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Abstract

Jiantong Zhang
Delft, August 2023

This thesis presents the design of an isolated bidirectional DC-DC converter for a dual-output electric
vehicle (EV) charger. The central objective of this study is to select a topology capable of facilitating
bidirectional power flow and enabling car-to-car charging. Simultaneously, the aim is to devise a simple
control scheme suitable for managing a wide range of output voltages with connections to a bipolar DC
grid as input.

In the process of topology selection, a comprehensive literature review is conducted to assess
various converter topologies. To discern the suitable topology, an in-depth evaluation is undertaken,
wherein the multiport CLLC converter and the Triple Active Bridge converter are simulated in PLECS
and their performances are compared based on different operation modes and bidirectionality. This
comparative analysis aids in identifying the most appropriate topology for the intended application.

Subsequently, in pursuit of maintaining simple control for the EV charger with the chosen Multiport
CLLC converter, an investigation into the interleaved buck converter is carried out. Different topolo-
gies are compared based on the cost and efficiency, including different numbers of legs for the buck
converter and different numbers of inductor cores used for the converter. The application of a cascade
proportional-integral (PI) control strategy is explored to regulate voltage.

Upon the culmination of the topology selection and the development of the interleaved buck con-
verter, a comprehensive system-level control strategy is introduced. Diverse operational modes are
outlined, and several simulations are modelled across various scenarios to validate the proposed ap-
proach’s adaptability.

In conclusion, this study delves into the detailed design of an isolated bidirectional DC-DC converter
tailored to a dual-output EV charger. By systematically assessing topologies, investigating control
strategies, and performing thorough simulations, this research contributes to advancing the field of EV
charging technology.
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1
Introduction

As part of this chapter, background information about the project will be presented, including the
benefits of DC microgrids and recent developments in the electric vehicle (EV) market. The problem
that will be solved by this project will also be defined and discussed. Furthermore, the outline of this
project, as well as the research questions, will be presented.

1.1. Background
1.1.1. DC Microgrid
In recent years, renewable energy sources have increased interest in DC microgrids, particularly in

relation to electronic loads and electrified vehicles (EVs) in modern power networks [1]. The increased
adoption of renewable energy systems has prompted the utilization of microgrids as an effective ap-
proach for integrating distributed generation [2]. Additionally, improvements in power electronics tech-
nology have resulted in increasing DC loads and power converters for various DC applications over
the years.

DC distribution offers several advantages over traditional AC grids, including easier control, a more
straightforward interface for renewable energy sources, as well as electronic loads and energy storage
capacity [3]. In addition to these benefits, there would be a significant increase in dc loads, including
LED lights, laptop computers, and electric vehicle chargers, which could make DC distribution attractive
as a viable solution to address future energy needs. Additionally, by implementing effective energy
management and control strategies, it is possible to secure a reliable power supply with less fluctuations
in voltage, as well as to ensure a reliable energy dispatch between the power source and the loads [2].
Fig. 1.1 illustrates the integration of battery electric vehicles (BEVs) and renewable energy sources
within microgrids, enabling the direct provision of high DC power without the need for reactive power
compensation. In this DC microgrid configuration, the utility grid and PV panels serve as the primary
power sources. All sources and loads are connected through the DC Bus, and by connecting with
different DC-DC converters, the EV and battery could be charged and discharged properly. Under
certain situations, the storage battery and the battery inside an electric vehicle could be served as
power sources for to feedback the grid due to economic considerations. By effectively managing the
generated power from the PV panels and controlling the power flow between themicrogrid and charging
terminals based on demand, the charging station’s power conversion efficiency can be significantly
enhanced [4].

1.1.2. Recent EV Chargers in the Market
As a result of environmental concerns, the world is gradually shifting away from the use of fossil fuels

due to global warming, and electric vehicles are one of the most promising solutions to this problem.
Electric vehicles play a pivotal role in the decarbonization of road transport, addressing a significant
contributor to global emissions, as the sector accounts for approximately 16% of total emissions [5]. In
2010, the Clean Energy Ministerial (CEM) established a multi-governmental policy forum called Electric
Vehicles Initiative (EVI). In order to accelerate the adoption of EVs worldwide, EVI brings together

1
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Figure 1.1: Typical DC Microgrid

government policymakers and a variety of partners twice a year to share knowledge and support EV
development [6]. Despite slowdowns in the supply chain and the continuing pandemic of Covid-19,
2021 saw record electric car sales as a result of government assistance and consumer demand. As
shown in Fig 1.2, electric vehicles have tripled in three years to reach over 16.5 million.

Figure 1.2: Global Electric Vehicle Stock, 2021-2021[IEA]

Fig 1.3 shows that electric car sales are accelerating and the EVmarkets are expanding quickly. As a
result of several years of relative stagnation, China’s sales tripled to 3.3 million units in comparison with
2020, followed by Europe at 2.3 million units, up two-thirds from last year [5]. As the sales increased,
the available electric car models reached above 450 in 2021, more than double the number available
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in 2018. As a result, automakers are producing new options quickly to appeal to a broader market and
capture the EV market share. Meanwhile, because the driving range is still a concern for consumers
buying EVs, the driving range slowly increased over the 2015-2021 period. For battery electric vehicles
(BEVs), the average range reaches 349km, and plug-in hybrid electric vehicles (PHEVs) could drive to
62km, exceeding 60km for the first time in 2021 [5]. The increasing driving range relies heavily on the
battery voltage range and sizes.

Figure 1.3: Electric car registrations and sales shares, 2016-2021, in China, the US, Europe, and other regions
[5]

1.2. Problem Definition
1.2.1. EV Charger Requirements
As introduced in Section 1.1.2, the growing EV market requires an increasing EV battery size and an

increase in the EV chargers. Worldwide, 1.8 million charging points are publicly accessible, of which
a third are fast chargers, according to [6]. This number increased by 37% in 2021 but was dragged
behind due to the pandemic compared with the growth rate in 2020 (45%). As mentioned before, China
plays a lead role in the EV sector, the number of installed slow chargers has grown by 35 % to around
680,000 units available to the public in 2021, as shown in Fig. 1.4. But the growth rate was much
slower than in previous years due to the COVID-19 pandemic.

Compared to slow charging, fast charging (with a power rating exceeding 22 kW) is experiencing a
more rapid deployment in China. In fact, over 40% of public charging stations now offer fast charging, in-
dicating an accelerating demand for fast charging stations [6]. However, [6] points out that as EV stocks
grow, the ratio of charging points per EV drops. Interestingly, the data reveals that countries that are
heavily reliant on public charging witness a proportional expansion of their charging networks. Further-
more, countries with a high residential charger prevalence, as compared to those with a low prevalence,
require fewer public chargers in order to accommodate a greater number of electric vehicles. In the
Netherlands, the share of fast chargers remains really low due primarily to the wide deployment of slow
chargers by the government. There is a strong likelihood that public charging stations will continue to
become more and more relevant in the EV market as a result.
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Figure 1.4: Slow Publicly Available Chargers, 2015-2021 [7]

1.2.2. Smooth Integration to Existing Public Lighting Infrastructure
It is true that plug-in hybrid electric vehicles (PHEVs) and plug-in electric vehicles (PEVs) offer nu-

merous advantages over their gasoline-powered counterparts. Still, the adoption of electric vehicles is
hindered by a number of obstacles. For adopting electric vehicles, the lack of proper charging stations
and the impact brought by the existing charging stations on the electric grid such as fluctuations, volt-
age outages and harmonics, becomes the main obstacles that limit the adoption of EVs [2]. Moreover,
electric vehicles introduce an additional burden to the existing grid, particularly during peak hours.

The optimal quantity of chargers per electric vehicle (EV) will vary based on regional factors such
as the availability of housing, the average distance travelled, population density, and the extent to
which home charging is prevalent. While home and workplace charging are expected to fulfil a sig-
nificant portion of the charging demand, it is necessary to significantly increase the number of public
chargers, reaching over 15 million units by 2030. This expansion, amounting to a ninefold increase, is
crucial to meet the anticipated requirements outlined in the APS (Advanced Power System) and ensure
consumers have sufficient and convenient charging coverage [6]. As said in Section 1.1.2, there are
various modes of electric vehicle chargers available in countries worldwide, however, as electric vehi-
cles consume a large amount of electricity, charging them can create additional burdens and unwanted
peak load demands on the distribution grid [2]. That’s one of the reasons for designing this EV charger
that brings low impact to the connected DC microgrid.

1.2.3. EV Charger Overview
In summary, due to the rapid growth of the electric vehicle (EV) market, there is a rising demand

for EV chargers. Therefore, there is a need for the development of slow chargers that have minimal
impact on the power grid. These chargers should be designed in a way that ensures their operation
does not heavily strain the grid infrastructure. In a level 3 electric vehicle charger, batteries ranging
from 200V to 920V can be charged with a DC line connected between the battery and the charger
to reduce charging time [8]. The Terra DC EV chargers from ABB (Terra 94/124/184) have an output
voltage of up to 920V DC, which is suitable for any EV battery. This led to the purpose of this project:
designing an isolated bidirectional DC-DC converter with a wide output voltage range for EV chargers
and designing a system-level control for this converter.

Fig. 1.5 shows the overview schematic of this EV charger. By connecting to the bipolar DCmicrogrid
where the neutral line is used for grounding, it has the ability to charge two cars at the same time.
The grid will provide an input voltage ranging from 640 V to 760 V. An isolated bidirectional converter
connected to the grid will produce an output voltage of around 1000 V. There are two potential topologies
of the isolated bidirectional converter which could deliver 5.5 kW each. There are two potential options
to consider. The first option involves using two identical converters connected to the grid. This approach
offers the advantage of reducing control complexity. Alternatively, the second option is to utilize a single
dual-output converter, which can help save four switches on the primary side. Each option presents its
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own set of benefits, and the choice between them depends on factors such as system requirements,
cost considerations, and overall design objectives. A detailed comparison of these two options will be
discussed in the following chapters. At the output of the isolated converter, two identical interleaved
buck converters are connected to the corresponding output port in order to support a wide output voltage
range in order to charge all different types of EVs with a wide voltage range of EV batteries. Typically,
by the fast-developing EV battery sizes, this converter is designed to charge EVs ranging from 200 V
to 920 V.

In addition, the concept of inverse power flow is taken into account, particularly when considering
the scenario of supplying power from the battery back to the grid. This consideration is driven by
economic factors, as it allows for potential benefits and opportunities in terms of cost savings and
optimizing energy utilization. By enabling bidirectional power flow, the system can leverage the battery
as a valuable resource to support grid stability and potentially participate in energymarkets, contributing
to a more economically efficient energy ecosystem. Furthermore, car-to-car charging will be thoroughly
examined and devised as part of the investigation. In certain situations, such as when three cars have
a battery state of charge (SoC) of 33% each, it may be more advantageous to utilize the power from two
cars to charge one vehicle to 100%, all without relying on power exchange with the grid. This approach
explores the potential for efficient energy sharing between electric vehicles, maximizing the utilization
of available resources and minimizing the reliance on external power sources.

Figure 1.5: Dual Output EV Charger Converter Illustration

1.3. Research Questions
Below are the three research questions for this project that came up from the problem definition

mentioned in the above section.

1. What are the suitable topologies for a bidirectional isolated dual-output EV charger connected
between a DC microgrid and considering a wide output voltage range of EV batteries?

(a) What is the outcome of a comparative analysis between the Triple Active Bridge andMultiport
CLLC converter for the dual-output EV charger converter application?

2. How can a simplified open-loop control strategy be implemented for the CLLC while maintaining
ZVS over the entire input voltage range of the DC grid?
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3. How to model and design the control for the EV charger converter and simulate the control across
various scenarios, including load changes, power flow changes, and grid variations?

1.4. Outline
The following list provides a brief overview of each chapter’s content, which is divided into six chapters.

• Chapter 1: Introduction

– Provides the background information of this project, including DCmicrogrids and EV charger
market and defines the problem of the project. Additionally, the research questions of the
project are presented.

• Chapter 2: Literature Review

– Provides different DC-DC converter topologies that could be used in this project and com-
pares the pros and cons of these converters. Furthermore, the methodology and control
methods of the interleaved buck converter are elaborated.

• Chapter 3: System Design and Comparison

– Mainly compares two different dual-output converter topologies based on their performances
and simulation results. Meanwhile, some further research such as DC-blocking capacitors
and decoupled control are also included in this chapter

• Chapter 4: System Modelling and Control

– Provides the complete control design of the whole system, including the constant frequency
control of the multiport CLLC resonant converter and the double loop control of the inter-
leaved buck converter.

• Chapter 5: Simulation Results and Analysis of the System Level Control

– Provides the simulation results of the system level control under different control scenarios.
And the results will be analysed and discussed in this chapter.

• Chapter 6: Conclusion

– Answers the research questions of this project and provides conclusions of the project and
some recommendations for future work.



2
Literature Review

2.1. Topology Comparison
DC-DC converters can be classified into two main categories: non-isolated and isolated converters.

Figure 2.1 shows the converter classification based on the two categories. The main difference is that
a high-frequency transformer separates the input from the output port and provides electrical isolation
[9]. As examples of non-isolated DC-DC converters, Buck, Boost, Buck-Boost, andModular Converters
are listed. An interleaved buck converter is another type of buck converter, and a modular converter
includes both a multimodule converter and a multilevel modular converter.

Figure 2.1: DC-DC Converters Classification

Galvanic isolation is usually required for specific applications such as electric vehicle charging in
order to ensure safety considerations. A multiwinding high-frequency transformer is used to achieve
this galvanic isolation. It assumes a significant role in facilitating isolation between the grid and load
sides of power the converters. Specifically, this isolation mechanism establishes a barrier between the
primary and secondary sides of the converter, effectively impeding the transfer of electrical energy and
signals. Through galvanic isolation, potential risks, such as electrical hazards and disturbances, are
mitigated as they are prevented from permeating between the two sides of the system. Consequently,
galvanic isolation plays a vital role in enhancing the safety and reliability of power electronic systems
by ensuring the isolation and containment of electrical phenomena within their respective domains.

7
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2.1.1. Single Output Isolated DC-DC Converter
Enssential DC-DC Converter Comparison

(a) Flyback Converter Schematic (b) Forward Converter Schematic

(c) Push-pull Converter Schematic

Figure 2.2: Three Different Types of Single-output DC-DC Converter

Three types of basic single-output converters were compared and their schematics are shown above,
including flyback converter (Fig.2.2a), forward converter (Fig.2.2b) and push-pull converter (Fig.2.2c).
Various medium-voltage DC-DC converter topologies for electric bus fast charging stations are com-
pared in [10]. Due to their high ripple currents, flyback converters require additional capacitors when
used in low-power applications. Typically, forward converters are used in medium power applications
due to their single-ended classification, but they have a limited duty cycle and poor transformer uti-
lization. High-power push-pull converters have a really high voltage stress across the switches on the
primary side despite getting full utilization of the transformer with a wide duty cycle range.

Besides the three types of DC-DC converters introduced above, the other three topologies are also
investigated due to the high utilization of the transformer and high efficiency. The literature review of
the three converters is shown below.

LLC Resonant Converter

Recently, soft-switching resonant topologies have been gaining increasing market interest. In order
to enhance comprehensive power conversion efficiency, an LLC resonant converter, combining the
soft-switching characteristics of the ZVS for primary power switches and soft commutation for output
rectifiers, has been proposed and investigated [11]. Fig.2.3 shows the basic schematic of the LLC
resonant converter. However, the LLC converter can only operate unidirectional power conversion, so
it doesn’t meet the design requirement of the EV charger [12]. [13] and [9] also show that due to the
large RMS currents on both sides, LLC is not suitable for reverse power transmission. Fig.2.4 shows the
typical voltage gain curves of the resonant tank in terms of normalized frequency. The converter could
achieve Zero-Voltage-Switching (ZVS) when it operates with an inductive impedance of the resonant
tank, which means that the current lags the voltage through the tank. Similarly, the resonant tank
impedance may become capacitive when output power increases, and so ZVS may be lost.
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Figure 2.3: LLC Resonant Converter Schematic

Figure 2.4: DC gain response of LLC resonant tank [14]

CLLC Resonant Converter and Dual Active Bridge (DAB) comparison

Using the CLLC resonant converter in EV chargers and DC microgrids has significant potential, as it
can transfer power in both directions, the same as the DAB converter, with its ease of implementation
of soft-switching, bidirectional power flow capability, and symmetrical design. Fig.2.5 shows the basic
schematic of the CLLC resonant converter and Fig.2.6 shows the basic schematic of DAB converter.

A non-resonant DAB topology has normalized load power and normalized voltage gain, all of which
are related to phase shift ratio. The normalized load power and the normalized voltage gain are, how-
ever, determined by the normalized frequency in a resonant topology such as CLLC topology and LLC
topology. In any case, things will become a lot easier if the frequency at which the resonant converter
operates is the resonant frequency.

[15] derivated a comprehensive analysis for an isolated bidirectional DC/DC converter (IBDC) for
the solid-state transformer (SST) application. The comparison is carried out between full-bridge CLLC
converter, half-bridge CLLC converter, full-bridge DAB converter and half-bridge DAB converter. The
result shows that the half-bridge CLLC is the most suitable choice for the 1kW application with the
advantages of high power density and low cost. [16] also has the same selection for the half-bridge
CLLC, but the results indicate high current stress in the converter. As a result, the half-bridge topology
will not be considered in this project due to the bidirectional power flow.

Comparing the CLLC and DAB, many papers such as [12] [13] [9] and [15] shows the results that
CLLC could achieve ZVS in the whole load range whereas DAB will lose ZVS at light load but the ZVS
range could be extended with complex modulation techniques such as double phase control and triple
phase control. Another advantage of CLLC is that the resonant capacitors keep the flux balanced and
maintain the high resonant frequency with the resonant inductors [11]. As a result of the symmetrical
resonant tank design in the CLLC converter, the power conversion operation and efficiency on both
sides are the same. As for the loss aspect, CLLC holds higher conduction loss due to the larger RMS
current, but it holds ZVS turn-on over all load range and has lower switching turn-off loss [12]. And
DAB might have higher switching loss with the possibility of losing ZVS at light load. The comparison
result is summarized in Table 2.1. [17]
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Figure 2.5: CLLC Resonant Converter Schematic

Figure 2.6: DAB Converter Schematic

Comparing the two identical single-output DC-DC converters and one dual-output converter, the
dual-output converter has the advantage of saving 4 switches on the primary side which contributes to
lower cost and higher efficiency. So the two dual-output converter topologies, Triple Active Bridge and
Multiport CLLC will be presented in the following sections.

Table 2.1: Comparison between CLLC and DAB

CLLC DAB

ZVS whole load range
lose ZVS at light load but

with modulation techniques

ZVS range is extended

Recommended

Modulation
Frequency Control

(Triple) Phase Control for

extended ZVS range

Advantage
resonant capacitors

provide automatic

flux balancing

less total loss and

higher efficiency

Disadvantage
higher loss and RMS current

complex resonant tank design

light load ZVS but need extra inductor

high dv/dt

Conduction Loss higher lower

2.1.2. Dual Output DC-DC Converter
Multiple ports being integrated using different power converters is not feasible due to the cost and

number of switches involved. Rather than creating many converters with their ports, a multiport con-
verter (MPC) was proposed by [18]. As a result of the multiport converter, multiple power sources with
their own input ports and output ports are connected through a single power converter to transfer power
between them. As a result, redundant stages of power conversion and unnecessary semiconductor
switches are removed from the primary side of isolated converter topologies. It is important to have
such a converter available for the use of electric vehicles in order to control various sources of energy
as well as stabilize the DC grid for the use of EVs.
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Triple Active Bridge Converter

Figure 2.7: Triple Active Bridge Schematic

The Triple Active Bridge (TAB) converter, classified as a multiport converter (MPC), features three full
bridges interconnected by a multiwinding high-frequency (HF) transformer derived from the Dual Active
Bridge (DAB) topology. But there’s a huge gap between DAB and TAB, there are three more param-
eters brought by the additional port in the transformer current expressions, including the port voltage,
duty cycle and phase shift angle of the third port Serving as a versatile energy management system,
the TAB converter enables seamless integration and bidirectional energy transfer among multiple ports
while ensuring complete electrical isolation between them. This capability proves advantageous in
accommodating varying port voltage levels and facilitates efficient energy exchange. The fundamen-
tal modulation scheme employed in the TAB converter entails utilizing 50% duty cycles across all full
bridges while exploiting the phase shifts between the three leakage inductors to facilitate power trans-
fer between the different ports. This modulation strategy facilitates optimal power flow control and
regulation within the multiport system, thereby enhancing its overall performance and functionality [19].

However, the phase shift between the ports provides two degrees of freedom, both of which have the
chance of loss of soft-switching and high circulating current. To improve that, the parasitic capacitance
was considered to derive zero voltage switching boundaries in [19]. This study provides an in-depth
derivation of the Zero Voltage Switching (ZVS) range in the context of the Triple Active Bridge (TAB)
converter. The analysis takes into account the influence of parasitic capacitance, which introduces
a soft-switching condition. This condition manifests as a low current in the leakage inductance that
is necessary to facilitate ZVS commutation. By considering the impact of parasitic capacitance, a
comprehensive understanding of the ZVS behaviour in the TAB converter is achieved, enabling the
optimization of operating conditions and improved overall performance. As a result, the port with higher
voltage in TAB could achieve ZVS easier than the other two ports and the phase shift inside the full
bridge could be implemented for that port in order to expand the ZVS region of the ports with lower
voltages.

Decoupling Control Methods

The design and control of the TAB converter pose a significant challenge due to the inherent cross-
coupling of power flows between the ports resulting from the presence of a multi-winding transformer.
This characteristic renders the TAB converter akin to a multi-input multi-output (MIMO) system with in-
terdependent control loops. Consequently, addressing the interplay and coordination of these coupled
control loops becomes essential for achieving efficient and reliable operation of the TAB converter. And
all the decoupling control methods have one main goal which is to simplify the cross-coupled MIMO
control loops into several independent SISO control loops.

A power flows decoupling controller for TAB is proposed in [20]. The controller is based on a full-
order continuous-time model of TAB derived using the GAM (generalized average modelling) technique
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which uses the Fourier series expansion to divide state-space variables into active and reactive power
components. Between the three ports of the converter, active power flows are decoupled by the trans-
former currents.

In order to precisely forecast the instantaneous current and voltage waveforms, a novel modelling
approach called generalised-harmonic-approximation (GHA) is introduced in the work by [21]. This
modelling method is complemented by an efficient control strategy that facilitates high conversion effi-
ciency and Zero Voltage Switching (ZVS) operation. When compared to conventional phase-shift mod-
ulation techniques, the proposed method exhibits the advantage of extending the operational range of
simultaneous charging operation mode. By leveraging this innovative approach, accurate waveform
prediction, optimal power flow control, and expanded operational capabilities can be achieved, resulting
in improved converter performance and efficiency.

A state feedback controller and a decoupled controller are designed and modelled in [22] for the
decoupled control of TAB. A new decoupling matrix-based proportional-integral (PI) converter design
method is proposed for the decoupled controller to reduce the design complexity and improve the
system’s dynamic performance. And the performance is compared with the state feedback controller
to prove the improved performance such as lower settling time and lower overshoot or undershoot.
The research by Chandwani et al. [23] introduces a novel decoupled controller that employs cross-
gain compensation to effectively counteract the impact of cross-coupling terms. The study discusses
two distinct approaches to achieve decoupled control, as outlined in [23]. The first approach involves
modifying the plant to eliminate the influence of cross-coupling terms, which is designed in [24] and will
be introduced in the following. The second approach, which is specifically selected in [23], incorporates
a counter-reactive cross-gain term within the control block to minimize the effect of cross-coupling. By
implementing this chosen approach, the proposed decoupled controller successfully addresses the
undesired interaction between control loops, resulting in improved system performance and stability.

In the study by Bandyopadhyay et al. [24], a modified configuration of the Multiactive Bridge (MAB)
converter is proposed. This modified configuration incorporates a voltage source connected to the
magnetizing inductance of the transformer. The unique feature of this configuration is its ability to pro-
vide inherently decoupled power flows and independent power flow control tuning for the multiple ports.
The underlying concept involves adjusting the leakage inductance of one port to be relatively small
when viewed from the other ports. This design approach effectively regulates the voltage across the
magnetizing impedance of the transformer, resulting in decoupled power flow between the remaining
two ports. This innovation enables greater flexibility in power flow control and enhances the overall
performance of the multiport converter system. But external inductors are required for the other ports
in order to have the decoupled configuration.

Multiport CLLC Resonant Converter

Fig.2.8 shows the basic schematic of the multiport CLLC resonant converter. A multiport CLLC
convert with three half-bridges was proposed in [25], each port can be a load or a source and the
converter behaviour is as expected for DC transformers. And there is no need to use active control
in the system with a fixed switching frequency near the resonant frequency in order to maximise the
efficiency.

Another multiport isolated DC-DC converter for DC applications is proposed in [26] with full bidirec-
tional power flow and simple control. Two bidirectional buck-boost stages are added to two of the three
ports to provide controllable power exchange. The extra stages are served to control active power flow
and the galvanic isolation is provided by the inner resonant stage of the resonant tank, which operates
in open-loop control and changes its operation mode based on the actual power flow. [27] also shows a
multiport converter for the reversible solid oxide fuel cell applications, where a multiport CLLC resonant
converter is connected with an interleaved buck converter.

A novel bidirectional multiple port DC/DC transformer topology is presented in [28], the idea is
based on the series resonant converter but with an extension of multiple output ports. The paper aims
at integrating different converter stages and focuses on the power node with multiple ports in order
to overcome the limitations of single power nodes. The key benefit is that there is only one magnetic
component in the design, the transformer, and the leakage inductances form the resonant inductance.
Unlike the control of the gate signals in the previous two papers, the full bridges in the three ports are
synchronised switched with a 50% duty cycle. But the results are relatively the same. According to the
experimental results, the LLC converter’s inherent cross and load regulation leads to relatively small
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voltage variations across the entire power range due to its cross- and load regulation. In this way, the
converter can operate in an open loop at a fixed switching frequency and 50%duty cycle.

Another utilization of a three-port converter (TPC) is implemented in [14], which functions as a
DC transformer with an LLC resonant tank for interfacing PV arrays with independent MMPTs, energy
storage systems, and grid-connected inverters. Three operation modes are distinguished as single-
input single-output (SISO), single-input dual-output (SIDO) and dual-input single-output (DISO). Based
on the experimental results, the ZVS at the input port and ZCS at the output port can be easily obtained
for the entire power range.

Figure 2.8: Multiport CLLC Resonant Converter Schematic

2.2. Interleaved Buck Converter
As previously discussed, the electric vehicle (EV) market is experiencing notable advancements,

with EV manufacturers striving to improve the performance of power converters while simultaneously
minimizing costs. In this context, the DC-DC buck converter serves as the final stage before connecting
to the battery, playing a critical role in maintaining output current and current ripple within the battery’s
limits [29]. This ensures the efficient and reliable operation of the EV’s power systemwhile safeguarding
the battery from excessive stress or damage.

Single-phase DC-DC converters are limited to applications with high currents due to the high loss
caused by the i2R loss in the inductor and the high ripple current in the inductor[30]. Interleaving, also
known as multiphasing, is a useful technique to reduce the size of the filter component. By connect-
ing half-bridges in parallel, the converter has inherently interleaving behaviour. It would then eliminate
harmonics, increase efficiency, and have better thermal performance with high power density[31]. How-
ever, having interleaved will bring extra cost on additional inductors and active switches. The benefits
of interleaving far outweigh the disadvantages it brings because the converter could deliver the desired
output power with reduced size inductors and the split power flow also reduces power losses and ther-
mal stresses on semiconductors [32]. Fig 2.9 shows the basic schematic of the two-phase interleaved
buck converter.
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Figure 2.9: Two-phase Interleaved Buck Converter Schematic

2.2.1. Control Methods
Double Loop Control

Voltage mode control, peak current control, average current control, and sliding mode duty ratio
control are some of the most common control techniques used on DC-DC converters. Current mode
control offers a swift transient response when there is a demand for power at the upper level. When
comparing peak current control and average current control, the latter holds the advantage of consid-
ering the converter’s normal operating mode. By regulating the average current flowing through the
inductor, average current control effectively governs the converter’s output voltage. Conversely, peak
current control is not well-suited for the discontinuous conduction mode (DCM) as it fails to accurately
represent the average inductor current using the peak current alone. Consequently, employing a dual
loop average current control, also known as cascade loop control, proves to be a better solution for the
interleaved buck converter. In the following literature review, various applications of this double-loop
control approach will be explored.

A thorough analysis and modelling of the interleaved buck-boost converter with a single PID con-
troller are discussed in [31]. A new closed-loop control is simulated and achieves a higher efficiency
compared with the conventional control performance. The PID controller acts as a compensation and
the main purpose is to eliminate the error between the output voltage and the reference voltage. But
the purposed control is heavily dependent on the load resistance, the efficiency is lower than 85%when
the resistance is only 50 Ω. A voltage and current double closed-loop control strategy is applied in [33],
but the inductor used in this paper is a coupling inductor. As a result, the inner loop of the current
controller is split into two identical loops with half the reference current. Based on the observation in
[33], due to the coupling inductor, the coupling coefficient has a great impact on the dynamic stability
and ripple of the output.

Fig 2.10 shows a classic closed-loop system including a voltage loop regulator PIv(s), current loop
regulator PIi(s) and the two output to duty cycle transfer functions Gvd(s) and Gid(s) [34, 35]. It is
used as an easy method for connecting various photovoltaic modules with the purpose of improving
power quality. The result shows that a properly tuned regulator can simplify and improve PV interleaving
dynamically, steadily, and voltage-wise.

A different double-loop control strategy is shown in Fig. 2.11. The difference between Fig.2.11 and
Fig. 2.10 is the transfer function of the plant in the outer voltage loop. In Fig. 2.11, the transfer function
in the outer loop Gvi(s) is the output voltage Vo(s) to output current Io(s) but in Fig. 2.11, the transfer
function in the outer loop is the output voltage Vo(s) to duty cycle ratio d(s).
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Figure 2.10: Cascade PI Control for Interleaved Buck Converter

Figure 2.11: Double Loop Control for Interleaved Buck Converter

Sliding Mode

As introduced above, the linear compensators, e.g. PI controllers, have wide use in switch mode
power stages controls. With parametric variations, system response will deteriorate as the dynamic
performance of the converter is based on small-signal average models of converters. As shown in [36],
when the operating point varies and the equivalent load impedance varies as well, the performance
of the PV simulator that is controlled by PI controllers. Thus, to overcome the drawbacks and ensure
robustness against the parameter variations, sliding mode controllers (SMC) were proposed and put
into practice. In [36], a novel sliding mode duty-cycle controller (SMDC) is used as a regulator of a
three-phase interleaved buck converter that is part of the solar simulator’s power stage, thus providing
high control bandwidth while providing a highly efficient model of the PV system. But synchronised
current sensing is necessary when using dc-link current sensors to determine phase currents.

Unlike the conventional SMDC that uses hysteresis modulation which output is directly used as
gate signals. The paper by Tan et al. [37] provides a comprehensive design procedure for the SMDC
(Single-Mode Duty Cycle), which introduces a pulse width modulation (PWM) based sliding mode volt-
age controller as an alternative to hysteresis modulation. The design approach involves the indirect
translation of the SM control law. Initially, the formulation of the equivalent control signal, a continuous
function derived from the discrete input function, is achieved through the establishment of invariance
conditions. Subsequently, the equivalent control function is integrated into the immediate duty cycle
function of the PWMmodulator, enabling seamless integration into the SMDC framework. An improved
SMDC is proposed in [38] for a DC-DC buck converter with constant power loads. The output of the
SMDC is the duty ratio, which serves as the basis for generating PWM gate signals for the converter.
This enhancement empowers the converter to effectively stabilize DC power systems across the entire
operating range, even in the face of substantial fluctuations in load power and supply voltage.
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System Design and Comparison

3.1. System Design Overview
After the literature review was carried out, it could be concluded that the use of a multiport converter

(MPC) has the advantage of reducing the switching devices on the primary side with a lower cost and
higher efficiency as a result of the reduction in switching devices. Hence, two typical MPCs (Multiport
CLLC converter and Triple Active Bridge converter) will be modelled and simulated for the purpose of
selecting a suitable topology. In the following sections, simulation results will be presented and their
performances compared for the topology selection of the EV charger.

The following are the details of two charging operational modes that will be discussed. In order to
demonstrate the bidirectional power flow of both topologies, the discharging mode will also be simu-
lated.

• Single Input Single Output (SISO): one car is charged with a maximum power of 11 kW by the
grid and the other output port is disconnected.

• Single Input Dual Output (SIDO): two cars are charged simultaneously with an equal output power
of 5.5 kW by the grid.

3.2. Triple Active Bridge
3.2.1. Working Principle
Generally speaking, the smaller the inductance of the AC link, the greater the converter’s ability to

transfer power. The AC link inductance is directly influenced by the leakage inductance of the high-
frequency transformer. When the leakage inductance is minimal, an additional inductor is required to
shape the current and enable Zero Voltage Switching (ZVS) for improved efficiency [39]. The trans-
ferred power could be calculated as Eq.3.1, where the maximum power is transferred when ϕ = π

2 .

P12 =
nV1V2

2πfsL
ϕ(1− |ϕ|

π
) (3.1)

As an extension of the Dual Active Bridge (DAB), the Triple Active Bridge (TAB) is an enhanced
version of the Dual Active Bridge (DAB). In this case, there is an additional full bridge as a third port
and another winding is added to the HF transformer which is coupled with the other windings. An
equivalent delta circuit of TAB is shown in Fig.3.2. Each port of TAB is connected to the others through
an inductance. The amount of power transferred by each port could be determined by the inductance
value and the phase shift between these ports, similar to DAB power transfer Eq.3.1.

16
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Figure 3.1: TAB Converter Star Equivalent Circuit

Figure 3.2: TAB Converter Delta Equivalent circuit

The inductance L12, L13 and L23 could be calculated as

L12 =
Ll1L

′
l2 + Ll1L

′
l3 + L′

l2L
′
l3

L′
l3

L13 =
Ll1L

′
l2 + Ll1L

′
l3 + L′

l2L
′
l3

L′
l2

L23 =
Ll1L

′
l2 + Ll1L

′
l3 + L′

l2L
′
l3

Ll1

(3.2)

where Ll1, Ll2 and Ll3 are the leakage inductance of each port of the transformer in its star equiv-
alent circuit referred to port 1, as shown in Fig.3.1 and they could be calculated by using the self and
mutual inductances of the transformer as :

Ll1 = L11 −
(
N1

N2

)
L12

Ll2 = L22 −
(
N2

N1

)
L21

Ll3 = L33 −
(
N3

N1

)
L13

(3.3)

The phase shifts ϕ2 and ϕ3 have to be selected properly in order to achieve required power val-
ues[40]. The maximum phase shift with maximum power output could decide the value of the leakage
inductance of the TAB. And then the corresponding phase shift with different power ratings could be
calculated using the formulas below.
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P1 =
ϕ2 (π − ϕ2)V1V2L3 + ϕ3 (π − ϕ3)V1V3L2

2π2fs (L1L2 + L2L3 + L3L1)

P2 =
ϕ2 (ϕ2 − π)V1V2L3 + (ϕ2 − ϕ3) (ϕ2 − ϕ3 − π)V2V3L1

2π2fs (L1L2 + L2L3 + L3L1)

P3 =
ϕ3 (ϕ3 − π)V1V3L2 + (ϕ2 − ϕ3) (π − ϕ2 + ϕ3)V2V3L1

2π2fs (L1L2 + L2L3 + L3L1)
.

(3.4)

3.2.2. DC-Blocking Capacitors
As the name states, the DC-blocking capacitors are an effective method to maintain ZVS over a

wide input voltage range and prevent magnetic saturation of the transformer, compared with other
existing solutions such as peak current control [41] and ”magnetic ear” [42]. The peak current control
has the chance of easily distorted sampling at high switching frequency and the magnetic ear requires
an auxiliary core and an extra circuit to prevent transformer core saturation. As a result, including
DC-blocking capacitance in the circuit is an easier method.

For the Dual-Active Bridge converter, it could achieve a wide efficiency range when the input and out-
put voltage has unity gain. If the voltage ratio changes, the efficiency of DAB will decrease significantly.
Thus a new modulation scheme has been proposed in [43], by introducing a voltage offset across the
DC-blocking capacitor connected in series with the transformer. When the output voltage is twice its
input voltage, by regulating only the phase angle between the two ports, a wide ZVS range could still
be obtained. The DC-blocking capacitance is put at the primary side of the transformer whenever the
reflected input voltage is much higher than the output voltage so that it could maintain soft-switching
when the output voltage rises close to twice the input voltage.

A different hybrid modulation for using a DC-blocking capacitor in DAB is proposed in [44]. This
method is designed for a 0.5-voltage ratio between the output voltage and input voltage. By turning the
primary bridge into a voltage halver, the soft switching range is extended and the efficiency is improved.
By choosing different modulation modes, a full ZVS range could be obtained, and detailed modulation is
concluded in Table3.1. The DAB schematic is shown in Fig.2.6, referring to the corresponding switches
for the half-bridge modulation.

Table 3.1: Hybrid Modulation Modes for DC-Blocking Capacitors and SPS Comparison

Parameter Conventional SPS HB/FB FB/HB HB/HB

nVo/Vin =1 <1 >1 (improve DAB converter at light load)

voltage ratio 1 0.5 2 1

Switches 50% duty cycle
S4 ON

S2 OFF

S5 ON

S8 OFF

S4&S5 ON

S3&S8 OFF

3.2.3. Simulation Results
There are two conditions that are taken into consideration for the charging progress. The first is

to charge two cars at the same time, each port has an output power of 5.5kW. Another condition is
charging one car with a maximum power of 11kW.

SIDO at 5.5kW

For Triple Active Bridge, in order to charge two cars at the same time, the phase shift between the
primary and the secondary and the phase shift between the primary and the tertiary will be the same
which is π

4 . The result is shown in Fig.3.3, the first two plots at the top show the primary and secondary
gate signals, also showing the phase shift between the two sides. The two plots at the bottom show the
input current of the transformer and the two identical output currents of the transformer. It could be seen
from the figure that there is also a phase difference between the primary current and the secondary
and tertiary current. Fig.3.4 shows that the two output ports all reach 5.5kW with the properly designed
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phase shifts. The properly designed phase shifts could be calculated using the following equations,
where Vi(i = 1, 2, 3) are the voltages across the input and output voltages and Li(i = 1, 2, 3) are the
three inductors. P1 is the input power and P2 and P3 are the two output powers. Under the SIDO
condition, P1 = 11kW and P2 = P3 = 5.5kW .

P1 =
ϕ2(π − ϕ2)V1V2L3 + ϕ3(π − ϕ3)V1V3L2

2π2fs(L1L2 + L2L3 + L3L1)

P2 =
ϕ2(π − ϕ2)V1V2L3 + (ϕ2 − ϕ3)(ϕ2 − π − ϕ3)V21V3L1

2π2fs(L1L2 + L2L3 + L3L1)

P3 =
ϕ32(π − ϕ3)V1V2L3 + (ϕ2 − ϕ3)(ϕ2 − π − ϕ3)V2V3L1

2π2fs(L1L2 + L2L3 + L3L1)

(3.5)

Figure 3.3: TAB Current with Gate Signals when
Pout = 5kW

Figure 3.4: TAB Secondary and Tertiary Output Power
at 5.5KW

Figure 3.5: TAB Output Performances at Pout = 5kW

SISO at 11kW

To charge one car at full power, the phase shift between the primary and secondary and the phase
shift between the primary and tertiary are modified in order to obtain the condition that the secondary
port has the maximum 11kW output power and the tertiary port has almost zero power. The phase
difference between the primary and secondary sides is designed at the maximum phase shift π

2 in
order to maintain the maximum power of 11kW. The tertiary phase shift is calculated based on Eq.3.5.
Under the SISO condition, P1 = 11kW and P2 = 11kW and P3 = 0kW .

The result is shown in Fig.3.6, the first two plots at the top show the primary and secondary gate
signals, also showing the phase shift between the two sides. The two plots at the bottom show the input
current of the transformer and the two identical output currents of the transformer. It could be seen
from the figure that there is also a phase difference between the primary current and the secondary
and tertiary current. Fig.3.7 shows that the secondary port reaches 11kW maximum power output with
the properly designed phase shifts. Meanwhile, the tertiary port has almost zero output power.
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Figure 3.6: TAB Current with Gate Signals when
Pout = 11kW

Figure 3.7: TAB Secondary and Tertiary Output Power
at 11KW

Figure 3.8: TAB Output Performances at Pout = 11kW

3.3. Multiport CLLC Resonant Converter
3.3.1. Working Principle
Fig.3.9 shows the equivalent circuit of the multiport CLLC converter at SIDO operation mode. The

transformer is a three-winding high-frequency transformer with the same turns ratio for the secondary
and tertiary windings, equipped with three full bridges. In order to achieve high efficiency, the CLLC
topology is used and operated in the open-loop mode slightly below the resonant frequency. Because
of the full bi-directionality of the three ports, the structure of the resonant tank requires symmetry. As
a result, the resonant tank is split between all three ports instead of being located on one single port.
Each resonant tank contains of a resonant capacitor Cri and an leakage inductor Lri , where i = p, s, t.

The resonant part is designed to function like a DC transformer without requiring any complex con-
trols. According to the direction of power flow, it can only be controlled by activating or deactivating
PWM on the three full bridges. Only the power-supplying ports are actively switched, while the load
ports are turned off, utilizing their free-wheeling diodes as passive rectifiers.

Figure 3.9: Multiport CLLC Resonant Converter Equivalent Circuit
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3.3.2. Resonant Tank Design
The resonant tank is distributed among the three ports due to the bidirectional power flow, but it could

be designed using the criteria from a single resonant tank design.
The resonant currents are estimated from the DC values using the first harmonic approximation

(FHA).

VAC(t) =
2

π
VDC sin (2πfswt+ φv)

IAC(t) = πIDC sin (2πfswt+ φi)
(3.6)

The effective DC loads are modelled as resistors and referred through a rectifier to equivalent AC
loads:

RDC =
V 2
DC

P

RAC =
2

π2
RDC

RACmin =
2V 2

DC

π2Pmax

(3.7)

The behaviour of a single resonant tank could be represented by the quality factor Q which is defined
as the ratio of the tank impedance Zr and the effective AC load RAC calculated above.

Qi =
Zri

RAC

Zri =

√
Lri

Cri

(3.8)

Fig below shows the normalized DC transfer function of the resonant tank for a givenQ, the preferred
operating region with ZVS behaviour is in the inductive part of resonant tank characteristics.

Figure 3.10: DC Gain of Multiport CLLC for no-load conditions [45]

fr =
1

2π
√
LeqCeq

(3.9)

In order to calculate the equivalent tank impedance, the sum of the sub-tanks and the parallel combina-
tion of the two remaining tanks could be taken into account, taking into account the transformer turns
ratio [25].

Leq = Lrp +

 1(
N1

N2

)2

Lrs

+
1(

N1

N3

)2

Lrt


−1

(3.10)
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Ceq =

 1

Crp
+

1(
N2

N1

)2

(Crs + Crt)


−1

(3.11)

Each port should also work at the resonant frequency due to the synchronized switching. The
common resonant frequency fr is used to define the resonant capacitor of each sub-tank, so

fr =
1

2π
√
LrpCrp

fr =
1

2π
√
LrsCrs

fr =
1

2π
√
LrtCrt

(3.12)

The resonant capacitors and inductors of the multiport CLLC converter resonant tank are selected
based on the performance and detailed values are listed in Table3.2. The resonance capacitance is
selected as high as possible to decouple from the output capacitance (50µF ) which is used to maintain
an output voltage ripple of 3V.

Table 3.2: Multiport CLLC Resonant Converter Specifications

Inductor Value Capacitor Value

Lrp 50µH Crp 8.11nF

Lrs 6.6µH Crs 30.33nF

Lrt 6.6µH Crt 30.33nF

3.3.3. Simulation Results
As discussed in the TAB section, there are two conditions that are taken into consideration for the

charging progress. The first is to charge two cars at the same time, each port has an output power of
5.5kW. Another condition is charging one car with a maximum power of 11kW.
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SIDO at 5.5kW

Figure 3.11: CLLC Current with Gate Signals when
Pout = 5kW

Figure 3.12: CLLC Secondary and Tertiary Output
Power at 5.5KW

Figure 3.13: CLLC Output Performances at Pout = 5kW

For charging the two cars’ condition, unlike TAB, as introduced above in the working principle part,
the actively switched full bridge is the primary side bridge only. And the result is shown in Fig.3.11. The
current of the primary side and the magnetizing current is presented in the second plot, showing that
the resonant converter is operating at the resonant frequency. The secondary and tertiary current is
shown in the last plot, the overlap waveforms indicating that the two output ports’ currents are identical.

The output power result is shown in Fig.3.12. The two identical output power has a ripple of 4W
and could reach 5.5kW which matches with the design of the converter.

SISO at 11kW

Figure 3.14: CLLC Current with Gate Signals when
Pout = 11kW

Figure 3.15: CLLC Secondary and Tertiary Output
Power at 11KW

Figure 3.16: TAB Output Performances at Pout = 11kW
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For charging one car at the maximum power condition, the results are shown in this section. Fig.3.14
shows the primary gate signals and the three ports’ current with the magnetizing current of the trans-
former. The primary current and the magnetizing current show that the switching frequency is right at
the resonant frequency. And the tertiary current is at zero due to the one output port condition. Be-
cause the only actively switched port is the primary port and the CLLC converter operates as an ideal
DC transformer, if the tertiary port load is set to be infinite to simulate the open circuit, the full power
will automatically flow to the secondary port which load is simulated as the 11kW load. And Fig.3.15
shows the output power of the secondary port is 11kW and the other output port power is zero.

3.4. Topology Performance Comparison
3.4.1. Capacitor Comparison
The number of capacitors is compared based on their effect on the transformer. A detailed compar-

ison is shown in Table3.3 below, summarizing different modulation techniques and the outcomes. It
could be seen from the table that the number of capacitance has little impact on the transformer voltage
and current. The conclusion comes from Fig.3.18 and Fig.3.17. The figures on the right side in Fig.3.18
and Fig.3.17 are the zoomed region of the blue boxed area on the left side to have a clear view of the
capacitance effect. It could be seen from Fig. 3.18 that with higher capacitance, the current is slightly
higher in the circuit and the current and voltage are triangular waveforms because of the large step
time. And it also could be seen from Fig. 3.17 that adding capacitance in a TAB converter will have
some impact both on the voltage and current but the impacts are negligible compared with the high
voltage and high current application.

Table 3.3: Number of Capacitor Comparison

Comparison Parameters Without Capacitors One Capacitor Three Capacitors

Function/Topology Triple Active Bridge

Used as DC-blocking

capacitor to avoid DC

magnetization of transformer

Dual-Output CLLC

Transformer Voltage No significant change No significant change No significant change

Transformer Current No significant change No significant change No significant change

Impedance Values

Larger characteristic

impedance of the circuit

because of low capacitance

Larger capacitance

compared with resonant

capacitance

Smaller capacitance

compared with DC-Blocking

capacitance

Capacitor Size No capacitor Smaller capacitor

Big capacitor in

switching node under

high voltage and

high power

Consequently, the Triple Active Bridge with DC-blocking capacitors has little impact on the trans-
former, indicating there is no benefit in using such a large capacitor at the switching node in this high-
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power and high-current EV charger.

Figure 3.17: Capacitor Effect on the Transformer of CLLC

Figure 3.18: Capacitor Effect on the Transformer of TAB

3.4.2. Efficiency Comparison
The detailed simulation result for comparing the TAB and CLLC are listed below, Table3.4 shows the

result under 5.5kW condition and Table3.5 shows the result under 11kW condition. It could be seen
from both tables that when the switching loss of CLLC is lower than the switching loss of TAB. Also,
the conduction loss of CLLC on the primary side is higher than the loss of TAB due to the higher RMS
switch current in CLLC. In both power levels, the efficiency of CLLC is higher than TAB due to the low
loss on the output side. Also, both topologies are considering soft switching, and zero turn-on loss in
the simulation.
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Table 3.4: TAB vs Multiport CLLC Based on System Specifications when Pout = 5kW

Comparison Parameter TAB Multiport CLLC

Output Voltage (V) 1066.03 1064.84

Output Power (W) 5500.35 5488.34

RMS Output Current (A) 5.16 5.154

Switching loss per switch (Primary) (W) 11.45 9.03

Switching loss per switch (Secondary) (W) 11.14 8.95

Conduction loss per switch (Primary) (W) 4.14 7.93

Conduction loss per switch (Secondary) (W) 0.83 0.69

Efficiency (%) 97.13 97.35

Table 3.5: TAB vs Multiport CLLC Based on System Specifications when Pout = 11kW

Comparison Parameter TAB Multiport CLLC

Output Voltage (V) 1064.79 1064.36

Output Power (W) 10977 10966.3

RMS output current (A) 10.30 10.30

Switching loss per switch (Primary) (W) 11.45 9.07

Switching loss per switch (Secondary) (W) 16.35 9.01

Conduction loss per switch (Primary) (W) 4.14 8.29

Conduction loss per switch (Secondary) (W) 8.56 2.93

Efficiency (%) 97.62 98.49

3.4.3. Thermal Performance
MOSFET Selection

Table 3.6: TAB MOSFET Selection

Product Number
Switching

Loss (W)

Conduction

Loss(W)
Total Loss (W) RMS Current (A)

C3M0065100J 17.29 88.53 105.82 9.89696

C3M0120100J 40.76 188.84 229.6 9.82857

C3M0032120J1 12.93 8.42 21.35 9.89696

C3M0040120J1 15.50 20.50 36.00 9.82857

Due to the voltage specification of the dual output converter, the 1200V MOSFETs are selected for
the output ports and the 1000V MOSFETs are compared for the input side. And the SiC MOSFETs
need to be surface-mounted devices (SMD) for hardware design consideration. Table 3.6 and Table
3.7 show the loss comparison of different types of MOSFETs for TAB and CLLC. It could be seen from
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both tables that C3M032120J1 has especially low values both in switching loss and conduction loss
compared with other switches. So for the high-efficiency design purpose, the MOSFET with the lowest
loss will be selected. C3M032120J1 is used for the twelve switches in both topologies, although for the
primary side the voltage limit is a little bit high.

Table 3.7: CLLC MOSFET Selection

Product Number
Switching

Loss (W)

Conduction

Loss (W)
Total Loss (W) RMS Current (A)

C3M0065100J 17.38 89.58 106.96 9.93273

C3M0120100J 40.90 191.49 232.39 9.87684

C3M0032120J1 13.00 8.51 21.51 9.93273

C3M0040120J1 15.62 20.81 36.43 9.87684

3.4.4. Result
Based on the comparison above, the advantages and disadvantages could be listed below.

For the triple active bridge converter:

• Advantages

– A wide voltage gain and ZVS range
– Lower conduction loss due to lower RMS switch current

• Disadvantages

– Complex phase shift control to obtain the corresponding current level when the output port
connection changes

– Decoupling control or decoupling inductor configuration is needed

For multiport CLLC converter

• Advantages

– No need for extra control loops, only constant frequency control is needed to maintain the
switching frequency at the resonant frequency

– High efficiency in both modes compared with TAB

• Disadvantages

– Resonant frequency might not match with designed values in real-life transformer

* but could be compensated by the extra pre-implemented resonant capacitors

To conclude, the main design objective is to design an effective, simpler and easier-controlled con-
verter for the EV charger. Seen from the advantages and disadvantages above, the multiport CLLC
resonant converter topology will be the most suitable solution for the EV charger among the compared
topologies.

3.5. System Schematic Design
After selecting the multiport CLLC converter as the multiport converter topology, Fig.3.19 shows the

illustration of the EV charger. At the bottom of the figure is the bipolar DC microgrids ranging from
600V to 800V, ±350V is used as an illustration of the grid. Then the DC bipolar grid is connected to
the primary side of the multiport converter which is selected as the multiport CLLC converter. Through
the galvanic isolation provided by the transformer, the secondary and tertiary sides of the converter will
provide an output voltage of around 1000V. Then the outputs of the multiport converter are connected
with two identical interleaved buck converter which will handle the voltage regulation based on the
connected EV batteries which might vary from 200V to 920V.
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Figure 3.19: EV Charger Illustration

And the circuit schematic is shown in Fig.3.20. The yellow box circled is theMultiport CLLC resonant
converter and the blue boxes circled are the two interleaved buck converters.The two interleaved 2-
phase converters are connected at the two output ports of the CLLC converter.

Figure 3.20: EV Charger Circuit Schematic

Fig.3.21 shows the simulation result of the whole EV charger converter without any control schemes.
The result is just to show that both output ports could reach the maximum power of 11kW with the
change of duty cycle. The simulation result with the control scheme will be presented in the next
section after introducing the control logic of the converter.
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Figure 3.21: Output Power both at 11kW



4
Modelling and Control

In this chapter, the modelling of the interleaved buck converter will be presented with the performance
comparison. And a suitable topology will be selected for the interleaved buck converter. Then the
system level control will be introduced and discussed based on the theoretical design including the
introduction of cascade PI control with saturation limit and the battery droop functions.

4.1. Interleaved Buck Converter Modeling and Comparison
4.1.1. Working Principle
As shown in Figure 2.9, S1, S2, S3 and S4 are four MOSFETs that are controlled in a complementary

manner. Each of them is connected with an antiparallel diode for current flowing in both directions.
The phase shift ϕ between different phases is determined by the number of phases in interleaved buck
converter, as given by Eq. 4.1, where N is the number of phases. For a two-phase interleaved buck
converter, N = 2, so the phase shift between the two half bridges is 180◦.

ϕ =
360◦

N
(4.1)

As shown in Fig. 2.9, the inductors are non-coupled, so the inductor current ripple could be simply
calculated as :

∆iL1 =
Vout

L1
(1−D)Ts (4.2)

∆iL2 =
Vout

L2
(1−D)Ts (4.3)

If L1 = L2 = L, then the inductor current ripple could be expressed as the equation shown below,
where Ts is the switching period of the converter.

∆iL =
Vout

L
(1−D)Ts (4.4)

30
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Figure 4.1: Interleaved Buck Converter Current Waveforms (D=0.5)

The output current is the sum of iL1
and iL2

, as shown in Fig. 4.1, the output current ripple occurs
twice during one switching period, so the output current ripple is

∆iLo
=

Vout

L
(1− 2D)Ts (4.5)

The duty cycle is expressed as
D =

Vout

Vin
(4.6)

According to the design purpose of the converter, the duty cycle will range from 0.2 to 0.9 based on the
EV battery voltage connected to the EV charger and the grid voltage.

Fig. 4.1 shows the current waveforms of inductors and output current when the duty cycle is smaller
than 0.5. In mode 1, S1 and S4 are turned on and the other switches are turned off. The inductor L1 is
charged and L2 is discharged. In mode 2, S1 and S2 are turned off and S3 and S4 are turned on, both
inductors are discharged. In mode 3, S2 and S3 are turned on and the other switches are turned off,
the inductor L2 is charged and L1 is discharged. In mode 4, S1 and S2 are turned off again, and the
other two switches are turned on, thus the two inductors are discharged. Detailed inductor voltages
and current directions in each mode are concluded in Table 4.1
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Table 4.1: Operation Modes of Interleaved Buck Converter

Mode 1 Mode 2 Mode 3 Mode 4

vL1
Vin − Vo −Vo −Vo −Vo

vL2
−Vo −Vo Vin − Vo −Vo

d
dt iL1

Positive Negative Negative Negative

d
dt iL2

Negative Negative Positive Negative

d
dt iLo Positive Negative Positive Negative

4.1.2. Simulation Result
In the case of the interleaved bidirectional converter, the mode of operation is influenced by the

load characteristics [32]. If the converter operates in continuous conduction mode, it can experience
conduction losses resulting from hard switching operations at high switching frequencies, as well as
reversed diode recovery at low power levels. These factors contribute to efficiency challenges and
potential power losses in the converter. However, considering the practical design and low current
ripple, the inductor in the interleaved buck converter will be selected between 300µH and 400µH.

Given the introduction of the working principles of interleaved buck converters in the previous sub-
section, this subsection aims to present a comparative analysis between buck converters with varying
numbers of phases. Specifically, a standard buck converter, an interleaved two-phase buck converter,
and an interleaved four-phase buck converter will be evaluated. The simulation results for these three
converter configurations will be discussed to facilitate performance comparison and aid in selecting the
most appropriate topology for the electric vehicle (EV) charger application. Furthermore, the consider-
ation of inductor core size will be addressed, as employing two cores in parallel effectively doubles the
core cross-sectional area, thereby reducing core loss and temperature.

Fig.4.2 shows the typical schematic of a conventional buck converter and Fig.4.3 shows the schematic
of an interleaved four-phase buck converter. The inductors for the interleaved buck converter are se-
lected as 400µH for a low inductor current ripple, according to Eq.4.5, compared with 300µH.

Figure 4.2: Conventional Buck Converter Schematic

The main purpose of the EV charger is to charge all kinds of batteries whose voltages vary from
200V to 920V. For the old version of batteries which range from 200V to 500V, the EV charger aims at
charging it with the maximum current which is 20A. For the new version of batteries with high battery
voltages, the EV charger will charge it with maximum power which is 11kW. So the duty cycle control
of the interleaved buck converter is divided into two conditions when D > 0.5 the output current is
determined by the output power and output voltage, and whenD < 0.5 the output current is maintained
at its maximum value (20A).
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Figure 4.3: Four-phase Interleaved Buck Converter Schematic

The simulation results for the three topologies are shown below, the performances are compared
mainly based on the inductor current and output current. As previously introduced, the converter will
provide maximum current when the duty cycle is less than 0.5. Fig.4.4a shows the output current of
the three converters, where the blue waveform represents the output current of the conventional buck
converter, the red line represents the output current of the interleaved two-phase buck converter and
the green line represents the output current of the interleaved four-phase buck converter. It shows that
interleaving does have a great impact on reducing the output current ripple, comparing the blue line with
the green and red lines. According to Eq.4.5 which is the output current ripple calculation of a two-phase
interleaved buck converter, increasing the number of phases will reduce the output current as well but
the difference is relatively small compared with the difference between the interleaved converter and
the conventional converter.

Fig.4.4b shows the inductor current of the three topologies. As introduced before, the number of
inductors in the circuits matches the number of phases in the converter. And the inductor current could
be calculated as

IL =
Io
N

(4.7)

where N is the number of phases. It could be seen from Fig.4.4b that the inductor current is reduced
as the number of phases increases which means that the inductor losses and inductor temperature
will also reduce. And because the inductances are all the same (400µH) in the three circuits so the
inductor current ripples are the same as shown in the figure. Numerical results and comparisons will
be discussed in the following section.

(a) Interleaved Buck Converter Output Current Result (b) Interleaved Buck Converter Inductor Current Result

Figure 4.4: Interleaved Buck Converter Simulation Result (D=0.4)
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4.1.3. Result Comparison
Firstly, the worst-case consideration for the switch losses is simulated by changing the duty cycle

ranging from 0.4 to 0.7. The result is shown in Fig4.5. It could be observed from Fig.4.5 that no matter
how the number of phases varies, the total switch loss at D = 0.5 reaches the highest. The reason for
D = 0.5 is the worst-case condition could be explained by the maximum average turn-on time of all the
switches in the circuit.

The worst case at D = 0.5 also works for the inductor loss as shown in Fig.4.6. The inductor has
the highest loss at D = 0.5 no matter how many phases are in the topology. And it also could be seen
from the figure that as the increase in number of phases, the inductor loss decreases significantly due
to the reduction of the inductor current.

Figure 4.5: Interleaved Buck Converter Total Switch Loss Comparison under Different Duty Cycle

Figure 4.6: Interleaved Buck Converter Inductor Loss Comparison under Different Duty Cycle

Four conditions are taken into comparison, detailed description is shown in Table 4.2. This com-
parison is mainly based on considering the switch losses and the inductor losses. Thermal design and
temperature are also taken into consideration for the comparison. The two variable is the number of
phases and the number of inductor cores for different compare scenarios.
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Table 4.2: Comparison Conditions of Interleaved Buck Converter for Topology Selection

Number of Phases Number of Inductor Cores

Condition A 1 1

Condition B 2 2

Condition C 2 1

Condition D 4 1

By doubling the inductor cores in one inductor, the inductor loss and temperature could be reduced
as shown in Fig.4.7a and Fig.4.7b. And to compare the effect of doubling the inductor core, interleaved
2-phase buck converter topology is used. It could be seen from Fig.4.7b that doubling the inductor core
promotes a significant reduction in the inductor temperature with the same thermal parameter of the
heatsink used in the simulation. Fig.4.7a shows that 4-phase buck converter has the lowest inductor
loss due to the low inductor current per phase. And the 4-phase buck converter’s inductors also have
the lowest inductor temperature, even lower than the double-core inductor with 2-phase interleaved
buck topology. Although the temperature of the inductor in the 2-phase interleaved buck converter
with the single core is the highest among the four conditions, the temperature rise is still within the
controllable range of the thermal design. Thus, the final solution for the inductor in the interleaved buck
converter will be using only one core to save cost and space.

Fig.4.7c shows that the conventional buck converter has the highest per switch loss and the 4-phase
interleaved buck converter has the lowest per switch loss. But when accounting for the total switch loss
of the converter, the total switch loss is calculated by the number of switches in the converter multiplied
by the number of switches. Although the per switch loss in the 4-phase converter is much lower than the
one in the 2-phase converter, by multiplying the number of switches, the difference is not that significant,
as shown in Fig.4.7d.

Fig.4.7e shows the total loss of the converter by summing up the inductor loss times the number of
inductors and the total switch loss. It could be seen from the figure that the total converter loss of the
4-phase converter is similar to the total loss in the conventional buck converter, which is much higher
than the 2-phase converter, which could be explained by the high number of inductors in the 4-phase
converter.

Also, because the EV charger is a commercial product, one important parameter must be taken into
consideration - cost. Fig.4.7f shows the total cost of the switches using C3M0065120J . And it’s easy
to see from the figure that because of the number of switches in the 4-phase converter, the total switch
cost almost reaches 90€. As a result, the suitable topology of the interleaved buck converter will be an
interleaved 2-phase buck converter with a single inductor core.
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(a) Interleaved Buck Converter Inductor Loss
Comparison

(b) Interleaved Buck Converter Inductor Temperature
Comparison

(c) Interleaved Buck Converter per Switch Loss
Comparison

(d) Interleaved Buck Converter Total Switch Loss
Comparison

(e) Interleaved Buck Converter Total Converter Loss
Comparison (f) Interleaved Buck Converter Switch Cost Comparison

Figure 4.7: Interleaved Buck Converter Under Different Conditions

4.2. Control Modelling
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4.2.1. System Level Control Design
Fig4.8 shows how the EV charger is controlled with cascade PI controllers at a system level. The

duty cycle of each interleaved buck converter is controlled by a double control loop. According to the
previous section, a double control loop consists of an inner loop and an outer loop. To realize the
system-level control of the EV charger, a saturation limit was added after the outer loop PI controller for
different control modes. Four control modes are established for the EV charger, two charging modes
and two discharging modes.

Figure 4.8: System Level Control Logic

The two charging modes are smart charging and grid-support EV charging. In the smart charging
scenario, for example, if two cars with different voltage levels are connected to the EV charger to
charge the battery, then the EV charger could provide unequal output power to match the different
voltage levels, which is to charge the higher-voltage car with lower power and charge the low-voltage
battery with higher power. Since the two interleaved buck converters are controlled by different PI
controllers. And the grid support EV charging is used to help stabilize the grid with the EV battery.
When the balancing converter on the grid side runs out, the EV battery can also provide support to
maintain the balance of the two poles in an EV charger connected to a bipolar DC microgrid.
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Fig4.9 shows the gird-support control of one pole of the grid. The blue line is the droop control of
one pole of the grid and is divided into five stages. The upper limit is the grid to charge the battery at
the maximum current (375V < Vpole < 380V ) and the lower limit region is the battery to charge the grid
at the maximum current (340V < Vpole < 360V ). Any voltage beyond 380V and below 340V will stop
the balancing function immediately. The upper droop (370V < Vpole < 375V ) and lower droop regions
(360V < Vpole < 365V ) are the stages for droop control, when one pole is at this stage then the voltage
will gradually approach the Idle region (365V < Vpole < 370V ) with zero current flow and in the end
reach the balance stage of the grid.

Detailed current charging/discharging rules are shown in Table4.3. Under most conditions, the
magnitude and direction of the current is determined by the minimum current between the positive and
negative pole of the grid which is decided by the droop function. The special conditions occur when
one pole is charging at the edge of the upper droop region and another pole is discharging at the edge
of the lower droop region because the upper droop and upper limit have higher priority so the grid will
charge the battery at maximum current. Also when one pole is at the upper limit region and another is
at the lower limit region, then the battery will charge the battery with maximum current. The detailed
simulation result will be shown in the result chapter, as examples of the control of the EV charger by
using the saturation limit.

Table 4.3: Charging and Discharging Scenarios Under Imbalanced Bipolar Grid

Upper Limit Upper Droop Idle Lower Droop Lower Limit

Upper Limit Minimum Minimum Zero Minimum Upper limit*

Upper Droop Minimum Minimum Zero Minimum Minimum

Idle Zero Zero Zero Minimum Minimum

Lower Droop Minimum Minimum Minimum Minimum Minimum

Lower Limit Upper limit* Minimum Minimum Minimum Minimum

Figure 4.9: Charging and Communicating with the Grid

Correspondingly, the discharging modes consist of the vehicle-to-grid (V2G) discharging technique
and the car-to-car discharging approach. In this particular context, the term ”discharging” specifically
denotes the controlled release of stored energy from the EV battery. The discharging modes as shown
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in Table4.4, are changed manually by the user in the EV charger UI. And the simulation result will also
be shown in the result chapter.

The detailed script of realizing switching operation modes is the duty of the EV charger microcon-
troller, and the result of different modes are used as the saturation limit of the PI controllers. For this
project, only the control of the EV charger is investigated and simulations under different scenarios are
simulated and presented in the following chapter.

Also, the single output control for charging and discharging modes is stated in the state table shown
in Table4.4. There are three states in total for the single output. First is when the output port is at no
load condition, and then there is no switch switching, which is defined as the default plug-out state.
Next is when the output port acts as load then the EV charger is in charging mode and is defined as
default plug-in mode. The last state is when the output port is in source mode, then the EV charger
is in discharging mode which includes car-to-car charging and vehicle-to-grid charging. The exact
discharging mode will be manually determined by the user in the UI interface of the EV charger.

Table 4.4: State Table for Single Output Charging and Discharging Modes

Source Load No Load Y Description

0 0 1 No Switching Default Plug-out

0 1 0 Charging Default Plug-in

1 0 0 Discharging

Car-to-car Charging

Vehicle-to-Grid

Manually Controlled

4.2.2. Constant Frequency Control for Multiport CLLC Converter
The output voltage measurement is compared against a DC voltage set point. The error is fed into a

2-pole, 2-zero implementation of a digital PI controller as shown in Fig.4.11. An ADC interrupt is used
to trigger the interrupt service routine to run the controls (simulated here as a triggered subsystem).
The controls generate a counter period set point that is then converted into a frequency set point. The
frequency set point is used by the PLECS variable frequency PWM block, as shown in Fig.4.10. The
half-bridge FETs are switched with a 50% duty cycle. A detailed script will be included in the appendix.

Figure 4.10: Frequency Sweep Controller for Constant Frequency Control

Figure 4.11: Voltage Step Controller for Constant Frequency Control

The switching frequency of the constant frequency controller’s soft start and frequency sweep is
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shown in Fig.4.12. The switching frequency is stepped from 660kHz to 400kHz and then to 280kHz
and finally stays stable at 250kHz, with a step-down time period of 2ms.

Figure 4.12: Frequency Response for CLLC

4.2.3. Double Loop Control Design for Interleaved Buck Converter
Based on the comparison result, the interleaved two-phase buck converter will be used as the solution

for the voltage regulation of the EV charger by changing the duty cycle of the converter. And as stated
in Section 2.2.1, linear compensators will be used with cascade loop control of the buck converter
with the advantage of fast transient and zero steady-state error. This section will present a detailed
design procedure of the double loop control design with a small signal model and the derivation of the
interleaved buck converter.

Transfer Functions

Because the inductor currents are operating in continuous current mode (CCM), the switching averag-
ing model could be used instead of the converter switch network [46]. The small signal model could
be obtained from Fig.4.13. The output voltage Vo, output current it and the average duty cycle dt are
regarded as control variables.

Figure 4.13: Small signal Model of Interleaved Buck Converter
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From Fig.4.13, the output current it is the sum of the two inductor current iL1 and iL2 .

it = iL1
+ iL2

(4.8)

And the sum could be obtained as

it =
1

sL
(d1(s)Vin − Vo) +

1

sL
(d2(s)Vin − Vo) (4.9)

dt(s) is the average duty cycle of the two phases. Because d1(s) = d2(s), so

dt(s) =
d1(s) + d2(s)

2
= d1(s) = d2(s) (4.10)

The output voltage could be calculated by the RC plant transfer function and the sum current it as

Vo = it
Ro

RoCso + 1
(4.11)

As a result, the sum current could be calculated using the equations above:

it =
2Vin(RoCos+ 1)

sL
dt −

2it
Ro

RoCos+1

sL

= (
2Vin(RoCos+ 1)

LRoCos2 + sL+ 2Ro
)dt

(4.12)

The control loop that is used in this report is shown in Fig.2.10. So the transfer function of output current
to the average duty cycle is

Gid(s) =
it
dt

=
2Vin(RoCos+ 1)

RoLCos2 + sL+ 2Ro
(4.13)

And the transfer function in the outer voltage loop could be obtained as:

Gvd(s) =
Vo

dt
=

2RoVin

RoLCos2 + Ls+ 2Ro
(4.14)

Another type of transfer function in the outer voltage loop could be deviated as :

Gvi(s) =
Vo

it
=

Ro

RoCos+ 1
(4.15)

Fig.4.14 shows the inner control loop that is built in Simulink, where the transfer function of the PI
compensator is tuned by Matlab ’sisotool’

C =
−2.547e− 10(s− 2.109e05)

s
(4.16)

and G is the transfer function of Gid(s) as shown in Eq.4.13.

Figure 4.14: Inner Loop Schematic in Simulink

The bode plot of the PI controller shows in Fig.??. The gain margin of the controller is 57.9dB as
shown in Fig.4.15 and the phase margin is 90.8◦ as shown in Fig.4.16. Both bode plots indicate that
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the inner loop is a stable loop. And the step response of the loop is shown in Fig.4.17. The output
result of the inner loop Simulink model is shown in Fig.4.18

Figure 4.15: Gain Bode Plot of the inner loop Figure 4.16: Phase Bode Plot of the inner loop

Figure 4.17: Step Response of Inner Loop Figure 4.18: Inner Loop Simulation Result

Figure 4.19: Cascade PI Control Circuit

The outer loop is built in Simulink as shown in Fig.4.19. The PI controller for the outer loop could
be designed and tuned by using the Matlab ’sisotool’ as:

C1 =
1.6882(s+ 14.81)

s+ 4.5
(4.17)

The bode plot of the cascade PI controller shows in Fig.??. The gain margin of the controller is 67dB
as shown in Fig.4.20 and the phase margin is 75.9◦ as shown in Fig.4.21. Both bode plots indicate that
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the cascade loop is a stable loop. And the step response of the loop is shown in Fig.4.22. The output
result of the inner loop Simulink model is shown in Fig.4.23

Figure 4.20: Gain Bode Plot of Cascade Loop Figure 4.21: Phase Bode Plot of Cascade Loop

Figure 4.22: Step Response of Cascade Loop
Figure 4.23: Simulation Result of Cascade Loop



5
Simulation Results and Analysis of

system-level control

In this chapter, first, the schematic of the whole converter is introduced. Results of control modelling
will also be presented, including simulations of car-to-car discharging and V2G discharging, simulations
at different voltage levels with the same PI parameters, and one example of smart charging.

5.1. System Control Schematics
Fig.5.1 shows the schematic simulation model of the EV charger. And Fig.5.2 shows the control

blocks to control the two converter topologies. The constant frequency control module is used to con-
trol the CLLC switch (S14, S23, S58 and S67), with a switching frequency that is a little beyond the
corresponding resonant frequency under different circumstances. And the cascade control is used to
control the gate signal in the interleaved buck converter (S1, S2, S3 and S4), with a switching frequency
of 100kHz.

Figure 5.1: EV Charger Circuit Schematic

44
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Figure 5.2: Control blocks of the EV charger

5.2. System Control Result
First of all, two different saturation limits are set for different battery voltages (400V and 700V) to

verify that without adjusting the PI controller parameter, different responses are under control. Then
the car-to-car charging scenario is simulated when the tertiary output is used as the input of the system
and the secondary side is the real output side.

5.2.1. Cascade PI control Result
The circuit for the simulation of cascade PI control is shown in Fig.5.3. As introduced before, there

are two operation modes for the interleaved buck converter, maximum current and maximum power.
Reintroducing the operation modes briefly, when the battery voltage is higher than 550V, the control will
operate under maximum power (11kW) by setting the saturation limit to be the calculated value based
on the fixed power and the battery voltage. When the battery voltage is lower than 550V, the control
will operate under maximum current mode (20A), and then the saturation limit will be set to 20A.

Figure 5.3: Circuit Schematic for Cascade PI Control Simulations

Fig.5.4 shows the simulation result of the duty cycle, output current and output voltage when the
battery voltage is 400V which is under maximum current working mode. Fig.5.5 shows the simulation
result of the duty cycle, output current and output voltage when the battery voltage is 7400V which is
under maximum power working mode. And it could be seen from both figures that the controlled output
has a low variation and a fast response. And the ripples of the duty cycle decrease when the battery
voltage increases. Overall the system response has a reasonable performance which indicates that
the PI controller parameters are well-tuned.



5.2. System Control Result 46

Figure 5.4: EV Charger Performances when
Vbatt = 400V

Figure 5.5: EV Charger Performances when
Vbatt = 700V

5.2.2. Car-to-car Discharging
Fig.5.6 shows the circuit schematic of the car-to-car charging scenario. The tertiary side of the CLLC

converter is used as the input and the secondary side is treated with a load to simulate the car-to-car
charging operation. Only the tertiary switches are actively switched to control the power flow. The grid
voltage is set to 700V and the tertiary voltage is set to 1100V.

Figure 5.6: Circuit Schematic for Car-to-car Discharging Simulations

And the car-to-car charging simulation results are shown below. Fig.5.7 shows the voltage and
current response of the converter and Fig.5.8 shows the power flow in the three ports. It could be
seen from the figure that the primary voltage of the transformer is higher than the gird voltage so that
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the power flowing through the primary side is zero. And the resonant frequency is recalculated to be
400kHz. The car-to-car charging is well realized in the simulation.

Figure 5.7: EV Charger Voltage and Current
Performances at car-to-car charging

Figure 5.8: EV Charger Power Performances at
car-to-car charging

5.2.3. Vehicle to Grid Discharging
Fig.5.9 shows the circuit schematic of the vehicle-to-grid charging scenario. The tertiary and sec-

ondary sides of the CLLC converter are used as the input and the primary side is treated with a load to
simulate the vehicle-to-grid charging operation. Both the tertiary and secondary switches are actively
switched to control the inverted power flow. The grid load is set to 733.33V and the tertiary voltage is
set to 1100V.

Figure 5.9: Circuit Schematic for Vehicle-to-Grid Discharging Simulations
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And the vehicle-to-grid charging simulation results are shown below. Fig.5.10 shows the voltage
and current response of the converter and Fig.5.8 shows the power flow in the three ports. It could be
seen from the figure. The current flowing through the tertiary side is negative which could be explained
by the ammeter current shown in Fig.5.9 The vehicle-to-grid charging is well realized in the simulation,
which shows that the EV charge r has bidirectionality and has the ability to help support the grid.

Figure 5.10: EV Charger Voltage and Current
Performances at Vehicle-to-Grid Charging

Figure 5.11: EV Charger Power Performances at
Vehicle-to-Grid Charging

5.2.4. Smart Charging
Unequal output power simulation is presented as an example of smart charging. Assume that there’s

a condition that the two cars connected to the EV charger have different voltage levels. Then the EV
charger should charge the higher voltage battery with lower power and charge the lower voltage battery
with higher power. In the simulation, the interleaved buck converter connected on the secondary side
is charged with maximum current on 20A and an output power of 3kW is obtained by the load. Another
output load with a battery voltage of 400V is charged at 8kW. The two interleaved buck converters
are controlled by separate cascade PI control loops and the saturation limits in each control loop are
determined based on the battery voltage and control modes.

The results are shown below. Fig.5.12 shows output power and the PI-controlled output current
of the two output ports. It could be seen from the figure that the output current ripples have similar
values which shows the well-tuned PI parameters could control the output current with different inputs.
Fig.5.13 shows the duty cycle under two different charging modes of the EV charger. And it could be
seen from the figure that due to the difference in the battery voltage, the duty cycles have different
values and inverted slopes.
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Figure 5.12: Interleaved Buck Converter Output
Current and Power at Unequal Power Charging

Figure 5.13: Interleaved Buck Converter Duty Cycles at
Unequal Power Charging

5.2.5. Grid Droop Control Charging
Fig.5.14 shows the same control function as Fig.4.9 introduced before but with detailed voltage spec-

ifications. Here, one specific condition is simulated to demonstrate the ability of the EV charger to
support grids.

Figure 5.14: Grid-Droop Control with Detailed Parameters

When the positive pole of the bipolar grid is 375V and the negative pole voltage of the grid is 372V ,
the grid current should following the minimum current comparing between the two poles, which means
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the current at 372V . When the Vpole ∈ (370V, 375V ), the grid current could be calculated using the
equations below and the result is shown below.

Igrid = 2.894× Vpole − 1069.18

Igrid = 7.388 A
(5.1)

With the calculated grid current, the input power that is supplied by the grid is obtained to calculate
the amount of power that could be transferred to the vehicle. Assuming the battery voltage is 400V , the
EV charger should charge the car with maximum current (20A) in the normal charging mode. However,
because the EV battery is used to support the grid stability, the power transfered to the battery is
reduced and the output current of the interleaved buck converter is determined by the total amount of
power provided by the grid.

Fig.5.15 shows the controlled duty cycle as the final output of the PI control loop and Fig5.16
shows the controlled output current and the calculated saturation limit under the grid-droop condition.
It could be seen from the figures that even though the operation modes changed and the saturation
limit changed, the tuned PI parameters could also support the control with fast response.

Figure 5.15: Output Current of the EV Charger with
Grid-Droop Operation

Figure 5.16: Controlled Duty Cycle of the EV Charger
with Grid-Droop Operation



6
Conclusion

6.1. Answering Research Questions
What are the suitable topologies for a bidirectional isolated dual-output EV charger connected

between a DC microgrid and considering a wide output voltage range of EV batteries?

For the single-output isolated converter, LLC is not suitable for the EV charger because
it cannot work in the reverse power flow mode. Comparing CLLC and DAB converters,
DAB has the risk that it might lose ZVS at light load, whereas CLLC could maintain ZVS at
the whole load range but with a higher conduction loss. The dual-output converter has the
advantage of saving switches on the primary side, compared with using two identical single-
output converters, which contributes to the high efficiency and low cost. Then multiport
CLLC converter and TAB are more suitable than normal CLLC converter and DAB.

What is the outcome of a comparative analysis between the Triple Active Bridge and
Multiport CLLC converter for the dual-output EV charger converter application?

While the TAB converter has a lower conduction loss and a wide voltage gain and ZVS
range, the complex phase shift control and decoupling control add to the complexity of the
EV charger control. In addition, although the resonant frequency of the multiport CLLC con-
verter might change in real life, CLLC converters are easier to control than TAB converters.
In addition to the ability to operate with open-loop control, the multiport CLLC converter
could act as an ideal DC transformer for power transfer.

How can a simplified open-loop control strategy be implemented for the CLLC while main-
taining ZVS over the entire input voltage range of the DC grid?

When operating at a fixed resonant frequency, the multiport CLLC converter could act as
an ideal DC transformer. With the designed transformer turns ratio, the output voltage is
always above 1000V. Using interleaved buck converter, the output voltage of the EV charger
could support a wide range from 200V to 920V by controlling the duty cycle. A cascade PI
control is implemented on the interleaved buck converter to control the output voltage.

How to model and design the control for the EV charger converter and simulate the control
across various scenarios, including load changes, power flow changes, and grid variations?

By controlling the saturation limit of the PI controller in the voltage loop of the cascade PI
control loop of the interleaved buck converter, a system-level control for the EV charger is
presented. An unequal output power condition is simulated as an example of the smart
charging for the load changes. Car-to-car charging and vehicle-to-grid charging are also
modelled and simulated. Finally, a grid-droop control simulation is presented for the grid
variation change scenarios.

51
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6.2. Recommendations
For the cascade PI control, the parameters of the PI controller are tuned under high-power conditions,

it could be tuned again under low-power conditions to reduce the output current ripple seen in the droop
control condition which has a relatively low power flow.

Also, since this thesis only focuses on the simulation and control design, a further design in the
hardware would be nice to test the EV charger design in real life and even test the converter with the
designed control in connection with the real DC microgrid.

Planar transformers are another recommendation for the hardware design. For the EV charger, only
the transformer’s turns ratio and some other parameters have been designed. The design of a multiport
CLLC converter with two output windings and integrated inductors could also prove challenging.

Final recommendation will be the passive coolingmethod, some loss calculations and rough heatsink
design are conducted in this project, but detailed heatsink design is not derived. It is also interesting
to observe if passive cooling is enough for this EV charger and what kind of heatsink is needed for the
heat dissipation.
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