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Abstract: - Electric vehicles are growing in importance owing to their desirable characteristics leading to
utilization. It is a significant challenge to maintain voltage for DC microgrids when integrating with EVs. The
work aims to enhance voltage stability in a DC microgrid and the electric vehicle charging using GaN devices
in the converter. This is done by developing a DC microgrid with better voltage regulation, loss reduction, and
increased efficiency and these are analyzed using PLECS software. Under different operating conditions, the
proposed converter can respond to load fluctuations and maintain its voltage profile stable. The approach meets
the increasing demand for vehicle charging by upgrading DC microgrid technology. The use of GaN-based
converters improves voltage stability while allowing for efficient integration of EVs into the grid thereby

giving more options for transportation.
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1 Introduction

Evaluation of the reliability and safety of DC
microgrid system, [1], [2], [3], depends on its DC
bus voltage. However, in this process sudden
changes in the power supply may lead to huge
deviations from the normal levels of voltage for
instance in service behavior and demand
fluctuations. This emphasizes the need to maintain
power quality as well as ensure that DC bus
voltages remain stable. Therefore, a bidirectional
(DC-DC) converter is employed to interface energy
storage devices with the DC bus to tackle these
issues, [4]. During the insertion of Energy Storage
Devices (EDS) into a DC microgrid, the reliability
is increased since it determines both the
transmission power from the microgrid source and
energy absorption power at load based on EDS size,
[5]. Here, Solar DC Microgrid Solution ensures
secure Voltage stability as well as good Power
Quality. Reliable power supply as well as economic
power management are rendered feasible through
the integration of ESD to the microgrid via BDCs.

A closed loop controlling technique that
concentrates on the parameters voltage along with
current is utilized in recent converter designing.
This approach often utilizes an updated version of
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this technique. In the realm of control theory, a
method called closed-loop control is employed to
handle both voltage and current. In this
arrangement, the bus voltage takes on the role of the
layer of control while a PI controller is used to
compensate for any discrepancies, in the internal
loop, [6]. Though this conventional control
approach enhances the responsiveness of the system
it still struggles to eradicate the notable fluctuations
and impacts, on the voltage of the DC microgrid.
Consequently, there is a need, for control
mechanisms that can meet these requirements while
also enhancing the stability and reliability of energy
storage unit converters. Exploring more intricate
and advanced methods, such as adaptive and
predictive control approaches, could be investigated
as potential solutions to address these challenges
and enhance the performance of energy storage unit
converters across various operating conditions.
Several researchers have used a system that
blends classic dual closed-loop control techniques
with the feedforward controlling technique to
overcome this difficulty, [7]. Regardless of the
feedforward components employed, these systems
can be classified as power feedforward or current
feedforward. For example, three feedforward load

Volume 19, 2024



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2024.19.15

current control strategies were developed to address
the boost converter's unstable zero point, proving
more effective than feedback control in limiting
voltage changes and enhancing system stability
when the output filter capacitance was reduced, [8].
Additionally, [9], integrated load current
feedforward into the control link using direct power
control, leading to a significant improvement in the
dynamic response of DC converters and the
maintenance of a constant output voltage under
sudden load changes, as indicated by experimental

and simulation results. Furthermore, [10],
introduced the establishment of a ripple
compensation connection via load current

feedforward to enhance the quality of the systematic
output power and accelerate the inner loop dynamic
reaction time of the existing inner loop control.
While the current feedforward control approach
mentioned above somewhat enhances the system's
dynamic reaction capability, it still faces the
challenge of voltage and current loop delay,
resulting in a slower response of the output current
to the load disturbance.

The power feedforward control method is
employed to mitigate bus voltage fluctuations by
introducing disturbance power into the control
pathway, [11]. A compensation control strategy
utilizing power feedforward is implemented
alongside classical dual closed-loop control to
address bus voltage fluctuations arising from the
mismatch between output power and renewable
energy load consumption in the microgrid, [12].
This method channels power disturbances into the
controller through the feedforward channel,
effectively constraining bus voltage fluctuations and
enhancing overall system stability. Additionally,
[13], proposed a practical direct power control
strategy related to direct power feedforward control,
improving the bidirectional DC/DC converter's
resilience to load disturbances. This eliminates the
need to consider the energy storage inductance of
the converter and changing ratio parameters of the
transformer, thereby enhancing overall system
compatibility. Moreover, power feedforward aids in
the system's quicker response to power disturbances,
thereby enhancing its capability to regulate bus
voltage fluctuations to some extent. However, it is
essential to note that power feedforward, like
current feedforward, must pass through the current
inner loop, resulting in some delay in the output
current compared to the load disturbance.

Furthermore, it's crucial to acknowledge that
feedforward  control  necessitates  real-time
monitoring of system parameters, which increases
system costs and reduces reliability. This is not
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conducive to the expansion of the microgrid or the
widespread adoption of plug-and-play capabilities,
[14]. To address the issues with feedforward
control, the use of a state observer eliminates the
need for an exact mathematical model that includes
the disturbance signal when evaluating the amount
of disturbance. This approach simplifies model
construction, avoids complex mathematical
calculations, and meets the real-time property
requirements of the system. However, the use of an
observer to monitor the system's state variables
introduces noise, despite the relatively simple
models

2 Microgrid Description

The microgrid under examination in this study
operates at a voltage level of 48 volts, as illustrated
in Figure 1. During island mode, the maintenance of
power balance is achieved by regulating the
distributed energy sources and compensating
devices. The microgrid consists of three DC buses,
each associated with its respective subsystem and
controlled by a regional controller (RC). Loads are
connected to each bus and distributed across the
system.

2.1 About Photovoltaic System (PV) System

The PV system is connected to the bus and is
subjected to variations in temperature and
irradiance. It is also equipped with battery storage.
A boost converter is employed for maximum power
point tracking (MPPT) to optimize the array's power
output. This converter utilizes the incremental
conductance (InC) approach and an additional
integral regulator for robustness. Advanced MPPT
techniques may be employed when necessary.
According to the InC method, the derivative of the
module power is assumed to be zero at the MPPT,
positive to the left of the MPP, and negative to the
right of the MPP, [15]. The InC technique concludes
its search for the applied PV voltage when the
system's InC and system conductance are equal,
corresponding to the lowest rate of change in PV

power (Ppv). This can be mathematically
represented.

dPPV zo

Ve (1)

Substituting for Pov =Vl in (1), we get

d (Vo )(1e )

~0
dVey

2
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PV (4)
oy __Tev.
dVP\/ VP\/ (5)

The DC-DC converter, based on the InC
algorithm, is responsible for adjusting the operating
point of the PV array to satisfy equation (5). The
battery regulates the voltage of the bus, operating its
converter in a constant voltage mode. Consequently,
the converter can operate in constant current mode
(CCM), delivering the microgrid with the maximum
achievable power output. Any surplus energy
generated is stored in the battery, enabling the PV
system to operate continuously in MPPT mode.

Figure 2 illustrates a detailed diagram of the
subsystem. The unidirectional converter of the PV
panel operates in MPPT mode, while the
bidirectional converter of the battery regulates the
bus voltage using a proportional-integral (PI)
controller. Excess power in the microgrid is directed
towards charging the battery storage, and the
charging current is controlled to sustain a constant
bus voltage

2.2 GaN Bidirectional DC/DC Converter

DC-DC power converters play a crucial role in DC
microgrid systems, as they convert electricity from
various voltage levels to the required output voltage
level. However, traditional DC converters only
facilitate unidirectional power transfer, limiting
bidirectional power flow. To overcome this
limitation, the proposed solution involves the use of
advanced power devices, specifically Gallium
Nitride High Electron Mobility Transistors (GaN
HEMT), known for their enhanced static and

dynamic properties, thereby improving the
efficiency of power converters.
GaN devices surpass their Silicon (Si)

counterparts in key aspects such as lower output
capacitance, absence of reverse recovery effects,
and low on-state resistance, contributing to an
overall enhanced performance, [16], as depicted in
Figure 3. This implementation facilitates the
charging and discharging of storage devices like
batteries and supercapacitors. Not only does this
streamline the process, but it also allows for more
effective utilization of stored energy, enhancing the
overall adaptability and robustness of the system
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Fig. 2: Implemented PV-battery system.

The dynamic model of the converter incorporates
parasitic resistances identified as RL and RC, to
characterize  the inductor and  capacitor
characteristics, respectively.

The state-space model of the converter can be
represented as equations (6) and (7), where the
system matrices are denoted as A, B, C, and D.
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Fig. 3: Implemented GaN bidirectional DC-DC
converter with PLECS Software

x = Ax+Bu (6)

y=Cx+ Du (7)

The state-space model (SSM) of the converter
can be obtained by averaging two discrete SSMs.
The first SSM is associated with the scenario when
M1 is ON and M2 is OFF for a duty cycle of d1, as
depicted in equation (8). The second SSM
corresponds to the situation when M1 is OFF and
M2 is ON for a duty cycle of d2, equal to 1 minus
dl, as illustrated in equation (9). The chosen state
variables are i and Vc, denoted by x1 and x2,
respectively.

_RL 0 1
/ L T
X'gq = 1 X+| L |u
0 re— 0)
i@ﬁgﬁL]:%H Re J ]
X, = L R+R.) L R+R; X{L}u
R -1 0
C(R+Ry) C(R+R;) (9)

Equations (10) and (11) can be employed to
derive the averaged state-space model (SSM),
yielding equation (12).

A=dA+d,A (10)
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B=d,B +d,B,

()
lL(RL(l—2d)+RRJ'rR§C .d’] ‘T'[HRF}RCJ.W 1
R(l_d) 4 X+ (|; u
C(R+R.) C(R+R) (12)

Similarly, the matrices C and D can be derived,
leading to equation (13) as shown below
1

y—[l 0Jx+ L|u
0 1 0

The obtained averaged state-space model (SSM)
illustrates the performance of the converter
throughout a complete cycle with a period of Ts.

(13)

2.3 Energy Hub System

Microgrids necessitate power compensation systems
due to the inconsistent nature of renewable energy
sources and changing demands. These systems serve
two primary purposes: firstly, to function as a power
source when microgrid generation is inadequate to
meet load demand, and secondly, to act as a power
sink when generation exceeds demand. While
traditional battery storage serves as one method of
compensation, its slow dynamic response is
insufficient for rapid changes in load or renewable
power. In contrast, supercapacitors (SCcap) offer
advantages such as rapid response time and high
instantaneous output power. Previous studies have
emphasized the benefits of incorporating
supercapacitors in  various components of
microgrids, [17].

The proposed design aims to integrate Energy
Hubs into the microgrid system for two primary
purposes. Firstly, to ensure smooth power delivery
during peak demand periods, the supercapacitor is
utilized to absorb strong transients. Secondly, to
maintain bus voltage, the battery system is
employed. Typically, power regulation and
balancing in microgrids are managed through
generation unit outputs, such as PV units. However,
during peak demand periods, generation units must
operate at their maximum capacity, which can be
challenging. Introducing an Energy Hub can
alleviate the pressure on the generation units and
transfer control to other parts of the system, making
it more efficient and reliable.

As depicted in Figure 4, the Energy Hub consists
of a SCap coupled to the same DC bus using
bidirectional converters. The SCap control employs
a cascaded PI system with an outer voltage loop and
an inner current loop, while the battery control
regulates the bus voltage. The supercapacitor
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control ensures that the isc value is zero during a
steady state.
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Fig. 4: Implemented energy hub system

A

2.4 About Charging Station of Electric
Vehicle

The integration of vehicle-to-grid (V2G) technology
into microgrids has opened up new possibilities for
transferring the compensation load to -electric
vehicles connected to charging stations. The
benefits and challenges of adopting this technology
have been thoroughly analyzed in previous studies,
[18]

Within the microgrid under examination, the
charging station is linked to the bus, and its main
function is to recharge the electric vehicles (EVs)
that connect to it. However, during periods of peak
demand, the EVs can also operate as a power source
to assist in regulating the microgrid. The DC voltage
at the bus is adjusted by modifying the value of
Vev, which occurs when multiple EVs connect or
disconnect from the charging station node, as
illustrated in Figure 5.
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Fig. 5: Implemented EV charging station system

3 Proposed Control Technique

The objective of this article is to introduce a method
for energy optimization in a DC decentralized
power network wusing a distributed control
technique. This approach does not depend on a
communication network. Instead, power flow from
individual ~ sources is  regulated through
interconnected DC/DC converters.

3.1 PI Controller

The PI controller generates the required duty cycle
based on the output error, similar to the PID
controller. However, the PI controller is
significantly less susceptible to disturbances and
produces an oscillation-free duty cycle. Moreover,
the PI controller outperforms the PID controller in
terms of offset and steady-state error, [19].
Consequently, this paper employs a PI controller
instead of a PID controller, considering these
factors. The mathematical analysis of the PI
controller is shown in the equation below.

I t)dt+K e (t) (14)

The error signal e(t) is the difference between
the bus value and the reference signal Voltage
(Vbus) and reference voltage (Vbus_ref).

() Vbus Vbus ref (15)

The dual-loop control method involves the use
of two PI controllers - one for the voltage loop and
the other for the current loop. The first controller
receives direct feedback from the converter's output
and its output is then passed on and transferred to
the second controller, which creates the necessary
duty cycle. Here Table 1 shows the gain values of
the PI controller related to mode of operation
pertaining to the type of energy source utilized to
drive the electric vehicle.
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Table 1. PI control Parameters
Mode Ko | Ky Ko K
Battery 0.2 2.45 0.45 2.8
Supercapacitor 0.1 4 0.27 32
PV-Battery 0.1 4 10 4
When converter parameters, such as input

voltage and output current, are influenced by
nonlinear or continually changing conditions, and
output filter performance is involved, tuning the PI
controller becomes a cumbersome and time-
consuming task. Moreover, conventional PI tuning
lacks a right-half-plane zero, leading to a restricted
understanding of the converter's behavior, [19].

3.2 Fuzzy Logic Controller

The effectiveness of Fuzzy Logic Control (FLC)
heavily relies on the rules defined by linguistic
variables, and unlike other approaches, it doesn't
require intricate arithmetic operations. It conducts
simple calculations to regulate the model, making it
one of the most effective and accessible methods for
plant regulation. FLC, grounded in fuzzy set theory,
assigns membership levels to elements, reflecting
their association with specific sets characterized by
less well-defined boundaries compared to classical
sets. Despite its reliance on basic mathematics, FLC
excels in control systems, especially when precision
requirements are minimal.

The FLC excels in providing an optimal
switching sequence for the charging and discharging
operations of batteries. It receives error indications
from the DC Bus voltage compared to the reference
voltage signal. Utilizing this information, the fuzzy
controller determines the duty cycle for the PWM
block, thereby signaling the buck/boost converter.
This study employs FLC with a Mamdani base,
taking two inputs: the output voltage error (e(t)) and
the change in error (de(t)) from the previous error.
The definitions of e(t) and de(t) are provided in the
subsequent equations.

€ (t) :Vsense (t) _Vref

de(t)=e(t)—e(t—1)

(16)

(17

In this context, Vref represents the desired output
voltage, and Vsense(t) is the tth sampled output
voltage of the system. Both input variables are
multiplied by scaled factors k1 and k2 before being
fed into the Fuzzy Logic Controller (FLC).
Subsequently, the scaled input undergoes
membership function (MF) assignment based on
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fuzzy logic rules. Triangular MF is selected for its
simplicity and ease of application, despite various
MF shapes being available. While a larger number
of fuzzy sets is beneficial for smooth system
adjustment, it also adds complexity to MF forms.
Thus, there exists a trade-off between the
complexity of the MF and the quantity of fuzzy sets
employed. The FLC is allocated seven fuzzy
subsets, named NL, NM, NS, ZE, PS, PM, and PL,
where L, M, and S denote big, medium, and small,
respectively, and N, P, and Z represent negative,
positive, and zero, respectively. The FLC outputs
the required duty cycle (D), which is then
transmitted to the plant. Fuzzy control rule sets are
defined based on a 7x7 converter matrix. Figure 6
depicts the block diagram representation of the
fuzzy logic controller.
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- * W Defuzafer (| Mamt |
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Fig. 6: Block diagram of FLC

3.3 Gallium Nitride HEMT Transistor
In the realm of a Zero Voltage Switching (ZVS)
configuration, medium, and high-voltage Silicon

(Si)  Metal-Oxide-Semiconductor ~ Field-Effect
Transistors (MOSFETs) showcase heightened
switching losses and intermittent operational

glitches, as extensively documented in the literature,
[20], [21]. The extended reverse recovery duration
exhibited by the intrinsic body diode under
conditions of low reverse voltage stands out as the
primary instigator of these adverse MOSFET
failures, [22]. It is pivotal to underscore that once
the body diode enters the reverse recovery phase, it
can trigger the failure mode through either the peak
reverse recovery current (IRRM) or the rate of
voltage change during the turn-off process (dv/dt).
These complications stem from the intrinsic
structural properties of super-junction MOSFETsS,
which are differentiated by a greatly increased PN
junction area. Despite iterative improvements, the
persistence of this poor reverse recovery phenomena
remains a long-term and severe obstacle.
Furthermore, it is critical to emphasize that when
there is little or no load, another failure mechanism
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occurs inside Zero Voltage switching (ZVS) super-
junction Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETs). The parasitic output
capacitor remains partly charged in this
circumstance, surviving exceeding voltage levels of
zero. Surprisingly, despite efforts to mitigate the
intrinsic diode recovery effects, this difficulty
persists. This phenomenon, known as the "Cdv/dt
shoot-through issue," happens only within the leg
allocated for short-circuiting.

To complicate matters further, the energy that
has been stored within the resulting capacitor
evaporates as it passes into the device after
activation, adding another layer of complication to
the problem. Notably, the non-linear properties of
the output capacitance (Coss) create a strong barrier
to attaining Zero Voltage Switching (ZVS). This
large barrier stems from the fact that the power
MOSFET's output capacitor increases exponentially
as the drain-source voltage approaches zero. As a
result, the issue of quickly draining the output
capacitance is exacerbated, eventually leading to
longer discharge intervals.

In general, Silicon (Si) MOSFETs have several
flaws including a long reverse recovery time, a
significant reverse recovery charge, and a large
output capacitance. These combined features signify
a sluggish switching speed and elevated switching
losses. Therefore, in the selection of a power switch
for integration into a bidirectional converter, it
becomes paramount that the chosen power switch
exhibits the following fundamental characteristics
[22]:

a) Fast reverse recovery of body diode

especially at lower reverse voltage;

b) Less reverse recovery charge of body diode;

¢) Less output capacitance Coss;

d) Less Qgd/Qgs ratio;

e) High threshold voltage.

Figures of Merit (FOMs) serve as valuable tools for
evaluating and comparing device performance,
particularly during early design phases, [23], [24],
[25], [26]. Earlier studies introduced FOMs tailored
for hard-switching and soft-switching applications,
[23]. These metrics consistently illustrate that
Gallium Nitride High Electron Mobility Transistors
(GaN HEMTSs) outperform Silicon (Si) Metal-
Oxide-Semiconductor  Field-Effect  Transistors
(MOSFETs) in high-frequency and high-voltage
scenarios, encompassing both hard and soft-
switching circuits, about conduction and switching
losses.

Furthermore, a novel Figure of Merit (FOM)
crafted to assess reverse-recovery characteristics
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during synchronous rectification was introduced,
[24]. A thorough comparison in [25], between 650V
GaN HEMTs and Si MOSFETs consistently favored
GaN HEMTs across both FOMs. This heightened
performance can be ascribed to the inherent
properties of GaN HEMTs, notably the absence of
minority carriers in conduction, leading to the
elimination of reverse recovery  charge.
Nevertheless, similar to Si MOSFETs, it remains
imperative to minimize body diode conduction. In
these applications, GaN devices demonstrate
exceptional performance.

4 Results and Discussion

The suggested control approach was evaluated for
its ability to regulate bus voltage and optimize load
balancing with both effectiveness and precision and
tested for resilience under various scenarios.
Detailed descriptions of the outcomes for each test
can be found in the subsequent sections.

4.1 Dynamic Load Changes

The efficacy of the suggested power management
system was assessed for sudden changes in load
characterized by a rapid increase and subsequent
decline with PI controller with GaN converter.
During these tests, regional controllers employed
their specific control algorithms to counteract bus
voltage fluctuations. As power generation
decreased, the Energy Hub introduced power into
the microgrid, with the supercapacitor handling
abrupt power transients until the batteries could
achieve the new steady-state value. The outcomes
are depicted in Figure. 7 indicates that the Fuzzy
control approach handles sudden changes in load
proficiently, ensuring effective bus voltage and
power regulation
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Fig. 7: PLECS Simulation results with Step-load
change in (a) Voltage (b) Power

4.2 Communication Delay

The control method proposed in this study was
tested for its ability to respond to controller
communication delays in a distributed microgrid
mode. A 200 ms communication latency was
imposed between each regional controller in the
system, and the strategy was simulated.

Communication Delay

30
40

30

Voltage/V

20

0
0 | 2 3 4
Time /s
Fig. 8: PLECS Simulation with a communication
delay of 200 ms

The results are presented in Figure 8, where the
suggested Fuzzy control method with GaN
converter demonstrates faster voltage stabilization,
with a voltage stabilization time of 0.15 s. This
suggests that the projected control can stabilize bus
voltage even if there is a communication delay
between the regional controllers due to the
distributed mode.
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5 Conclusions

In this paper, the GaN-based bidirectional DC-DC
converter is proposed for a microgrid. The paper
applies the fuzzy controller technique in the
microgrid, which depends upon a bidirectional DC-
DC converter-based Hybrid Energy Storage System
(HESS) to enhance the stability of the DC voltage.
Specifically, solar energy is considered as the input
source to provide continuous power to the
microgrid. Both the Supercapacitor (SC) and
Battery units within the HESS are charged by solar
energy.

The GaN-based converter system's performance
was assessed using PLECS Software. It was
determined that the proposed approach can
effectively control the bus voltage at the desired
level and rapidly regulate the output power in
response to changes in the reference or load. This
study suggests that the envisioned technique can be
efficiently applied within a DC microgrid to ensure
voltage stability for FElectric Vehicle charging
applications.
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