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Abstract

Xiaochuan Zhou
Delft, August 2023

Rural electrification remains a significant challenge for engineers, given its intricate relationship with
multiple issues, including geographical constraints and underdeveloped infrastructural provisions. As
a result, with the development of Solar Home Systems (SHS) and direct current (DC) microgrids, DC
systems for energy access have emerged as a promising solution.

In this context, a bidirectional DC/DC converter serves as a bridge connecting the SHS and the grid.
Thus, it is important to design a converter’s control mechanism to ensure a smooth and efficient ex-
change of power in both directions. Beyond this aspect, the system perspective involves the coordina-
tion of photovoltaic (PV), battery storage, and grid power supply priorities within the SHS. Consequently,
this thesis centers its attention on two objectives: the control of the bidirectional DC/DC converter and
the system-level control of the DC microgrid.

To ensure high efficiency under variable loads and smooth transitions between two directional opera-
tions, this thesis proposes and evaluates a novel control methodology. Transfer functions are derived
through mathematical modeling and Pl parameters are determined by analyzing Bode-Plots. This work
also shows the simulation and testing results. Both results demonstrate that the proposed control
method achieves a high efficiency under light load conditions, maintaining a stable output voltage de-
spite load power dramatic fluctuations.

Analysis of energy exchange between the DC microgrid and SHS involves a bipolar DC microgrid
model based on an established grid in Matlab/Simulink. Employing droop control, which is a widely
used decentralized strategy, for each converter within the grid. To ensure priority order of power sup-
ply in the system, a system-level decentralized control methodology is developed, assuming internal
communication within the SHS. Through simulation, the priority order of PV, battery, and grid is verified,
along with the impact of dynamic shifts between scenarios on the load. However, given the absence
of communication devices in the existing SHS, an alternate decentralized coordinated control strategy
is developed and simulated, without direct communication interfaces. Simulation results demonstrate
that the SHS bus voltage remains stable even with power supply changes.

Keywords: Rural Electrification, Bipolar DC Microgrid, Dual Active Half Bridge (DAHB), ZVS, Decen-
tralized Control, Burst Mode Operation, Droop Control, Pl Control
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Introduction

1.1. Background

Electricity is crucial to alleviating poverty, economic growth, and improving living standards. At a global
level, the total number of people without electricity access has steadily dropped in recent decades[1].
However, globally, the number of people without electricity is expected to increase by nearly 20 million
in 2022 and reach almost 775 million by then[2]. The growth is mainly in sub-Saharan Africa, which
accounts for three quarters of the global deficit shown in Fig.1.2.

Number of people without access to electricity
The definition used in international statistics adopts a very low cutoff for what it means to ‘have access to
electricity’. It is defined as having an electricity source that can provide very basic lighting, and charge a phone or
power a radio for 4 hours per day.

1.2 billion

1 billion
Europe & Central
Asia

Middle East &
North Africa
Latin America &
Caribbean

East Asia &

800 million

Pacific
South Asia

600 million

400 million

Sub-Saharan
frica

200 million

0
2000 2005 2010 2015 2019

Source: Calculated by Our World in Data based on data published by the World Bank OurWorldInData.org/energy + CC BY
Figure 1.1: Number of people without access to electricity, 2000-2019[3]

In most developing countries, central grids play a high priority in electrification. However, though many
villages may have already been reached by the central grid, not all households within those villages
have been connected in rural areas[5]. Furthermore, even when a village is formally connected to the
grid, there are various barriers, including geographical obstacles and limited and unreliable resources,
that prevent households from obtaining and maintaining a reliable electricity connection.

Conventional grid-based models have faced limitations in delivering electricity to rural areas, leading
to increased adoption of alternative solutions such as off-grid SHS in recent years[6]. These SHSs,
powered by solar photovoltaic (PV) technology, offer several advantages. First, they provide access
to clean and sustainable power, addressing environmental concerns associated with traditional energy
sources. Moreover, there has been a remarkable decrease in the cost of solar PV modules over the last
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Electricity access, 2020
Share of the population with access to electricity. The definition used in international statistics adopts a very low

cutoff for what it means to ‘have access to electricity’. It is defined as having an electricity source that can provide

very basic lighting, and charge a phone or power a radio for 4 hours per day.
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Source: World Bank OurWorldInData.org/energy « CC BY

Figure 1.2: Electricity access, 2020[4]

few decades, as shown in Fig.1.3. In fact, the cost of solar PV has experienced a significant reduction
of approximately 90% within the last decade. The substantial cost reduction, in conjunction with the
implementation of solar policy incentives, has led to a rapid expansion of solar photovoltaic generation
[7]. In 2021 alone, power generation from solar PV witnessed a record increase of 179 TWh, marking
a remarkable growth of 22% compared to 2020 [7]. The widespread popularity of photovoltaics has
consequently made Off-grid SHS highly affordable for households and communities, further promoting
their adoption as a reliable and sustainable energy solution.

Solar Energy Technologies Office Progress and Goals
Photovoltaics (PV) and Concentrating Solar-Thermal Power (CSP)

RESIDENTIAL PV COMMERCIAL PV UTILITY PV BASELOAD CSP

50¢

*Levelized cost of energy (LCOE) PV progre:
and without the Investment Tax Credit or sta

and targets are calculated based on average U.S. climate
local incentives.

Figure 1.3: A comparison of solar-power benchmark LCOE targets for 2030 with historical values[8]

Standalone SHS consists of a solar panel that absorbs sunlight and converts it into DC power, a battery
utilized for storing excess energy for later use, and some loads. However, it is worth noting that these
individual standalone solutions have certain limitations, as they do not leverage resource sharing and
fail to capitalize on the benefits of usage diversity[9].

A microgrid composed of interconnected standalone SHS presents an alternative solution for providing
reliable electricity access in remote areas. In this approach, multiple SHSs are connected to form a DC
microgrid, allowing resource sharing and improved system performance. In cases where individual SHS
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Figure 1.4: Power generation from solar PV in the net zero configuration, 2010-2030[7]

solar panels cannot generate enough energy to meet demand, the microgrid can be supplemented with
grid power. This hybrid configuration ensures a continuous and reliable power supply. By integrating
the grid as a backup power source, the microgrid can ensure the consistent meeting of power needs.

Bidirectional DC/DC converters are essential components between the grid and SHS due to their ability
to manage the power flow between the grid and the loads. The management of bidirectional DC/DC
converters has emerged as a pivotal realm of research focus. These converters are not only with
maintaining a steady output as loads shift but also with seamless transition between the forward and
reverse directional power flow directions. Apart from this, great system-level coordinated control can
make sure users always access stable energy even when energy generates shifts. This control strategy
improves system stability and resilience, making it an alternative solution for remote areas.

1.2. Research Motivations

Since there are more than a billion people who do not yet have access to electricity due to geograph-
ical obstacles together with limited and volatile resources, customized electrification solutions based
on these conditions are challenges. Hence, one reliable solution is using modular Solar Home Sys-
tems and flexible meshed DC microgrids, which can provide high efficiency, fast dynamic response,
bidirectional power flow, and flexible demand[10].

Within a DC microgrid, isolated bidirectional DC/DC power converters assume a significant role. Among
these, dual active bridge converters emerge as one of the most promising IBDC configurations due to
their ability to automatically adjust bidirectional power flow and wide voltage conversion gain range. To
implement converters for high conversion ratio and low voltage and high-current applications, a half-
bridge push-pull active clamp converter is proposed. The advantages of these converters are numerous
such as simple structure, and the ability to withstand low voltage and high current. In addition, an active
clamp circuit is implemented to clamp the turn-off voltage spike on the low-voltage side and suppress
the turn-off voltage spike.

In terms of modulation technique, phase shift control is most commonly used in dual active bridge topolo-
gies because of its simplicity and the possibility of using half-bridge circuits to generate high-frequency
transformer voltages. However, ZVS operation will be lost under light load conditions resulting in low
efficiency. To overcome the limitations of the SPS scheme, an investigation into alternative control
methods is necessary.

Furthermore, within a decentralized microgrid constituted by interlinked solar home systems, the core
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principle revolves around power sharing among users to curtail surplus energy wastage. Consequently,
modeling a DC microgrid incorporating an SHS is important. Upon connecting the SHS to the grid, an
examination of the system’s control strategy becomes essential to ensure the precedence of photo-
voltaic power and grid power.

Bidirectional

DCIDC Converter

- Microgrid <« _ | onD
Y

USB-C Sockets +—,9

20V, 3 A, 60 W per socket 09

Figure 1.5: System overview - energy access

1.3. Research Objectives

Stability analysis via state space model;

» Design and test the best method to control the converter to maintain both efficiency and bidirec-
tional control;

Implement the control into MCU and test prototype;

Design a DC microgrid that connects to an SHS via a DC/DC bidirectional converter;

» System level control of multiple DC/DC converters using droop control;

Establish different grid operation configuration that ensure SHS has priority and DC Microgrid is
a backup;

1.4. Research Questions

* How to select, model, and implement the DAHB bidirectional control with smooth transitions be-
tween forward and reverse directions while considering both efficiency and complexity?

How to model and design simulation for system-level control for a DC grid used in energy access?
How can coordinated control be designed and modeled while prioritizing renewable energy and
using droop control if DAHB and a solar charging station are considered integrated SHS?

If DAHB and SCS are independent modules, how do design and model a decentralized control
suitable for the existing grid in the Green Village'?

1.5. Contributions

This thesis makes significant contributions to the model and control strategy of a DAHB converter.
Another contribution is the implementation of decentralized control techniques for a DC microgrid used
for energy access. The sections in which they can be found are summarized below.

» Section 3.4 Derive the transfer function of DAHB with a Reduced-order model. Proposed a new
method to tune Pl parameters and verify stability in zero-pole maps.

» Section 4.2 Modeling of a realistic bipolar DC microgrid for energy access.

» Section 5.2 A novel burst mode with reset phase and hybrid SPS control method is designed for
the DAHB converter.

"The Green Village in Delft is one of the living labs where tests and demonstrations will be performed
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» Section 5.3 A coordinated control strategy is developed for the DC microgrid used for energy
access.

In addition, the decentralized DC microgrid will be tested, and the results will be compared with the
simulated results. This test will verify the realism of the modeling of the DC microgrid module.

1.6. Proposed Approach

1.6.1. Dual Active Half Bridge Converter(DAHB)

* Literature review about DAHB converters;

* Modelling of DAHB including steady-state analysis and dynamic analysis;
* Transfer function derivation and stability analysis;

» Development of control strategy;

» Simulation of the closed loop system with proposed control;

* Prototype testing in the lab.

1.6.2. DC Microgrid

* Literature review about DC Microgrid and decentralized control strategy;
+ Establish a system composed of SHS, DC/CD converter, PV, streetlight, and battery;
* Implement system-level control and simulate;

» Create different grid operation configuration prioritizing renewable sources and microgrids as
backups.

1.7. Thesis Outline

The outline of the remainder of this thesis, the details discussed in Section 1.6, and the interrelation
between the chapters are schematically shown in Fig.1.6.

Chapter 3

o DAHB converter modeling
o Stability analysis
— ¢ Simulation of the closed

loop system with SPS
modulation
Chapter 5 Chapter 6
Chapter 2 P P
. . o Control strategy for
o Literature view about DAHB o Simulation results
DAHB converters and DC o Decentralized control  Prototype testing results
microgrid strategy for DC microgrid
Chapter 4
e DC microgrid modeling
« Droop control, current
L

control strategy for
converters.

Figure 1.6: Outline of the thesis and the interrelation between the chapters



Literature Review

2.1. Isolated bi-directional DC-DC converter

In recent years, DC microgrids have garnered significant attention owing to their broad-ranging benefits
such as offering enhanced compatibility with various forms of renewable energy systems and energy
storage configurations, alongside improved harmonization with consumer electronics, as elucidated
in [11]. For a household configuration with a PV panel, in order to meet the demand of feeding back
to the grid when the excess electricity is generated, and obtaining electricity from the grid when it is
insufficient, a bidirectional DC/DC converter(IBDC) is used as an interface between the SHS and the
DC microgrid.

One of the widely used IBDC is a topology based on two full bridge IUDCs. A typical structure is shown
in 2.1a. This topology was proposed to interface between the low-voltage battery and high-voltage
DC-link for the motor drive in a hybrid vehicle. The topology was introduced to the connection between
the low-voltage battery and the elevated-voltage DC link within a hybrid vehicle setting. Nonetheless,
this topology is unsuitable in high-power contexts since high-voltage spikes on secondary switches dur-
ing switching. In order to implement in high-power applications, some researchers propose improved
typologies to reduce the voltage stress such as adding a RDC snubber circuit or an energy recovery
snubber into the current-fed side[12].

Fig.2.1b illustrates another widely used IBDC that evolved from half bridge IUDCS, which consists of
fewer devices and achieves higher power ratings. As the primary side switches can act as active clamp
switches, adding an additional voltage-clamping circuit is unnecessary to suppress voltage stress[13].

L
- ~ =
c3
Xfmr S5/D5 S7/D7 S3/D3
=
'2 . L | Lik L J_
c2 I Ve —rT
N:t S6/D6 S8/D8 L . S4/D4 == | s
- ~ = 4 cs Jl_—
_]_ :
(a) (b)

Figure 2.1: IBDC topology (a) Full bridge IBDC topology (b) Half bridge IBDC topology [14]
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2.11. DAB and DAHB

Dual active bridge (see Fig.2.2a and Fig.2.2b) is another type of IBDC that is employed for various ap-
plications such as solid-state transformers in power grids, energy storage units, and onboard chargers
for electric vehicles. due to the following reasons[15]:

1) Capability of auto-adjust bidirectional power flow, able to respond to fast changes on source and
load in microgrids.

2) Zero voltage switching (ZVS) can be realized for switches within both bridge.

3) The extensive voltage conversion gain span makes it well-suited for linking with energy storage
systems

= ~

Ve ==

S5/D5

N:1

S6/D6

s7/D7

S8/D8

c2

= ~

(a) (b)

Figure 2.2: Dual active bridge converter topology (a)Full bridge topology (b) Half bridge topology[14]

It has been demonstrated that DAB can provide high power conversion efficiency in academic settings.
However, conventional DABs did not develop rapidly since the voltage conversion ratio and the trans-
ferred power heavily affect the switching and conduction losses of the DAB. Furthermore, in instances
of light loads, the potential inadequacy of leakage inductance to sufficiently discharge the capacitance
can lead to a scenario of hard switching, which reduces the efficiency of power conversion. With the
development of GaN-based power devices, DAB-IBDC become much more feasible. [16] illustrated a
1000w, 400 V-to-12 V DAB prototype achieved 98.3% efficiency with GaN devices. [17] demenstrated
97.5% peak efficiency can be reached with a 1 MHz 1200W/400V DAB using Gallium Nitride (GaN)
devices.

IBDCs come in diverse topological variations. In addition to the previously discussed type, it's also
possible to combine multiple types to create integrated IBDCs. For example, a combination of a half-
bridge IUDC and a push-pull [IUDC is been implemented in high current and low voltage applications[16].
Nonetheless, this particular kind of converter could encounter issues with a notable voltage spike. One
of the alternative solutions is to incorporate a clamp circuit to mitigate the voltage spike when the switch
on the low-voltage side turns off. [18]also notes that the power flow characteristic of this type of IBDC is
the same as conventional DAB, hence, the modulation strategy of traditional DABs can also be utilized.

2.1.2. Modulation strategies

Both DAB converters and DAHB converters prominently employ the Single-Phase-Shift (SPS) modu-
lation strategy. To regulate both the amplitude and direction of power flux, management of the phase
differential between the primary and secondary switch gate signals is employed. A significant advan-
tage of SPS is its simplicity and ability to produce high-frequency transformer voltages through the
utilization of half-bridge configurations. Nevertheless, it is worth noting that substantial deviations from
the nominal operational point can give rise to a significant accumulation of reactive power within the
high-frequency transformer, resulting in high conduction loss and low efficiency.

Hence, some researchers propose alternative modulation methods[19] and[20]. The manipulation of
the phase shift between the switching legs of an H-bridge facilitates the generation of three-level trans-
former voltages with varied duty cycles. This alternative solution has a different work principle com-
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Figure 2.3: DAHB Modulation techniques (a) Single-Phase-Shift modulation (b)Triangular current phase shift modulation (c)
Trapezoidal current phase shift mode modulation[19]

pared with SPS, decreasing transformer reactive power and curtailment of switching losses. Moreover,
an arbitrary duty cycle introduces an extra dimension of control flexibility. According to the shape of the
current flowing through the transformer, alternative modulation methods can be classified as triangular
current mode phase shift modulation and trapezoidal current phase shift mode modulation. It should be
noted that the SPS scheme and alternative modulations have similar conduction loss at rated power.
When operating at a light power condition, alternative modulations significantly decrease switching
losses due to the number of transistors involved in current switching.

Although alternative modulations can increase the overall efficiency, there are some limitations to im-
plementation. The introduction of an additional circulating current leads to an augmentation in the RMS
current of the transformer. Consequently, in cases where the conduction losses within the transformer
are leading, there will result in a decline in efficiency. Another limitation is for half bridge IBDC since
there are no H-bridges generating phase shifts between the switching legs. To broaden the realm of
soft-switching for half-bridge IBDCS, adjustable switching frequency methods are proposed in [21]-[22].
In [21], a modulated technique with adjustable frequency based on the fixed ratio between the RMS
and peak current is reported. However, the efficiency will reduce since it may result in a large amount
of circulating current. To mitigate the RMS current of the transformer, an alternative modulated ap-
proach involving switching operations triggered at a predetermined current threshold is introduced[23].
Despite their ability to extend the ZVS range, these methodologies introduce intricacies in terms of
both modeling and the execution of feedback mechanisms.[22] presents a hybrid control strategy that
combines SPS and burst mode operation, which extends the ZVS range of switches and improves the
efficiency under light load conditions as well.
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Figure 2.4: Waveforms of a DAB converter within the burst mode operation[22]

The waveforms of an ideal DAB converter within the burst mode operation are depicted in Fig.2.4. This
allows DAB power output to be controlled using an additional degree of freedom by burst duty ratio.
In fact, burst mode and phase-shift hybrid control have been used for LLC converters to extend ZVS
range[24], but for DAB converters, researchers proposed the concept of phase shift control mode with
a constant burst duty ratio, while concurrently suggesting the implementation of a burst duty control
mode with a steady phase shift[22]. However, the utilization of dynamic burst mode in conjunction with
phase shift control remains unexplored thus far.

2.1.3. State space modeling

The state-space averaging methodology is indeed widely used for modeling and designing converter
controllers. It provides a convenient method for analyzing converter steady-state and dynamic behavior.

Different operating modes are divided into the converter in state-space averaging. The converter acts
as a linear system during each subinterval of the switching cycle. It is thus thought of as a variable
structure system with linear nonlinear equations in the state space. In each subinterval, the linear and
time-invariant state space equations are represented as follows[25]:

& =Arx+ Brru;y = Crx + Drju; 0 < t < dT 2.1)

j}:A]I$+B[]u;y:C]I.T+D]1U;dT<t<T ’
Here, x denotes the system’s state vector, u signifies the vector encompassing independent inputs, and
y represents the output. and A;, B;,C; and D; are state space matrices in sub-interval j. Considering
the weight of the sub-interval associated with each, the averaged state space equation is derived.

Lavg = Aang + Bcwgu

Yavg = C(ng + Dm;gu (22)

where Aavg = Ard + A]](]. — d), Bavg = Bd + B[](]. — d),Cm)g = Crd + C[[(l — d) and Daﬂg =
Drd+ Drr(1—d)

Once the averaging equations are derived, small signal perturbations are introduced. X, Y, U, and D

represent steady-state values and the terms Z,7,% and d are small signal perturbations. Substitute (2.3)
into (2.2) and rearrange these terms as (2.4) and (2.5).

r=X+z
y=Y+y
u=U+u (2.3)

d=D+d



2.1. Isolated bi-directional DC-DC converter 10

& = AgugX + BavgU ) 4
+ Agug® + Bavgt + [(Ar — Ar) X + (Br — Br)Uld + [(Ar — Arr)Z + (Br — Byp)uld
Y + 9 = CopgX + Dy gU ] ] (2.5)
+ CovgZ + Doyt + [(C1 — Cr1) X + (Dr — Dy)Uld + [(Cr — Cr1)& + (Dr — Dyp)ald

Considering the derivation of the steady state is zero and neglects higher order terms of (2.4) and (2.5),
The obtained linearized small-signal state-space averaged model is as follows:

& = Agug® + Bavgti + [(A; — Arp)X + (B — Br)U)d

bt i (2.6)
Yy = C’,“,gsc =+ Dwgu =+ [(C[ — C[[)X =+ (D[ — D[[)U]d

The duty cycle d to output § transfer functions can be obtained considering @ = 0.

= Cavg[SI - Aavg]_l[(AI - AII)X + (BI - BII)U] + [(CI - C1[[))( + (DI - DII)U] (27)

y(s) = Cm)g[SI - Aavg]ileWg + D‘“’g (28)

2.1.4. Developing modeling of a DAHB

This phenomenon can be attributed to the null average of the transformer current. Similar to other
slow system states, the AC signal contains a gradual-moving average, which ultimately attenuates to
zero in a stabilized state. As a result of transient oscillations, capacitors will charge and discharge
and the system possibly compelling the system to engage in hard switching mode, as discussed in [26].
Consequently, the conventional approach of state-space averaging modeling encounters inapplicability,
given the zero average currents in a steady state. Thus, some developing existing modeling methods
have been summarized.

1) Reduced Order Modelling Use the two-sided voltage of the transformer to represent the leakage
inductor current. Then, the average model can be simplified without inductor current[27]-[28].

2) Generalized Average Modelling To indicate the intricacies of the current dynamics of the trans-
former series inductor, [29] employs the switching frequency components within the Fourier series of
state variables. This method effectively illustrates the influence of the purely AC part of the inductor
current, while both the real and imaginary components elevate the model’s complexity.

3) Discrete-Time Modelling High-frequency dynamics are included in the discrete-time model for
DABJ[29]. A presumption is made that state variables are adjustable only at distinct temporal junc-
tures. With discrete-time models, accurate models can be obtained, yet the trade-off resides in their
inherent computational intricacy.

The aforementioned three modeling methodologies are simulated as detailed in [11] and summarized in
Fig.2.5. The other two methods showcase great accuracy except for the generalized average modeling.
The reduced-order model[28] is simplified to implementation and is recommended for the design of
closed-loop controllers.
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Figure 2.5: Comparison of DAB modeling methods

2.1.5. Control of a DAHB

To regulate output DC voltage, the control methods should be implemented. Since amount analysis
[15]-[30] indicates that the DAB converter is a first-order system, feedback control with a proportional-
integral(Pl) compensator seems a candidate solution to regular the output voltage[30]. Another method
uses an estimated phase-shift ratio and actual phase-shift modulating by a PI controller as the set point
for the phase is presented[28] however, this method is sensitive for a load since the estimated phase-
shift ratio is calculated by the load approximately resistance. Thus, an extra current sensor is needed
when implementing variable load. In addition to this, other control methods developed in [29] and
[29] are compared in terms of complexity, dynamic behavior, robustness, and the incurred costs of
implementation, as indicated in Fig.2.6.

Linearization control: Non-linear terms in DAB can be eliminated by linearizing the control. In
addition to reducing sensitivity to load conditions and the reference voltage, the control can also
increase stable margins. Nevertheless, in the case of a feedback-only control approach, the
necessity for linearization might be obviated, provided that the output impedance and the closed-
loop bandwidth exhibit consistency across varying output voltages or load scenarios.
Feedforward plus feedback control It is a method combining feedforward and feedback to
improve performance that can overcome the parameter sensitivity problem under unknown pa-
rameters, but its performance quickly deteriorates. In addition, under light loads, the loop gain is
too low.

Disturbance observer-based control (DOBC)Using the estimate generated by the observer,
DOBC generates compensating total disturbances and uncertainties. As opposed to feedback-
only control, DOBC has better load disturbance rejection capabilities and is insensitive to parame-
ter variations. However, physical sensors increase cost while software sensors provide an online
estimate of the unmeasured system state variable also affects accuracy.

Current mode control In order to improve dynamic performance and limit the maximum trans-
former current, the transformer current is used in the feedforward current control. As with other
peak current controls, the control is susceptible to noise. Predictive current control is another
current control, but implementing DAB is a challenge since DAB converters have a wide range
switching frequency.

Sliding mode control A prominent benefit of employing SMC lies in its assurance of stability
and resilience against uncertainties in parameters. Nevertheless, the efficacy of SMC diminishes
when the implementation of an equivalent control action is undertaken.

Predictive control This approach enhances dynamic performance, yet it comes with drawbacks
such as large computational demands, elevated implementation expenses, and heightened intri-
cacy.
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Figure 2.6: Comparison of DAB control methods

2.2. PV-based DC microgrid

2.2.1. Solar home System

Increasing the electrification ratio in rural areas can present unique challenges, particularly when it
comes to grid expansion. Traditional expansion of the grid infrastructure may not be economically
viable in regions with low and dispersed load requirements. This limitation has opened opportunities for
renewable energy sources to play an important role in rural electrification, not only addressing energy
needs but also contributing to international carbon emission targets.

In rural areas of Africa where the grid infrastructure may be limited or nonexistent, off-grid solar photo-
voltaic (PV) systems have become a popular choice for rural electrification. It offers several advantages,
including increased energy efficiency, reduced transmission and distribution losses, and improved reli-
ability.

Solar PV applications in rural areas can be categorized into decentralized and centralized solutions.
Decentralized applications Solar Home Systems (SHS) typically consist of a photovoltaic module, a
battery system for energy storage, and a charge controller to regulate the energy flow between the
photovoltaic module, the battery, and the loads[31]. When exposed to sunlight, the PV module gener-
ates electricity, generating electrons that can be used by the connected loads. Excess power generated
during periods of high solar irradiation can be stored in the battery system for later use when demand
exceeds the available solar power. The size of the PV module is highly dependent on the total amount
of energy needed by the PV generator. The general SHS topology is illustrated in Fig.2.7.

2.2.2. DC microgrid

Utility-interactive electrification

It should be noted that standalone SHSs are typically designed based on the lowest average peak sun
hours per day, they are intended to provide enough power to meet the load requirements even under
unfavorable sunlight conditions. However, when the sun intensity exceeds the lowest average value,
the SHS generates more energy than can be stored within its designed system. This excess energy can
be effectively utilized by implementing a utility-interactive electrification concept, which allows for the
sharing of power between houses[32]. Instead of storing the surplus energy locally, it can be transmitted
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Figure 2.7: SHS consists of a single PV, MPPT converter, battery, and loads

to nearby homes, benefiting multiple households.

By interconnecting SHS and creating a shared power grid, the excess energy generated by one system
can be utilized by another system or distributed among multiple homes. This approach helps optimize
energy utilization, reduces the wastage of surplus power, promotes more efficient use of renewable
energy resources, and supports small industrial appliances encouraging local commercial development.
There are two common topologies. As depicted in Fig.2.8a, one configuration entails each SHS being
linked to a shared public bus. Conversely, Fig.2.8b portrays a distinct point-to-point type interconnection
scheme.[33].

From a comprehensive evaluation of total cost and efficiency, it is observed that in Fig.2.8a, the pre-
ferred topology is characterized by requiring the fewest number of converters and connections. This
topology offers advantages in terms of cost reduction and improved overall efficiency. On the other
hand, although the system in Fig.2.8b exhibits more robustness with its highly meshed structure, at the
expense of increased converter count and reduced cost savings.
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Figure 2.8: Common topologies used for power sharing grid (a)Point sharing (b) Point-to-point sharing

Low Voltage Direct Current Distribution Network

To enhance the stability of the utility-interactive system and facilitate power exchange between the grid
and users, the implementation of a Low Voltage Direct Current Distribution Network (LVDCDN) is pro-
posed[34]-[35]. The LVDCDN plays a crucial role in realizing efficient and reliable electricity distribution,
particularly in rural areas, thereby increasing the electrification ratio.

The LVDCDN operates on a low-voltage DC distribution platform, which has lower conversion losses,
high power quality, and enhanced compatibility with renewable energy sources such as solar photo-
voltaic systems. By integrating the SHS into the LVDCDN, users can both receive power from the grid
when needed and contribute surplus power back to the grid when they have excess generation. This
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two-direction power flow capability enables better utilization of distributed energy resources, reduces
wastage, and enhances the overall efficiency of the system[36][11].

Moreover, the LVDCDN enhances the reliability and resilience of the utility-interactive system. It pro-
vides a decentralized distribution network that is less prone to single-point failures and cascading dis-
ruptions. The use of DC power distribution reduces the complexity of the system and improves fault
detection and isolation capabilities, leading to quicker restoration of power in case of outages.

The LVDCDN can be implemented in two basic configurations: unipolar and bipolar[34]. Fig.2.9a illus-
trates there is only one voltage polarity throughout the distribution network. On the other hand, a bipolar
system is composed of two interconnected unipolar systems as shown in Fig. 2.9b. Each unipolar sys-
tem operates at a different voltage polarity, creating a series of connections between the positive and
negative poles.

The advantages of bipolar systems are summarized as follows[37][38]:

« It offers three different voltage levels, positive to neutral, negative to neutral, and positive to
negative.

* A highly reliable power supply is achieved by distributing the load-side converters evenly. This
configuration remains unaffected by instantaneous short or long-term overload.

» DC distribution systems are suitable for DGs with DC outputs and energy storage systems. Sys-
tem efficiency increases if the load requires DC power.

» This system can maintain a continuous supply of electric power even in the event of an accident
within the utility grid. Reconnecting to the utility grid is also seamless.

DC/AC
DC/AC ‘ @ DC/AC ,  DC/AC ﬁ

AC/DC AC/DC
; DC/AC ﬁ ; 2 1 4 DC/AC ﬁ
, -

AC/DC

DC/AC DC/AC
(a) (b)

Figure 2.9: Example of LVDC distribution system: (a)an unipolar LVDC distribution system (b) a bipolar LVDC distribution
system[35]

There is a need for DC voltage balance control when there is a large difference between two line
voltages. A voltage balancing converter is introduced in [37]. In general, it can be put on source side
or load side. A buck-boost-type voltage balancer is the most commonly used type, which regulates
inductor current to charge and discharge two capacitances[39].

To reduce power devices’ voltage stress and avoid the shoot-through problem, several alternative volt-
age balancer configurations have been proposed, including the dual-buck half-bridge circuit[40], three-
level circuit[41], and other converters summarized in [42]. These topologies, however, necessitate
significant filtering capacitance to filter current oscillation. Consequently, to mitigate this issue, it has
been recommended to employ multiple voltage balancers operating in an interleaved manner. This
approach leads to smoother output current and significantly reduces the required capacitance. Never-
theless, it is worth noting that all of these voltage balancers introduce additional circuitry, resulting in
extra semiconductor components, increased power losses, elevated costs, and heightened complexity.

2.2.3. Decentralized control

Various strategies can be employed to regulate essential aspects of DC systems. In decentralized
control, individual converters independently determine their actions without engaging in communication
with other devices.
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Figure 2.10: Voltage balancing converter(a)Buck-boost topology[39] (b)Dual-Buck Half-Bridge topology [40] (c)Three-level
topology[41]

In the context of DC distribution systems, a hierarchical control scheme is commonly used. Fig.2.11
illustrates the typical layers comprising a hierarchical control system. The initial layer, referred to as the
physical layer, encompasses converters, distribution lines, and other network components. The sub-
sequent layer, known as decentralized control, relies solely on locally accessible information. The third
layer, coordinated control, involves control schemes that employ communication to facilitate function-
alities such as power sharing and stability. lastly, the management focuses also on complex auxiliary
goals such as power flow control. A low-voltage optimal regulation can be achieved with this scheme,
but it also increases the cost due to coordinated control and management.

‘ Coordinated Control

O O OO
D G S G N G

‘ Decentralized Control

M

‘ Physical System

Figure 2.11: System hierarchical control structures[43]

Droop control

Droop-based control is one of the decentralized strategies. A buffer between the rated working state
and the closed state can be guaranteed with droop control[43]. In an islanded DC Microgrid with a
limited number of components, the primary focus is on power balancing, achieved through appropriate
voltage regulation. Fig.2.12 shows an example of controlling the full operation range of a storage
system, including current limit, constant power, and droop control without the converter.

Droop control aims to reduce the output voltage of converters as the current increases, thereby intro-
ducing a resistive characteristic to the system. In [44], a physical impedance is used as the droop
resistance, however, this approach involves the use of a filter, which results in higher power losses and
increased investment costs. As an alternative, virtual resistance is often employed. By incorporating
an additional virtual loop, power converters can effectively emulate the characteristics of a real inductor
or filter, offering a more efficient and cost-effective solution.

Vout = VO_Iouthdroop (29)

Where V,.:, I,u:, and V are the converter reference output voltage, converter current output, and
nominal voltage. System voltage is maintained within the specified value by adjusting the droop control
parameters.
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Figure 2.12: Possible current-voltage characteristic for the local control of a storage converter[45]

MPPT converter

In PV power systems, maximum power point trackers (MPPTs) are important because they can ensure
converter work at the highest efficiency. A number of MPPT algorithms have been proposed, and their
performance is qualified by the MPPT efficiency and implementation complexity[46]. Fig.2.13 shows
the comparison of MPPT algorithms.

* Perturb and Observe (P&0O) Algorithm: The P&O method is frequently employed in practical
applications due to its straightforward implementation. Nonetheless, it can become unpredictable
if there are sudden changes in light conditions.

Incremental Conductance: Calculating the appropriate direction to perturb the operating point of
the PV array to reach maximum power is provided by the system. In addition, it reduces oscillation
around the MPP in rapidly changing conditions. Nevertheless, its implementation can be more
intricate.

Constant Voltage Control: While the application of this technique is uncomplicated, its effective-
ness is relatively modest in contrast to alternative approaches. Measuring the Vmax and Voc of
the PV array is essential, but disconnecting the PV for Voc assessment can lead to diminished
tracking efficiency.

Parasitic Capacitance: While model-based MPPT approaches may appear promising, they are
typically impractical due to uncertainties associated with the precise values of cell parameters.
These parameters can vary significantly even among cells produced in the same manufacturing
run. In addition, this scheme is economically unfeasible due to the high cost and accuracy of the
light sensors involved.

Battery converter

This adjustment serves to maintain the stability and optimal operation of the system. Some authors
proposed stored energy by adjusting the virtual resistance in droop controllers, however, centralized
supervisory control is required[47]. An adjustable droop method is introduced for a decentralized sys-
tem.[48]. However, the strategy only discusses the scenario that batteries are in discharging mode.
[49] proposed a fuzzy logic to adjust the droop resister of converters, however, it only considers one
voltage level. In [50], an adjustable droop method is designed for a multiple-voltage level DC micro-
grid. Virtual resistance adjustments were utilized to enable the passive transmission of voltage-based
information within the SHS and the microgrid.
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Figure 2.13: Comparison of MPPT algorithms (a) Efficiencies under different sky conditions (b) Accuracy and implementation
complexity[35]

The modeling of DC microgrids in simulation

To enable real-time energy harvesting of a PV system, a Simulink PV array model is integrated into
the DC microgrid. The incorporation of series-connected PV panels generates higher voltage, while
parallel-connected PV panels produce higher current[51]. Consequently, the PV array can be appro-
priately sized to meet the total power demand based on the load requirements.

Array type: User-defined;
17 series modules; 1 parallel strings
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Figure 2.14: P-V and |-V curves of an ideal PV panel

The battery block in Matlab/Simulink is a widely used representation of various rechargeable battery
types in a generic dynamic model. The State of Charge (SoC) indicates the usable capacity and is
commonly expressed as a percentage (0% = empty; 100% = full). And the estimation of SoC is critical
for taking different actions such as charging and discharging. It's important to note that battery voltage
fluctuates depending on the SoC, thus, SoC can be estimated based on Voc. Fig.2.15 shows the
influence of the two factors mentioned.

Grid impedance is a crucial element in grid modeling, as it plays a significant role in enhancing con-
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Figure 2.15: OCV Vs.SoC(a)The effect of Soc on Voc (b) The effect of temperature on Voc [52]

troller stability and protection. The analysis of transmission and distribution lines commonly involves
the incorporation of electromagnetic properties that govern their behavior. Lumped element models,
depicted in Fig.2.16, are frequently utilized to represent these lines. Despite the distribution of pas-
sive components along lines, this simplification satisfies accuracy when the wavelength of the signal is
greater than the length of the line.

R L R L “R WL %L %R

G C nG »C G 7%C G C

(@ (b) (c)

Figure 2.16: Lumped element models for a line (a) Gamma model (b) Pi model (c) T model[43]

It is worth noting that the models presented in Fig.2.16 pertain to a unipolar DC system. Due to their
tendency to induce corrosion, DC ground currents are generally discouraged. Conversely, in situations
involving multiple conductors, mutual couplings emerge between them, manifesting as mutual induc-
tance, conductance, and capacitance. These interconnected influences can substantially impact the
system’s performance. Fig.2.17 illustrates an example of a bipolar system that incorporates above
mentioned mutual couplings.

V.

Figure 2.17: Bipolar system line impedance model[43]



Modeling of Dual-Active-Half-Bridge
DC/DC Converter

3.1. Overview

In this chapter, the mathematical model of a dual-active-half-bridge converter’s steady-state and dy-
namic behavior is fully examined. The values of the components used in the modeling and simulation
are carefully chosen to correlate with those seen in actual converters to guarantee the correctness and
dependability of our study. Additionally, the closed system’s stability is evaluated using a zero-pole
map, and the PI controller’s settings are adjusted depending on the bode plot. Additionally, we exam-
ine the effects of the clamping circuits and determine whether they can reduce output current peaks.
Finally, we go through the requirements for preserving Zero Voltage Switching (ZVS), a crucial aspect
of the converter’s functionality.

3.2. Topology

3.2.1. Comparison with a conventional DAB converter

The DAHB configuration has the ability to facilitate bidirectional power flow, making it a common choice
for grid interfaces where both sides require energy access. However, the traditional implementation
of the DAHB converter faces inefficiency due to the lengthy reverse recovery times demanded by Si
MOSFET devices. Consequently, this results in extended switching periods and heightened switching
losses. Additionally, while symmetrical DAHB converters excel in high-voltage applications, they prove
less suitable than push-pull converters in situations involving low voltage, such as driving SHS. To ad-
dress these challenges, a modified DAHB topology that combines the strengths of both aforementioned
converter types has been devised to enhance energy access capabilities.

The advantages of the proposed modified DAB topology are summarized:
1) The structure is simplified, and the number of switches is reduced owing to the half-bridge.

2) The transformer turns ratio is reduced since the half-bridge doubles the voltage of the transformer
winding

3) Withstand low voltage and high current since the push-pull converter realizes the current shunting.

4) Low switching and conduction losses improve efficiency. On the one hand, GaN devices decrease

19
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Figure 3.1: A modified DAB topology used in energy access[16]

the switching loss due to there being no reverse recovery charge.

3.2.2. Active clamp circuit

Nonetheless, during the dead time of the secondary side switches, the energy stored in L, gets trans-
ferred to charge the output capacitance, leading to a voltage spike. To mitigate this, an active clamp
circuit is implemented to resonate with Ls2 and curtail the voltage spike. Another benefit is that the
active clamping circuit curbs the MOSFET turn-off current by injecting reverse current into the main
switches.

Figs.3.2 and 3.1 and illustrate the operation of the active clamp. In the dead time of the secondary
side switches when S3 and S4 are off, the secondary leakage inductance charges C3 through S3a’s
body diode. Once the capacitance voltage reaches the low voltage Vv, the charge ends. C3 remains
constant following the activation of S4. Upon turning on S3a, the current in Ls2 is reflected in Ls3,
which is opposite to the i4, making S4 turn-off less current intensive.

53%5 o,
}7
s, =L
gL, E‘H
| I
C5 VL\/
Ls S ey
S G =
—I_ sAa—I— Cs

(a) (b)

Figure 3.2: Equivalent circuit of the active damping circuit (a) First operation of active damping circuit (b) Second operation of
active damping circuit

From KCL and KVL, the current and voltage relation is obtained

iLSQ = Z153(1 = Z.C’3
VLS2 = Vs3a - VC3 - VLV - Vtransformer,sec (31)
‘/t,scc = VLV

Where V; .. represents the voltage across the secondary transformer. Combining (3.1) and solving the
differential equation by applying Euler’s formula, the optimal ¢,,, is 7/(2w)[16]. As mentioned before, the
values used in the simulation correspond to those observed in actual converters, where the Leakage
inductance is chosen as 0.4uH, thus, turn-on time is 0.11us. A comparison in Fig.3.3c and Fig.3.3a
illustrates that snubber significantly reduces the spike of turn-off current from 7.52A to 2.78A in charging
mode. In discharging mode, Fig.3.3d and Fig.3.3b show the same results where the maximum current
is decreased from 20.09A to 18.94A.
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Figure 3.4: DAHB gate signal and output results (a)Charging mode without snubber (b)Discharging mode without snubber
(c)Charging mode with snubber (d)Discharging mode with snubber
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3.3.1. Charging operation principles
The charging mode ideal waveforms are shown in Fig.3.5a. The first interval is from t0 to t3. The
current in Ls can be calculated. Ji

i (3.2)

LsE = Vab + Vud
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Where vab = Vg—v and ved = nVy g, Vgyv and Vi gare the high voltage and the low voltage, respectively.
n is the transformer ratio and 7; is the current in Ls.

During t3 to t5. The primary side voltage charges the leakage inductance, while the low side discharges
it; thus, the current is

di;

L,—
dt

= Vab — Vud (33)

The direction of 4; during the third and fourth intervals is opposite to that in the first and second intervals,
and this calculation is provided below.

di
sditl = —VUab — Und (34)
diy
Lot = - :
s di Vab + Vnd (3 5)

Fig.3.6 illustrates the conduction of the switches in each subinterval, and the analysis is as follows.

» Subinterval ty-t;: S2 turns off at t0. Since the GaN device can operate as a diode due to the
symmetric structure, Ls discharges the capacitance Cs1.

» Subinterval t;-t5: At t1, S1 turns on in ZVS. The voltage across leakage inductance remains,
hence, (3.2) still holds. The same result can be found in Fig.3.1, where the slope of leakage
current is unchanged at t1.

» Subinterval ¢,-t3: Activation of S4a occurs before S3 turns off. Snubber capacitance C4 will

resonate with L. As a result, this resonance current is reflected to the main switch S3 by the

transformer, thereby reducing the turn-off current. (3.2) holds good for leakage inductance.

Subinterval ¢3-t5: S3 goes into the dead zone of the secondary side switch, and S3a’s body

diode automatically illuminates. C3 is charged by the L. The resonant subinterval will end until

the capacitor voltage equals Vi .

Subinterval ¢4-t5: S4 turns on in ZVS, transfers the secondary leakage inductance to the primary

side, and the current flow through leakage inductance can be calculated as (3.3).

Subinterval t5-t4: the negative half-cycle starts at t5. The energy stored in leakage inductance

Ls discharge the capacitance Cs2. The leakage inductance current can be calculated as

» Subinterval ¢4-t7: S2 activates with ZVS. Despite this, V7, persists, ensuring that (3.4) remains

applicable.

Subinterval ¢;-tg: S3a turns on at t7, and C4 resonates with the secondary leakage inductance

of the transformer generating a resonance current. Due to the transformer, the resonance current

will be transferred to the S4, thus, the turn-odd current of S4 is decreased.

» Subinterval t3-tg: The body diode of S4a activities. L,3 charges C4 through S4a. The leakage

inductance current can be calculated as (3.5).

Subinterval tg-t1o: S3 turns on in ZVS, iy s remains the same result as (3.5).

3.3.2. Discharging operation principles

The discharge mode is shown in Fig.3.5b. The work principles are similar to the previously mentioned
charging mode. Subinterval 1:

di
sditl = —Vab — Ved (36)

Subinterval 2: Ji
Lsi = —Vqab + Ved (37)
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Subinterval 3: di
1
Lsditl = VUgb + Ved (38)
Subinterval 4: )
L (3.9)
s dt — Vab cd .

3.4. Steady-state analysis

3.4.1. boundary conditions

Vio B2 1

N t
LNT N

Figure 3.7: Operation modes of SPS control and output current

To simplify the calculation, substitute ¢ = ®/180.
Taking charging mode as an example, ¢ is the phase shift and T is the switching period.

Referring to Fig.3.7, when the duty cycle of V,,;, and V4 is 50%, the initial states I.5(0), ILS(¢2TS),

ILS(%) and ILS(% + %)and during one complete switching cycle can be derived based on the bound-
ary conditions

T
ILS(O) = _ILS(i)
o, o T, (3.10)
ILS(T) = —ILs(7+ ?)

3.4.2. Output characteristics

As mentioned above, both v,;, and v.4 refer to the primary side of the transformer; thus, the same slope
as the leakage current can be defined.

Vab + Vea
o=t
Var + Ve
I :tQ%
s (3.11)
Ts Vo + Ve
bty = OTYas + Ve

L,
Ts ¢TS) Vab - ‘/cd
2 2 L,

In—1T) = (
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where Iy = |I15(0)],11 = [I14(%3*

).

From (3.10) and (3.11), the initial current and the maximum current in the steady state can be calculated
during a switching cycle.

) 1
ILS(O) =—Ip= 4Ls[(1 - 2¢)Vcd —Va } = M[(l - 2¢)‘/('d - Vab] (3 12)
T 1 '

Is(?5)y =1 = (26 — 1)Vap + Ve

[(2¢ - 1)Vab + chd =

4L, 4fsLs

Q represents the area enclosed by the current and the time axis in half a cycle. Substitute (3.11), so
that the area Q shown in Fig.3.7 can be calculated as

1 T, ¢Ts
Q—5(10+Il)(3_ 5
o ]-(stvab"_V::d(Ts ¢TS)+ 1 I(%Ls 1 I12Ls
S22 L, 2 2 2Vab +Vea  2Vab + Ve

Ts‘/ab+‘/cd Te ¢T9 1 Ls 2 2
_s -5 L ) N 3.13
4 L 5 2)+2Vab+VCd(0 1) (313)
Ts Vab + ‘/cd Ts ¢TS Ts Ts Ts Vab - ‘/cd

T, T, ¢,
N

)+1tI 1tI
210 221

=9

2LS( 2

The average output current I,,,; is calculated by substituting V,,;, = VHTV in (3.13).

Q nVab¢Ts(1 - ¢) nVHV¢Ts(1 - d))

Tows = nl, i =n— = = 14
out N doutpri n Ts 2Ls 4Ls (3 )
2
1 .
T, = f— thus, the total power is given.
nViy ¢Ts(1 — ¢) nVeyVivé(l — ¢)

P, = = = A

o out‘/;) 4Ls VLV 4sts (3 5)

The output power is valid for both directions. The only difference is that the phase shift is positive for
the charge mode and negative for the discharge mode. Thus, the bidirectional output power is

Vv Vive(l —|8])
P, = /L. (3.16)

P, can be normalized as

nVavVivo(l —|¢])
Po Af,L nViv
nit = = S—S = 4 1—
= L, )

AfsLs

P, (3.17)

Vuv

Fig.3.8 illustrates the bidirectional output power versus phase shift. In charging mode, the maximum
power occurs when the phase shift ¢ = 0.5. The nominal output power can be achieved when ¢ =



3.4. Steady-state analysis 27

0.276(49.68°). On the other hand, opposite results can be found in discharging mode. Apart from this,
Fig.3.8 illustrates that the topology shares identical power characteristics with the conventional DAB.
As a result, the same control strategy can be seamlessly applied.

P vs.®
400 °

49.6800°

-100F

-200+

-300+

-400

-150 -100 -50 0 50 100 150
Phase Shift(®)

Figure 3.8: Output power versus phase shift

3.4.3. ZVS

Fig.3.9a shows the variation of output power with respect to ¢ across distinct voltage ratios (M) for two
operational modes. Complete ZVS can be sustained throughout the entire range of ¢ when M equals 1.
Conversely, in both quadrants, the ZVS range diminishes unless M equals 1. The condition to achieve
ZVS is shown in this section. Considering that the voltage ratio is M = Ved/V ab, substitute M for initial
conditions in (3.12).

Vo
TLuo)l = 57~ (26M +1 - M)
foLs
Voo (3.18)
[ ps(ers)| = 4sts(2¢_ 1+ M)

The necessary condition to achieve ZVS is that both 1,y and ILS(%) are larger than zero if M is not
equal to 1. Thus, the following expressions are fulfilled

6>
2 (3.19)

2M

¢ >

Substitute (3.19) to (3.17). The two dashed lines represent the ZVS threshold for the two side power
transistors in Fig.3.9a. The green zone represents the ZVS range.

The above analysis assumes an ideal situation. When considering transformer magnetizing inductance
and device parasitic capacitors, the I,y and ILS(%) are not only larger than zero but also larger
than a certain value. As a consequence, the sufficient condition is that the stored energy in the leakage
inductance at the moment of switching one full bridge must be greater than the stored energy in the
transistors that comprise the full bridge. The boundary is modified as Fig.3.9b shows[53].

M1, 2,/TsCoq.

2M T™ (3.20)

- M 2MnyL.Co,

2 T

o >

o >
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where C,,, and C,,, are the equivalent values of the parasitic capacitances of the transistor of the
bridge.

) P, vs.® 5 Voltage ratio M vs.®
M=0.5 Upper boundary— 18l Necessary limitfor ~ ,
: the leading bridge
16f 7/ A sufficient limit for
14l v the leading bridge
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Figure 3.9: ZVS range (a) Family of Po vs phase shift, with M(voltage ratio) as a parameter. (b)n vs phase shift

3.5. Dynamic analysis

Before designing the controller, mathematical modeling on the physical structure is necessary. State-
space averaging technique is the widely used modeling methodology. There are two important as-
sumptions: (1) Small AC changes of the state quantities; (2) The cross-over frequency is less than the
switching frequency. Since the iy is an AC current, the accuracy will be lost if state-space averaging
is applied. [15] summarizes the classification of modeling methods such as the Generalized average
model, Reduced-order model, and Discrete-time model. The reduced order model is recommended for
DAHB modeling after comparing the results both with large signal and small signal.

3.5.1. Mathematical model derivation

According to Fig.3.1 and Fig.3.6, active clamp circuits have no impact on the main switches, thus, they
can be ignored when building the mathematical model. The ten operation modes can be combined into
four main modes, corresponding to (3.2)-(3.5).

The state variables of the dynamic system are chosen to be the leakage inductance current i;, capacitor
voltage v1,v2 and vs,,. All of the variables are converted to the primary side, thus,

vsp = NV
Cs

Cop = = (3.21)
Rop =n°R,

Operation mode 1
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! Li 1 Ls , 1
v
&1 — — _ 0 U C 0
Jit — Cin1 Ciﬁl’f’s OiriQTs [ " "ilrs Virv
vz 0 - — 0 V2 Coor 0 Vivp
dt Cians CinQTs v5p n2ls 1
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L dt A L Csp CspRop | CspRop |
(3.22)
Operation mode 2
- . - r 1 1
dn 7 0 - 0 0
At 4 1 L, - 1
)
&1 — — _ 0 U C. 0
t — Cin1 CiniTs ClinaTs V1 27117'5 Virv
Cgfz B 1 i v + 0 v
dt - - 0 2 Coor LVp
dt Cinl’f's Oz'nZTs Usp in2Ts 1
dv5p L 0 0 B 1 0
L dt - L C5p C5pRop L C5pROp
(3.23)
Operation mode 3
r i i 1 1 b
il 0 - - 0 0
t Ly L, ' 1
U1 _ 1 B 1 0 i = 0
T = Ci 17s Cz 2T V1 iTilTs VHV
cg} = 1 i i + 0 v
N - - 0 2 Coor Lvp
dt Cin2 Cinirs Cinals Usp in2Ts 1
dvsy, 2 0 0 B 1 0
- dt - - 0517 C5pROp | L CSpRop i

(3.24)
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Operation mode 4

- odip 7 0 0 1

1

CZ% Ly L, ) (1) 0

U1 0 _ 1 _ 1 0 U C 0

7 _ Cz 17s Cl 2Ts U1 + irilrs |: VHV :|
avg 1 _ _ 0 V2 o 0 Vivp
dgt Cnf Cinirs  Clinars . Usp ”(’)2 s

5p

- dt - L C5p 0 0 C5pROp J - CspRoP -
(3.25)

3.5.2. Average model

To simplify the operation mode equations, some variables will be replaced. From the circuit analysis,
Cin1 = Cina, thus, in the subsequent calculations, it will be uniformly represented by C;,,. Moreover,
v = v exists when the PWM duty cycle is 0.5. As mentioned before, V,;, and V.4 represent the volt-
age of the two sides of the transformer in the primary referenced equivalent circuit, thus, capacitance-
voltage v; and v, can be replaced by V,; and V4.

1; exhibits the highest rate of change among the state variables, the system is partitioned into two
subsystems: one focusing on the fast variable system and the other on the slower variable system.[28].
The slow state variables can be regarded as constants, while the fast variables can be eliminated
with the average output current (3.14). This operation is possible because research indicates that the
DAB’s dynamic response remains unaffected by leakage inductance. [29] finds perturbations in leakage
inductance current, stemming from disturbances like alterations in input voltage or phase-shift ratio, do
not propagate to the output side according to research. In the before analysis, the symmetry of the
system is demonstrated, thus only positive half-cycle expressions are given. Rewrite the expressions
for low variables and averaging V,; and V. in [0, T§].

dVaba’ug _ VHV Vabavg CI)Q -

Cin - ch av
dt Ts Ts 2Lfs davg (3 26)
C dvcdavg . (D2 - (I)V Vcdavg + VLVp |
5p dt - 2Lfs abavg Rop Rop

The steady-state is solved from (3.26). In charging mode,V,pqvg = 175V, Veqang in primary equivalent
circuit is Veqavg = 145.5V. In discharging mode, Viyavg = 159V, Vegawg = 145.5V.

3.5.3. Small signal model

Introduce small perturbations in phase-shift ratio and voltage. vgy = Vgv +Avgv,opy = Vv +Avpy,
¢ = @+ Adway = Vap + Avgp, veqg = Veg + Avgg. In the charging mode, assume there is a current
source placed across the nominal load i, = 0 + Ai,. (Avgy, Ai,, Ad) is chosen as control inputs and
(Avgp, Aveg) as state variables, Av.4 as control output, state equations can be linearized from (3.26).

Charging mode:

fsC; Ai
1 —2d+1 o
Aveq 0 @y 2Lg.cr, Vabavs] | Ag (3.27)

dAvas 1 2@
dt — 7sClin 2Ls fsCin
d% - P20 1

t

1 20—1 Avgy
|:A'Uab:| n [rscm 0 of .o Vedavg
T 2L f:Csp  RopCop

Av, = [O 1] [22‘52]

In discharging mode, the output resistance can be calculated as R, = VHVQ/PO. The inner resistance
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of the low side voltage source should be referenced to the primary sider,,. Assume a current source
is placed across the nominal load, Av,; as control output.

Discharging mode:

dAUab _ 1 o)
dt — R,Cin 2Ls fsCin
- L

A’ULV

1 28—1 Ai,
Mva| | |an 0 ar o Vedavg
+ “5841

Av, 1
d dt ¢ B 2L fs C5p - Tsplciip AUCd 0 TSPC5P 2L5f5€5p Vabavg Aqb (328)
_ AUa,b
Av,=[1 0] [ AM]

Tab.3.1 shows the designed parameters:

Table 3.1: DAHB modeling parameters

Sign Parameter Nominal value
P, Output power 300w
n Transformer turns ratio 6
fs Switching frequency 200k H z
Vyyv  High side voltage source 350V
Vv Low side voltage source 24V
. 1.92Q2 for charging mode
R, Output resistance 4082 for discharging mode
L, Leakage inductance 21.2puH
Cin High side capacitance 15uF
Cs Output capacitance 165uF

From Fig.3.8, ® = 0.11 is selected for charging mode, and ® = —0.11 is for discharging mode.

Charging mode

The output voltage to output current is:

Too—iols) = 2} T 6.6672%1213;72 io;lmz; x 1011 (3:29)
The input-to-output transfer function is:
Toamonls) = 0% = 5 507 X 17 2101 % 107 (330
The control-to-output transfer function is as follows:
oo o(s) = Av, 3152 10953 +4.202 x 10™s? + 1.401 x 10*2s + 4.422 x 10% (3.31)
Agp s* 4 1.333 x 10883 + 4.445 x 101552 4 2.806 x 10195 + 4.429 x 1012
Discharging mode
The output voltage to output current is:
T (s) Av, _ 6.667 x 10%s +4.04 x 10'1 (3.32)

B Ai, 8?2 +6.061 x 106s + 9.955 x 108
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The input-to-output transfer function is:

Av,

8.219 x 107
== (3.33)

T $246.061 x 1065 + 9.955 x 108

Tyo—vin (5)

The control-to-output transfer function is:

Tovo(s) Av, —1.472 x 10653 — 1.783 x 10352 — 5.402 x 1095 — 8.872 x 102! (3.34)
_o(s) = = .
vo—¢ A¢p st +1.212 x 10753 + 3.673 x 101352 4 1.207 x 10165 + 9.91 x 1017
Bode Diagram charging mode Bode Diagram charging mode
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Figure 3.11: Output to control bode plot (a) Charging mode (b)Discharging mode

3.5.4. Control system design

The configuration of the control system is in Fig.3.12. Proportional integral (PI) controllers are one of
the most widely used controllers and are commonly used in control system design[29]. A Pl controller
that is capable of ensuring a zero steady-state error and responding rapidly is considered to obtain an
accurate tracking of the input reference. As shown in Fig.3.12, the DAB is fed by the regulated phase

shift from PI controller.

Since the proportional component has the effect of reducing the rise time and the integral component
has the capability to eliminate the steady-state error, they are totally independent[54]. Thus, Ki can be
set to 0 when analyzing the influence of Kp, and vice versa.

Vref DAB L

VLV

[P |

Figure 3.12: Block diagram of feedback control

Charging mode

Before tuning the PI controller, the stability of the system should be verified. Consequently, it is neces-
sary to derive the transfer function of the closed-loop system and analyze the bode plot of the open-loop

system.

The frequency at which the gain is equal to 0 dB is called crossover frequency. This frequency is
extended to the phase plot to estimate the phase of the cross-over frequency away from —180°, resulting
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in a phase margin. Similarly, the gain margin is determined by the point where phase equals —180°
meets the magnitude plot and the gain required from that point to reach 0 dB. Fig.3.13a shows some
observations based on the variable of Kp. As a rule of thumb, the crossover frequency should be no
more than one-tenth of the set switching frequency of the switch-mode power supply, which is 200kHz
in this project. Thus, Kp should be at least smaller than 0.04 shown in Tab.3.2. On the other hand, a
phase margin (45°-60°) and a gain margin from 2-10 dB are expected to be maintained for a stable
system. This reserve of phase margin ensures that the system remains stable even after the loop is
closed due to the delay included in the feedback path and due to any effects of sampling time on the
delay.

Parameters Test1 Test2 Test3 test4 Testb

Kp 0.01 0.025 0.04 0.05 0.1

Ki 0 0 0 0 0
Crossover frequency(kHz)  4.99 12.5 201 25.1 50.2
Phase margin(deg) 82.3 58.5 373 234 -4438
Gain margin(dB) 16.5 8.57 2.55 449 -3.47

Table 3.2: Stable margin with variable Kp for charging mode
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Figure 3.13: Output results with variable K, and K; (a) Bode plot with variable Kp (b)Output voltage with variable Ki

Fig.3.13b illustrates the effects of adding integral. The output voltage with variable Ki is compared. In
order to maintain the output voltage equal to 24V, Ki is selected as 10.

So far, Kp=0.02 and Ki=10 are selected. The open loop system has 65.8° phase margin with the PI
controller shown in Fig.3.14a. Fig.3.14b demonstrates that all poles are situated in the left-half-plane,
confirming the stability of the closed-loop system.
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Bode Diagram

Gm = 10.5 dB (at 2.11e+05 rad/s), Pm = 65.8 deg (at 6.3e+04 rad/s) Pole-Zero Map
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Figure 3.14: Stability analysis (a) Open loop bode diagram with Pl controller (b) Pole-Zero map

The stability of the control system is verified in PLECS. At 0.03s, Vg drops from 350V to 355V, at
0.06s, the load power decrease from 300W to 150W. A 2V spike can be observed in Fig.3.15.
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Figure 3.15: Two disturbing tests(0.03s: Vin changes from 350v to 355v 0.06s: Rload is doubled)

Discharging mode

For discharging mode, similarly, a Pl controller is tuned considering crossover frequency less than
25kHz and phase margin around 45°-60° and gain margin in 2-10dB. Tab3.3 and Fig.3.16a illustrate
that Kp=-0.07 can satisfy the stability requirements. Additionally, integration of the Ki component affects
the steady-state value, so to operate without steady-state error, Ki = -0.45 is selected as shown in
Fig.3.16b.
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Parameters Test1 Test2 Test3 Test4
Kp -0.05 -0.085 -0.1 -0.2
Ki 0 0 0 0
Crossover frequency(kHz)  11.7 19.9 23.4 46.8
Phase margin(deg) 58.5 36.4 269 -36.3
Gain margin(dB) 9.1 4.49 3.08 -2.94

Table 3.3: Stable margin with variable Kp for discharging mode
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Figure 3.16: Output results with variable K, and K; (a) Bode plot with variable Kp (b)Output voltage with variable Ki

In fig.3.17a, the bode plot of the open-loop system is depicted, utilizing Kp=-0.05 and Ki=-0.5. The
crossover frequency is 11.7kHz, the phase margin is 58.5° and the gain margin is 9.1dB. Fig.3.17b
shows the pole-zero map, since one pair of pole and zero are in the same location on the right plane,

the system remain
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Figure 3.17: Stability analysis (a) Open loop bode diagram with Pl controller (b)Pole-Zero map

Two disturbing cases are tested: the input voltage changing from 24V to 20V at t=0.03s; and the load
power reduction from 300W to 150W at t=0.06s. A seamless transition with input voltage change and
a 2V spike at t=0.06s is seen in Fig.3.18 illustrates the rationality of controller design.
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Figure 3.18: Two disturbing tests(0.03s: Vin changes from 24v to 20v 0.06s: Rload is doubled)

3.6. Conclusion

The modeling of a DAHB converter is analyzed in this chapter. Since the modeling is based on an
existing converter, the values of the components used in the modeling and simulation are chosen to
same as those seen in actual converters. Firstly, the advantages of this developed half-bridge push-
pull converter are compared with a conventional DAB converter. Then, the effect of the active clamping
circuit is analyzed, and from the simulation results, it can be observed that utilizing of active clamping
circuit can significantly reduce the spick of the secondary side switch current.

Moreover, analyzes the power transfer characteristics by considering all equivalent circuits within var-
ious intervals of a single period. This comprehensive examination includes an investigation of the
steady-state behavior, which allows for the derivation of the output power equation. By establishing
a relationship between the output power and the phase shift, the range of ZVS is constrained under
single phase shift modulation.

Furthermore, the dynamic state of the system is also analyzed. This needs deriving the transfer function
for bidirectional operation through the utilization of mathematical models. Subsequently, the open-loop
system’s Bode plot is constructed. A PI controller is implemented to guarantee that the converter
possesses an adequate phase margin and gain margin. To assess the stability of the system, bode
plots, and zero-pole maps are examined.

Last but not least, in order to corroborate the design derived from mathematical models, the model
is built in PLECS, and disturbance tests are performed. These experimental tests validate the mathe-
matical design by subjecting the model to various disturbances, ensuring that the system exhibits the
desired performance characteristics.



Modeling and Droop Control of DC
Microgrid

4.1. Overview

While many researchers have built basic DC microgrids, most have focused on improving the modeling
of one converter in the grid, resulting in a relatively simple grid structure, such as an MPPT converter,
a battery with a bidirectional converter, and a DC load connecting to a unipolar grid. This chapter
presents the modeling of a 350V bipolar DC microgrid used for energy access which has the same
configuration as the existing grid in the green village. In this context, the DAHB converter modeled
aforementioned serves as a bridge connecting the SHS and the grid. Firstly, the grid is built in Mat-
lab/Simulink, then, each converter implements a local control utilizing a droop V-I characteristic and a
PI controller. To enhance the robustness of the MPPT converter, an adaptive step size algorithm is
employed in the MPPT algorithm. Additionally, the battery buck-boost converter utilizes an adaptive
droop control strategy based on State of Charge (SoC) considerations.

4.2. Schematic

In this chapter, a 350V bipolar DC microgrid is designed and connected to the dual active half-bridge
converter that was previously modeled. To produce solar energy, two separate and independent PV
strings are connected to an MPPT converter. To balance the voltage from positive to neutral and
from neutral to negative under unbalanced load conditions or unbalanced solar energy conditions, a
balancing converter is linked to +350V, 0, and-350V. Two DC loads are respectively linked to the positive
pole between the neutral pole, and the neutral pole between the negative pole. An EV charger is
represented by a DC load with a DC/DC converter, and an AC load with an AC/DC converter represents
the capability of the system to transition from isolated grid mode to the AC grid. A battery discharge
when solar energy is insufficient and charge when photovoltaic energy is at rest. The DAHB that was
previously modeled connects this microgrid and a 24V SCS. The SCS uses a single PV panel and a
battery as renewable energy sources. In the case that there is no photovoltaic energy and the battery
is empty, the grid acts as a backup source of energy. To ensure the battery operates safely, a circuit
breaker is connected to it. The sole load in the SCS is a 60W power bank.

37
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Figure 4.1: Schematic of a DC microgrid

4.3. Components modeling

4.3.1. MPPT converter

Solar energy is immediately converted into electricity by solar cells. lts operation is dependent on the
solar cell's photovoltaic effect. Power production from PV panels is dependent on the environment.
Fig.4.2a shows the relationship of output voltage and power. To maximize the efficiency, PV panels
should be operated at a point where they produce the most power.
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Figure 4.2: 1 vs V and P vs V characteristics (a) with different irradiance (b) with different temperature

In MPPT converters, maximum power is obtained. The topology of the MPPT converter used in this
project is shown in Fig.4.3. This topology is capable of balancing input voltage if the difference between
Vool and V,,,,2 is not large.
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Figure 4.3: MPPT converter topology

Implementation of control

A cascaded PI control strategy is designed for the previous MPPT converter. In MPPT control algorithm
inner loop, the input current set point is provided by the comparison of the input voltage and reference
voltage generated from the MPPT control algorithm. On the other hand, the input current set point in the
droop control inner loop is calculated by the input power. The MPPT converter’s control characteristic
is represented by the orange line in Fig.4.7, and it is possible to determine the output current set point
from the droop curve. Once the output power is obtained, the input current set point can then be
determined. The MPPT converter’s input and output variables V,v, i,v, 4,, and i, are then passed to a
state machine, which decides whether to use the MPPT or the droop control based on the generated
power and input power. An outer PI controller then generates the duty cycle as the gate signal of an
MPPT converter based on the difference between I;,,sc1point @and input current4,,,,. This cascade control
strategy improves system stability and robustness. The following section will discuss the implemented
MPPT control and droop control, respectively.

MPPT control
Vo
| li
VO Droop ‘o_droop in_droopset \V/
_ lin_set D [ wpPPT ’
Vi Switch | —) m Converter o

Yy |y

* .|.
MPPT | Vet o m in_MPPTset

Figure 4.4: Cascade PI Control for the MPPT converter
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Figure 4.5: State machine flowing chart

The flowing chart of the Perturb and Observe (P&O) algorithm is shown in Fig.4.6a. It should be noted
that with the P&O algorithm, the converter can be controlled quite easily, however, it will have some
drawbacks such as oscillating around the maximum power point and slowly tracking rapid changes
in irradiance. In order to solve this problem, an improved P&O with an adaptive step size algorithm
is developed in Fig.4.6b. From Fig.4.6a, Vref always plus a Av if Av and Ap has the same sign,
otherwise, subtract Av. As a result, a StepFactor may be added based on the algorithm’s operating
frequency, and the change in the reference voltage is determined by the product of StepFactor and the
ratio between Av and Ap. This advanced MPPT P&O algorithm increases the robustness of the simple
P&O algorithm as well as responds much more quickly than the P&O algorithm

Vv ipv

Pov= Vpvipv
AV=Vp,(n)-Vpu(n-1)
Ap=ppy(n)-ppv(n-1)

Vret(N)=Vier(N-1)-Av Vret(N)=Vier(N-1)+Av Viet(N)=Vrer(N-1)-Av Vret(N)=Vier(N-1)+Av

(a)
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Vov, lpv

v

Ppv(N)=Vpu(M)ipy(n)
Av=v,,(n)-Vp(n-1)
Ai=igy(n)-ipy(n-1)
Ap=ppy(N)-Ppv(n-1)

No

l

Viet(N)=Vier(N-1) Vief(N)=Vief(N-1)+StepfactorAp/Av

(b)

Figure 4.6: MPPT algorithms (a) Perturb and Observe MPPT algorithm (b) Perturb and Observe MPPT with adaptive step size
algorithm

Droop control

In order to maintain high efficiency, the MPPT converter generally operates in MPPT control operations.
However, when the generated power exceeds the grid’s capacity, the PV system should operate in
droop control, as illustrated in Fig.4.5. The drooping curve is depicted in Fig.4.7 in which the MPPT
converter operates in MPPT mode if the grid voltage is lower than 375V, and in droop mode if the grid
voltage is higher than 375V. Otherwise, the reference current is set at OA.

I-V characteristic for the droop control of converters
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Figure 4.7: |-V characteristic for the droop control of converters

Fig.4.8 illustrates the simulation results of the control. Depending on the radiance, the current varies. It
is verified that the generated power is more than 95% efficient when compared to the reference power.
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4.3.2. Voltage balancing converter

Figure 4.8: Simulation results of MPPT algorithms with a variable irradiance

As mentioned before, voltage balancing parallels to balance bipolar voltages. Fig.4.1 shows one of

the generally used topology. When the two polar are unbalanced, two capacitors are charged and
discharged to balance the grid.

o
. L.
L
o ICZ ~000™-
Vn
|

13

Figure 4.9: Voltage balancing converter topology

Fig.4.10a illustrates the control strategy, positive voltage represented by V,,, and the other is V,,. The
inner loop set point is provided by the output results of a droop function shown in Fig.4.10b. The set
point is limited to 20A if V,/V/, is larger than 1.02 or smaller than 0.98. In the range of 0.98 to 0.99 and
1.01 to 1.02, the reference current is set based on the voltage ratio. when V,,/V, is between 0.99 and
1.01, the reference current is set to 0. The difference between the set point and inductance current
passes a Pl controller and generates a duty cycle to drive the voltage balancing converter.
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Figure 4.10: Droop control for the voltage balancing converter (a) Block diagram (b) Droop definition

Fig.4.11 illustrates the effect of the balancing converter defined. The irradiation of the PV pane 1 drops
from 1000 /m? to 800W /m? at 0.02s and irradiation of the PV panel 2 drops from 1000 /m? to
500W /m? at 0.04s. The Second sub-figure shows the grid voltage without a balancing converter. It can
be seen that when the radiance of two photovoltaic panels is within a certain range, MPPT topology is
capable of balancing bus voltage, but after 0.032s, the difference in radiance between two photovoltaic
panels is too great, so the MPPT converter cannot maintain the same bus voltage. According to the
third sub-figure, the grid can always maintain a balanced voltage with a voltage-balancing converter.
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Figure 4.11: Effect of a voltage balancing converter in the bipolar DC microgrid

4.3.3. DC load

Inverted buck converters are commonly used when the load doesn’t need to be ground-referenced,
such as when driving LEDs. In applications where the load voltage may vary, it provides a regulated
output voltage. when converting a wide range of input voltages to the desired output voltage, an inverted
buck converter can maintain a stable current which is more suitable for LED. Therefore, Providing
flexibility in voltage regulation and ensuring proper LED operation make it an ideal choice for LED
lighting applications without ground reference requirements. Fig.4.12 shows a parallel inverted buck
converter topology connected to two LED strings with 300 LEDs in each string. Considering that each
LED has a voltage drop of 1V, there is a total voltage drop of 300V.

Fig.4.13a illustrates the control strategy for the LED inverted buck converter. The current set point is
calculated depending on the droop curve in Fig.4.7, then a current inner loop is used to generate a duty
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cycle to control the switch of the converter. It can be seen that the LED voltage can be controlled as
300V and the current is limited as 1A regardless of the grid voltage variation in Fig.4.14.

V, 0

]
Ca J— LED |[String A
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Figure 4.12: LED inverted buck converter topology
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Figure 4.13: Droop control for the LED inverting buck converter (a) Block diagram (b) Droop definition
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Figure 4.14: Simulation results of the inverted buck converter and LED with variable PV energy

4.3.4. Battery and bidirectional converter

A battery must discharge the grid if the MPPT converter cannot generate the rated grid voltage. As
Fig.4.1 shows, a buck-boost DC/DC converter connected to positive and negative poles of the grid
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to charge or discharge the batteries. As fig.4.7shows, there are five operation modes for the battery.
When the grid voltage is higher than V,..;1, it works in charging mode. The battery converter works in
maximum power mode until the grid current reaches the limitation. Then as the grid voltage decreases,
the converter operates in droop mode and regulates the output current to zero at 730V. In the deadband
between 720V and 730V, the converter idles, which means no power is transferred. The converter will
discharge power back to the grid if the grid voltage continues to fall. The converter also operates in
maximum power mode until a limit is reached in the discharging current, then it droops.

0V,

ST

Ve Cin
-‘V —I i
(o, O V,

Figure 4.15: Battery buck-boost converter topology

The control block diagram is illustrated in Fig.4.16a. The reference current is provided by an adap-
tive droop control, and the droop definition is shown in Fig.4.16b. When the battery is at full capacity,
indicated by Soc=1, charging is not possible. Conversely, if the battery is completely depleted, charac-
terized by Soc=0, discharging from the grid is not allowed. Therefore, the yellow zone represents all of
the idle modes.

The Virtual Resistance (VR) of the droop controller determines the droop zone. However, using the
same VR for a battery with multiple SOC levels is not practical. The lower one will deplete faster and
have worse lifespan performance as a result. Allowing the battery with lower Soc has more capacity
to be charged while higher Soc limits the charging ability. Instead, the higher Soc can be discharged
more and the lower one should be discharged less[50]. It is appropriate to apply a smaller slope to
a battery with a lower Soc when it is in the charging mode and a higher Soc under discharging mode
because a smaller slope enables the current output to be raised greatly rather than by a steeper droop
value. As a result, new virtual resistance is redefined as:

Ry =(1—Ry) + (R Soc)

Ry =1— (RsSoc); .1

Fig.4.19 indicates the new |-V characteristic of the battery. The droop slopes are obtained from (4.1).
Fig.4.17 illustrates three modes: constant power mode, droop mode, and idle mode in charging oper-
ation corresponding to Fig.4.19. Fig.4.18 shows the simulation results. As can be seen, the grid will
draw power from the battery if the PV system is unable to produce the required voltage. As a result, the
grid current is negative and the battery SoC decreases as well. After the PV produces a lot of energy,
the battery will be charged, which generates a positive grid current and rise the battery’s SoC.
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Figure 4.16: Droop control for the battery buck-boost converter (a) Block diagram (b) Droop definition
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Figure 4.17: Simulation results for the battery buck-boost converter charging operation modes (a) Constant power mode (b)
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Figure 4.18: Simulation results of battery buck-boost converter with variable PV energy
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Figure 4.19: I-V characteristic of the battery droop control at different SoC

4.3.5. Solar Charging St

ation(SCS)

The diagram shown in Fig.4.1 illustrates the configuration of a 24V SCS which is connected to the grid
with a DAHB converter as a bridge. The SCS consists of a single PV, an MPPT converter, a battery
with a circuit breaker, and a power bank including a buck-boost converter and a 60W battery shown
in Fig.4.20. In this configuration, a single PV panel is connected to an MPPT converter to generate
PV energy. If the bus voltage of the SCS exceeds 24V, the single battery can be charged, otherwise,
the battery will charge the bus. The MPPT converter’s topology is depicted in Figure 4.21, and an
interleaved buck converter is implemented due to its ability to minimize ripple currents. The control
strategy for the MPPT converter remains consistent with the previous approach. In the simulation
shown in Fig.4.22, a 60W power bank is used as the load. The irradiance of the PV panel drops three
times and when it decreases to 0 battery supplies SCS. The power bank is capable of charging at 60W

at a variable bus voltage.

+3

Figure 4.20: 24V SCS schematic consists of an MPPT converter, a single battery, and a power bank as a load
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Figure 4.22: Simulation results of the 24V Solar Charging System with variable PV energy

4.4. Conclusion

In this chapter, a 350V bipolar DC microgrid which has the same configuration as the existing grid
in the green village is established. For the MPPT converter, a variable step size P&O algorithm is
implemented, then a hybrid control combining MPPT and droop control is applied and simulated. To
maintain grid voltage under varying irradiance, a voltage balancing converter with droop control is
connected. This converter effectively balances the positive(+350V) and negative (-350V)voltage. In
addition, two LED strings as the DC loads are connected to the grid.

The grid backup is provided by a 12kW battery equipped with a buck-boost converter. This system op-
erates in five distinct modes: maximum power charging mode, droop charging mode, idle mode, droop
discharging mode, and maximum power discharging mode. The specific mode selection depends on
the grid voltage. Since it is observed that a battery with a lower SoC has a greater capacity for charging,
whereas a higher SoC is beneficial for discharging, a variable droop resistance control strategy based
on SoC value is simulated.

A SCS consists of a single PV panel and a battery. The only load in this system is a 60W power bank.
Simulation results indicate that the power bank can be charged at its maximum current and maximum
power capacity.



Converter Controller Design and
System Control Design

5.1. Overview

This chapter explores the controller used for the DAHB converter and the DC microgrid. First, a novel
controller for DAHB is developed based on the SPS with voltage feedback, ensuring ZVS for a wide
range of loads and improving smooth transitioning under variable load conditions. Furthermore, con-
sidering the priority of PV energy, followed by batteries, and grid energy as a backup, a coordinated
control scheme is designed for a centralized SHS. Comprehensive scenarios and corresponding ac-
tions are analyzed. Moreover, given the absence of communication devices in the existing SHS in the
Green Village, an alternative coordinated control strategy is proposed. Finally, the performance of the
two system-level control schemes is compared and evaluated.

5.2. DAHB

5.2.1. Single phase shift with burst mode operation
Single phase shift

As mentioned above, the modulation of DAHB is a single phase shift control as shown in Fig.5.1". With
the voltage difference through the PI controller, a phase shift is generated, which drives single phase
shift modulation and generates gate signals for the primary and secondary switches. However, the
curve Db = 1.0 in Fig.5.2 indicates the converter will operate at a lower phase shift under light loads.
As discussed in Section 3.4.3, when there is a large voltage variation at the input or output, the ZVS
range may be lost.
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Figure 5.1: Single Phase Shift(SPS) control with voltage feedback block diagram

'SPS with cascade PI control scheme is shown in Appendix A
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Burst mode regulation the output power through ¢ and D,. It's important to emphasize that for proper
zero voltage switching (ZVS), DAHB operation necessitates a substantial ¢ value. Hence, when the
load power diminishes, the P, curve can transition to a distinct step to maintain a significant ¢, as
depicted in Figure 5.2. Burst mode active power can be expressed as follows:

nVvViy ®(1 — [®]) Dy
4fsLs

P, — (5.1)

P,vs.D

P, (pu)

——— Db=1

I I I I I T
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Phase Shift(D)

Figure 5.2: Power variation with burst duty cycle

Burst mode operation

In order to avoid false pulses or incomplete pulses driving the DAHB converter, when implementing
burst mode operation, the following two conditions must be satisfied.

» The burst mode control frequency must be an integral multiple of the DAHB converter’s switching

frequency.

* In burst mode, burst on time should contain multiple complete pulses.
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Figure 5.3: Single Phase Shift (SPS) with burst mode (a) Db=0.25 (b) Db=0.5

Since f, is 200KHz, the burst mode frequency is 25KHz in this project, and 8 pulses are assumed to
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represent a full pulse. Fig.5.3 illustrates the gate signal in burst mode operation. (a) shows two pulses
for the primary and secondary sides of the converter, and (b) shows four pulses.

5.2.2. Dynamic burst mode control strategy

In the previous section, a fixed burst duty cycle has been employed. However, when extending burst
mode to a dynamic setting, both the phase shift and burst duty ratio will undergo alterations. to achieve
smooth transitions, a new control strategy is proposed. The control block diagram is shown below. If
the phase shift ® is within the range of minimum and maximum phase shifts, the burst duty ratio D,
will remain constant and the phase shift implemented in the converter switches will correspond to the
output of the PI controller. However, once ® reaches the maximum or minimum phase shift, the D, will
increase by one step(or decrease), and the ® will reset to an initial phase to maintain the consistent
power flowing during and after switching. The initial phase shift value is shown in tab.5.1.
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Figure 5.4: Novel burst mode with reset phase and SPS hybrid control method block diagram

Hysteresis

A hysteresis band is added to prevent bouncing when the D, increments or decrements by one step[55].
Fig.5.5 illustrate the working principle of a hysteresis band, where the maximum phase shift is obtained
from (3.16). If ® reaches maximum phase shift under the current burst duty ratio, D, increases one
step to D3, and @ will be reset to the initial value. On the contrary, as ® decreases to the initial value,
D, maintains its previous value. Only when & reaches the threshold of ®,,,;,, D, transitions from its
previous value (Dy3) to a lower value (Dys).
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Drinobn+1)  Pinitial(bn+1)
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)\
Dbz - L >
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4 > o)
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Figure 5.5: Transition points between switching modes of proposed control technique
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Initial phase shift

As previously mentioned, whenever the burst duty ratio has a transition, the phase shift should be reset
to an initial value to ensure consistent power flow through the DAHB converter during the switching
process. Consequently, the key is to determine the appropriate initial phase values for each burst duty
ratio. By analyzing Equation 3.16 and Equation 5.1, the initial phase can be calculated to substitute
the corresponding burst duty ratio. Tab.5.1 provides a comprehensive summary of all initial phases
associated with increasing and decreasing burst duty ratios. The step control methodology comprises
a hysteresis band and the use of these initial phases, as illustrated in Figure 5.6.
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Figure 5.6: Hysteresis control scheme for burst mode operation
Table 5.1: Initial phase for dynamic burst operation
Dyincrease  ®,,0:(°)  Pinitiar(°) | Dy decrease  Pinisiar (°)  Prnin(°)
0.125—0.25 30 $,,=8.3893 | 0.25-0.125 &,=16.852 8
0.25—0.375 30 $3=12.1056 | 0.375—-0.25 P,=12.2956 8
0.375—-0.5 30 ®,,=14.3207 | 0.5-0.375 ®3=10.8351 8
0.5—0.625 30 $5=15.8324 | 0.625—-0.5 9,=10.1148 8
0.625—0.75 30 $e=16.9481 | 0.75—0.625 $5=9.6858 8
0.75—0.875 30 $7,=17.8152 | 0.875—0.75 $s=9.401 8
0.875—1 30 $g=18.5141 1—0.875 $,=9.1982 8

It is important to know that the output of PI controllers cannot instantaneously change since there is an
integral process. Consequently, when the phase is reset to an initial value, it is necessary to provide
a certain amount of time for the Pl controller to respond and integral from this new initial phase shift.
Otherwise, the PI controller will be reset by the current value and generate the wrong spike. Therefore,
a delay block is applied in the simulation. In a digitally controlled DC/DC converter, the Pl controller
can store the current phase shift and output from the initial phase.
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5.3. Coordinated Control

5.3.1. Decentralized control with centralized SHS

A decentralized control system with a centralized Solar Home System (SHS), is developed to effectively
prioritize renewable sources in SCS. Within this framework in Fig.5.7a, the SCS employs a prioritization
scheme in which PVenergy takes precedence and the second is battery energy and DC microgrid is
used as a backup to ensure the rated operation of the power bank. On the one hand, if the SCS
battery reaches full capacity, DAHB will supply power to the grid if there is remaining PV energy. On
the other hand, during night, when PV energy is unavailable, DAHB will take the grid power when the
SCS battery is almost empty. Subsequently, if the grid has enough energy, both the power bank and the
battery are charged. However, if the grid energy levels are moderate, only the power bank is charging,
given its higher priority. In the event of low grid voltage, the DAHB converter closes the switch, thereby
disconnecting the solar charging station from the grid.
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Figure 5.7: Decentralized control with centralized SHS



5.3. Coordinated Control 54

The possible operation scenarios are explained as follows.
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Figure 5.8: Possible operation scenarios (a) Partially sufficient PV energy (b) Sufficient PV energy (c) Partially sufficient PV
energy with a full battery (d) Sufficient PV energy with a full battery (e) No PV energy and a full battery (f) No PV energy and an
empty battery with the high grid voltage (g) No PV energy and an empty battery with the middle grid voltage (h)(f) No PV
energy and an empty battery with the low grid voltage

Fig.5.8 presents a comprehensive description of potential scenarios, while Tab.5.2 illustrates corre-
sponding decision-making processes. An observation can be found that certain decision-making is
influenced by the state of the SCS battery, therefore, it is necessary to coordinate between the DAHB
converter and the SCS battery. Consequently, the establishment of inner communication between the
DAHB converter and the battery in SHS becomes important. This communication loop is defined and
illustrated in Fig.5.7b.
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Table 5.2: Possible operation scenarios and decision making for centralized SHS

Scenarios SHS conditions DC Microgrid voltage Decision-making
(a) Pgai?eer;?y{\jgfi?jlle 320V-380V Charge power bank and battery
®  ater:Not ol 3201380V S Sunbly power o the gid
©  Batery: Fulycharged  320V-380V Supply power 1o the arid
@ Batery: Fulycharged  20V-380Y Supply power 1 the i
(e) Bai\e/ri:nliﬁlxg ;Z?ge d 320V-380V Battery discharges power bank
() Pg/aftr;?;?)gn'?;;e Vgrid>352V Grid charges power bank and battery
©  Bavory Emply 3201352V 2 Disconneat batiery
(h) PV energy: None Vgrid<320 Disconnect SCS

Battery: Empty

5.3.2. Decentralized control with decentralized SHS

As the SHS system in the Green Village is decentralized, there is no communication coordination oper-
ation between the DAHB converter and SCS. Therefore, based on the collaborative control described
above, a decentralized control strategy is proposed that regards SCS and DAHB as independent com-
ponents.

The estimation of the battery state relies on the SCS bus voltage. The PV energy range typically ranges
from 24V to 28V, with a battery voltage of 21V indicating an empty state and a voltage of 29V being
fully charged. Consequently, when the SCS voltage surpasses 27V, it indicates an approximately fully
charged battery. Conversely, if the SCS voltage falls within the 24V-28V range, it shows a moderate
PV energy level or a battery with SOC in 40% - 90%. Therefore, the control methodology proposes
a method of estimating the voltage difference between the rated and actual voltages. If the grid or
SCS voltage significantly deviates from the rated voltage, the converter operates in the charging or
discharging mode; otherwise, it remains in the idle mode.

However, because of the lack of communication between the converter and the SCS, the actual state
of the battery cannot be determined. Consequently, in situations where the battery is not empty but in
a low state, the grid charges SCS. Consequently, the high priority of the power bank can be ensured,
but it is uncertain to access the state of the battery.

Table 5.3: Possible operation scenarios and decision making for decentralized SHS

Scenarios SHS bus voltage DC Microgrid voltage Decision making
(a) (b) Vscs>=27 Vgrid>=365 Islanded mode
(c) (d) 24V<Vscs<27V Vgrid>=365 Supply power from the grid
(e) (f) Vscs>=27 320V<Vgrid<365V Supply power to the grid
(9) (h) 24\/<Vscs<27V 320V<Vgrid<365V islanded mode
(OX0)] Vscs<=24V 320V<Vgrid<365V  Supply power from the grid
(k) Vscs>=21V Vgrid<320V Supply power to the grid

0] Vscs<21V Vgrid<320V Islanded mode
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Figure 5.9: Decentralized control with decentralized SHS
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Figure 5.10: Possible operation scenarios (a) Idle mode: High Vs and high V,,.;4 with PV energy (b) Idle mode: High Vs
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Fig.5.10 illustrates possible operation scenarios. Since SHS and DAHB are independent components,
DHAB can only access the information on two sides voltage and current. The corresponding decision-
making for each scenario is shown in Tab.5.3. It can be seen that the decision is determined by the
range of the difference between the voltage at both ends of the converter and the rated voltage. .
Therefore, the propriety of the power bank can be ensured.

5.3.3. Comparison of two decentralized control

Table 5.4: Comparison of decentralized control with both decentralized and centralized SHS

Decentralized control Decentralized control

iseenes with centralized SHS  with decentralized SHS
Charging power bank Yes Yes
SHS hierarchical load supply Yes No
Grid energy as a backup Yes Yes
Surplus energy fed back to the grid Yes Yes
SHS-Battery health Excellent Poor
Economy Low High
Accessibility Low High
Number of converter High Low
Robustness Low High

A comparison is summarised in Tab.5.4. The first control scheme is beneficial for the hierarchical energy
utilization of SHS. This approach allows users to economically access grid power only when the SHS
is depleted of battery energy. Additionally, by monitoring the battery’s SoC, the control strategy can
disconnect the battery from the system upon reaching full capacity, thereby preventing overcharging
and promoting battery health. However, this control strategy necessitates the real-time monitoring
of battery status components and communication with the DAHB converter. Thereby improving the
complexity and cost of the system. In the event of monitor or communication malfunction, such as
incorrect reporting of battery status during depletion, the converter may be unable to take energy from
the grid, potentially impeding the load from being charged. In contrast, In the second strategy, power
flows are determined by the voltage differentials across the converter, making it more user-friendly and
ensuring continuous load charging.

5.4. Conclusion

This chapter presents a control strategy developed for the previously modeled DAHB converter. The
strategy focuses on expanding the ZVS range with burst mode operation. Considering that dynamic
burst duty ratio results in transitions, hysteresis control is used to enhance stability under various load
conditions. Additionally, to achieve seamless transitions, the initial phase shifts for each hysteresis
band are determined.

Furthermore, a coordinated control scheme is proposed to ensure optimal energy distribution between
the grid and SCS. The first coordinated control scheme treats SCS and DAHB converter as a central-
ized SHS, thus, it is necessary for inner communication and battery state monitoring. Alternatively, a
coordinated control strategy is developed for a decentralized SHS, where the SCS and DAHB convert-
ers are regarded as independent components. A comparison is made to evaluate the performance of
both schemes.

Both control strategies effectively realize load charging in various scenarios. However, the first strat-
egy offers hierarchical energy utilization with increased complexity, while the other one emphasizes
accessibility and can be implemented into the existing DC microgrid in the Green Village.



Simulation and Testing Results

6.1. Overview

In this chapter, simulation results and prototype results are shown and analyzed. First, the results
of the DAHB simulation verify the performance of the proposed control scheme in steady state and
dynamic transitions. The high efficiency of variable load operation demonstrates the performance of
this approach. Furthermore, prototype testing for this approach is conducted. Moreover, a model for
the DC microgrid is built in Matlab/Simulink and decentralized control is implemented. The simulation
results validate the seamless power transition in different scenarios.

6.2. DAHB simulation and testing results

6.2.1. DAHB simulation results
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The model is built in MATLAB/Simulink, as depicted in Fig.6.1. Fig.6.1a illustrates the topology of the
model, while Fig.6.1b shows the control block, as defined in the previous chapter 5. As discussed
previously, changes in the burst duty ratio lead to a restart of the phase shift. The new phase shift is
then passed through an SPS block, generating PWM signals as the fundamental waveforms for the
burst mode.
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Figure 6.1: Simulation model built in Matlab/Simulink
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Figure 6.2: Typical DAHB waveforms with Single Phase Shift (SPS) control (a) Charging mode under nominal load (b)
Charging mode under light load (c) Discharging mode under nominal load (d) Discharging mode under light load
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Fig.6.2 shows the simulation results obtained using Single Phase Shift control during rated load and
light load conditions. The controller actively adjusts the phase shift to regulate the output. The inductor
current waveform indicates I;1, >> 0 under rated load conditions, which indicates that the DAHB
converter can maintain ZVS. However, under light load conditions, I;1; < 0 for two modes, indicating
that either side of the DHAB switches is out of ZVS. In contrast, in Fig. 6.3, during the burst mode
turn-on period, the inductor current waveform indicates ;I > 0. This observation can be explained
by the fact the burst duty cycle decreases under light load conditions leading to increasing phase shift,
therefore, the ZVS range extends as well.
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Figure 6.3: Typical DAHB waveforms with dynamic SPS and burst mode control (a) Charging mode under light load (b)
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Figure 6.4: Simulation results with approached dynamic SPS and burst mode control (a) Disturbing test1 (b) Disturbing test2
(c) Simulation results when the D;, decrease (c) Simulation results when the D;, increase

To validate the control performance of the introduced hysteresis control method, different disturbing
tests are performed as illustrated in Fig.6.4a and Fig.6.4b. At 0.1s, the load power increases from
300W to 600W. Since the output voltage is controlled at 24V, the current flowing through the circuit will
increase proportionately. In response, the phase shift increases upon reaching the maximum phase
shift, the burst duty ratio step leading to the phase shift is reset to an initial value, then the phase shift
increases again until V, is 24v. In addition, the input voltage rises from 350V to 322V, leading to phase-
shift changes. Fig.6.4c and Fig.6.4d show the voltage transitions when the burst duty ratio decreases
from 0.875 to 0.75 and increases from 0.25 to 0.375, respectively. In addition, The efficiency of the
control strategy is analyzed in Fig.6.5b. It is obvious that the efficiency is higher than 90% with different
loads.

A comparison was analyzed between burst mode and burst mode with the initial phase method. The
results are depicted in Fig.6.5a. The red line represents the burst mode strategy, while the blue line
represents the burst mode with the initial phase strategy.

Observing the graph, it can be seen that at 0.1065s, the burst duty ratio increases, resulting in a spike
in both the output voltage and output power, as indicated by the red line. On the other hand, the blue
line demonstrates a smooth transition, without any noticeable spikes or disturbances.

Pou
n= Tt x 100% (6.1)

in
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Figure 6.5: Simulation results of the novel burst mode with reset phase and SPS hybrid control method (a) Comparison of
burst mode operation and novel burst mode with reset phase and SPS hybrid control method (b)Normalized output power and
efficiency of novel burst mode with reset phase and SPS hybrid control method

6.2.2. DAHB prototype testing

Figure 6.6: Prototype test
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SPS with constant burst duty ratio

To validate the performance of the PI control strategy used for the DAHB converter, prototype tests are
carried out with the SPS technique and a constant burst duty ratio D, = 0.25. The prototype testing
results are in Fig.6.7. During the testing, the input voltage is stepped up from zero to 350V, while the
output voltage is regulated at 24V when the input voltage exceeds 175V. Furthermore, when the input
voltage is held steady at 350V, variations in the load lead to phase changes and stable output voltage.

Fig.6.7 illustrates V;, for the switches and the gate signal.
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Figure 6.7: SPS with Db=0.25 prototype testing results from Grafana including V;, V5, ¢, and MCU temperature
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Figure 6.8: SPS with Db=0.25 prototype testing results from Picoscope (a)Primary side switch voltage and gate signal (b)
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SPS with dynamic burst duty ratio

To assess the dynamic performance of the novel burst mode with reset phase and SPS hybrid control
method under light load conditions, a prototype test was conducted with an input voltage of 350V and

varying load. The test results are presented in Figure 6.9.
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Initially, the system was under light load, and subsequently, the load power continued to increase,
leading to a corresponding increase in the phase shift. Once the maximum phase value was reached,
the phase was reset to its initial value, and the pulse number was increased by one step. Additionally,
it was observed that during the pulse number changes, there are no spikes in the output voltage. Thus,
the capability of this control methodology to achieve seamless transitions is validated.
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Figure 6.9: SPS with dynamic burst duty ratio prototype testing results (Vref=24V) including input voltage, output voltage,
phase, pulse number, output current, and MCU temperature

However, there are unstable points when transitioning from a pulse number of 2 to 4. The possible
reason is that the system loses ZVS during this particular condition. Since 24V is chosen as the refer-
ence voltage, the voltage ratio is not 1 in theory. To substantiate this assumption, an additional test is
conducted using a reference voltage of 29V, which ensures that the theoretical voltage ratio is 1. As
depicted in Fig.6.10, there is no oscillation transitioning from a pulse number of 2 to 4.
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Figure 6.10: SPS with dynamic burst duty ratio prototype testing results (Vref=29V) including input voltage, output voltage,
phase, pulse number, output current, and MCU temperature



6.2. DAHB simulation and testing results 66

Fig.6.11 above, from top to bottom, show the change of V;, of S1. When D, = 0.125, there is only
one pulse; as D, increases, the pulse number also increases. However, there is a noise that can
be observed on V,,, the possible reason is that the dead time is too large. Fig.6.12 is the measured
prototype efficiency under light load conditions. The highest efficiency is approximately 87.78%.
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Figure 6.11: V;;, of S1 from Picoscope. The figures above, from top to bottom, are D, = 0.125, D, = 0.375 and Dy, = 0.5
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Figure 6.12: Measured prototype efficiency

It is possible to achieve the highest efficiency for a 100W light load (87.78%). As the load power
increases, the efficiency can be maintained at more than 82.8%. So far, Fig.6.9 and Fig.6.10 shows
the test with ®,,,,,, = 30°. Another prototype is tested with ®,,,,, = 50° and the results are shown in
Fig.6.13. However, large voltage spikes in the output voltage is observed during the transition of burst
mode. The fact is that the burst mode control remains unchanged until ® reaches ®,,,,. Consequently,
a larger value of ®,,,, requires an increased response time for the burst mode control to adapt. Both
the simulation and prototype results verify the assumption in Fig.6.14.
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Figure 6.13: SPS with dynamic burst duty ratio prototype testing results (¢maq = 50°) including input voltage, output voltage,
phase, pulse number, output current, and MCU temperature
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6.3. DC Microgrid simulation and testing results

6.3.1. DC microgrid simulation results

Fig.6.15 illustrates the bipolar DC microgrid employed in the energy access model constructed within
Matlab / Simulink, following the schematic depicted in Fig.4.1. The SCS is connected to the grid via a
DAHB converter, wherein the decentralized control scheme is incorporated within the converter’s block.
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Figure 6.16: Coordinate control with centralized SHS simulation (a) Scenario a and b (b) Scenario ¢, d and e (c) Scenario f and
j

Fig.6.16 shows the simulation results for the possible scenarios Fig.5.8. Figure 6.16a depicts two
scenarios (a) and (b). At 0.2s, scenario (a) transitions to scenario (b) due to an increase in PV energy.
The SoC of the battery indicates that it charges slowly with low PV energy and rapidly with high PV
energy. Additionally, the DAHB converter switches from idle mode to discharging mode at 0.2 s, leading
to a negative phase shift.

Figure 6.16b illustrates scenarios (c), (d), and (e). In these scenarios, the SHS battery is fully charged,
leading the DAHB converter to discharge the microgrid at different speeds depending on the available
PV energy, as evidenced from time 0 to 0.2s. At 0.2 s, the photovoltaic energy decreases to zero
in scenario (e). Thus, the SCS battery supplies power to the power bank, while the DAHB converter
remains idle.

Figure 6.16¢c shows charging mode scenarios, denoted as (f), (g), and (h). In these scenarios, the SCS
battery is empty, necessitating the microgrid to supply power to the SCS. During the time interval of 0
to 0.1s, the grid voltage is high, resulting in a high SCS bus voltage and rapid charging of the battery.
Between 0.1 and 0.2 s, as the grid voltage decreases to a moderate level, the SCS bus voltage also
decreases, leading to a stop in battery charging. At time 0.2s, when the grid voltage drops to 325V, the
DAHB converter operates in droop mode, causing the SCS bus voltage to decrease to zero until the
grid voltage reaches 320V. Subsequently, the SCS disconnects from the grid and the power supplied
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to the power bank decreases to zero.
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Fig.6.17a depicts the results for scenarios a and c, where both the grid voltage and SCS bus voltage
remain at high levels, resulting in an idle mode. At 0.1s, the grid voltage decreases to a moderate level,
leading the DAHB converter to transition from idle mode to discharging mode, consequently inducing
a negative phase shift.

Fig.6.17b shows the results for scenarios e, f, g, and h. These scenarios involve inaccessible PV power,
thus necessitating the following simulation setup: during the time interval from 0 to 0.1s, the grid voltage
remains low while the SCS bus voltage is at a moderate level, causing the SCS to discharge into the
grid. Within this timeframe, prior to 0.08 seconds, it is assumed that there is PV energy in the SCS,
corresponding to scenario g, while the period from 0.08 seconds to 1 second illustrates scenario h. The
converter operates in an idle mode from 0.1 seconds as the grid voltage increases to a moderate level,
which is observed in scenarios e and f.

Fig.6.17c presents the outcomes for scenarios i, j, k, and I. In the time interval from 0 to 0.1 s, the
grid voltage is lower than 320, while the SCS is a low voltage, leading the DAHB to charge the SCS,
as represented by scenarios i and j. At 0.01 s, the voltage of the grid decreases, causing the DAHB
converter to operate in idle mode, which corresponds to scenarios k and I. Fig.6.17d illustrates a sce-
nario in which the DAHB operates in charging mode before 0.1s, then since the grid voltage decreases
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Figure 6.17: Coordinate control with decentralized SHS simulation (a) Scenario a, b, ¢ and d (b) Scenario e, f, g, and h (c)
Scenario i, j, k, and | (d) Scenario m

below 320V, the DAHB turns off the switch. The power bank will not be charged since the SCS bus

voltage is less than 21V.

6.3.2. DC microgrid testing results

Line impedance

To test the real DC microgrid in the green village, the simulation results should be performed as the
actual one. As a result, line impedance and the circuit breaker are considered in this section. The
unit line impedance is estimated from the diameter and material of the cable, and the circuit breaker
topology is based on the existing hardware in Green Village. The length of the grid bus is calculated
as 100 meters and the line impedance is as follows. Fig.6.19 indicates the grid topology with line
impedance and circuit breaker. The scenario Fig.5.10a is tested in this section, where both grid MPPT
converters and SCS MPPT converters generate high PV energy.
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Figure 6.18: DC microgrid simulated circuit breaker and line impedance

Table 6.1: Circuit breaker and line impedance components

Line impedance components  Values

LL 5/J,H
CL 15uF
Ly 30uH
R 0.286752

Figure 6.19: DC microgrid simulated circuit breaker and line impedance
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Figure 6.20: DC microgrid simulation with circuit breaker and line impedance (a) 350V grid characteristic (b) SCS characteristic
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Fig.6.20 indicates that the grid bus voltage can be controlled in the steady state with small oscillations
and the MPPT converter can track the maximum power. The power bank can be charged at 60W as

well.

6.4. Testing results

Some important indicators of the converters connected in Green Village were measured as follows. It
should be noted that SSP V1 is connected to the power supply (AC/DC converter and MPPT), and V2

connects to the LED single load.

» The DC microgrid operates for 24 hours; results are shown in Fig.6.22.
» DC microgrid operation on an island results are shown in Fig.6.23.

At 14:45, deactivate the MPPT system, initiating a transition in the power source from the PV to

the AC grid. As a result, the supply voltage underwent fluctuations, ultimately settling at 350V.

Subsequently, at 14:50, the AC grid was intentionally disconnected from the microgrid, marking

the DC microgrid turned off.

DC Microgrid Interconnection and LED Droop Control Findings are shown in Fig.6.24.

At 15:14, the DC microgrid seamlessly interconnected with the AC system, followed by the acti-
vation of the circuit breaker module. Once stability was achieved, a single LED was connected
to the system at 15:16:30. At 15:26:00, the LED’s brightness was incrementally raised, which led

to the LED going into maximum power mode.

Furthermore, the efficacy of the LED droop control was examined. As previously detailed, the grid
voltage remained within the range of 320V to 325V, while the load operated in droop mode. At
15:30, the MPPT converter was deliberately disconnected, prompting an adjustable grid voltage.
then continue to decrease grid voltage and cause the LED’s power output to progressively drop,
transitioning from its maximum power mode to droop mode. The illumination patterns for both the

maximum power control mode and the droop control mode are visually contrasted in Fig.6.21.

At 15:37:00, the grid voltage was reinstated to 350V and the photovoltaic (PV) system was recon-

nected at 15:38:00.

(@) T )

Figure 6.21: LED droop control testing (a) DC microgrid voltage is 321V: droop mode (b) DC microgrid voltage is 380V:
constant power mode
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Figure 6.22: 24-hour performance data from DC microgrid converter in Green Village: (a)Real MPPT converter (b)SSP V1
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Figure 6.23: Power supplies turn off performance data from DC microgrid converter in Green Village (a)Real MPPT converter
(b)SSP V1
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Figure 6.24: DC microgrid interconnection and LED Droop Control (a)Real MPPT converter (b)SSP V1 (c)SSP V2 and LED

6.5. Conclusion

In this chapter, the controller developed in the previous section is verified through simulation and pro-
totype testing. The test results demonstrate the converter’s ability to guarantee ZVS and enhance
smooth transitioning under variable light load conditions. With the implemented controller, the con-
verter achieves an average efficiency of 84% under light load. Furthermore, the controller successfully
overcomes the issue of unstable transitions when the burst mode switches, showing its robustness and
reliability.

Furthermore, system-level coordinated controls designed before are simulated. The results indicate
that both centralized SHS control and decentralized SHS control achieve seamless transitioning in
various scenarios. These outcomes explore the possibility of the practical implementation of system-
level controls in existing DC microgrid applications.



Conclusions

The main objective of this thesis is control for a DC/DC bidirectional converter and distribution control
for a bipolar DC microgrid. In this chapter, the main conclusions for each research question and some
recommendations for future research are given.

How to select, model, and implement DAHB bidirectional control with smooth transitions between for-
ward and reverse directions while considering both efficiency and complexity?

Firstly, a mathematical model of the DAHB converter is built. Then, the transfer function is derived
through the small signal model. Subsequently, optimal parameters for a Pl controller are determined
by analyzing Bode plots. Furthermore, to enhance efficiency across a wide range of loads, a novel
control methodology is designed. By reducing the burst duty ratio, the phase shift is increased, thereby
preventing the loss of ZVS, resulting in high efficiency under light load conditions. This strategy utilizes
hysteresis and resets phase shift to an estimated value to ensure smooth transitioning when the burst
duty cycle switches.

During a direction switch, a step-by-step procedure is followed to ensure smooth transitioning. First, if
the burst duty cycle is initially larger than the minimum value, it steps down until it reaches the minimum
value. Subsequently, the phase shift decreases to zero before gradually increasing in the opposite
direction. Finally, the burst duty cycle is increased until stability is achieved. This step-by-step process
guarantees a smooth transition when the direction is changed.

How to model and design simulation for system-level control for a DC grid used in energy access?

A bipolar 350V microgrid system is built in MATLAB/Simulink model. The microgrid model consists of
various components, including an MPPT converter, a voltage balancing converter, streetlight LEDs, a
bidirectional DC/DC converter, and a battery. Additionally, a 24V SCS is established within the system,
which consists of an MPPT converter, a battery, and a power bank incorporating a bidirectional DC/DC
converter and a battery. The SCS is connected to the grid via the DAHB converter. Each converter con-
nected to the grid implements both local droop control and feedback control mechanisms to ensure that
the DC microgrid components can appropriately respond to variations in the grid voltage. To enhance
the realism of the simulation, another developed model taking into consideration both line impedance
and circuit breakers is simulated.

How can coordinated control be designed and modeled while prioritizing renewable energy and using
droop control if DAHB and SCS are considered integrated SHS?

To model different grid operation scenarios to test the robustness, integrity, and stability of decentralized
DC grid control, a coordinated control is designed. The core assumption is that there is communication
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inner SHS, enabling DAHB converter access to information such as the battery SoC and the PV energy
available at the SCS. Thus, the coordinated control modifies the DAHB converter’s reference voltage
in response to different scenarios, thus managing the power flow through the DAHB converter. Fur-
thermore, the coordinated control system also manages the battery within the SCS. It decides whether
the battery should be connected or disconnected to ensure the priority of the power supply.

If DAHB and SCS are independent modules, how do design and model a decentralized control suitable
for the existing grid in the Green Village?

In the green village, there is currently no direct communication established between the DAHB converter
and the SCS. Therefore, an alternative coordinated control system has been developed to manage
the direction of power flow in the DAHB converter. This control strategy operates by measuring and
analyzing the voltage on either side of the DAHB converter. Based on this information, it dynamically
adjusts the DAHB'’s reference voltage to control the direction of power flow within the system. This
approach enables bidirectional energy access without necessitating any changes to the grid’s existing
structure. Furthermore, SCS voltage is more stable since components are not suddenly disconnected
or connected compared to the previous method.

7.1. Future work

In this thesis a novel control strategy for DAHB converters are designed and tested, it improves the
efficiency under light load condition and extends the operation range. Although the bidirectional control
is simulated in Simulink and demonstrates the achievement of smooth transitioning between forward
and reverse direction, only the charging prototype is tested. In the future, the discharging prototype will
be tested.

Additionally, to improve safety, an alternative cascade control is designed and simulated, but it not be
tested due to the scope of the thesis. In the future, it could be implemented and tested, furthermore,
it is possible to develop a comparison of single voltage loop control and cascade double loop control
analysis.

This thesis works on the design and simulation of a comprehensive system-level coordinated control.
Prioritizing PV energy utilization while keeping the DC microgrid as a reliable backup is the princi-
ple of the control strategy, the simulations demonstrate the achievement of stable voltage for users
across various scenarios. Additionally, the control strategy successfully facilitates seamless switching
between these different scenarios. Nonetheless, due to some unresolved issues with the SCS and
time limitations, the implementation of coordinated control in the green village remains pending.
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Cascaded PI Control for a DAHB
Converter with SPS

The results of the prototype discharge test are omitted from this thesis, as a significant spike breaks
the components when it starts to transfer power. The possible reason is that the phase shift reaches
saturation in the beginning state, resulting in an instantaneous large current. To solve this issue, an
alternative approach involving cascaded voltage and current control is investigated. The work of [56]
validates that the implementation of a double loop enhances the dynamic performance of the overall
control system.

A.l. Cascade PI control
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Figure A.1: Cascade double loop control based on novel burst mode with reset phase and SPS hybrid control method block
diagram

Two PI regulators are connected in a cascade scheme with two loops, a voltage loop, and an inner
current loop as shown in Fig.A.1. The Pl parameters are tuned as experience shown below.

Table A.1: Pl parameters of cascade voltage and current control

Parameters Currentloop Voltage loop

Kp 0.001 400
Ki 50 1
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A.2. Simulation results

Cascade control with PI controllers
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Figure A.2: Cascade double loop control model in Matlab/Simulink
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The control loop is modified as the control block diagram shows. Fig.A.3a shows the performance of
cascade PI control. At 0.1s, the load decreases from 300W to 150W, and both voltage and power can
achieve smooth transitioning. Similar outcomes can be seen in Fig.A.3b.
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Figure A.3: Cacade control simulation results: (a)Cascade voltage and current control (b)Voltage control

A.3. Conclusion

In this chapter, the possibility of deploying a cascade voltage and current control strategy is investigated.
This approach offers the advantage of saturating the output current, thereby enhancing the converter’s
safeguarding capabilities. As a result, this control strategy proves to be well-suited for discharging
converters. The simulation analysis shows high dynamic performance.



Experimental Setup

In this chapter, the hardware used in the experimental DC distribution system is introduced.

B.1. Power Electronic Converters

The key contribution of the laboratory scale system is the controller of a DAHB converter. A photo of
the converter is shown below.

Figure B.1: DAHB converter prototype

B.2. Laboratory Power Supplies
The input side of the DAHB converter is connected to an SM 500-CP-90 power supply, which is a

bidirectional power supply rated for 500 V and 90 A in two quadrants, and can therefore be used as a
source as well as an electronic load.
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Figure B.2: SM 500-CP-90 bidirectional power supply from Delta Elektronika

B.3. Laboratory loads

A load is connected to the secondary side, which can be used to simulate the state of charge of the
battery.

Figure B.3: 72-13210 DC Electronic Load from Tenma
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