer functions identified should be the lowest value that provides the 

highest degree of accuracy. The order selection often becomes a trade-off between accuracy and 

complexity.  

The model structure proposed has four inputs: 𝑣𝑑, 𝑣𝑞, 𝐼𝑟𝑒𝑓, and 𝑄𝑟𝑒𝑓. Therefore, four tests are necessary 

to obtain the transfer functions that describe the system. The first test should perturb the d-component 

of the input AC voltage, while the q-component is kept constant, as well as the references of the battery 

current and reactive power. The input AC voltage in a balanced three-phase system can be defined as 

follows (E 2.2, E 2.3, E 2.4): 

 

                                  𝑉𝑎 = 𝑉𝑝 . cos  (2 𝜋 𝑓𝑔𝑟𝑖𝑑 + 𝜃)                                       (E 2.2) 

                                 𝑉𝑏 = 𝑉𝑝 . cos  (2 𝜋 𝑓𝑔𝑟𝑖𝑑 − 2𝜋3 + 𝜃)                            (E 2.3) 

                                 𝑉𝑐 = 𝑉𝑝 . cos  (2 𝜋 𝑓𝑔𝑟𝑖𝑑 + 2𝜋3 + 𝜃)                            (E 2.4) 

 

The equations are explained as follows. Va, Vb, Vc are defined as the phases of the input three-phase AC, 

the amplitude of the phase voltages as Vp, fgrid as the grid frequency and the θ as the angle between the 

Va phase of the three-phase system and the Vd component in the D-Q framework as it shown in figure 2.8 

(a). From the above explanation it can be defined the d-q components of input voltage as follows: 

 

                                               𝑉𝑑 = 𝑉𝑝 . cos  (𝜃)                                (E 2.9)  
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                                               𝑉𝑞 = 𝑉𝑝 . sin  (𝜃)                               (E 2.10) 

 

Vp and  θ are defined through the values of Vd and Vq as it is shown in the (E 2.11) and (E 2.12) in order to 

perform steps in the d-component of the d-q framework with q-component remaining constant and the 

opposite.  

 

                                                 𝑉𝑝 = 
𝑉𝑑

𝑐𝑜𝑠  (atan  (
𝑉𝑞

𝑉𝑑
))

                             (E 2.11) 

 

                                                              𝜃 = 𝑎𝑡𝑎𝑛 (
𝑉𝑞

𝑉𝑑
)                             (E 2.12) 

An example of this operation is shown in figure 2.8 (b) and (c). In figure 2.8 (b), the amplitude of phase 

voltage changes from Vp to Vp
’ by changing the Vd to Vd

’ and keeping the Vq constant. The operation in 

figure 2.8 (c) is reversing with having the Vq increasing to Vq
’ and moving the Vp to Vp

’’ while the Vd is 

constant. 

 

In many cases, the use of a PLL (Phase-Locked Loop) makes Vq equal to zero. In those cases, Vd can be 

stepped by just making a step in Vp; and the input Vq and the transfer functions related to it (𝑌𝑑𝑞(𝑠), 

𝑌𝑞𝑞(𝑠) , and 𝑌𝑏𝑎𝑡𝑞(𝑠) ) can be neglected. This simplification further reduces the number of transfer 

functions of the small-signal model to nine. The third test should perturb the reference of the battery 

current (Iref), while the d and q-components of the input AC voltage and the reference of the reactive 

power are kept constant. Similarly, the fourth test should perturb the reference of the reactive power 

(Qref), while the d and q-components of the input AC voltage and the reference of the battery current are 

kept constant. 

Figure 2.8 Three phase AC input voltage in the D-Q framework: (a) Operating point, (b) Step in the d-

component, (c) Step in the q-component. 
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2.2.2.1. Parametric estimation methods 

In the previous section, the tests needed to identify AC-DC battery chargers were described. In this 

section, the different methods available to obtain the transfer function that represent the measured 

response to the perturbations applied to the input variables are detailed. The main difference among 

them is the way in which they deal with the noise present in the measured signals. 

[A] Linear system identification 

Parametric black-box models can be obtained with different type of model structures. Four common 

examples of those structures are shown in the Figure 2.9 [66]. The first model structure is called Auto-

Regression A(q)y(t) with extra input B(q)u(t) or ARX, whereas e(t) the noise (might correlate it as a 

switching ripple or measuring noise), u(t) the input and y(t) output signal. In the Figure 2.9 the polynomial 

A(q) is used as a denominator both for the undisturbed system and the noise model giving the opportunity 

to be a good choice when both model and system have similar dynamics. ARX equation is shown in E 2.13. 

The ARX model structure is quite simple, however, its main disadvantage is the lack of satisfactory 

freedom in terms of describing the properties of the disturbance term. This flexibility is available through 

the next model structure, Auto-Regression Moving Average with extra inputs (ARMAX). The moving 

average is added in the equation with the polynomial C(q) in the noise model and giving more flexibility 

in the structure. This model has a good use in system description and control design in control and 

econometrics. ARMAX equation is shown in E 2.14.  

Figure 2.9 Up-left: ARX model structure, Up-right: ARMAX model structure, Down-left: OE model 

structure, Down right: BJ model structure 

    

B   

 

++

e

u y

A   

B   
++

e

u y

A   

 

F(q)

B(q)
++u y

A   

B(q)
++

e

u y

A   

C(q)

e

D(q)

C(q)



CHAPTER 2. Modelling Battery Chargers                 23 

 

The main difference of the next model compared with the previous ones, is that it does not have a model 

for the noise. Output Error model (OE) has the least number and the lower order of polynomial 

parameters that needs to operate with B(q) and F(q) as polynomials, which define the transfer function, 

y(t) and u(t) the output and input signal of the system, whereas e(t) the noise (E 2.15). 

Amongst the model structures in Figure 2.9 the most independent in terms of system and noise model is 

the Box Jenkins (BJ) and because of that the most flexible. The flexibility achieved in this model is because 

all the polynomials (B(q), C(q), D(q), F(q)) do not appear more than once in the equation E 2.16.  

 

    𝑦(𝑡) = [ 
𝐵(𝑞)

𝐴(𝑞)
] ∗ 𝑢(𝑡) + [ 

1

𝐴(𝑞)
] ∗ 𝑒(𝑡)    (E 2.13) 

 

    𝑦(𝑡) = [ 
𝐵(𝑞)

𝐴(𝑞)
] ∗ 𝑢(𝑡) + [ 

𝐶(𝑞)

𝐴(𝑞)
] ∗ 𝑒(𝑡)    (E 2.14) 

 

    𝑦(𝑡) = [ 
𝐵(𝑞)

𝐹(𝑞)
] ∗ 𝑢(𝑡) + 𝑒(𝑡)     (E 2.15) 

 

                𝑦(𝑡) = [ 
𝐵(𝑞)

𝐹(𝑞)
] ∗ 𝑢(𝑡) + [ 

𝐶(𝑞)

𝐷(𝑞)
] ∗ 𝑒(𝑡)    (E 2.16) 

 

Similarly, to the discrete-time error models mentioned above, there is also the continuous-time model (E 

2.17). The link between the system model is defined by a ratio of polynomials, where denominator 

polynomial is linked to the number of poles and numerator to the number of zeros. 

 

            𝑦(𝑡) = [ 
𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑜𝑟(𝑠)

𝑑𝑒𝑛𝑜𝑚𝑖𝑛𝑎𝑡𝑜𝑟(𝑠)
] ∗ 𝑢(𝑠) + 𝑒(𝑠)                 (E 2.17) 

 

After describing a handful of linear black-box models, the selection of the linear models has been limited 

to two cases. The first linear model is the Output Error model from discrete-time. The idea of choosing 

this polynomial model structure as the most accurate is due to best-fit response and lowest order of the 

linear polynomial parameters (E 2.15). The second linear model used in the main core of the thesis is the 

continuous-time model (E 2.17). As it can be seen the structure of continuous-time polynomial controls 

only the input part and not the noise. Also, as a continuous model it evaluates more functions of data, 

which is gives more accuracy than the discrete-time model and that it is shown form the final prediction 

error (FPE).  
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2.2.3 Nonlinear models 

In the linear model a perturbation around an operating point of the respective input reference can be 

represented accurately. In the case of larger change in an input step, the dynamic behaviour changes and 

a mismatch arises between the small-signal black-box model and the actual converter. Therefore, a 

nonlinear approach has to be followed.  

There are several examples of nonlinear modelling approaches and one of the most common is called 

block-oriented models [67-68]. The idea of block-oriented models is based on the interconnection of 

linear and nonlinear blocks. A dynamic nonlinear block-oriented model is the nonlinear autoregressive 

exogenous model (NARX). This method is a combination of a linear function ARX in parallel with a 

nonlinear function, mapping the regressor output to the output of the model.   

Figure 2.10 Up: Wiener model structure, Down: Hammerstein model structure 

Figure 2.11 Up: Wiener-Hammerstein model structure, Down: Hammerstein-Wiener model structure 
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The Hammerstein and Wiener models are two block-oriented models, which have the opposite structure 

(figure 2.10) [68]. In the Wiener model a linear model is placed to represent the system dynamic followed 

by a nonlinear block showing the static operating point able to describe linear dynamic operations 

supplied with nonlinear sensors. On the contrary, in the Hammerstein model, the nonlinear block is placed 

first followed by the linear model, this structure is able to describe linear dynamic operations guided by 

nonlinear actuators. 

A mixture of the two models with both orders Hammerstein-Wiener and Wiener-Hammerstein are also 

typical options (Figure 2.11) [68-71]. Hammerstein-Wiener model which describes dynamic systems is 

composed from static nonlinear blocks placed in the input and output in series with an output-error linear 

block distorted from static linearities. On the other hand, Wiener-Hammerstein, linear dynamic blocks are 

placed in the input and the output responsible of the high frequency and transient behaviour, 

respectively. A non-linear static model is connected in the middle of the two linear blocks representing 

the behaviour of the converter in steady state, as it is described in the work of Oliver et al. [72]. The 

nonlinear blocks of Hammerstein-Wiener and Wiener-Hammerstein model structures are defined by 

nonlinear estimators. Two examples of estimators are the sigmoid and wavelet network [68], both of 

them are using identification based on neural network.    

Typical neural network is composed of several interconnected simple processed units forming a complex 

network [73,74]. Multi-layers of this kind of units are configured so as the data after entering the input 

layer to meet one or more hidden intermediate layers before finding the output layer. These neural 

networks are defined as non-linear black-box structures applied due to their potential of non-linear 

estimation with parameter estimation methods.   

 

Figure 2.12 Polytopic model structure 
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In case of sigmoid network estimator, it can be seen a mixture of radial ground of network function 

operating a sigmoid as activation function. In the wavelet network case, it can be seen a feed-forward 

neural net having as an activation function operated by wavelet. The wavelet theory along with neural 

networks is giving the wavenet estimator, a nonlinear function which is the term outlining the wavelet 

networks [68]. 

Furthermore, another modelling approach able to account for dynamic nonlinear behaviours is the 

polytopic model approach [61,75-76] (Figure 2.12). In comparison with the other techniques, this 

approach is able to include nonlinearities in the transient dynamic behaviour, not only in the stationary 

part. 

The idea of this model is the combination of different linear time invariant (LTI) models obtained in 

different operating points covering the range of variation of the input variables. Every linear model is 

multiplied by an individual weighting function covering the nonlinearities of the converter connecting the 

previous and the next linear model with the current one. In the end all of those combinations are added 

together to make a smooth transition among the response of the different linear models related with the 

different operating points, which gives a more accurate result.   

 

2.2.4 Large-signal Black-box Behavioural Model 

In this section, the application of the polytopic model approach to the case of battery chargers is 

described. This structure consists of several linear models obtained in different operating points. In the 

figure, these linear models are represented by their small-signal equivalent model (Figure 2.7). The output 

of the large-signal model is a weighted combination of the outputs of the linear models, where the 

weighting functions can be nonlinear to capture the large-signal behaviour of the converter. A wide range 

of weighting functions are suitable for this purpose, from the triangular functions used in Takagi-Sugeno 

models, to more elaborated alternatives as double sigmoid functions [57]. 

The polytopic model has a high degree of freedom, which allows it to capture the battery charging 

behaviour. Basically, it depends on the number of variables considered, the number and location of the 

operating points selected and the type of weighting function. 

The number of variables and operating points is a function of the degree of variability of the input 

variables (Figure 2.13). In our application, the battery chargers, the inputs variables are typically the AC 

(single-phase or three phase) input voltage, the battery current reference and the active and reactive 

power references, which implies a high number of operating points. Therefore, depending on the 

application, it is common the assume that some of these inputs are constant in order to simplify the 

analysis. For instance, very often the reference of reactive power is set to zero permanently. Furthermore, 

in case the AC input voltage is the grid, it can be considered constant. This means that assuming that the 

AC input voltage and  
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the reference of reactive power remains constant, the variability is restricted to the value of the current 

reference.  

Consequently, in the case of battery chargers connected to the grid, several linear black-box models 

obtained for different values of the set point for the battery current, combined with the nonlinear 

weighted functions in a polytopic structure is a good approach to capture the large-signal behaviour of 

the charger. It should be taken into account that, as it is assumed that the input voltage and the reference  

 

Figure 2.13 Detailed structure of polytopic model structure 

Figure 2.14 Simplified Polytopic model  
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for the reactive current are constant, the model is not able to capture the dynamics caused by the changes 

in these variables (Figure 2.14). 

Regarding the weighting functions and profiting from previous experiences for DC-DC [57] and DC-AC 

converters [58], the double sigmoid is showed to be the most suitable weighting function for this 

application. It is well known that the weighting functions summation must be equal to 1 while their range 

must be from 0 to 1. Also, the parameters affecting the double sigmoid (E 2.18) depends on the slope 

(parameter a in the equation) and the point of the inflexion (parameter c in the equation).  

     𝐹(𝑥) = [ 
1

1+𝑒−𝑎(𝑥−𝑐)
]   (E 2.18) 

Modelling Procedure 

The modelling procedure of small-signal model is described adequate in this Chapter 2.2.2 section. This 

mechanism is reproduced as many times as different combinations of the four input variables 𝑣𝑑, 𝑣𝑞, 𝐼𝑟𝑒𝑓, 

and 𝑄𝑟𝑒𝑓  are potential operating points according to the operating conditions in the charger. This 

approach implies the identification of twelve transfer functions for each small-signal model, multiply by 

the number of operating points selected. This model’s structure implies a high degree of accuracy, but 

also a high complexity. 

On the other hand, if we assume  𝑣𝑑, 𝑣𝑞, and 𝑄𝑟𝑒𝑓 constant, then the number of transfer function in each 

small-signal model is limited to three and the operating points, either charging or discharging, are limited 

to a handy number. This simplified structure has been used during simulation and experimental results. 

The polytopic model has shown a good ability to represent the behaviour of the charger, even in large-

signal operation. 

This polytopic model based on the black-box small-signal model described before is a contribution of this 

thesis. 

 

 

2.3 Conclusions 

EV battery chargers has been reviewed describing the different configurations present in industrial 

applications. These configurations come to show partly the variety of EV battery chargers that exist 

currently in the market. The number of EVs is increasing gradually and due to their multiple schemes, it 

can give a ‘headache’ to be determined on their operations the ‘right’ time -exchange energy instantly- in 

a period of a day. Therefore, a model of determination has to be chosen. The second part of the chapter 

illustrates the modelling classifications for power converters starting with DC/DC converters and following 

with AC extension of single and three-phase systems. The classification also considers linear and nonlinear 

structures.  
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In this thesis, a black-box identification method will be used using linear and non-linear methods. In the 

linear case, easier and more straight forward solutions have been used broadly, but in case of 

nonlinearities the system of identification is getting more complex. As an example, a significant change in 

the set point of the battery current in the circuit it might cause nonlinearities changing the dynamic of the 

system identification and the accuracy to be compromised. A technique to solve this problem is the 

polytopic model. This model it consists a summing of linear model responses in different operating points 

regaining the system’s accuracy.  

This thesis deals with the modelling of AC/DC battery chargers by identifying the transfer functions in any 

operating condition without knowing the specific details inside those chargers. This approach is called 

black-box modelling and the strategy is based on the information provided by the input and output 

variables of the charger. The research illustrates the flexibility of the model to work with single-phase and 

three-phase AC/DC chargers which are linked to on-board and off-board charging stations. An extensive 

set of tests is shown in the following chapters, verifying the accuracy of the proposed models in a wide 

variety of operating conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



  

 

CHAPTER   

3 Simulation results 

 

3.1 Introduction  
 

In the previous chapter the state of the art of battery chargers modelling has been reviewed. In addition 

to that, a small-signal black-box behavioural model and a large-signal black-box behavioural model for 

battery chargers have been proposed. These models can represent the behaviour of a device accurately 

without any insight information, only by collecting the input and output signals. This black-box modelling 

strategy is the main contribution of this thesis. 

In this chapter, the accuracy of the black-box models is verified through simulations. A single-phase 

bidirectional AC/DC converter is modelled in detail using the PSIM simulator, assuming that this switching 

model is an accurate representation of the actual battery charger. Then, the switching model works as a 

virtual prototype of the battery charger. This virtual prototyping technique simplify a lot the verification 

of the proposed behavioural black-box models and it assumes that switching models in modern simulators 

are an accurate representation of the actual converters. Then, the tests required to identify the model 

transfer functions are applied to the switching model instead of the actual converter. Once the model is 

generated, it is possible to compare the differences in performance between the switching model 

developed in PSIM and the black-box models proposed in this thesis.  

As it was explained in chapter 2, using the information provided by the input and the output variables in 

the switching model, the transfer functions of the behavioural model are derived using MATLAB, and the 

black-box model is generated. To check the accuracy, the responses of the black-box model and the 

switching model are compared in different conditions, showing a very similar dynamic behaviour. 

Initially the current chapter is creating a white switching model of a bidirectional battery charger in PSIM 

software. The charger which is chosen is 2-stage structure which considers a boost rectifier followed by a 

dual active bridge (DAB) dc-dc converter and a battery (Figure 3.1).  
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The circuit will be decomposed and explained extensively along with the control design of each of the 

converters. The circuit has been selected showing the main characteristics of the commercial battery 

chargers and its bidirectional behaviour is particularly interesting to test the performance of the proposed 

black-box model in case of the most flexible architectures. It is important to remark that the design in not 

necessarily optimum because the purpose of the simulation in this chapter is the verification of the black-

box model accuracy compared with a white-box switching model and not, the optimization in the design 

of the bidirectional battery charger.  

In the second part of the chapter a small-scale system level of battery chargers is shown. The bidirectional 

battery charger of the first part, a 2-stage including an AC/DC and a DC/DC converter is connected with 

another (identical to the first) DC/DC converter in parallel of the first DC/DC converter. Both of the DC/DC 

converters are followed by a battery. The black-box models show in this complex structure an excellent 

accuracy to anticipate the system behaviour.  

 

 

3.2 Boost rectifier 

In the current section a step-by-step creation of bidirectional battery charger will be shown along with 

the controllers in the PSIM program. As it was mentioned before the charger will be divided in three parts, 

in an AC/DC converter, a DC/DC converter and a battery. The battery charger is in single phase to indicate 

the charging point of a normal household. 

The first part of this battery charger is a single-phase full fridge boost converter (figure 3.2). The circuit of 

this converter consists of 4 MOSFET’s creating the full bridge.  These switches combining power MOSFETs 

and their corresponding body diodes are capable to operate bidirectionally.  

Assuming certain design values for the input and output voltages, the input current ripple, the output 

voltage ripple and the switching frequency, the main parameters of the converter (figure 3.3) are 

calculated, showing the values indicated in Table 3.1. 

 

  

 AC/DC 

Converter 

  

 DC/DC 

Converter 

  

  

 Battery 

model 

Figure 3.1 Battery charger’s block diagram  
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Symbol Parameter Value 

Pout Rated power output 4 kW 

Vac Grid voltage 325,27 Vpp 

Lgrid Boost inductor 3 mH 

C Filtering capacitor 10 mF 

fswitching Switching frequency 50 kHz 

Figure 3.2 AC and DC Voltage across MOSFET’s full bridge  

Table 3.1 Boost rectifier parameter values 

Figure 3.3 Complete boost rectifier circuit 
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3.2.1 Boost Rectifier Controller 

The design of the boost rectifier controller derives from the instantaneous reactive power theory. In a 

single-phase system, the grid voltage (vg) can be transformed into an artificial system by leading the α-

phase with 90ᵒ to the point of common coupling (PCC) of voltage and current, as it can be seen in the 

figure 3.4. The PCC voltage is considered to be held in the α-axis whilst the 90ᵒ leading voltage in β-axis in 

a hypothetical α-β plane. The signals produced after the addition of the 90ᵒ lead are vg , vβ from the grid 

voltage. The input current can also be transformed in their corresponding values in the α-β plane, ig and 

iβ. 

Those four signals with the help of the equations in (E 3.1) and (E 3.2) are used to calculate the 

instantaneous active (pg) and reactive power (qg) [77]: 

 

  pg = vg ig + vβ iβ                          (E 3.1) 

                                         qg = vg iβ - vβ ig                                                                               (E 3.2)           

 

Reference active power (pref) is calculated by taking into consideration the DC link voltage (Vdc) of the 

boost rectifier and reference reactive power (qref) the amplitude of the grid voltage (vg). Later by using the 

currents ia and iβ along with the equation in (E 3.3) the pulse width modulation (PWM) signals are produced 

for the four switches d 1...4. 

 

                                                                                                                                                                                (E 3.3) 

 

According to the boost rectifier in figure 3.3 the voltage circuit expression which derives [78] is the 

following. 

 

 vg = Lgrid  
𝑑𝑖𝛼

𝑑𝑡
                      (E 3.4) 

 

 vβ = Lgrid    
𝑑𝑖𝛽

𝑑𝑡
                                (E 3.5) 

 

By applying ω = 2πf in the synchronous reference frame the d-q equation of voltage is calculated as it is 

shown below. 

 

iα 

iβ 

vα        vβ 

vβ        vα
 
 - 

-1 

= 
pref  
qref  
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 vd = Lgrid  
𝑑𝑖𝑑

𝑑𝑡
 – ω Lgrid  iq                      (E 3.6) 

 vq = Lgrid 
𝑑𝑖𝑞

𝑑𝑡
 + ω Lgrid   id                     (E 3.7) 

 

After deriving expressions (E 3.6) and (E 3.7) with the following expression: 

 

                                         Lgrid 
𝑑

𝑑𝑡
           =               +               -                                                                              (E 3.8) 

 

 

The last part of of the (E 3.8) equation and specifically the term                              represents a coupling on  

the dynamics of the current. This means in case of controlling the id and a change occurs it will affect 

directly the iq and the opposite. In order to remove this problem ωLgrid id and ωLgrid iq are placed as 

decoupling terms in the controller.   

In order to add reactive power compensation in the system active and reactive power has to be entered 

as references. Reference current values can be obtained by the following equation (E 3.9) which relates 

currents from the reference frame with active and reactive power.  

 

       S = P + jQ = VI cosΘ + jVI sinΘ                        (E 3.9) 

 

By considering voltage in phase with the reference frame we know that, in such a way that Vq=0 

                                                                                Vd = Vmax                                    (E 3.10) 

                                                                                  Vq = 0                                    (E 3.11) 

                                                                                P = Vmax Id                                     (E 3.12) 

                                                                               Q = Vmax Iq                                                       (E 3.13) 

 

1-Φ vector representation with the equations shows in more detail how to obtain the reactive reference 

value: 

  

  Q = Vrms irms sinθ  

id  
iq 

  Vd  
  Vq  
 

Vdc_d   ‘ 
Vdc_q  
 

0        ωL 
ωL        0

 
 

id  
iq 

 

0        ωL 
ωL        0
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      Q =  
𝑉𝑚𝑎𝑥

√2
  

𝑖𝑚𝑎𝑥

√2
 sinθ 

                 Q = -  
𝑉𝑚𝑎𝑥

2
  iq  

                                                                                   iq = -  
2𝑄

𝑉𝑚𝑎𝑥
                             (E 3.14) 

                                             

 

In case of single phase, Park transformation cannot operate immediately [79]. Therefor it needs first to 

reach a two-phase level by creating an orthogonal system with a 90ᵒ phase shift added and creating β-

phase. By using the vector representation above we can derive the equation below which transform AC 

variables Iα and Iβ to Id and Iq DC values in the synchronous frame. This phase shift is shown in figure 3.5 

as an all-pass filter box and inside the phase locked loop box after the ia input. 

 

 

                                                                (E 3.15) 

 

  

(E 3.16) 

 

 

(E 3.17) 

Figure 3.4 Creation of β-phase by 90ᵒ phase shift of α-phase 
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This shifting of the phase can be implemented with several techniques such as the phase delay block, the 

differentiator, and the all-pass filter. In this research all-pass filter (APF) is used because of several 

advantages it has over the differentiator and the phase delay block. All-pass filter is faster and not 

degrading the dynamic performance of the controller like on phase delay. Also is less noisy than the 

differentiator and is easy to implement.   

Below the digital form of the APF controller is shown with the difference equations of the filter  

 

 

   𝐾𝑎 =  
𝜔 𝛵−2

2
 ,        𝐾𝑏 =  

𝜔 𝛵+2

2
 , 𝐾𝑐 =  

𝜔 𝛵

2
                                           (E 3.18) 

 

where ω the angular frequency, T as sampling time in our system is 20μs and frequency is 50Hz.   

Then by deriving the equation of the controller in (E 3.18) we end up with the following expression  

  

                    (𝐾𝑎 + 
𝐾𝑏

𝑧
) iα = iβ (1 + 𝐾𝑐 + 

𝐾𝑎

𝑧
) 

                 (𝐾𝑎 z + 𝐾𝑏) iα = iβ (z + 𝐾𝑐 z + 𝐾𝑎) 

                𝑖𝛽 =  
𝐾𝑎 𝑧+𝐾𝑏

(𝐾𝑐+1) 𝑧+𝐾𝑎 
                        (Ε 3.19) 

   

 

After obtaining the 2-phase system a Θ angle will be created with the aid of a phase locked loop (PLL). 2-

phase result will enter a α-β to d-q transformation. The Vq output is multiplied by a proportional integral 

controller and then an angular frequency is added. The result is multiplied with an internal integrator 

ending up with a Θ angle. Θ angle is returning to feed the transformation box and thus the PLL is created 

as it is shown in figure 3.6. Θ angle also used in all the transformation boxes. The signals for the pulse 

width modulation (PWM) are extracted by controlling the Id and Iq with DC link voltage (Vdc) of the boost  

Figure 3.5 Digital form of APF controller 
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rectifier and amplitude of the grid voltage (vg) respectively. Also, the reference current (Iqref) has to 

maintain 0 for the power factor to retain unity.  

Before the signals reach the PWM they pass through 3 proportional integrals (PI), 1 voltage control -after 

the DC link voltage- and 2 current controllers as it can be seen in figure 3.7 [79-81]. The PI’s are used to 

ensure static error and fast rise time. The block diagram of both current controllers is shown below (figure 

3.8). Idref and Id representing the input reference current and the output of the controller, respectively. 

Also, the αgi is representing the gain of the current sensor. Modulator and the voltage source converter 

shown in first order with Kd gain and a Td average delay time associate for the sizing of the current 

controller. The Kd gain equation is represented as Kd = Vref / Vmax and Vmax as the maximum amplitude of 

the triangular carrier in pulse width modulation. PI controller (Ci) [82] can represented as both 

Figure 3.6 Θ angle obtained by phase locked loop 

Figure 3.7 Full scheme of boost rectifier controller  
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   𝐶𝑖(𝑠) =  𝐾𝑝𝑖 +  
 𝐾𝑖_𝑖

𝑠
      ,    𝐶𝑖(𝑠) =  

𝑠𝑇𝑧 + 1

𝑠𝑇𝑝
                                    (E 3.20) 

 

Assuming in (E 3.20) that PI compensator is cancelling the pole deducted from grid filter, Tz it is considered 

to be equal with the Lgrid / R, where Lgrid the value of filtering inductor and R the resistance between filtering 

inductor and grid. From the figure 3.8, it can be derived the closed loop of the controller in (E 3.21) 

 

                              
 𝑖𝑑(𝑠)

𝑖𝑑𝑟𝑒𝑓 (𝑠)
=  

𝑎𝑔𝑖+ 
 𝐾𝑑

𝑇𝑑 𝑇𝑝 𝑅

𝑠2+𝑠
 1

  𝑇𝑑
+𝑎𝑔𝑖

 𝐾𝑑
𝑇𝑑 𝑇𝑝 𝑅

             (E 3.21) 

 

Later by putting together the denominators of (E 3.21) and the one from the 2nd order transfer function 

written in canonical manner (E 3.22) Tp , Kp_i = Tz / Tp and Ki_i = 1 / Tp are obtained (E 3.23). It is assumed 

that damping factor ξ is equal to 
√2

2
 [83]. 

 

         𝐺(𝑠) =  
𝜔2

𝑠2+ 2𝜉𝜔𝑠+𝜔2 
                                  (E 3.22) 

 

              𝑇𝑝 =  
2 𝑇𝑑 𝐾𝑑 𝑎𝑔𝑖

𝑅 
                                        (E 3.23) 

 

 

 

Figure 3.8 Block diagram of the internal current regulator 
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A more secure operation of the circuit is to control the DC capacitor voltage through a voltage regulator. 

The block diagam of the voltage regulator is shown in figure 3.9, with reference voltage Vref and output 

voltage Vdc. The current controller is presented as (Gi / αgi) / (Tdvs + 1). The gain of current controller (Gi) 

derived to Vg / 2 Vref from Vg Ig/2 = Vref Iref with Vg the voltage amplitude of the grid.  

Following the figure 3.9 as in current controller we conclude with the closed loop in (E 3.24) 

 

  
 𝑉𝑑𝑐 (𝑠)

𝑉𝑟𝑒𝑓 (𝑠)
=  

 𝑎𝑔𝑣𝐺𝑖
𝑎𝑔𝑖

 
 𝐾𝑝𝑣+ 𝐾𝑖𝑣

𝑇𝑑𝑣 𝐶

𝑠3+𝑠2  1

  𝑇𝑑𝑣
+𝑠

 𝑎𝑔𝑣𝐺𝑖𝐾𝑝𝑣

𝑎𝑔𝑖𝑇𝑑𝑣 𝐶
+ 

 𝑎𝑔𝑣𝐺𝑖𝐾𝑖𝑣
𝑎𝑔𝑖𝑇𝑑𝑣 𝐶

                         (E 3.24) 

 

In the same manner as in current controller the denominator is compared with the canonical from this 

time of a 3rd  order polynominal (E 3.25) compensator gains are calculated in (E 3.26). 

 

  s3 + 1.75 ω s2 + 2.15 ω2 s + ω3                  (E 3.25) 

  

  𝐾𝑝𝑣 =  
 2.15 𝐶 𝑎𝑔𝑖

1.752𝑎𝑔𝑣𝐺𝑖 𝑇𝑑𝑣
 , 𝐾𝑖𝑣 =  

  𝐶 𝑎𝑔𝑖

1.753𝑎𝑔𝑣𝐺𝑖𝑇𝑑𝑣
2 

                 (E 3.26) 

 

 

 

 

Figure 3.9 Block diagram of the voltage regulator 
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3.3 DC-DC converter 

The second part of the battery charger is a dual active bridge (DAB) (figure 3.10). A DAB is a bidirectional 

dc-dc converter composed of 2 active bridges communicating through a high frequency transformer [84-

86]. Both of the active bridges include 4 MOSFETs (TA1, TA2, TA3, TA4, TB1, TB2, TB3 and TB4) each with their 

parasitic diode. The design of the converter simply includes a leakage inductance (Lk) in series with the 

transformer. The transformer can be used for a high conversion ratio and assuring galvanic isolation as in 

this occasion.   

The circuit symmetry structure of the DAB makes easier the bidirectional power flow through the circuit. 

Also, the low number of passive elements providing with evenly split of the current between the two sides 

of the converter.  

The working principle of this topology is based on the phase shift (φ) strategy. The phase shift specifies 

the amount of power transferring in the converter and the direction of the current and is indicating on 

the equation of power transfer in (E 3.27) and in the figure 3.11 of a simplified DAB schematic. P as the 

power flowing from or to the output, V1rms and V2rms as the primary and secondary phase-shift voltage 

signals and f as switching frequency.  

 

                            𝑃 =  
𝑉1rms 𝑉2𝑟𝑚𝑠 𝑠𝑖𝑛𝜑

2𝜋𝑓 𝐿𝑘 
     (E 3.27) 

 

The phase shift is achieved by switching each full bridge with complementary pulse width modulated 

signals of 50% duty cycle and by 180ᵒ the diagonal legs of each full bridge. This switching with the addition 

of the leakage inductance and the controlling of the switches of both bridges allow the signals properly 

phase shifting and regulating the power flow.  

The difference between the phase shifting switching is shown in more detail in figure 3.12. The 4 upper 

figures are indicating the voltage of the MOSFET switches of the DAB and the last figure the current of the 

inductance. In the 2 upper figures it can observed the difference between the active bridge switches of 

the primary bridge (left side of the transformer). TA1 and TA4 diagonal switches are adapting while TA2 and 

TA3 have 180ᵒ in difference because of the complementary pulse. The 3rd and 4th figures are shown the 

first 2 diagonal switches of each bridge from the secondary active bridge (right side of the transformer). 

TB1 and TB4 diagonal switches are adapting like TA1 and TA4 diagonal switches with only differernce a small 

phase shift φ in between them. This phase shift is indicating in the last figure of current inductance the 

transient time between the minimum and maximum current.  
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By calculating the phase shift φ (1/20 of a period) from the figure 3.12 and rearranging the power equation 

in (E 3.27) and we get the leakage inductance (Lk) in (E 3.28) 

 

  𝐿𝑘 =  
𝑉1𝑟𝑚𝑠 𝑉2𝑟𝑚𝑠 𝑠𝑖𝑛𝜑

2𝜋𝑓 𝑃 
       (E 3.28) 

 

 

 

 

Figure 3.10 Classical DAB scheme 

Figure 3.11 Simplified DAB scheme operation 
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Figure 3.12 Obtaining phase shifting between the two parts of DAB 
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The capacitor (C2) and last component of the converter as shown in figure 3.13. The parameter values of 

the DC-DC converter is shown below in the table 3.2. 

 

 

  

 

 

 

 

Symbol Parameter Value 

P Rated power output 4 kW 

Vin Input voltage 400 V 

Vout Output voltage 400 V 

Lk Leakage inductor 40 uH 

C Filtering capacitor 0.34 mF 

φ Phase shift 18ᵒ 

fswitching Switching frequency 50 kHz 

Table 3.2 DC-DC converter parameter values 

TA1 TA2 

TA3 TA4 

TB1 TB2 

TB3 TB4 

Vin Vout 
Lk C2 

V1 V2 

ik 

Figure 3.13 Full scheme of DC-DC converter 
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3.3.1 DC-DC converter controller 

The controller of the DC-DC converter is simpler in comparison with the boost rectifier. This controller it 

consists of one proportional integral compensator for voltage and one integral compensator for the 

current of the battery. After the PI controllers and before the pulse width modulation a phase shift (φ) is 

depicted between the primary and the secondary switches. This phase shift is achevied  through 

mathematical expressions from PSIM. The primary switches are muliplied by a parameter of sinx while 

the secondary by sin(x1-(x2*(π/180))). 

Similar to the boost controller the block diagrams of the controllers are cited along with expression in 

order for the gains to be calculated. In the current controller block diagram shown in figure 3.14, αi is 

identified as the current sensor gain. Phase shift (φ) between the primary voltage V1rms and secondary 

voltage V2rms give the opportunity to control the power flow from and to the battery. By rearranging the 

equation (E 3.28) the gain is determined in (E 3.29).    

           

                                                                 𝐾𝐷 =  
𝑉1𝑟𝑚𝑠 𝑉2𝑟𝑚𝑠  

2𝜋𝑓 𝐿𝑘  𝐼𝐷𝐶_𝑜𝑢𝑡
                                                                         (E 3.29) 

 

Also regarding figure 3.14 the close loop is obtained in (E 3.30), placing IDC_out and IDC_ref after the C2 

 

  

                     
 𝐼𝐷𝐶_𝑜𝑢𝑡(𝑠)

𝐼𝐷𝐶_𝑟𝑒𝑓 (𝑠)
=  

𝑎𝑖 
 𝐾𝑖 𝐾𝐷

𝑇𝑑_𝑖 

𝑠2+𝑠
 1

  𝑇𝑑_𝑖
+𝑎𝑖 

 𝐾𝑖 𝐾𝐷
𝑇𝑑_𝑖 

            (E 3.30) 

 

Comparing the denominator of second order transfer as in boost controller with the denominator in (E 

3.30), the integral gain is shown in (E 3.31). 

 

    𝐾𝑖 =  
1  

2 𝑇𝑑_𝑖 𝐾𝐷𝛼𝑖
                              (E 3.31) 

 

This voltage controller is able to ensure that the maximum voltage will not be exceeded in the battery 

part and cause any damage to the system. In the figure 3.15 below the voltage controller with the internal 

current control is shown, where αg_v appears as the voltage sensor gain. In the (E 3.32) transfer function 

of current controlling system is used to size the voltage controller.  
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 𝐼𝐷𝐶_𝑜𝑢𝑡(𝑠)

𝐼𝐷𝐶_𝑟𝑒𝑓 (𝑠)
=  

 1

  𝛼𝑖

1
 1

  𝑠𝑇𝑑_𝑣+1

                                 (E 3.32) 

 

Also by having alike closed loop transfer function as in (E 3.26), the compensator gains are illustraded in 

(E 3.33). 

 

  𝐾𝑝_𝑣 =  
 2.15 𝐶2 𝑎𝑖

1.752𝑎𝑔_𝑣 𝑇𝑑_𝑣
 , 𝐾𝑖𝑣 =  

  𝐶2 𝑎𝑖

1.753𝑎𝑔_𝑣𝐺𝑖𝑇𝑑_𝑣
2 

                (E 3.33) 

 

  

 

 

 

 

 

Figure 3.14 Current controller block diagram 

Figure 3.15 Voltage controller block diagram 
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3.4 Battery  

The third and last part of the converter is a model of a battery. In the previous section of DC-DC converter, 

the circuit was composed of 2 ideal voltage sources of equal voltage 400V as input and output. In the 

current section the voltage source will be replaced by a battery model. The battery model will give a more 

realistic approach of a bidirectional battery charger.  

The battery cell circuit proposed in figure 3.16 is of a Lithium-ion (Li-ion) through a Thevenin-based 

electrical equivalent curcuit. Vin is considered as the open circuit voltage (OCV), Vout the terminal voltage, 

R0 the internal resistance, R1 to N the dynamic resistances and respectively the dynamic capacitances C1 to N 

[87]. The resistances and the capacitors values of a battery model vary due to several factors such as the 

temperature, cycle life, current direction etc.  

The example in [88] illustrates a battery cell model which consists the internal resistance and 2 RC 

branches. The internal resistance is representing the losses from the electrodes and the connectors, the 

first LC branch the effects on the surface of the electrodes and the second branch the diffusion procedure 

in the electrolyte. In a battery model the amount of RC brances are analogous to the desired accuracy. 

The normal amount of branches are from one to three.  

The components which consist the battery cell can either be calculated or measured experimentally. An 

approach of experimentally collecting results is shown in [89] with a polymer Li-ion battery cell. The cell 

structure is the same as in [88] with the internal resistance (R0) the two RC brances dealing with the first  

 

Figure 3.16 Battery cell circuit 



CHAPTER 3. Simulation results                  48 

 

branch as short time (Rshort , Cshort) and the second as long time (Rlong , Clong) transients.  All components are 

functions of state of charge (SOC). 

     

   𝑅0 =  0.1562 𝑒−24.37  SOC  +  0.07446                  (E 3.34) 

   𝑅𝑠ℎ𝑜𝑟𝑡  =  0.3208 𝑒−29.14  SOC  +  0.04669                 (E 3.35) 

   𝐶𝑠ℎ𝑜𝑟𝑡  =  752.9 𝑒−13.51  SOC  +  703.6                  (E 3.36) 

     𝑅𝑙𝑜𝑛𝑔  =  6.603 𝑒−155.2  SOC  +  0.04984                 (E 3.37) 

   𝐶𝑙𝑜𝑛𝑔 = −6056 𝑒−27.12  𝑆𝑂𝐶  +  4475                  (E 3.38) 

In the current case it is assumed that a battery pack of polymer Li-ion cells of 3.7V and 800mAh is used to 

form the battery model. Assuming that the battery package operates at 400V and 10A, a number of 108 

cells formed in series and then in 12 parallel modules. This battery model consists only of one RC branch 

(R1 , C1) along with the internal resistance (R0) and the input voltage (Vin). This design selected because the 

accuracy of the software does not compromise by other factors. An example of this approach can be seen 

in the [90].  

C1 is reperesenting the total energy storage of the battery [90,91] in the capacitors and is defined in the 

expression (E 3.39). Pout is defined as the output power of the battery package 4kW, Vmin and Vmax as 

the maximum and minimum output voltage, 410V and 390V respectively. The expression is calculated in 

kWh. 

 

     𝐶1 =  
2 (3600 𝑃𝑜𝑢𝑡)

𝑉𝑚𝑎𝑥
2−  𝑉𝑚𝑖𝑛

2                   (E 3.39) 

  

Therefor the value of C1 is 1800F, R0 has chosen to be 0,4Ω and R1 as 4Ω. R1 has chosen to be significant 

larger than R0 in order to reduce the speed of discharge.  

 

3.4.1 Charging Technique 

Different techniques can be used to achieve battery charging [92,93,94]. Some methods are for fast 

charging, other more economical or simple to design and others safer for the equipment. One good 

example in terms of economy and simplicity of design is the overnight charger. This charger operates in a 

constant current mode with a trickle current, a small amount of current which need around 10 hours to 

full capacity. The drawback in this technique is the dependence of the user to manage the charging 

process, something that may lead to overcharging of the battery.  
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A technique which is more in favour of fast charging is by using an increasing constant current (CC) 

charging. This technique it needs a more advance circuitry than the overnight charger which will terminate 

the charging when it reaches full capacity. This method provides with a fast charging (2 to 3 hours), but it 

gives some disadvantages in long-term usage. The constant high current charging causes different 

problems in the electrochemical process [95] and as a result the battery’s cycle life reduced as well with 

its capacity. 

A more known and most usable charging technique is a similar approach to the second approach. In this 

method a constant current is applied until the voltage rises in a pre-set point. At this point constant 

voltage (CV) mode will be on, with constant voltage held constant while the current will decrease 

gradually. As soon as the current reaches a minimum value it will stop charging.  This approach of charging 

is used also in this section but without the last part of dropping the current in the last phase, as it can be 

seen in figure 3.17.  

In the figure 3.18, the battery circuit explained in battery circuit section is shown. In parallel with the 

battery, it can be seen a current and a voltage source. The current source represents the reference current 

applied from the controller in order to achieve constant current mode while the Vin switch is activated as 

soon as the voltage sensor reach the pre-set maximum voltage and turn the circuit in constant voltage 

mode. As it was mentioned, a maximum voltage has been set with a comparator on the end of battery 

circuit at 410V and another comparator for low voltage limit at 390V. Those 2 limits will  

Figure 3.17 EV battery charging technique using CC/CV technique 
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keep the battery from overcharging and depleting the battery respectively. A reference voltage Vb_ref is 

set slightly above the limit of the voltage comparator at 415V. The substaction with the masurement 

voltage Vb_meas from the voltage sensor will pass through the voltage PI controller calculated from the DC-

DC converter controller section.  After the PI controller the switching part takes place, showing that the 

voltage is induced the circuit in case the voltage range of the battery is above 410V and lower than 390V, 

having constant voltage. In the other hand if the voltage range in the battery is between 410V – 390V, 

reference current is induced, entering constant current mode. After the switches, the result is substacted 

from the meaured battery current Ib_meas , placed between the battery and end of DC-DC converter (here 

after the Vin switch). The last part is a current PI controller also calculated in DC-DC converter controller 

section and then a phase-shift φ is obtained (figure 3.19).  

Figure 3.18 Battery circuit scheme 

 

Figure 3.19 Controller of battery circuit 
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3.4.2 Soft charging 

After the completion of the bidirectional battery charger circuit, a start–up inrush current has been 

observed on the AC and DC part. A solution to supress this start-up inrush currents is a soft start circuit 

strategy [96]. A simple solution of a resistor in parallel with a time sharing switch has been applied in both 

parts. Initially both capacitors C and C1 charging through the resistors Rss_1 and Rss_2 that are limiting the 

inrush current. As soon as the capacitors are charged the switches are closing giving a low resistance way 

for higher current values. The switch on the AC side Sss_1 is closing at 1,8 second which is parallel with Rss_1 

of 25Ω and Sss_2 is closing at 0.03 second which is parallel with Rss_2 of 10Ω. 

 

 

3.5 Black-box model for linear simulation of a battery charger 

The three main circuit topologies of the charger -boost rectifier, DC-DC dual active bridge, battery circuit- 

have been explained in detail in the terms of operation and giving adequate evidence of the values 

selected. Beside the circuits, the controller of the boost rectifier and the dc-dc converter explained along 

with the charging technique of the battery circuit.  

This section will cover the transformation of the power simulation battery charger observed previously. 

The identification process as mentioned before in the literature review is the pathway to follow in order 

to achieve the black-box model. This battery charger is a bidirectional single phase with operating steps 

in both ends of the scheme.  

Figure 3.20 Switching single-phase bidirectional battery charger  
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In the figure 3.20 the first part of the identification process is shown. The full scheme of the single-phase 

bidirectional battery charger is picked up. On the two ends it shows the data collection from the simulation 

circuit featuring the current step of 3A to 9A charging the battery. We must have in mind that these two 

points are the last visible points before entering the black-box.  

A better view of a black-box model is illustrated in the figure 3.21. The current simulation battery charger 

is transformed into a block diagram of a black-box model. The input variables in the system are shown in 

the left side and the outputs on the right side of the black-box model. Iref is the control reference current 

and the Qref the control reference reactive power and Ibat the battery output current. Except the dc variable 

an AC variable is entering the black-box charger. The Vα variable is the single-phase AC input voltage. As 

it is well known the black-box model is familiar with the DC input/output values. In case of AC values, a 

preparatory work has to be preceded. In case of our example an AC single phase is going through an 

orthogonal signal generator which is giving an identical signal with a 90ᵒ phase shift, Vβ. Vα and Vβ are still 

in the AC framework until a rotation from an α-β to d-q transformation box applies. Therefor by gaining 

the new values of Vd and Vq the part of input variables is complete. In the output part in order to depict 

the AC value Iα from Id and Iq a reverse rotation of the previous transformation box is needed, from d-q to 

α-β.  

The input variables (Vd, Vq, Iref, Qref) are subtracted by the respective nominal values (Vd
dc, Vq

dc, Iref
dc, Qref

dc) 

giving a small signal perturbation of the input variables in the black-box model. On the other hand, the 

output nominal values (Id
dc, Iq

dc, Ibat
dc) are added to the small-signal perturbations. These small-signal 

perturbations are applied in one input variable per time observing the changes in each output variables. 

This procedure is useful to obtain the transfer functions of the model through identification algorithms. 

In a model like in figure 3.21 with 4 inputs and 3 outputs 12 transfer functions can be obtained. All 

perturbations in that figure are represented by �̂� letters. 

 

Figure 3.21 Block diagram for a black-box model of battery charger 
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The matrix equation (E 3.40) shows the inputs and outputs of the black-box model in figure 3.21 along 

with 12 transfer functions.  

 

                                                                                                                                                               (E 3.40) 

  

 

The subindex in the left-hand side of the matrix it shows the outputs variables of the system while the 

right-hand side the input variables. Ydd(s), Ydq(s), Hdref(s), Hdq(s), Yqd(s), Yqq(s), Hqref(s),  Hqq(s), Ybatd(s), Ybatq(s), 

Hbatref(s), Hbatq(s) are representing the dynamic response of the system.        

As an example, choosing the first transfer function Ydd (s), we can see the response on the d-component 

of the output current created by the input voltage d-component perturbation. At the same moment, the 

rest of the input kept constant. This explanation can be seen in the following mathematical expression (E 

3.41). Likewise, the rest of the transfer functions have been created.   

 

    𝑌𝑑𝑑(𝑠) =  
�̂�𝑑(𝑠)

�̂�𝑑(𝑠)
│𝑣𝑞(𝑠) = 0, 𝑖�̂�𝑒𝑓(𝑠) = 0, �̂�𝑟𝑒𝑓(𝑠) = 0                               (E 3.41)  

Figure 3.22 Identified transfer functions for battery charger 
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In figure 3.22 the transfer functions from (E 3.40) are shown below to fill the black-box model space of 

figure 3.21. The transfer functions have been estimated in a time domain with sample time 1e-6 following 

the simulation (PSIM) model.  

An equivalent circuit of the block diagram in figure 3.21 and the mathematical expression in (E 3.40) of 

the complete black-box model can be seen in the figure 3.23.  

 

3.5.1 Comparison of black-box and switching model 

After the estimation of the transfer functions -in this case from transfer function models, continuous time- 

and the implementation of the black-box model, the last step is to validate the linear models. The results 

from the first simulation charger are depicted and along with black-box model results their similarity will 

be illustrated. The 3 type of the tests implemented were from the reference control current, the reactive 

control power and the voltage amplitude control.  

In each control, a perturbation equal to the step applies in the specific control in order to create the linear 

models. By keeping the rest of the inputs without any power steps (E 3.41) and with the response on the 

output variables the procedure for the linear model creation will be initiated. As an example, for the 

creation of the transfer function of the reactive power in test 1, the control starts from 0 (in the Qref input) 

at steady state and increases by 1KVar. All captions have been taken in the same duration of time.  

 

Figure 3.23 Equivalent circuit of the black-box model of battery charger 
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The first type of tests applies in the boost rectifier, on the control of reference reactive power in the PSIM 

battery charger. The identification procedure from control reference current, creates through Matlab 

identification tools 3 transfer functions. The transfer functions created are marked in the figure 3.22 with 

red colour (Hdq, Hqq, Hbatq). The black-box model is using these linear transfer functions in the same tests 

to compare with the PSIM tests related to the changes from the reference control reactive power. In this 

test the current control will remain at 3A in G2V mode. 

In the figure 3.24 the first test of controlling the reactive power is shown. Initially no reactive power is 

applied in the charger and at a time of 0.05s a step of 1KVar is added in the input of the reactive power 

(Qref) and the system is charging with inductive operation. The first two graphs of the figure 3.24 portrayed 

the black-box results in blue colour while in the last graph in blue and yellow. In the upper part of the 

graph is illustrating the change caused by the addition of the step in the AC current. The middle graph of 

the same figure it shows the phase-shifting of the AC current with respect of the AC Voltage. Lastly in the 

bottom of the graph, shows how the d-q components -in dc part- of the AC current are affected. 

As in the previous example of controlling the reactive power, the identification process through Matlab 

identification tools will be used to create the respective transfer functions. The 3 transfer functions are 

indicated in figure 3.24 with brown colour (Ydd, Yqd, Ybatd). The black-box model will use these linear transfer 

functions in the same tests to compare with the PSIM tests related to the changes from the voltage 

amplitude. 

The second type of tests applies on voltage amplitude through the Vd output of an αβ/dq transformation 

block in the PLL on the controller of the boost converter keeping the phase angle constant. Due to the 

boost rectifier design, the change in the voltage can be applied only if there is a value in the Qref input 

and therefor this leads to keep the 1KVar from the previous test. In the phase locked loop (PLL) figure 3.6 

from the boost rectifier controller section, the Vd will act as the input to create the linear model. The DC 

voltage of the d-q framework (Vd) initially operates in 325V and in a certain moment a step of 60V is 

applied at 0.1s. The middle graph of figure 3.25 shows the change of AC current from the 60V step while 

in the upper the change of the AC current is shown in respect with the AC voltage. In bottom as in the 

previous figure 3.24 show the d-q components of the AC current. Also, in this caption all results are taken 

in the same duration of time. 

The third type of test is dedicated in the dc-dc converter and applies on the control of reference dc current 

(IDC_ref) in PSIM at a certain time. All captions are also in the same time duration. After the identification 

process through identification tools in Matlab, the transfer functions caused by the change in the control 

reference current are shown in figure 3.22 with green colour (Hdref, Hqref, Hbatref). The black-box model will 

use these linear transfer functions in the same tests to compare with the PSIM tests related to the changes 

from the reference control current.  

The first test of the reference control current it operates in a G2V mode (figure 3.26). Initially the current 

is operating in a steady-state mode in 3A and at 0.05s a 6A step is applied. The upper graph from the 

figure 3.26 is illustrating the AC current response from the 6A step. The following graph shows the AC  
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current response along with the AC grid voltage and the 3rd graph the changes in d-q components of the 

AC current. In the bottom graph of the figure 3.26 the change in the battery current is shown. 

The second test from the reference control current is shown in figure 3.27 and operates in V2G mode. In 

this test the initial steady-state is in V2G at -3A indicating the opposite direction of the current. A negative 

step of -3A is applied at 0.1s keeping the negative current value at -6A. The upper graph shows the phase 

change of AC current with AC voltage by 180ᵒ due to the opposite direction of the current. The below 

graph shows the change in the AC current from the current step and the following its d-q components 

affect. In the bottom graph the battery current change is shown.   

The last test on the reference control current it operates in both G2V and V2G modes (figure 3.28). It can 

be easily observed whether the current is induced to the battery (Vac and Iac in phase) and whether current 

is sent back to the grid (Vac and Iac phase shift by 180ᵒ). At start battery charger is operating in a G2V mode 

at a steady-state current of 3A. At 0.1s a negative step of 6A is applied on the controller causing the 

direction of the current to change and the battery charger operate as V2G. The graphs shown in 3.28 have 

the same pattern as in 3.27. The upper graphs with the combination of AC voltage and current, followed 

by the AC current graph and its d-q components and in the bottom graph the battery side current.  

The last 3 transfer functions from figure 3.22 in purple (Ydq, Yqq, Ybatq) can be created by applying a 

perturbation in Vq DC value. The procedure is identical to the creation of Vd since the Vq data are taken 

from the PLL figure. Although the validation of these 3 transfer functions is responsible for the change. 

The procedure is identical to the creation of Vd since the Vq data are taken from the PLL figure. Although 

the validation of these 3 transfer functions is responsible for the change in the phase angle and not on 

the peak amplitude of the system like in the Vd. 

The identified functions created for the black-box modelling are listed in the table 3.3 in mathematical 

expressions.  
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Figure 3.24 Results comparison between switching and black-box model for a step of 1KVar 
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Figure 3.25 Results comparison between switching and black-box model for a step of 60V  
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Figure 3.26 Results comparison between switching and black-box model for a step of 6A 

step 
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Figure 3.27 Results comparison between switching and black-box model for a step of -3A 
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Figure 3.28 Results comparison between switching and black-box model for a step of -6A 
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Tests Transfer Functions Identified Transfer Functions 

 

 

Test 1 

𝐻𝑑𝑞(s) −0.1924𝑠2 + 1.6411𝑠 − 3.519

𝑠3 + 70.64𝑠2 +  4340𝑠 + 69110
 

𝐻𝑞𝑞(𝑠) −0.1924𝑠2 + 1.6411𝑠 − 3.519

𝑠3 + 70.64𝑠2 +  4340𝑠 + 69110
 

𝐻𝑏𝑎𝑡𝑞(𝑠) Neglected 

 

 

Test 2 

𝑌𝑑𝑞(𝑠) −588.7𝑠2 − 1.041𝑒4𝑠 − 3.927𝑒4

𝑠4 + 469.9𝑠3 +  9.138𝑒4𝑠2 + 4.368𝑒6 + 1.445𝑒8
 

𝑌𝑞𝑞(𝑠) 1.409𝑠 + 50.14

𝑠2 + 100.5𝑠 + 3182
 

𝑌𝑏𝑎𝑡𝑞(𝑠) Neglected 

 

 

Test 3 

𝐻𝑑𝑟𝑒𝑓(𝑠) −14𝑠2 + 4051 + 1.285𝑒5

𝑠3 + 59.9𝑠2 +  3605 + 4.7𝑒4
 

𝐻𝑞𝑟𝑒𝑓(𝑠) −0.155𝑠3 + 48.39𝑠2 − 6039𝑠 − 3845

𝑠3 + 71.57 +  4218𝑠 + 9.977𝑒4
 

𝐻𝑏𝑎𝑡𝑟𝑒𝑓(𝑠) −30.46𝑠 + 6.21𝑒4

𝑠2 + 927.4𝑠 + 6.21𝑒4
 

 

 

Test 4 

𝐻𝑑𝑟𝑒𝑓(𝑠) −14.77𝑠 + 5134

𝑠2 + 70.15𝑠 + 2081
 

𝐻𝑞𝑟𝑒𝑓(𝑠) 6.884𝑒5𝑠 − 6.651𝑒4

𝑠4 + 262.2𝑠3 +  2.608𝑒4𝑠2 + 1.111𝑒6 + 2.017𝑒7
 

𝐻𝑏𝑎𝑡𝑟𝑒𝑓(𝑠) 107.1𝑠 + 1.653𝑒4

𝑠2 + 264.1𝑠 + 1.649𝑒4
 

 

 

Test 5 

𝐻𝑑𝑟𝑒𝑓(𝑠) −16.09𝑠 + 5857

𝑠2 + 74.34𝑠 + 2208
 

𝐻𝑞𝑟𝑒𝑓(𝑠) −5568𝑠2 + 2.408𝑒6𝑠 − 1.99𝑒5

𝑠4 + 668.6𝑠3 +  7.287𝑒4𝑠2 + 3.512𝑒6 + 6.37𝑒7
 

𝐻𝑏𝑎𝑡𝑟𝑒𝑓(𝑠) 80.16𝑠 + 1.971𝑒5

𝑠2 + 1747𝑠 + 1.971𝑒5
 

Table 3.3 Identified transfer functions from the switching model 
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3.6 Introduction of system level battery chargers 

In the previous sections, a step-by-step procedure was followed to create a fully operating bidirectional 

battery charger in power simulation (PSIM). The charger was composed of two converters, one boost 

rectifier and a dc-dc dual active bridge followed by a battery. The charger as it was also mentioned in the 

introduction it was neither the simplest nor the most complex. Also, a method for identification of this 

device has been implemented and is called black-box model. A method which can represent the procedure 

of a device accurately without any insight information only by collecting the input and output signals. 

Following the literature review, one of the classifications on battery chargers is the on and off-boards 

which means chargers could exist outside and inside the vehicles. In this section two off-board chargers 

will take place in order to check the exchange of power between of more than one charger.  

The battery charger indicated in the previous section will be used in the current part once more but in 

parts. One of the simplest bidirectional battery chargers is a boost rectifier, similar of the one which is 

fully explained in the section boost rectifier together with the controller. Two EV batteries as off-board 

chargers are connected through two individual dc-dc dual active bridges and with their mutual connection 

point to the boost rectifier. Once more the dc-dc dual active bridges and the EV batteries are identical 

with the previous section.  

In the following scheme (figure 3.29) the idea of exchange power between the grid and two EV’s indicated 

as batteries is shown. DC-DC converters are added as a middle point of dc bus between the batteries and 

the boost converter and then to the grid.  

Figure 3.29 Block diagram of system level battery chargers 
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Later a switching model in PSIM and an extensive procedure of exchange power will be portrayed 

accompanied with results from both sides of the circuit. As well as in the previous sections a black-box 

model of this system level will be implemented testing the accuracy between the model and the power 

simulation charger. 

 

 

3.7 Small-signal Black-box model for linear simulation of a system level 

battery chargers 

This scheme in figure 3.30 is an actual micrograph of a system level of battery charger. This number of 

vehicles would interact simultaneously with the grid and exchange power back and forward wherever 

there is a need. In this case which we examine the lowest level of system level will appear with two 

batteries representing two EV’s without charger (off-board).  

This circuit is similar to the bidirectional battery charger of the previous section. The only difference is the 

addition of an extra DC-DC converter along with an EV battery is added as an off-board charger. The two 

dc-dc converters are connected in a common point representing a dc bus and then to the boost rectifier 

followed by the grid.      

 

Figure 3.30 System level of 2 connected battery chargers 
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The procedure of the small-scale system level starts from the point that is left in the previous section. The 

circuit scheme was the boost rectifier connected to the grid from the left side and on the right side the 

first dc-dc converter followed by the battery. The circuit is working at a certain power level. The secondary 

battery with its corresponding DAB converter is connected and working with different power level. In a 

designated time, the switches which are isolating the secondary battery from the rest of the circuit are 

closing and are entering the system.  

In difference with the previous scheme, in the ‘system level’ scheme a clearer approach about identifying 

the small-signal black-box model will be followed. The scheme of figure 3.31 is decomposing the system 

level scheme into three parts, 2 DC/DC converters and 1 AC/DC. This decomposition is implemented for a 

better performance of the scheme since an addition of a secondary converter is added. As it derives the 

identification process will be followed for three black-boxes instead of one.  

Since the 2 DC/DC converters are identical the tests will be implemented only once. In the left side of the 

DC/DC converters a DC source of 400V is added in order to simulate the constant voltage which exists in 

the connection between them. The input variables of the 2 DC/DC converters are the current control 

references (Iref1 for the primary converter and Iref2 for the secondary) and the input voltages (Vin1 for 

primary and Vin2 for secondary). The input variables (Iref1, Iref2, Vin1, Vin2) are subtracted by the respective 

nominal values (Iref1
dc, Iref2

dc, Vin1
dc, Vin2

dc) giving a small signal perturbation of the input variables in the 

black-box model. In the output the respective nominal values (Ibat1
dc, Iout1

dc, Ibat2
dc, Iout2

dc) are added to the 

output perturbations giving the output variables. The output variables consist of the output battery 

currents (Ibat1 for the primary and Ibat2 for the secondary) on the batteries side and the output currents 

(Iout1 primary, Iout2 secondary) as the currents connected to the DC part of the AC/DC converter.  

The AC/DC converter has 4 inputs, 2 on the AC side consisted of Iac and Vac as current and voltage of the 

grid and on the DC side Voutref controlling the bus voltage at 400V and Qref as the reference of reactive  

Figure 3.31 Block Diagram of the battery charger with two batteries 
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power. The summation of the 𝐼out1 and  𝐼out2 introduces  𝐼out3 as an input in the DC part of the AC/DC 

converter. Iout3 is entering the converter and then the current it seems to split in 2 parts (Figure 3.31).  

In the figure 3.32, d-q framework perturbation currents (𝑖d̂, 𝑖q̂) and voltages (𝑣d, 𝑣q) are shown in the 

output and input respectively of the boost converter block diagram. These values come from rotation 

block of αβ/dq and nominal values Id
dc, Iq

dc, Vd
dc, Vq

dc are subtracted giving out the d-q perturbation values. 

The output voltage perturbation (𝑣out) is obtained from the subtraction of the nominal output voltage 

(Vout
dc), the voltage which returns back to the 2 input voltages of the DC/DC converters (Vin1 and Vin2). 

In the equations (E 3.42a, E 3.42b) the transfer functions procedure of the 2 DC/DC converters is shown. 

The operation point of the reference control currents is set at -2A and a small perturbation of -0.5A is 

applied. The same procedure is applied in both input voltage with a steady state operation point set in 

400V is affected by a small perturbation of 80V while the control reference current is in steady state 

conditions. The small signal perturbations added one per time in each input signal affect 4 different 

outputs. Therefor in the end 8 transfer functions are collected presenting the dynamic response of the 2 

DC/DC converters. The subindex in the right hand side it shows the inputs of the 2 DC/DC converters (𝑣in1 

, 𝑣in2 , 𝑖r̂ef1 , 𝑖r̂ef2) and on the left their output (𝑖b̂at1 , 𝑖b̂at2 , 𝑖ôut1 , 𝑖ôut2) while in the middle their linear transfer 

functions (Ybat1in1, Hbat1ref1, Ybat2in2, Hbat2ref2, Yout1in1, Hout1ref1, Yout2in2, Hout2ref2 ).       

 

 

                                                (E 3.42a) 

                             

                            (E 3.42b) 

 

 

Figure 3.32 Block diagram of the black-box model showing the perturbation of the input and output 

variables 
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In the same pattern the AC/DC converter is tested as in DC/DC converters. Here there is only one input 

and consequently there is no need of bear in mind the equation (E 3.41). The rest of the AC/DC converter 

inputs (𝑣d, 𝑣q, 𝑣outref,�̂�ref) are assumed to kept constant.  In the AC/DC converter the response from the 

test is added -after removing the starting nominal current and place it initially to 0- on the current DC 

output of the converter. In equation (E 3.43) the input of AC/DC converter is indicated as 𝑖ôut3, the output 

signals as 𝑣out , 𝑖d̂ , 𝑖q̂ and the dynamic responses as Youtout3 , Hdout3 , Hqout3 respectively. The perturbation in 

order to obtain transfer function was 0.5A. 

 

                                                (E 3.43) 

 

All transfer functions have been identified with transfer function models in a continuous time and are 

indicated in the table 3.4. After the identification of the 3 converters the 2 DC/DC converters are added 

with the aid of 2 current source controllers while the AC/DC with a voltage source controller. The addition 

of the 2 currents from the DC/DC converters (𝑖ôut1 form DC/DC1 and 𝑖ôut2 from DC/DC2) is indicated as Iout3 

and being introduced as an input in the DC part of the AC/DC converter. The return of the voltage (𝑣out) is 

done through the voltage controller back to the voltage inputs (Vin1 and Vin2) of the DC/DC converters.  

The contribution of the system level subchapter is the development of the black-box strategy not only for 

a single stage converter as before but reaching a higher degree of complexity connecting a number of 

secondary converters to the primary converter and prove the accuracy of the system with black-box 

strategy. This concept is achieved by adding 2 dc-dc converters in parallel connected to a dc bus with the 

primary ac-dc converter. Following the comparison of the PSIM simulation model representing a switching 

model will be compared with the black-box model created in Matlab which will show the accuracy of this 

strategy. 
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Output/Input Transfer 

functions 
Identified Transfer Functions 

Iout1/Iref1 Hout1ref1(s) 8.113𝑠 + 1.122𝑒5

𝑠2 +  1072𝑠 + 1.118𝑒5
 

Iout1/Vin1 Yout1in1(s) Neglected 

Ibat1/Iref1 Hbat1ref1(s) −6.196𝑠 + 1.552𝑒6

𝑠2 +  1.362𝑒4𝑠 + 1.552𝑒6
 

Ibat1/Vin1 Ybat1in1(s) Neglected 

Iout2/Iref2 Hout2ref2(s) −16.55𝑠 + 1.683𝑒5

𝑠2 +  1537𝑠 + 1.591𝑒5
 

Iout2/Vin2 Yout2in2(s) −1.746𝑒 − 3𝑠5 + 286.9𝑠4 + 5.387𝑒4𝑠3 + 1.317𝑒6𝑠2 + 5.277𝑒7𝑠 + 9.148𝑒8

𝑠5 +  8497𝑠4 + 1.472𝑒6𝑠3 + 8.501𝑒7𝑠2 + 1.518𝑒9𝑠 + 7.184𝑒10
 

Ibat2/Iref2 Hbat2ref2(s) −6.196𝑠 + 1.552𝑒6

𝑠2 +  1.362𝑒4𝑠 + 1.552𝑒6
 

Ibat2/Vin2 Ybat2in2(s) −1.746𝑒 − 3𝑠5 + 286.9𝑠4 + 5.387𝑒4𝑠3 + 1.317𝑒6𝑠2 + 5.277𝑒7𝑠 + 9.148𝑒8

𝑠5 +  8497𝑠4 + 1.472𝑒6𝑠3 + 8.501𝑒7𝑠2 + 1.518𝑒9𝑠 + 7.184𝑒10
 

Vout/Iout3 Youtout3(s) −100.8𝑠3 − 4397𝑠2 − 1.138𝑒5𝑠 − 6.91𝑒5

𝑠4 +  75.78𝑠3 + 3392𝑠2 + 5.45𝑒4𝑠 + 7.758𝑒5
 

Id/Iout3 Hdout3(s) 4.35𝑒4𝑠 + 1.077𝑒7

𝑠3 +  1641𝑠2 + 1.274𝑒5𝑠 + 4.113𝑒6
 

Iq/Iout3 Hqout3(s) 7188𝑠 − 5841

𝑠3 +  160.4𝑠2 + 9131𝑠 + 1.798𝑒5
 

3.7.1 Comparison of small-signal black-box and switching model 

The last part of identification process of creating a black-box model is the validation part. In this part a 

test will be implemented with an extensive bandwidth of operations showing the accurate operation of 

this system level battery charger connection. In more detail the battery currents of the primary and 

secondary batteries will be shown along with the AC current responses.  

The changes on the circuit have been set exclusively from the reference current point of the two dc-dc 

converters controllers. A single test implemented in the current section but with an extensive bandwidth 

of operations as it is shown below. The transfer functions have been estimated in a time domain with 

sample time 1e-6 following the simulation (PSIM) model. 

The test starts with the primary DC/DC converter and the AC/DC converter operating in grid to vehicle 

mode with an operating point set at 2A controlled by the primary reference current control Iref1. In 0.6s a 

step of -4A applies in the Iref1 causing a change of operating mode from grid to vehicle to vehicle to grid 

and resulting with a current of -2A in the primary battery current. In figure 3.33 this operation is shown 

with black-box model to be indicated in orange colour and PSIM switching model in blue.  

Table 3.4 Identified transfer functions from the system level model 
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The next step acts at 0.7s adding the second DC/DC converter with the EV battery by activating the 

switches and entering the primary scheme. This second DC/DC converter it was already set at 5A in grid 

to vehicle mode with the secondary reference current control Iref2.  

 

Figure 3.33 Results comparison between switching and black-box model for DC output of primary 

DC-DC converter  

 

Figure 3.34 Results comparison between switching and black-box model for DC output of secondary 

DC-DC converter  
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Figure 3.35 Results comparison between switching and black-box model for AC output of Current 

Figure 3.36 Results comparison between switching and black-box model for DC bus voltage 

connection point 
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The summation of the 2 different currents changes once more the mode of operation to grid to vehicle. 

The final step is a 2A step at 0.85s in the secondary reference current control Iref2 concluding the summing 

current at 7A in a grid to vehicle mode. Figure 3.34 the operation in the secondary battery current is shown 

through the experiment. As it can be seen before 0.7s no movement of current is appeared. The reaction 

of the summation it is shown with a pick of current at 0.7s launches the operation of this part. In orange 

colour it is shown once more the black-box model and in blue the PSIM switching model. 

Figure 3.35 is shown the resulting AC current response during the test. In the upper figure it can be seen 

the AC grid current (in orange) from PSIM switching model and the black-box model (in blue) of the AC 

current showing the accuracy of the model. In the bottom of the graph of the figure, the voltage in the 

connection point of the two dc-dc converters is illustrated in orange colour along with the black-box model 

in blue.  Moreover, the d-q components of the AC switching current are displayed in orange with their 

respective model in blue in figure 3.36. 

All the results show a very good accuracy of the black-box model compared with switching model used as 

a reference. These results will be validated again experimentally in the next chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER   

4 Experimental results 

 

4.1 Introduction  
 

The main purpose of this chapter is the evaluation of the proposed Behavioural Small-signal and Large-

signal Black-box models for unidirectional and bidirectional battery chargers through their comparison 

with experimental results. To some extend in chapter 3, the accuracy of the proposed models has been 

already tested through virtual prototyping using the PSIM simulator as the valid reference to be compared 

with the outcomes generated by the black-box models. In practice, in chapter 3, it is a comparison among 

behavioural models and switching models, assuming that switching models are accurate enough to be 

established as the reference. 

But now, it is time to avoid any proxy and represent the actual converters by themselves in an 

experimental setup, making the desired comparison fair. On the other hand, it is true that very often the 

experimental setup includes parasitic that are not estimated properly by the models, but in our approach, 

the model is generated through different tests in the actual converter, and this implies, that in principle, 

most of the characteristics of the converter, including the parasitic, would be identified by the model. In 

this statement, the bandwidth limitation due to the finite rising time of the applied step functions is not 

considered. 

In this section, 2 sets of experiments will be described. In both, the bidirectional battery charger is 

represented by a commercial CINERGIA B2C30 (Bidirectional DC source 27kW/30A per channel/ 90A). This 

is a very flexible power source able to work in many operating modes. In the two experimental setups the 

power source operates as bidirectional AC/DC power converter behaving as a current source in the DC 

side. This means that the output DC current is controlled independently of the load. When the DC current 

reference is set to a positive value, the converter is operating in the G2V (Grid to Vehicle) mode, charging 

the battery. On the other hand, when the DC current reference is set to a negative value, the power 

converter is operating in V2G (Vehicle to Grid) mode giving energy from the DC side to the grid. Power 

source CINERGIA B2C30 is represented in figure 4.1.  
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A back-to-back topology of the converter’s hardware is illustrated in figure 4.2 [97]. CINERGIA B2C30 

equipment uses in both ends EMC filters. Those filters are used for reducing in between mains of power 

supply and the drives, the transfer of electromagnetic noise. After the EMC filter in the grid side of the 

topology, an LCL filter is applied. The scope of this filter is reducing total harmonic distortion and current 

distortion on higher or equal frequencies of switching frequency. The next box shows an AC/DC converter. 

This converter is composed of three-branch insulated-gate bipolar transistor IGBT active rectifier with 

bidirectional power flow. This rectifier controls the dc link voltage and at the same time exchanges 

sinusoidal current from or to the grid. Next part of the topology is a three-branch IGBT DC-DC converter 

also with bidirectional power flow ability regulating the output, in this case the dc current. Last part of the 

topology is an LC filter which is used to reduce the current distortion formed by switching, at the output 

of the circuit. 

The open cabinet of the CINERGIA B2C30 equipment is shown in figure 4.3. In the figure are indicated 9 

different features of the equipment. Point 1 is showing the AC input breaker while the point 2 the 

converter output to the equipment under test. Points 8 and 9 are shown the earth protection points.  

Points 3 and 4 are indicating the four operation modes of the dc output. At point 3 independent and 

parallel modes are in place 0 and 1, respectively. Likewise, at point 4 bipolar is placed in 0 and unipolar in 

1. As it was mentioned, the type of experiments which will be implemented categorised to independent 

unipolar mode. Therefore, the switch at point 3 is pointing at 0 and point 4 at 1.  

Figure 4.1 CINERGIA B2C30 independent unipolar mode dc outputs with 3-phase power supply.     

 

Figure 4.2 CINERGIA B2C30 equipment back-to-back topology 



CHAPTER 4. Introduction                   74 

 

Figure 4.3 Open CINERGIA B2C30 cabinet displaying different features of the equipment 

Figure 4.4 CINERGIA B2C30 human machine interface control 
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Point 5 is showing the three-phase grid input of the system and 6 and 7 points the dc side. At point 5, 

three phases along with neutral cable will be connected while in 6 and 7 the connection is depended on 

the connection mode. In this case as it shown in figure 4.3, there are three channels of output. Each 

channel has their positive and negative which is connected respectively to the equipment under test 

(source or load). The positive side of the three output channels is shown at point 6 with negative at point 

7. In case of using only one output the positive cable would be connected at the entry U of point 6 and 

the negative in the first entry (from the left) of point 7.  

Finally, the human machine interface of the CINERGIA B2C30 is shown in figure 4.4. Using the control 

panel, the DC constant current operation mode is selected among the four possible operating modes 

(constant impedance, constant current, constant voltage and constant power). The equipment includes 

protections and the DC output voltage is limited to 450 V, the AC current to 10 A. This limitation of the AC 

current implies a limitation in the DC current between -12.83 A to +12.83 A.   

 

 

4.2 Overview of the setup 1 

In the first setup, the CINERGIA B2C30 Power Converter is used as Bidirectional AC/DC Power converter 

able to behave as a bidirectional battery charger, but the battery is replaced by a resistor in G2V operating 

mode and by a DC Power Source in V2G operating mode. These modifications look for a more precise 

control during the required tests to identify the model’s transfer functions. In practice, the proposed 

method to generate the black-box behavioural model is valid, not only for battery chargers, it is also valid 

for any AC/DC converter, either unidirectional or bidirectional. 

The first setup is consisted of the CINERGIA B2C30 equipment, a unidirectional power supply (Sorensen 

DHP series 400V, 37A) [98] and a programmable DC electronic load (Chroma model 63200) [99] operating 

in constant resistive mode. This setup is dealing with two types of experiments, the G2V and V2G.  As it 

was mentioned before in this chapter the AC side of CINERGIA B2C30 equipment is connected with a 

three-phase plug. However, in the current experiments data only from one phase will be collected. Also, 

in the DC output part of CINERGIA B2C30 equipment only the U channel will be connected with the 

respective minus slot.  

In figure 4.5 the connection diagram of a G2V mode is shown. In order to create a G2V system two parts 

are needed, a battery charger (CINERGIA B2C30 equipment) operates in current mode and a load 

(Chroma) in resistive mode replacing the charging mode of a real battery by a resistor.  

In figure 4.6 a diagram with a V2G connection mode is shown. In this case –since a real does not exist- in 

the current G2V setup a unidirectional DC power supply (Sorensen DHP series) enters and substitutes the 

battery. The procedure of ‘discharging’ the battery is by using the CINERGIA B2C30 equipment once more 

as current source but setting the DC current to a negative amount. Likewise, a negative power flow is 

safely achieved.  
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Cinergia B2C30 converter   

Chroma dc electronic load 

R 

AC current Battery current 

Figure 4.5 Grid to Vehicle mode connection 

Figure 4.6 Vehicle to Grid mode connection 
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4.3 Black-box model for experimental setup 1  

Once the setup 1 has been installed, next step deals with the identification of the transfer functions of the 

battery chargers. In chapter 3 the identification process was based on the data depicted from PSIM 

program, but now in the next 2 black-box sections will show the identification process of experimental 

setup not only assuming small-signal conditions, but also large-signal. The data on these sections will be 

taken directly from the equipment setup as it is shown in figure 4.7. 

It is necessary to mentioned that even with a 3-phase connection plug, the results will show only the a-

phase. Likewise, in the output, only the a-phase of the 3-ph current is shown in the results.  

Figure 4.8 is representing the battery charger converter in a black-box diagram. The input variables of 

AC/DC Power converter are the 3-phase input voltages (Va , Vb , Vc) along with reference current control 

in the DC part (Iref). Both signals have to enter the black-box model in DC values. The 3-phase input voltages 

are transformed to d-q framework. A single Park transformation box is needed to get the abc values to 

dq. Once the values are transformed to dq, are being subtracted from their respective nominal values 

(Vd
dc , Vq

dc) ending up with their perturbation values (𝑣d , 𝑣q) entering the black-box model. In case of Iref 

value the subtraction from the nominal respective value (Iref
dc) it provides with the perturbation input 

value (𝑖r̂ef).  

On the output side of the black-box model, the perturbation signals from the dq framework (𝑖d̂ , 𝑖q̂) are 

added with the respective nominal values (Id
dc , Iq

dc) and with an inverse park transformation the 3-phase  

Figure 4.7 Experimental setup 1 in V2G operating mode 



CHAPTER 4. Black-box model for experimental setup 1               78 

output variables (Ia , Ib , Ic) are obtained. The battery current output (Ibat) is obtained by the addition of the 

current perturbation signal (𝑖b̂at) and the respective nominal value (Ibat
dc). Assuming small-signal 

conditions, that implies the system can be considered linear, then perturbations in each input are applied 

one input at a time resulting on the output perturbation signals. Each input is affecting with a perturbation 

3 different outputs. Therefor with 3 inputs the dynamic responses have 9 transfer functions.  

This small-signal model described in chapter 2 and checked by virtual prototyping in chapter 3 is again 

represented by the following matrix (E 4.1) the input and output perturbations taken from the figure 4.8 

are shown. The output perturbations (𝑖d̂ , 𝑖q̂ , 𝑖̂bat ) are shown on the left side of the matrix and the inputs 

(𝑣d , 𝑣q , 𝑖r̂ef) on the right side. The nine transfer functions obtained are represented by Ydd, Ydq, Hdref, Yqd, 

Yqq, Hqref, Ybatd, Hbatref.  

 

                         

                            (E 4.1) 

 

 

 

 

 

 

Figure 4.8 Block diagram for the small-signal black-box model for the experimental setup 1  
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The small-signal black-box model represented by equation E 4.1 may be also represented by the block 

diagram of figure 4.9 and the equivalent circuit of figure 4.10. 

 

Figure 4.9 Identified transfer functions for the small-signal model in experimental setup 1 

Figure 4.10 Equivalent circuit of the small-signal black-box model of experimental setup 1 
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4.3.1 Comparison of small-signal black-box model and experimental setup 1 

Following the previous examples of virtual prototyping in chapter 3, the results which will be compared 

in this subsection are from the experimental setup 1 and will be compared to black-box models. First, we 

consider that small-signal conditions are met and the comparison between the small-signal model and 

the actual equipment in setup 1 will described in this section. 

The 3 tests are two operating in G2V mode in different power change (3A to 4A and 3A to 8A) and one in 

V2G mode (-3A to -9A). This means that the initial operating point corresponds to a DC current of 3 A in 

G2V operation and -3 A in V2G operation. On the other hand, to simplify the experiments, the 3-phase AC 

voltage is kept constant along the tests. In G2V mode the resistive load in all cases from Chroma electronic 

load was set to 80Ω. In this comparison the focus is put on the estimation of AC current. 

3-phase AC current is only affected by the transfer functions Hdref and Hqref (figure 4.9). In this set of 

experiments the transfer functions have been created by using polynomial discrete method with output 

error.  

The first model representation is the test with a perturbation of the reference of the DC current from 3A 

to 4A. This means a perturbation in the reference current control (Iref) positive 1A from a steady state 3A. 

The identified functions created for the black-box modelling are listed in the table 4.1 and their 

corresponding mathematical expressions. 

In figure 4.11 the first test is shown with the upper figure showing the AC current comparison and followed 

by its d-q components. The measuring results in all 3-fold figure here, can be seen in orange colour while 

the black-box model in blue. The time of capture this test observed the current change from 3A to 4A is 

happening at 0.27s. 

In the second test of 5A step the same transfer functions obtained in the previous test of 1A (with 3A 

initial point) are used. This test is made to check the accuracy of the small-signal model in case of large 

perturbations in the battery current reference. As it can be observed easily in the figure 4.12, the black-

box model (in blue colour) which created does not coincide with the measured results (orange colour). In 

this figure there is huge area for improvement. In this condition the small-signal model is not valid 

anymore, therefor a nonlinear solution must be applied.  

Tests Iref Step Transfer 

Functions 

Identified Transfer Functions 

 

Test1 

 

3A → 4A 

𝐻𝑑𝑟𝑒𝑓(𝑧) 2.94𝑒 − 5𝑧 − 2.938𝑒 − 5

𝑧2 − 2𝑧 + 1
 

𝐻𝑞𝑟𝑒𝑓(𝑧) 0.9962𝑒 − 3𝑧3 + 0.007099𝑧2 − 0.01718𝑧 + 0.009089

𝑧4 − 2𝑧3 + 𝑧2
 

Table 4.1 Identified transfer functions from the small-signal model in experimental setup 1 
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Figure 4.11 Results comparison between switching and black-box models for AC current response 

(upper) with d-q components in a 1A step test in G2V mode 
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4.3.2 Non-linear polytopic model 

In small signal operation, a black-box model with the linear method described above is adequate. 

Although as it applies larger steps the dynamic behaviour starts to change and does not follows the actual 

converter´s path. The reason for this lack of accuracy depends on the space between the operating point 

of the converter and the step applied. This behaviour requires a different approach to model the 

converter’s behaviour (figure 4.13). 

According to the previous information about the linear small-signal, in case of nonlinearity presence, a 

nonlinear method known as polytopic is taking place. This concept was presented in Chapter 2 and it is 

one of the main contributions of this thesis.  

Figure 4.13 Polytopic nonlinear approach 

Figure 4.12 Results comparison between switching and small-signal black-box model method for AC 

current response (upper) with d-q components in a 5A step test in G2V mode 

Area for improvement

Area for improvement
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In fact, a large-signal black-box model for bidirectional AC/DC converters is proposed, and this modelling 

strategy is particularly applied to bidirectional battery chargers. 

As it was explained in Chapter 2, the idea behind the polytopic approach is a group of local (linear) models 

in different operating points combined with nonlinear weighting functions operating as a single nonlinear 

structure. Although by using the polytopic model to cover the insufficient linear method, must be taken 

into consideration the accuracy of the system and avoid being excessively complex. 

The accurate selection of local models in combination with the correct selection of weighting functions 

(W.F.) is vital. A combination transfer and weighting functions is shown in figure 4.14. From previous work 

applied to modelling power converters, the Double sigmoid function (E 4.2) is showed to be the most 

suitable weighting function for this application. It is well known; that the weighting functions summation 

must be equal to 1 while their range from 0 to 1 (figure 4.15). 

Experimentation with the specific function has shown that by weighted their segments 50:50, the points 

of inflexions are exactly in the middle and then the accuracy is at the maximum. Also, the parameters 

affecting the double sigmoid depends on the slope (parameter a in the equation) depending on the power 

change and the point of the bend inflexion (parameter c in the equation). An example of the slope of the 

bend it can be seen in figure 4.16. On the left side of the figure 4.16 a summation of linear models 

recreating a bend for a nonlinear model and likewise on the right side of the figure 4.16 shows the same 

procedure of a pond recreated by a number of small drops put together.  

                                                                 

      

Figure 4.14 Polytopic model example of transfer and weighting functions combination 
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    𝐹(𝑡) =  
1

1+𝑒−𝑎(𝑥−𝑐)                (E 4.2) 

 

 

4.3.3 Comparison of black-box polytopic model with experimental setup 1 

If we consider the same experiment with a large step (5A) in the DC current reference, starting from an 

initial value of 3A, as it was checked in the previous section with the small-signal model, but now with the 

large-signal polytopic model. In this case, three different linear models were created at three different 

operating points (3A, 4A and 5A). These models were obtained following the same procedure as in the 

small-signal section. Again, it is assumed than the 3-phase remains constant and a 1A step is given in the 

DC current reference to obtain the model transfer functions keeping the small-signal conditions. Finally, 

these three models are combined with the Double Sigmoid weighting functions. The calculated model’s 

transfer functions are indicated in Table 4.2 

The large-signal model is tested and compared with the actual AC/DC converter in the setup 1 and the 

results are shown in figure 4.17 (large-signal model in blue colour, measured results in orange colour).  

Figure 4.15 Block diagram of double sigmoid weighting functions 

Figure 4.16 Summation of linear models recreating a bend for a nonlinear model (left), Real life 

application of polytopic model (right) 
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Results show an excellent accuracy being difficult to distinguish the measured AC current from the AC 

current generated by the large-signal model. These results show a clear improvement representing the 

converter behaviour with large-signal perturbations. Although the computation time is higher, the 

number of tests to obtain the data to generate the model is clearly three times that the number of tests 

required for the linear model, the improvement in terms of accuracy justify the extra complexity in the 

modelling strategy. Similar results have been obtained previously in DC/DC converters and DC/AC 

converters. This extension of the applicability of Polytopic model to AC/DC converters is one of the main 

contributions of this thesis. 

Finally, the V2G operating mode is also considered, in case of large-signal perturbations. The converter is 

operating with -3A DC current and a large-signal step in the DC current reference is given from -3A to -9A. 

Negatives values in the DC current mean that the power flow goes from the DC side to the AC side. In the 

setup 1, in the V2G mode the battery is replaced by a DC Voltage Source set to 400V. At t=0.17s a negative 

step of 6A is applied. In this case to obtain the large-signal polytopic model, for small-signal model are 

generated in around four different values of the DC current reference (-3A, -4A, -5A, -6A), giving a step of 

-1A in the current reference to keep the small-signal conditions. This situation is shown in Table 4.3 with 

transfer functions obtained for the four operating points. Once the large-signal model is generated, the 

comparison between the measurements and the model output is represented in figure 4.18. for the AC 

current. The negative step of -6A is applied at t=0.17s, both results are so close being difficult to distinguish 

both waveforms. In the figure the AC voltage is also represented to show the converter is operating in the 

V2G mode.   

Tests Transfer 
Functions 

Iref Steps Identified Transfer Functions 

 

 

 

 

 

 

 

 

 

Test 1 

 

 

 

 

𝐻𝑑𝑟𝑒𝑓(𝑧) 

 

 

3A → 4A 
2.94𝑒 − 5𝑧 − 2.938𝑒 − 5

𝑧2 − 2𝑧 + 1
 

 

4A → 5A 
1.22𝑒 − 3𝑧2 + 1.656𝑒 − 5𝑧 − 1.203𝑒 − 3

𝑧3 − 0.9281𝑧2 − 𝑧 + 0.9281
 

 

5A → 6A 
−0.1908𝑒 − 3𝑧2 + 0.386𝑒 − 3𝑧 − 0.1952𝑒 − 3

𝑧3 − 2.993𝑧2 + 2.986𝑧 − 0.9932
 

 

 

 

𝐻𝑞𝑟𝑒𝑓(𝑧) 

 

3A → 4A 
0.9962𝑒 − 3𝑧3 + 0.007099𝑧2 − 0.01718𝑧 + 0.009089

𝑧4 − 2𝑧3 + 𝑧2
 

 

4A → 5A 
−8.311𝑒 − 5𝑧 − 8.316𝑒 − 5

𝑧2 − 1.999𝑧 + 0.9985
 

 

5A → 6A 
−0.267𝑒 − 3𝑧2 + 2.456𝑒 − 5𝑧 + 0.293𝑒 − 3

𝑧3 − 0.9117𝑧2 − 𝑧 + 0.9119
 

 

Table 4.2 Identified transfer functions for G2V operation in z-domain.    
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Figure 4.17 Results comparison between switching and polytopic black-box model method for AC 

current response (upper) with d-q components in a 5A step test in G2V mode 
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Figure 4.18 Results comparison between switching and polytopic black-box model method for 

AC current response (upper) with d-q components in a -6A step test in V2G mode 
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4.4 Experimental result in the setup 2 with Li-ion batteries 

In the experimental setup 2, two E-bike Lithium-ion batteries [100] were used. The batteries are of 48V 

and 20.4Ah each connected in series. The maximum usable voltage that can reach in a charging mode is 

50V, while the current until 5A. Both batteries are provided with a Battery Management System (BMS) by 

their provider. 

Figure 4.19 illustrates the electric scheme and the setup image of the experiment. CINERGIA B2C30 

equipment is operating as a current source and the DC output of the channel U, operates as an indicated 

point of connection between the 2 batteries in series. All experiments in this section will be applied 

through current set-point of channel U. This set of experiments is taking the current values of all three-

phases along with one phase of grid voltage and the DC battery current. Once more the experiments will 

contain V2G and G2V representations.  All equipment used in this setup 2 is shown in the Table 4.4.  

Tests Transfer 
Functions 

Iref Steps Identified Transfer Functions 

 

 

 

 

 

 

 

 

 

 

 

Test 2 

 

 

 

 

𝐻𝑑𝑟𝑒𝑓(𝑧) 

 

 

-3A → -4A 
−0.7467𝑒 − 3𝑧 + 0.7527𝑒 − 3

𝑧2 − 1.995𝑧 + 0.9954
 

 

-4A → -5A 
2.331𝑒 − 3𝑧6 − 3.15𝑒 − 3𝑧5 − 5.513𝑒 − 3𝑧4 + 11.29𝑒 − 3𝑧3 − 4.952𝑧2

𝑧7 − 4.279𝑧6 + 8.85𝑧5 − 12.14𝑧4 + 12.13𝑧3 − 8.821𝑧2 + 4.253𝑧 − 0.9908
 

 

-5A → -6A 
4.896𝑒 − 5𝑧2 + 5.853𝑒 − 5𝑧 + 1.24𝑒 − 5

𝑧3 − 0.9653𝑧2 − 𝑧 + 0.9653
 

 

-6A → -7A 
−0.4211𝑒 − 3𝑧 + 0.59𝑒 − 3

𝑧2 − 1.907𝑧 + 0.9074
 

 

 

 

 

𝐻𝑑𝑟𝑒𝑓(𝑧) 

 

-3A → -4A 
0.1617𝑒 − 3𝑧 − 0.1635𝑒 − 3

𝑧2 − 1.997𝑧 + 0.9968
 

 

-4A → -5A 
0.6846 − 3𝑧2 + 2.335𝑒 − 6𝑧 − 0.6939𝑒 − 3

𝑧3 − 0.9706𝑧2 − 𝑧 + 0.9706
 

 

-5A → -6A 
−0.2244𝑒 − 3𝑧 − 0.2317𝑒 − 3

𝑧2 + 1.259𝑒 − 3𝑧 − 0.9987
 

 

-6A → -7A 
1.847𝑒 − 5𝑧 − 1.851𝑒 − 5

𝑧2 − 1.999𝑧 + 0.9994
 

Table 4.3 Identified transfer functions for V2G operation in z-domain.    
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Device Model Specifications 

Bidirectional battery charger B2C30 DC part (independent mode): 750 Vmax 

(using 400 V), +-30 A 

2 E-BIKE Batteries GC E-BIKE Battery 48 V 

20.4 Ah 

Electric Bicycle Bike Silverfish Li-Ion 

Battery 

Oscilloscope (2) ROHDE & SCHWARZ RTE 

1104 

1 GHz, 5 GSa/s 

Differential (Voltage) probe TESTEC TT –SI 9010 +-7 Kv at1/1000 or +-700 V at 1/100 

Current probes (6) RT-ZC20B 0.1 V/A, 100 MHz, 30 Arms 

Figure 4.19 Experimental setup: (a) Electrical scheme, (b) Setup image 

Table 4.4 Main characteristics of the components and instruments in the experimental setup 

E-bike batteries

3ph AC current Battery current

Points of 
connection

 ph  rid

CINERGIA 
B2C30

2 E-bike batteries

(a)

(b)
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4.4.1 Black-box model for experimental setup 2 of a battery charger with 

Lithium-Ion batteries 

In this setup 2, only the small-signal model has been tested, either in G2V or V2G operation. As in the 

previous experiments the AC voltage is assumed remains constant and consequently, in the black-box 

model, only one input variable is considered, the battery current reference Iref (figure 4.20). At the same 

time, the model will have three outputs, the d and q components of the AC current and the battery 

current. This implies that the small-signal black-box model requires to compute three transfer functions. 

In the G2V mode, the selected operating point to obtain the model was 1A for the reference in the battery 

current Iref and the step applied to obtain the model’s transfer functions is 2A, from 1A to  A. 

On the other hand, in the V2G mode, the selected operating point was -11A for the reference in the 

battery current Iref and the step applied to obtain the model’s transfer functions was  A, from -11A to -

8A.  

Figure 4.20 Experimental setup with Li-ion batteries and input/output points of data collection 
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4.4.2 Comparison of black-box model and experimental setup 2 

In this section, once the transfer functions of the small-signal models have obtained, the comparison 

between of the output variables estimated by the model and the actual measurement of the same 

variables are checked. As it was described in chapter 2, the model needs to compute as many transfer 

functions as the number of outputs multiply by the number of inputs. In the experimental conditions of 

this setup 2, this means three transfer functions Hdref and Hqref for the d and q components of the AC 

current and Hbatref for the battery current. All this transfer functions are related to perturbation in the 

reference for the battery current Iref. This transfer function for the selected operation points in G2V and 

V2G mode are listed in Table 4.5. 

The first test (figure 4.21) is operating in G2V mode with all AC input current phases illustrated in the first 

three graphs followed by d-q components of the AC current in the fourth and the battery current in the 

last. Initially the operating point of the current is set at 1A charging the battery and in a time of t= 0.28s a 

step of 2A added to the reference current control reaching 3A. In orange colour it can be seen the black-

box model (except on the third graph with orange and purple) and in blue the measured results adapting 

with a good level of accuracy.    

The second test (figure 4.22) it operates in V2G mode. Once more all AC input current phases are shown 

in the first three graphs followed by d-q components of the AC current in the fourth and the battery 

current in last. At start we can see the system to be in steady state with current at -11A and at t=0.28s a 

3A is imposed taking the system at -8A in V2G mode of operation. Once more with orange colour the 

black-box model is observed (except on the third graph with orange and purple) while the measured 

results are in blue. As you can see again in this experiment, the dependence in the accuracy with 

magnitude of the perturbation. When the perturbation is becoming large enough (3A in this case), the 

accuracy of the model is becoming worse. Within this environment of large-signal perturbations in the 

input variables, large-signal models, like the polytopic one, are needed. This means that the experimental 

results in setup 1 and setup 2 confirm the limited validity of linear models for power converters in general 

and for AC/DC converters. The identified functions created for the black-box modelling are listed in the 

table 4.5 in mathematical expressions.  

Transfer Functions G2V V2G 

𝐻𝑑𝑟𝑒𝑓(𝑠) 126.8

𝑠 + 480.3
 

17.64

𝑠 + 115.3
 

𝐻𝑞𝑟𝑒𝑓(𝑠) 1.338𝑒6

𝑠2 + 2740𝑠 + 2.124𝑒7
 

Neglected 

𝐻𝑏𝑎𝑡𝑟𝑒𝑓(𝑠) 574.5

𝑠 + 574.5
 

7746

𝑠 + 7746
 

 

Table 4.5 Identified transfer functions from the system level model experimental setup with Li-ion 

batteries 
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Figure 4.21 Results comparison between switching and black-box model for three AC current phases 

along with d-q components and the DC battery current for a 2A in a G2V mode test 
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Figure 4.22 Results comparison between switching and black-box model for three AC current phases 

along with d-q components and the DC battery current for a +3A step in a V2G mode test 

 



 



 

 

CHAPTER   

5 Conclusions and future                                                      

work 
 

5.1 Introduction  
 
 
The proliferation of electric vehicles is associated with a huge increase in the number of battery chargers, 
which will manage the exchange of energy between the electric vehicles and the grid. The integration of 
a huge number of AC/DC converters in the power distribution system, especially in islanded systems, can 
have a negative influence in its dynamic behaviour. Furthermore, the variety of commercial battery 
chargers, about which the information is very limited, make the system-level analysis of these 
architectures very difficult. 
 
To cope this challenge, a possible solution is the use of black-box models, which can approximate the 
dynamic behaviour of power electronic converters by analysing the response of the output terminals of 
the devices to specific perturbances. The black-box approaches have been successfully applied to DC/DC 
converters and DC microgrids, and DC/AC converters in AC microgrids, however, the number of studies 
about AC/DC converters is very limited due to their complexity. This is the main contribution of this 
doctoral thesis 
 
This work extends some of the black-box modelling techniques applied to DC/DC converters and three-
phase DC/AC converters to single-phase and three-phase AC/DC converters, in particular to electric 
vehicle AC/DC battery chargers. In a first approximation, the small-signal model is described, identifying 
the input and output variables, and transforming AC signals into DC ones by means of the Park 
transformation. The small-signal condition limits the validity of the model to small perturbations of the 
input variables and the strong dependence of the steady-state operating point. This linear model has been 
both mathematically defined and represented with an electrical equivalent circuit. This is one of the main 
contributions of this work. 
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This approach has been validated by means of simulations and experimental tests. It is particularly 
interesting the results from simulations using the virtual prototyping approach. In this approach the 
dynamic behaviour of the AC/DC converter simulated with a switching simulator is compared with the 
results produced by the black-box models. In practice, virtual prototyping is assuming that simulations 
from switching models like the ones obtained by PSIM are an accurate representation of the actual 
converter, and consequently these switching models can be used as the valid reference to check the 
accuracy of the black-box models. 
 
The obtained results, both in virtual prototyping and in the experimental setup show how the black-box 
small-signal model is able to approximate the dynamic behaviour of single-phase and three-phase AC/DC 
battery chargers, subject to keep the small-signal limitation. 
 
At the same this work tests the small-signal black-box model in case of large perturbations of the input 
variables showing a clear loss of accuracy to conclude the need to develop large-signal black-box in case 
of larger perturbations. The proposed approach is the polytopic model, already used in DC/DC and DC/AC 
converters, but no in two stages, single-phase and three-phase bidirectional AC/DC converters like battery 
chargers. 
The polytopic model is based on the obtention of a group of local small-signal models in different 

operating points combined with nonlinear weighting functions operating as a single nonlinear structure. 

The weight of the different linear models depends on the instantaneous value of the input variables. These 

large-signal nonlinear models are one of the main contributions of this work. 

The accurate selection of local models in combination with the correct selection of weighting functions is 

vital. Learning from previous work applied to modelling power converters, the Double sigmoid function is 

showed to be the most suitable weighting function for this application. 

This large-signal, nonlinear polytopic approach have also tested by virtual prototyping and experimental 

results. In this case, virtual prototyping is essentially the same concept described for the small-signal 

model, using the switching model of the actual converter as a valid reference for the comparison. The 

experimental tests have been extended to both power flow directions, G2V and V2G operating modes. 

The obtained results show a clear improvement of the results coming from the polytopic model when 

they are compared with the same results coming from the small-signal model in case of large 

perturbations in the input variables. These results validate the usage of the proposed large-signal black-

box models to represent the dynamic behaviour of single-phase and three-phase two-stage bidirectional 

battery chargers operating under large perturbations. 
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5.2 Conclusions  
 
 

Although most of the conclusions are implicit in the section 5.1, again, the main conclusions of this work 

are the following: 

1. There are a continuous growth of battery chargers exchanging energy with the grid. The variety 
of commercial battery chargers, about which the information is very limited, make the system-
level analysis of these architectures very difficult. A modelling strategy of these battery chargers 
to anticipate the dynamic behaviour with the grid is needed. 
 

2. The main feature of the models should be the assessment of the impact in the interaction with 

the grid. 

 

3. Black-box models, which can approximate the dynamic behaviour of power electronic converters 

by analysing the response of the output terminals of the devices to specific perturbances can be 

a good and promising solution. This is the focus of the thesis and the more general contribution 

 

4. This work extends some of the black-box modelling techniques applied to DC/DC converters 

and three-phase DC/AC converters to single-phase and three-phase AC/DC converters. This is 

another general contribution 

 

5. A small-signal, black-box model is proposed, identifying the input and output variables, and 

transforming AC signals into DC ones by means of the Park transformation. This is an specific and 

original contribution of this work. 

 

6. This small-signal, black-box model has been validated by means of simulations and 

experimental tests. It is particularly interesting the results from simulations using the virtual 

prototyping concept. Virtual prototyping applied to battery chargers is another specific 

contribution of this thesis. This contribution is not focus in the modelling strategy, but it is focus 

on the procedure for its development. 

 

7. The obtained results for the small-signal, black-box model, both in virtual prototyping and in the 

experimental setup show how the black-box small-signal model is able to approximate accurately 

the dynamic behaviour of single-phase and three-phase AC/DC battery chargers, limiting the 

value of perturbations to small values. 

 

8. Experimental and virtual prototyping results for the small-signal black-box model, in case of large 

perturbations of the input variables, show a clear loss of accuracy to conclude the need to 

develop large-signal black-box 
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9. For large-signal perturbations, a polytopic black-box model is proposed. This strategy follows 

previous works applied to model DC/DC and DC/AC power converters. This is an original and 

specific contribution of this thesis applied to in two stages, single-phase and three-phase 

bidirectional AC/DC converters like battery chargers. 

 

10. This large-signal, polytopic, black-box model has been validated by means of simulations and 

experimental tests. The virtual prototyping concept have been also used in simulation. The 

experimental tests have been extended to both power flow directions, G2V and V2G operating 

modes. 

 

11. The obtained results from the large-signal, polytopic, black-box model show a clear 

improvement of the results coming from the polytopic model when they are compared with the 

same results coming from the small-signal model in case of large perturbations in the input 

variables. 

 

5.2.1 Contributions 

Articles 

• Antreas Naziris, Airan Frances, Rafael Asensi and Javier Uceda, “Black-Box Small-Signal Structure 

for Single-Phase and Three-Phase Electric Vehicle Battery Chargers,” Published in: IEEE Access 

(Volume: 8), Date of Publication: 18 September 2020, Page(s): 170496 – 170506 

 

Conference papers 

• Antreas Naziris, Rafael Asensi, and Javier Uceda, “Black box modelling of a bidirectional battery 

charger for electric vehicles,” in Proc. 7th Int. Conf. Renew. Energy Res. Appl. (ICRERA), Oct. 2018, 

pp. 469-473. 

 

• Antreas Naziris, Galo Guarderas, Airan Frances, Rafael Asensi, and Javier Uceda, “Large-Signal 

Black-Box Modelling of Bidirectional Battery Charger for Electric Vehicles,” in IEEE Applied Power 

Electronics Conference and Exposition (APEC), March 2019. 
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5.3 Future work 

 

In this section, some items for future work are suggested. When someone spends four/five years doing 

research around a topic, she/he always has the impression that many things are still pending. Let me 

suggest some of those thoughts, some of those pending matters, about the potential areas for future 

development. First, it is important to remark that the purpose of this research is the assessment of the 

impact to the grid of a huge number of battery chargers connected to it. This means that the objective of 

this research is not to help the charger’s manufactures to optimize their designs. What is important is to 

foresee the AC current and the requested active and reactive power demanded or injected by the charger. 

Having this information precisely, the technical grid operator will be able to manage the demand and take 

measure to ensure the stability of operation. 

1. The experimental setup needs to closer to the actual battery chargers. In this thesis a 

bidirectional, very flexible and high-power AC/DC power converter (CINERGIA B2C30), but 

sometimes this converter behaves something different from a commercial battery charger in its 

interaction with the grid. 

 

2. In the small-signal models, some more tests need to be done, particularly to assess the practical 

limitation to small-signal models, in terns of the amplitude of the perturbation. 

 

3. In the large-signal model, when more than one input variable like the AC voltage or the reference 

for the reactive current, the selection of the operating points needs to be investigated. 

 

4. The weighting functions are the crucial part of the polytopic model. Some other proposals like 

the dynamic weighting functions needs to be investigated. 

 

5. The models are obtained through tests, but the converters along the time may change due to 

many different reasons. Is it possible to identify the black-box model in real time? 

 

6. What is the impact of faulty and distorted grids in the modelling strategy? At this moment, in 

case of unbalanced, faulty or distorted grids, the proposed modelling strategy doesn’t work. 

 

7. What is about stability issues in nonlinear systems? Large-signal nonlinear stability methods like 

Lyapunov criterium are much more complex than in linear system. 
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