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Abstract: Currently, high-performance power conversion requirements are of increasing interest in
microgrid applications. In fact, isolated bidirectional dc-dc converters are widely used in modern
dc distribution systems. The dual active bridge (DAB) dc-dc converter is identified as one of the
most promising converter topology for the mentioned applications, due to its benefits of high
power density, electrical isolation, bidirectional power flow, zero-voltage switching, and symmetrical
structure. This study presents a power management control scheme in order to ensure the power
balance of a dc microgrid in stand-alone operation, where the renewable energy source (RES) and
the battery energy storage (BES) unit are interfaced by DAB converters. The power management
algorithm, as introduced in this work, selects the proper operation of the RES system and BES
system, based on load/generation power and state-of-charge of the battery conditions. Moreover,
a nonlinear robust control strategy is proposed when the DAB converters are in voltage-mode-
control in order to enhance the dynamic performance and robustness of the common dc-bus voltage,
in addition to overcoming the instability problems that are caused by constant power loads and
the dynamic interactions of power electronic converters. The simulation platform is developed in
MATLAB/Simulink, where a photovoltaic system and battery system are selected as the typical
RES and BES, respectively. Assessments on the performance of the proposed control scheme are
conducted. Comparisons with the other control method are also provided.

Keywords: bidirectional power sharing; dc-dc converter; dc microgrid; dual active bridge (DAB);
nonlinear control; robust control

1. Introduction

In recent years, power electronic systems have been considered to be a solution for
high efficiency power conversion systems, such as renewable power integration, energy
storage interfaces, solid-state transformer, electric vehicles, and microgrids [1-6].

In fact, dc microgrids have become a more viable alternative solution for dc distribu-
tion system that is usually composed of multiple stages of power electronic converters [7,8].
DC microgrid is an attractive solution to integrate efficiently and suite better the renewable
energy sources, energy storage systems, and loads at distribution or sub-transmission level.
The DC microgrid is a locally controllable system that can operate either in grid-connected
mode or stand-alone operation mode, i.e., completely isolated from the main transmission
system [6,8,9].

The dc microgrid may overcome several drawbacks of ac systems, such as complexity
of control for reactive power requirements, and lower system efficiency that is caused by
a larger number of power conversion stages. Moreover, there are no frequency stability
issues, harmonics issues, or skin effect in dc microgrid [9,10].

Despite the above advantages, the dc microgrids also face some challenges: (1) en-
sure power reliability; (2) overcome instability problems caused by constant power load
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(CPL) behavior of point-of-load converter, and the dynamic interactions among multiple
power converters; (3) integration into the conventional ac distribution grid; (4) ensure
power balance among energy sources and loads; and, (5) achieve high-efficiency and
high-performance power conversion.

Several control schemes have been introduced in order to ensure the proper operation
of microgrid in grid-connected mode or stand-alone mode [11]. A comprehensive review
on dc microgrids can be found in [12-14].

Research trends in power electronic converters have focused on improving the effi-
ciency and power density, as well as reducing cost, volume, and weight.

Among dc-dc converters, isolated dc-dc converters are an attractive alternative for
interfacing sources, such as photovoltaics, batteries, or fuel cells [6]. Therefore, there is an
increasing requirement for bidirectional isolated dc-dc converters to ensure the power flow
from, to, or between various energy storage elements.

The dual active bridge (DAB) dc-dc converter is identified as one of the most promising
converter topology for the modern power electronic systems that require bidirectional
power flow, galvanic isolation, and efficient power conversion.

DAB is an isolated bidirectional dc-dc converter composed of two full-bridge dc-ac
converters interfaced by a series inductor and a high-frequency isolation transformer [15].
Figure 1 shows the circuit diagram of a DAB converter, where L is the DAB storage
inductor; C, is the dc output capacitor; a is the turns radio of the mediate/high-frequency
transformer; v; is the dc input voltage, while v, is the dc output voltage; 71 is the input
current of the DAB input H-bridge; 7, is the output current of the DAB output H-bridge; iy
is the DAB inductor current; and, i, is the load current.
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Figure 1. Circuit diagram of the dual active bridge (DAB) converter.

The basic mechanism for controlling the power flow is to generate two phase shifted
high-frequency ac voltages (quasi-square or square wave) and applying them to the two
ends of an energy-transfer inductor, thereby, energy flows from the leading ac voltage
to the lagging ac voltage. Similar to power transmission control in traditional ac power
systems, the power flow is controlled by the direction and magnitude of the inductor
current iy, which is changed by adjusting the phase shift between ac voltages (square-wave
or quasi-square-wave) v, and vs of primary and secondary H-bridges, as shown in Figure 2.
Thus, Figure 2 shows the simplified model for controlling the direction of power flow and
magnitude of DAB converter.

i, L
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+ +
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Figure 2. Lossless model, referred equivalent model of the primary side of the DAB dc-dc converter.
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In general, a three-level ac voltage can be generated, where the duty-ratio can be
adjusted by introducing an internal phase-shift between the two legs of the same H-bridge,
as shown in Figure 3.

N
— 4
g

Figure 3. Primary (vp) and secondary (vs) transformer voltages for a specific modulation scheme.

Therefore, there are in total four degrees-of-freedom (DoF) to control the power flow
of the DAB converter. Such DoF are composed of two internal phase-shift, corresponding
to the primary bridge (D) and secondary bridge (D), respectively, an external phase-
shift between two ac voltages (¢) and the switching frequency (f;). In a DAB converter,
and depending on the combination of these control parameters, some or all parameters,
the modulation scheme can be classified into the following five categories: zingle-phase-
shift (SPS) modulation [16], dual-phase-shift (DPS) modulation [17], extended-phase-shift
(EPS) modulation [18], triple-phase-shift (TPS) modulation [19,20], and four-degrees-of-
freedom (4DoF) modulation [21].

Although, the EPS, DPS, TPS, and 4DoF modulation schemes decrease the peak
current and present a smaller back-flow power as compared to SPS modulation scheme,
SPS is the main control strategy in real applications due to the convenience of control
and easy implementation. In addition, the DAB converter can achieve an acceptable
performance and efficiency under SPS modulation [22]. Therefore, this work adopts
the SPS modulation scheme to control the DAB converter. Under the SPS modulation
scheme, transformer saturation is a critical issue to deal with. To address this problem,
the transformer saturation can be easily avoided as long as the parameter and structure of
the high frequency transformer are properly designed while taking a constant frequency
control scheme into account [23]. Therefore, the transformer is utilized to limit the fault
current beyond the maximum value, i.e., zero power transfer (zero phase shift). Thus,
the high-frequency transformer has to be designed for no load [24].

Under SPS control, power flow (p(t))r, from the leading to lagging bridge can be

defined as [15]:
i t 0 t
<P(t)>T5 ) e (2)n>£}<SZ,L(,)>TS ; ( |7T(P|)

)

where the phase-shift is ¢, the switching frequency is fs;, the switching period is Ts = f%w’
the average value of v; in a switching period is (v;(t))r,, and the average value of v, in
a switching period is (vo(t))7,, all of the square waves whose duty cycle is 50 % are vp
and vs, and the phase difference between them is ¢ (— % <g< %), when considering SPS
control. Thus, If ¢ > 0, v, gets ahead of vs. Otherwise, v, is lagging behind v [15,25].

In this context, the use of DAB dc-dc converter topology for dc microgrids offers
some advantages over non-isolated dc—dc converters, such as soft-switching and galvanic
isolation [15]. In addition, DAB converter has benefit characteristics, including bidirectional
power flow capabilities, high efficiency, high power density, and buck/boost operation [15].

The benefits, drawbacks, and challenges of dc microgrids and distribution systems for
different applications are well-described in [12,26,27], and the benefits, in the particular
case of the DAB as interface in dc microgrids [28,29], can be summarized, as follows:
(1) enhanced power density, efficiency, reliability, and modularity; (2) parallel connection of
power sources does not require time-critical phase matching; and, (3) weight, size, and cost
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reduction in magnetic components. Some research on dc systems that are enabled by DAB
dc-dc converter may be found in [2,5,6,29-33].

According to the state-of-art discussed above, there are some advantage when the
DAB converter is used in dc system applications. Therefore, this study addresses the
operation and control of a dc microgrid in stand-alone operation, which is comprised of a
PV generation system and a battery energy storage system (BESS), which are enabled with
the common dc bus through DAB converters.

The aim of the BESS is to equalize the demand of generation and load by storing the
excess energy of the PV system during light load conditions and releasing the energy during
heavy load conditions. In order to address this challenge, a proposed power algorithm
management is introduced to ensure the proper operation and the power balance in the
islanded dc microgrid based on load/generation power and state-of-charge (SoC) of the
battery conditions. Moreover, a nonlinear robust control is proposed for DAB converters in
voltage-mode-control (VMC), aiming to enhance dynamic performance and robustness of
dc-bus voltage.

The main contributions of this paper are briefly summarized, as follows:

e This study proposes a power management control strategy for PV and BESS systems
with seamless mode transitions in order to ensure the power balance of a dc microgrid
in stand-alone operation.

e In order to enhance the robustness of the dc-bus voltage, this work introduces an
outstanding contribution for designing hybrid control structures when nonlinear sys-
tems are transformed into linear systems in order to overcome external disturbances,
system uncertainties, and measurement noises. The proposed control scheme is based
on the combination of Feedback Linearization Control (FLC) approach and robust
parametric control approach.

e This study introduces a comprehensive point-of-view about the use of DAB converter
in dc systems. In addition, an explanation to control the power flow in DAB dc-
dc converter under SPS modulation scheme and the proposed power management
control is also introduced.

The remainder of this paper is organized, as follows. Section 2 introduces the descrip-
tion of the dc microgrid. Section 3 addresses the operation and control of the dc microgrid
in stand-alone operation. Section 4 describes the case studies to be performed in this paper.
Section 5 summarizes the assessment of the simulation results. Finally, Section 6 presents
the main conclusions.

2. Description of the DC Microgrid

DC MGs is usually composed of multi-stages of power conversion to integrate a vari-
ety of sources and loads, aiming at achieving the proper system operation [8]. Multi-stage
power converter systems are known as cascaded power converter systems, where dc-dc
converters are tightly regulated (point-of-load (POL) dc-dc converter) for voltage regulation
and power conditioning. POL dc-dc converters exhibit a constant power load (CPL) behav-
ior due to their regulation capability. CPL is a nonlinear load and introduces undesired
oscillations into the dc-bus, which can degrade the stability margin or even destabilize the
cascade system, although each stage is well-designed for stand-alone operation [8,9,34].

2.1. DC Microgrid Topology Motivation

In [6], a distributed power management strategy is introduced for a dc microgrid. The dc
microgrid consists of renewable energy resources (fuel cell and photovoltaic panels) and
energy storage device (battery), which share a common dc-bus through DAB dc-dc converter
interface, in addition, a solid-state-transformer (SST), which is based on DAB converter topol-
ogy, is used to interface the dc microgrid, the distribution system, and ac load. The authors
in [2] claimed that DAB converter topology is suitable for photovoltaic (PV) applications,
because it offers some advantages, such as multiport interface capability, high step-up
ratio, wide input voltage range, and low input current ripple. Hence, a PV system that is
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interfaced with a DAB converter achieves highly efficient maximum power point tracking
(MPPT) and high reliability. In [35], a new control scheme is proposed for a medium-voltage
photovoltaic-battery energy storage (PV-BES) system to overcome the power mismatch.
DAB configuration enables independent MPPT, grounding of the PV generators, and en-
sures the the power balance with the batteries. In addition, the proposed power control
configuration overcomes the small power mismatches without creating differential currents.
In [31], the high performance and high efficiency of DAB converter for aerospace applica-
tions is analyzed and verified. The analysis is carried out in term of reliability, efficiency,
volume, and weight for the specific application of a 270-V /28-V 10-kW bidirectional dc-dc
converter. According to the state-of-art discussed above, this work adopts a dc microgrid,
where the DAB converter enables the battery and PV system with the dc-bus to achieve
high-performance power conversion requirements in microgrid applications.

2.2. Description of DC Microgrid Elements

Microgrid elements are briefly described below. Figure 4 shows a simplified dc
microgrid with PV and battery energy storage systems, where the bidirectional DAB dc-
dc converter is used in order to interface the battery with the dc-bus voltage to balance
the power generated by the distributed energy resource (DER) and the load demand.
As mentioned in Section 1, the PV generation system is enabled with the dc-bus through
the DAB converter, where the power flow is unidirectional.

DC

Constant Power Load

PV
Panels

LA

A )
Y

DAB :  Non-Critical
Converter ; Load
AC R ;
i Critical Load
~/ _ B —
_— ) == 1
Islanding Z| —
Switch — T

Bidirectional Battery
DAB Converter

Figure 4. Simplified dc microgrid with a battery energy storage system.

When the dc MG is operating in islanded mode, only the DER and storage device
provide the load power demand. Thus, it must provide reliable and flexible operation.
In this context, the voltage stability of dc-bus can be ensured by balancing the power
generated and load demand [36]. The power balance task is generally assigned to the
battery energy storage devices connected into the dc-bus through a dc-dc bidirectional
converter (cf. Figure 4). Hence, the BESS compensates the power fluctuation between the
power generation side and load side.

The advantage of using the bidirectional dc-dc DAB converter topology is that it
allows for isolating the battery from the dc-bus voltage. Thereby, if the battery suffers
any issue, the voltage bus will not be affected. When there is excess of power generated,
the BESS absorb that excess of available power in order to ensure the power balance,
i.e., the bidirectional DAB converter operates in charging mode [36]. On the other hand,
when the load demand exceeds the total power generated, the BESS supplies power to the
dc MG in order to ensure the power balance, i.e., the bidirectional DAB converter operates
in discharging mode [36]. Otherwise, the BESS remains floating or it is charged at a specific
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rate. This rate is determined locally based on the battery SoC and the load/generation
conditions [37].

Therefore, the bidirectional DAB converter of the BESS has two main goals when the
dc MG is in stand-alone operation, i.e., isolated from the main grid: (i) handle bidirectional
power flow in the battery; and, (ii) to keep regulated the dc-bus voltage, even driving
nonlinear loads as CPLs [36]. The operation mode of the bidirectional DAB converter and
nonlinear robust control design will be addressed in the next section.

The PV system (power generation) is composed of a DAB dc-dc converter (cf. Figure 4).
The PV system operates with the a perturb and observes a MPPT algorithm. Thus, PV
system may be modeled as a constant power source (CPS), i.e., injecting power into the
common dc-bus.

The loads (cf. Figure 4) are comprised of a critical load as a resistance load (R), and a
non-critical load as a de-dc buck converter feeding a resistance load, with its output being
regulated by a linear control system (PI controller). A single control loop is implemented
in order to maintain the regulation of the output of the buck converter. The dc-dc DAB
converter may be modeled as a CPL. Note that the non-critical load may be disconnected
in order to ensure the power reliability of the dc microgrid.

Figure 5 shows the overall equivalent microgrid circuit in stand-alone operation,
where Ppy and Pcpp, represent the total power of the PV system and CPL, respectively.
In addition, the power consumed by the resistance load (R) is represented by Pr, while the

battery power and the maximum battery power are defined by Pg,; and P53, respectively.

DC DC

Constant Power Load

PV N
Panels > P
\/O E CPL
AC

= Vbat

— . — 1 1

Islanding Z Z| = Z| —

Switch = T T
Bidirectional  Battery Bidirectional  Battery
DAB Converter DAB Converter

Figure 5. Microgrid equivalent (reduced) model.

3. Operation and Control of DC Microgrid in Stand-Alone Operation

The main challenge is ensure the power reliability of the dc microgrid in stand-alone
operation. The power unbalance among energy sources and loads is one of the main
challenges, because it affects the reliability in a DC MG. Thus, in this section, a power
management control algorithm, operation mode, and local controllers of DAB converters
are introduced, aiming at ensuring a proper operation of the dc microgrid.

3.1. Power Management Algorithm

Power management and bus voltage control of microgrid systems can be a complicated
task, since, for instance, the PV power output will change as the irradiance changes;
the load is not always constant; DER and BESS have different dynamic responses, to name
a few. Therefore, in order to supply reliable and high quality energy to users, the power
management system should consider these factors [6].
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In stand-alone PV applications, BESS is usually implemented to balance generation
with load, thus allowing for the photovoltaic converter to regulate the load voltage [38].

The power balance issue in the presence of a PV system is more challenging in dc MGs
in stand-alone operation for several reasons. First, the storage device may be installed,
without direct control interconnection with the PV unit, as a separate unit in a different
location in the dc microgrid. Second, the PV unit is generally controlled as a current-
controlled source mode to inject all available power into the DC microgrid. This strategy
was first introduced for grid-connected applications, where the power balance between
generation and load is maintained through the main grid. Finally, dc MG is plug and play,
i.e.,, may introduce other units with different control strategies that must be considered
for the design of the power management control scheme [38]. Hence, the operation of
the PV unit and battery storage unit must be coordinated with that of other units in the
islanding microgrid to maintain power balance, when considering the SoC limits of the
battery storage to avoid significant battery lifetime deterioration due to being undercharged
or overcharged.

In this paper, the power management algorithm controls the operation mode of PV
system and BESS, in addition to disconnecting/connecting the PV generation system or
the non-critical load aiming at ensuring the power balance of the dc microgrid. Battery
operating mode is determined based on its SoC; hence, the Battery SoC must be taken
into account in the power management algorithm. Moreover, the battery system has three
basic modes due to its the bidirectional power flow nature: (i) battery discharging mode;
(i) battery charging mode; and, (iii) battery standby mode (SoC out of limit). In this context,
the battery operation must seamlessly switch among three operation modes, depending on
the power conditions of the dc microgrid.

In the battery discharging mode, the DAB converter of BESS regulates the dc-bus
voltage (v;.), while, in the battery charging mode, it controls the current to charge the
battery. Thus, there is a issue to solve when the BESS is in battery charging mode, be-
cause other sources must regulate the dc-bus voltage. For the dc microgrid under study
(cf. Figure 5), only the PV system may carry out such a task. Under normal conditions,
PV system provides the maximum available power of the photovoltaic panels, but in this
critical situation, this power converter must change its mode of operation MPPT for voltage
source [39—-41]. Because this microgrid under study does not have a communication link
between its elements, the power management algorithm can select the operation mode of
the DAB converter of the PV system, Thereby, the PV system operates in voltage source
(VMC) or MPPT mode.

Figure 6 shows the operation mode of PV system and BESS, depending on the power
management algorithm. Figure 6 also presents the control-loop diagram for each opera-
tion mode.

In order to select the proper operation mode (cf. Figure 6), a decentralized scheme
is introduced called power management algorithm, which depends on load/generation
powers and the battery SoC.

DAB

Power management algorithm i Converter
P

o —_

Vet -»Voltage Mode i

i i DAB Converter debus Vyopf Control Operation
Battery discharging mode mode
e
5 PI Controller Pov Per Pr

Vae

Power management algorithm

(a) (b)

Figure 6. Control schemes for BESS and PV system. (a) battery energy storage system; (b) PV system.
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Thereby, two levels may be defined based on the SoC of the battery, since the SoC
cannot be upper than a threshold to avoid significant damages in the battery life due to the
depth of discharge and excessive charge.

In this paper, an upper level SoOCypper = 90% and a lower one SoCjyyer = 40% are
defined. For SoC < SoCjgyer, the dec-dc power converter must operate in battery charging
mode. For SoC > SoCypper, the dc-dc power converter must operate as a battery standby
mode and stop absorbing power, because the battery unit is almost fully charged, un-
less the generated power is less than loads need; more details will be described later.
Otherwise, both operation modes (charging or discharging) may be selected, depending on
the load /generation conditions of the dc microgrid.

The SoC of the battery [42] is given by

t

SoC(t) = SoC(ty) — Cl /t it @)
n 0

where SoC(t,) is the initial SoC estimation and c;, is the battery capacity. Due to the time

constant of the battery being slow, its dynamic can be neglected [39].

Since the bidirectional DAB dc-dc converter connects the BESS into the dc-bus voltage,
the power flow direction depends on the operation mode (cf. Figure 6). Due to SPS control,
@ > 01is considered for battery discharging mode and ¢ < 0 for battery charging mode.
When ¢ = 0, the power is zero.

Figure 7 illustrates a flowchart of the proposed power management algorithm in order
to select the operation mode of both PV system and BESS, aiming at ensuring the power
balance of the dc microgrid in stand-alone operation. It is important that the proposed
power management algorithm only requires local information. Table 1 describes the states
and actions that decide the operation of the dc microgrid in stand-alone operation, where
ST1, ST2, and ST3 are the states that select the proper operation mode of PV system and
BESS, while AC1 and AC2 handle disconnection (if their values are equal to zero) or
reconnection (if their values are equal to one) of non-critical load and PV generation system,
respectively, and the state OFF disconnects the dc microgrid. Note that Py, is the sum of the
powers of the loads (Pp, = Pr + Pcpr).

F F T
o T
® pc2=0 P <PL [
T.
F
. <F P>
P < P 5 ;
F PBalS7P§a T
AC1=0 = T
© P <Pl F
.
T F <P <>
P <P2
S Cor) ® .
® Cor) .
PBQIS—P;": ST3
F
Cor) ®

Figure 7. Flowchart of the proposed power management algorithm.
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Table 1. Description of states and actions of the power management algorithm.

States Description
ST1 This state selects the battery standby mode of BESS
and voltage mode control of the PV system
ST2 This state selects the battery discharging mode
BESS and of MPPT mode of the PV system
ST3 This state selects the battery charging mode of BESS
and voltage mode control of the PV system
This variable handles disconnection and reconnection
AC1 o
of the non-critical load
AC2 This variable handles disconnection and reconnection

of the PV generation system

3.2. Battery Discharging Mode Control

According to the proposed control scheme (cf. Figure 6), in this operation mode,
the DAB dc-dc converter with the battery unit regulates the microgrid common dc-bus
voltage. Thus, the DAB converter is set to voltage-mode control in order to regulate the
dc-bus voltage (v,.).

The dc microgrid net power may be modeled as P = Ps + Pcpp,, which results in
a simplified model, as shown in Figure 8. Thus, the bidirectional DAB dc-dc converter
plays the role of maintaining the power balance, depending on load/generation conditions,
while using the battery to supply power to the MG or drain power from it.

Figure 8 illustrates the proposed control scheme for the DAB dc-dc converter in battery
discharging operation mode.

DAB DC-DC Converter DC Bus
________________.___]_
2, 1k,
S S | +
E‘} ﬂg}ﬂ !
L 1:a :
I T
| —
|

eeasssasmmammammsmsmRamm—_——————————————.,

Y
¢}

A
%
u —_
FLC Robust
PI Controller) 4 |

Control System

|
|
. . |
ingle-phase-shift pulse modulator j |
|
|

Figure 8. Proposed control scheme for DAB converter in battery discharging mode under single-phase-
shift (SPS) modulation.
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From Kirchhoff’s current law at the DAB output terminal, the equation representing
the variation of the average value of v, is defined.

d(vg, ; ]
Co% = (i2(t)) 1, — (io(t))7, o

The power losses are not considered in this model. thus, the secondary side dc current
is defined from the power balance equation [25,43], as follows:

(p(1))7, = (2(0) 7, 0ac () 1,
(@), ( ) |¢|)

= {ia(t)r, = 27a fawLy T @)

The following variables are defined in order to simplify the analysis [25]

1
TAWsyw Ly

©)

Wsw :znfsw ;7 8&m =

Substituting (4) and (5) into (3), and assuming that ¢ > 0,

d{vg. } ]
CO% = gm{0pat (1)) 7,9 (77 — @) = (i (1)) 7, ©

with
ip = % vi and P = Ppy + Pcpr
— £
R ip

The control objective is that the dc-bus voltage (v,.) remains regulated at the operating
point that is defined by V., even under large disturbances. Because CPL introduces
non-linearity into the system, classical linear controllers are not sufficient for mitigating
oscillations effects and ensuring system stability under large signal disturbances. Therefore,
we propose the combination of FLC and robust control methodologies for designing fixed
order nonlinear robust controller (cf. Figure 8) [43].

First, the CPL linearization is performed in order to overcome the non-linearity that is
introduced by a CPL. Second, the resulting equation is transformed into a linear equation
while using FLC. Finally, the robust controller design is introduced.

3.2.1. CPL Linearization

We assume the worst case for the controller design, i.e., when there is no power
generation by the source, Ppy = 0, yielding Equation (7).

Because the simplified model of CPL is nonlinear, the linearization around an voltage
operating point V. is usually performed. Note that V;, and Pcpy, represent the dc value
(operating points) [8,43].

2
Vdc
PcpL

Pepr,  PepL
Vdc Vailzc

icp ~ 2 Vgc » RepL = — @)
The linearization of CPL yields the the following nonlinear Equation (8), where
the CPL is linearized around the operating point.

d(v4c
co% = gm (Vpat (1)) 1, 9(7T — 9) — Rleq@dc(f)h ®

where,
Req =R || RCPL
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3.2.2. Feedback Linearization Control

The average model for the DAB converter with Linearized CPL (8) is a nonlinear
continuous-time equation due to the cross-product between phase-shift (¢) and and the
square of ¢ with the averaged battery voltage of v},,. Note that the non-linearity that
is introduced by the CPL (PCPL/ (vdc(t)>Ts> does not take into account the feedback
linearization controller design, since the instantaneous value of Pcpy is unknown.

The voltage control loop is designed based on the FLC technique in order to transform
a nonlinear system into a linear system, overcoming the non-linearity (8).

When considering the dynamic Equation (8), where (v,.(t))r, is the system output
and ¢ is the control signal, let u(t) be a new auxiliary input variable

u(t) = Voarp(m — @) ©

to describe a new linear relationship (10) that represents the dynamics of the output voltage
04c- Note that (v (£)) 7, = Viar

d{vg. :
¢ gt~ 2 o, uo

Therefore, the small-signal control-to-output transfer function of the DAB converter
with FLC is

Goals) = 28 _ g 1 an)

1
u(s) Co\s+ o

In order to meet the closed-loop performance requirements, a linear controller may be
designed based on (11). Note that R,; varies when Pcpy, or R change. This involves using a
robust control design [7,44], as will be seen below.

3.2.3. Robust Control Design

A PI controller structure (12) is adopted as the voltage controller to regulate the dc-bus

voltage v ..
Cl(s) _ KpS + Kl'
s

The controller is designed according to [9,43], which leads to a set of linear inequality
constraints. This control technique is successfully employed in [25,43] to control a DAB
converter under parametric uncertainties and CPL variation, respectively.

Hence, a region of uncertainty is previously defined in order to design robust con-
trollers. Thereby, the resistance load variations (AR) and CPL power variation (APcpr ) are
defined as the system uncertainties.

(12)

AR = [Rminl Rmax]
(13)

AP = [Pgp, PE]

Thus, a box region in plant parameters is built from the system uncertainties, which
results in an interval plant model (14).

_ vdc(s) _ gﬂ 1
Gvd(s) - M(S) - Co s+ COAlReq (14)

Note that ARcq is calculated as follows:

2
Vdc

AReq = AR || ARcpr, Repr = — APcpp
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For simplification, the interval transfer functions (14) is be represented, as follows:

bo
s + [ao]

God (S) = (15)

Because G, is an interval plant, its corresponding closed-loop characteristic polyno-
mial will be a closed-loop characteristic interval polynomials (16),

D(s) = [A™", A™] =57 + [y1]s + [70] (16)

where:
[v0] = oK
[71] = [ao] + [bo] K}
The desired closed-loop polynomial is represented below:

Ag(s) = 8% + 2Ewys + Wi = s* + P15 + o (17)

The closed-loop polynomial parameters (16) are compared with the desired closed-
loop polynomial (17) in order to tune the controller parameters. This comparison may be
rewritten in its matrix format, resulting in the following relationship (18).

A X B

When parametric uncertainties disturb the system, the controller performance can
degrade. Hence, the controller must ensure robust performance. Thus, the controller must
ensure system stability and robust performance within the region of uncertainties where
the system parameters vary. Therefore, a desired region is defined below:

Ag = {gf"™ < ¢ < ¢} (19)

Therefore, according to [9,25,34,43], It is possible to formulate a set of linear inequali-
ties (20) that restricts the desired polynomial coefficients and the controller parameters in
the predefined intervals.

[(Pinin_[aﬂ]g[bo OHKP]SVWX_W} (20)

o 0 bo J| Ki Po
Thus, Equation (20) can be rewritten as
B(¢™™) < AX < B(¢™™) (21)

The choice of K = [K,, K;]T (if possible) solves the robust control design problem,
satisfying the set of inequality (20). The solution of this problem may be addressed as a
solution to a linear programming problem. Thus, this problem (20) may be rewritten as a
local minimization problem, subject to restrictions according to [9].

The robust control design problem is summarized in the choice of K = [K, K; Il
(if possible) to satisfy the set of inequality (20). The solution of this problem can be idealized,
as a solution to a linear programming problem. Therefore, this problem (20) can be rewritten
as a problem of local minimization, which is subject to restrictions according to [9].

K; = arg(minf(X,))

S.t.|: _gz :|Ka < 7B(¢m1n)

B(gm) -
0
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« A al,
O1x2 -1

where the cost function is defined as the sum of controller gains within the radio R; ||a||, is
the euclidean norm of coefficients of A; where, ||a|, is the euclidean norm of coefficients of
A; the cost function is defined as the sum of controller gains within the radio R; and, the
parameter vector X, contains the controller gains and the radio R, which means R stands
the radio of the largest ball of Chebyshev Theorem. Note that Chebyshev Theorem takes the
polytope with the larger uncertainty of the systems into account (power load conditions).
The feasible solution is then implemented to set the controller structure (13). The dis-
crete equivalent of the designed controller is obtained through the Tustin method while
using a sampling rate of Ts = 1/ fw.
Finally, the control parameter value ¢ actually sent to the SPS pulse modulator is
defined by,
2 _ dul)

T Voat
¢ = 5 (24)

where, 7% — 457(? > 0, and the solution for ¢ is the negative root, since ¢ is defined in the

control design to operate from 0 to 7.

3.3. Battery Charging Mode Control

When DAB dc-dc converter operates in battery charging mode, other sources must
regulate the common dc-bus voltage [39-41]. As mentioned in Section 3.1, the PV system
will be operate in voltage mode control maintain regulated the dc bus when the BESS is
in battery discharging mode (cf. Figures 6 and 7). Thus, the VMC of the PV is the same
VMC for the BESS; hence, the same controller scheme used for battery discharging mode
(cf. Figure 8) will be used in the PV system.

The battery charger control using a bidirectional DAB dc-dc converter is proposed in
Figure 4, where ¢ < 0 for this operation mode. A desired Power, P, is generated while
using a the following relationship:

Pref = Pr + PcpL — Ppv (25)

note that P, is saturates between upper and lower limits, i.e., it operates between zero
and the maximum discharge power allowed given by (—Pg,t). Subsequently, the desired
power, P, is divided for the measured dc bus voltage, v,., in order to determine the
reference current,

Pref

Ude

Iref = (26)

Finally, an integral controller (26) is used to ensure zero-steady-state error and deter-
mine the control parameter value ¢ actually sent to the SPS pulse modulator.

K; .
Cehar(s) = % (27)

4. Description of Case Studies

Table 2 presents the dc microgrid parameters and the meaning of each symbol.

Simulations are performed when considering well-designed DAB converter param-
eters taking account magnetic components; output, and coupling capacitors; switching
devices to avoid the transformer saturation, obtain the desired voltage ripple, and over-
come current and voltage stress in switching components, respectively. Moreover, the dc
microgrid has been simulated while using MATLAB® with the toolbox SimPowerSys-
tems ™. The power converter switching models and the discrete-version of the control
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laws have been implemented in MATLAB® to perform simulations as similar to real tests.
In addition, a fictitious battery with a very low capacity is considered, since its dynamic is
too slow and the power converter switching models are considered.

This study aims to show the effectiveness of the proposed power management algo-
rithm that is based on the battery SoC and instantaneous powers (cf. Figure 7) to select the
proper operation mode of DAB dc-dc converters in order to ensure the power balance of
a dc microgrid in stand-alone operation. The robustness of the proposed nonlinear con-
troller enhances the dc-bus voltage dynamic performance and it is compared to a classical
controller. Table 3 summarizes each controller gain.

In order to design the controllers, the following (nominal) requirements are chosen
to regulate the DAB converters when they are in VMC: settling time t5; < 30 ms and
damping factor ¢ > 0.69. It is worth mentioning that the same design parameters are used
for both controllers. More details for the control design are summarized in [43]. In this
work, several control techniques are addressed, including the robust FLC approach in
detail for a DAB converter feeding a CPL.

Table 2. Microgrid Parameters.

Parameter Symbol Value

Battery energy storage system

Battery voltage Vipar 400V
DC-bus voltage Ve 400V
Phase-shift at rated power @ 450
Series inductance L 125 uH
Inductor resistance rL 70 mQ)
Coupling capacitor Cp 20 puF
Output Capacitor Co 470 pF
Transformer turns ratio a 1
Switching frequency fswy 40 kHz
Output Power Pyat 3 kW
PV System with DAB Converter
PV Power P, 3 kW
Series inductance Lq 125 uH
Inductor resistance L1 70 mQ)
Coupling capacitor Cp1 20 puF
Output Capacitor @)} 470 pF
Transformer turns ratio a 1
Switching frequency fsw, 40 kHz
Buck Converter
Maximum output Power P, 3kW
Switching frequency fs 40 kHz
Input voltage Vac 400V
Filter inductor Ly 100 uH
Output Capacitor @) 4700 pF

Resistance Load

Load resistance R 53.33 Q)

In this context, three case studies are performed in order to evaluate the proposed
bidirectional power sharing of dc microgrid that is enabled by DAB dc-dc converters.
A brief description of case studies are summarized in the following subsections.
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Table 3. Designed controllers for DAB converter.

DAB in Voltage Mode Control

Ky K;
Classical Control 0.00296 0.01990
Robust FLC 5.57139 623.561

DAB in Current Mode Control

3.0

!Dichar

4.1. Case Study I: Disconnection of the Generation Source

This case study aims to illustrate the power balance of the dc MG, depending on the
generation/load power variations based on the proposed power management algorithm.
The power management algorithm (cf. Figure 7) identifies the appropriate operation mode
of the battery energy storage system (charging, discharging, or standby mode) and the
PV generation system (MPPT or VMC mode), as depicted in Figure 6a,b, respectively.
When the BESS operates in charging mode and the SoC of battery achieves its upper
limit (SoCypper = 90%), the DAB converter needs to change the operation mode of the
BESS. This test assumes that the power that is generated by PV system is greater than
powers that are consumed by the loads, i.e., Ppy > Pgr + Pcpr, when the above mentioned
change of operating mode occurs. Thereby, the generation source (PV system) will be
disconnected and the BESS will supply power to loads (battery discharging mode), pro-
vided that its maximum power is greater than the powers that ae consumed by the loads,
i.e., Ppat > PR + Pcpr; otherwise, the non-critical load will be disconnected. Moreover,
dynamic performance of the dc-bus voltage is compared when the dc-bus is regulated by
the classical and proposed controllers.

4.2. Case Study II: Disconnection of the Non-Critical Load

The aim of the second test is to evaluate the power balance of the dc MG according to
the power management algorithm (cf. Figure 7). The non-critical load will be disconnected
in two cases: (i) for battery discharging mode, if the sum of the powers of BESS and
PV system is lower than loads need; (ii) for battery charging mode, if the power that is
generated by PV system is not larger than loads need. In this case, the second case is
illustrated. In addition, the oscillations into the dc-bus voltage are also analyzed under the
classical and proposed control approaches.

4.3. Case Study III: DC Bus Voltage Regulation Capability

The last case is performed in order to evaluate the dc-bus voltage regulation capability
when the DAB converter of the BESS operates in battery discharging mode. The power
management conditions are set by the power management algorithm (cf. Figure 7). The os-
cillation of the dc-bus voltage is analyzed under different load /generation power condi-
tions. In order to prove the robustness and effectiveness of the proposed controller, it is
compared to a classical controller.

5. Assessment of Results
5.1. Case Study I: Disconnection of the Generation Source

The simulation results for the case study I are shown in Figures 9 and 10, where
Figures 9a,b and 10a,b represent the dc-bus voltage, instantaneous powers of the dc MG,
the SoC of the battery, and the phase-shift control signal, and the pulse voltage of pri-
mary v, and secondary vs full-bridges, respectively, under different load/generation
power conditions.

The PV power (Ppy) is set in 3000-W and the battery is assumed to be fully charged
with a SoC of the battery of 90% at the beginning of the simulation. For this case, the dc
MG starts with the PV system feeding the loads (resistance load and CPL), because the
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generation power is equal to the power that loads need, thereby, the BESS operates in
battery standby mode, i.e., the battery power is zero (Pg,t = 0) in order to maintain the
power balance in the dc MG. Therefore, there is no phase-shift between the pulse voltage
of the primary (v,) and secondary (vs) full-bridges, as shown in Figure 10b.

During 04 < t < 0.8 s, the CPL power increases from 1000-W to 3000-W; thus,
the power of the loads (Pr + Pcpr, = 5000-W) is larger than the PV power (Ppy = 3000-W);
hence, the power management algorithm identifies a change in the operation mode; thus,
the DAB converter of the BESS changes its operation mode from battery standby mode
to battery discharging mode, regulating the common dc-bus voltage. When the BESS is
in battery discharging mode, the phase-shift (¢) must be between (0, §) (cf. Figure 10a);
thus, the pulse voltage of the primary full-bridge (v,) gets ahead of the pulse voltage of the
secondary full-bridge (vs) (cf. Figure 10b).

The BESS will continue to operate in battery discharging mode until any load/ gener-
ation condition occurs or its lower battery SoC limit (SoCjgyer = 40%) is reached. At time

= 0.8 s, the powers that are consumed by loads decrease (PR = Pcpr, = 1000-W)); as a
result, the PV power (Ppy = 3000-W) is larger than loads needs (Pr + Pcp;, = 2000-W);
thus, the battery absorbs the extra power from the PV system, thereby, the BESS starts
operating in battery charging mode (cf. Figure 9b). When this occurs, the dc-bus voltage
is regulated by the DAB converter of the PV system, i.e., it operates in voltage mode
control, as discussed in Section 3 (cf. Figure 6b). This transition between operation modes
is performed by the power management algorithm. When the BESS operates in battery
charging mode, the phase-shift (¢) must be between (—7,0); thus, the pulse voltage of the
primary full-bridge (v)) is lagging behind the pulse voltage of the secondary full-bridge
(vs), as shown in Figure 10b.

The BESS will continue to operate in battery charging mode until the generation power
is larger than loads need or the upper battery SoC limit (S0Cyupper = 90%) is reached. In this
context, the lower battery SoC limit is reached at t ~ 1.76 s, as shown in Figure 10a; thus,
the BESS will change its operation mode to battery standby mode if the power generation
is equal to the power that loads need (Ppy = Pr + Pcpr), or battery discharging mode if the
power consumption by load is greater than generation power (Ppy < Pgr + Pcpr); otherwise,
the power generation system (PV system) will be disconnected, and the BESS will supply
energy to loads, more details about the operation mode and power management in Figure 7.
According to Figure 9a, when the battery SoC reaches its upper limit (S0Cypper = 90%),
the generation power is larger than loads need; hence, the PV system is disconnected and
the BESS starts to operate in battery discharging mode, supplying the power to loads until
the lower battery Soc limit is reached; the PV system will connected if the maximum power
of battery is less than the load need or a change in the operation mode occurs (cf. Figure 7).
Thus, the lower limit of the battery SoC is reached at ¢ ~ 2.20 s; thereby, the PV system
is connected and the BESS starts to operate in battery charging mode, as illustrated in
Figures 9 and 10.

The load/generation and operation mode conditions cause undesired voltage oscilla-
tions in the dc-bus voltage, as shown in Figure 9a. For the operational conditions that are
addressed in this test, the bus voltage oscillations are pretty small when the dc-bus is regu-
lated by the proposed nonlinear robust controller, improving the time-domain transient
in comparison with a classical controller. Hence, the proposed controller outperforms the
classical controller, due to the minimum voltage oscillation occurrence (voltage sag and
voltage swell) in the dc-bus.

5.2. Case Study I1I: Disconnection of the Non-Critical Load

Figures 11 and 12 show the simulation results for the case study II, where
Figures 11a,b and 12a,b represent the dc-bus voltage, instantaneous powers of the dc MG,
the SoC of the battery and the phase-shift control signal, and the pulse voltage of pri-
mary v, and secondary vs full-bridges, respectively, under different load/generation
power conditions.
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Like the previous case, the BESS starts operating in battery standby mode, since there
is no extra power to supply or absorb from the dc MG and the battery is assumed to be
fully charged.

Subsequently, two variations in the CPL power are performed from 1000-W to 1500-W
and 1500-W to 3000-W, respectively (cf. Figure 11b). In this scenario, the power that loads
needs (resistance load and CPL) is larger than generation power (PV system); thus, the BESS
supplies the extra power to dc MG to ensure the power balance, as long as it does not
exceed its maximum power or reaches the lower battery SoC limit. Hence, the BESS starts
operating in battery discharging mode. For the battery discharging case, the phase-shift
control signal is always positive (¢ > 0), as depicted in Figure 12a; thus, the pulse voltage
of the primary full-bridge (v,) gets ahead of the pulse voltage of the secondary full-bridge
(vs), as shown in Figure 12b.

450
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o L
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U
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O
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350 L L L L L L L L
0.5 1 1.5 2 25
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Figure 9. Simulated Case I: (a) dc-bus voltage; (b) microgrid power flow time-domain.
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Figure 10. Simulated Case I: (a) SoC of the battery and phase—shift control; (b) Pulse voltage of two
Full-Bridges, v) and v;.

After that, no load /generation variation occurs; hence, the battery will discharge until
it achieves the lower battery SoC limit, resulting in a change of operation mode. If the
generation power is equal to the power of loads, the power management algorithm selects
the battery standby mode operation; if the power of loads is larger than the generation
power, the power management algorithm will disconnect the non-critical load (CPL), and
it will then select the battery charging mode operation. More details about the operation
mode and power management are presented in Figure 7. In this study case, the CPL is
disconnected and the battery charging mode operation is set, as shown in Figure 11b.

The BESS system will continue to operate in battery charging mode, while it does
not to supply power to dc MG or the upper battery SoC limit is not reached. If the
maximum charging power of battery is exceeded, then the generation power system will
be disconnected and the BESS changes to battery discharging mode (cf. Figure 7).

For the battery discharging case, the phase-shift control signal is always negative
(¢ < 0), as depicted in Figure 12a; thus, the pulse voltage of the primary full-bridge (v)) is
lagging behind the pulse voltage of the secondary full-bridge (vs), as shown in Figure 12b.
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Figure 11. Cont.
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Figure 12. Simulated Case 2: (a) SoC of the battery, and phase-shift control; (b) Pulse voltage of two
Full-Bridges, v) and v;.

For this case, the upper battery SoC limit is reached at ¢t ~ 1.85 s, (cf. Figure 12a);
however, the PV power is larger than the power of the load resistance. In order to achieve
the power balance, two scenarios are possible: (i) connect the non-critical load or (ii) dis-
connect the generation power system. Thereby, the CPL is connected and set the CPL
power in 2500-W at this time; hence, the BESS changes to battery standby mode operation
because there is no extra power to supply to the dc MG (cf. Figure 11b). Therefore, there is
no phase-shift (¢ = 0) between the pulse voltage of the primary (v,) and secondary (vs)
full-bridges, as shown in Figure 12b.

Moreover, for the operational conditions that are addressed in this test, the proposed
nonlinear robust controller provides better performance with reduced damping oscillation
amplitude in the dc-bus voltage in comparison with a classical controller, as shown in
Figure 11a. Therefore, the impact for the change in the load/generation and operation
mode conditions is lower for the proposed controller.

5.3. Case Study III: DC Bus Voltage Regulation Capability

The dynamic performance of the dc-bus voltage is analyzed when the BESS operates
in battery discharging mode operation in order to evaluate the effectiveness and robustness
of the proposed nonlinear robust controller in comparison with a classical controller.
The power management of the dc MG is ensured by the power management algorithm
(cf. Figure 7).

Figure 13 shows the simulation results for the case study IIlI. Figure 13a shows the
dc-bus voltage, Figure 13b shows the instantaneous powers of the dc MG when the dc
bus is regulated by the classical controller and the proposed controller, and Figure 13c
shows the phase-shift control signal, and the pulse voltage of primary v, and secondary
vs full-bridges.

The BESS supplies the extra power to dc MG in order to ensure the power balance
under different load / generation power conditions. (cf. Figure 13b). Att = 1.0's, alarge CPL
power variation is performed from 1000-W to 3000-W. The proposed controller achieves
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remaining regulation of the dc-bus voltage under this CPL power variation. However,
the classical controller cannot compensate the significant oscillations in the dc-bus voltage
leading to dc voltage collapse, as shown in Figure 13a. Note that ¢ saturates when the
large CPL power variation occurs and the dc-bus is regulated by the classical controller.
However, when the dc-bus is regulated by the proposed nonlinear robust controller, ¢
does not saturate; thus, the regulation of the dc-bus voltage remained, even under large
disturbances (cf. Figure 13c).
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Figure 13. Simulated Case III: (a) dc-bus voltage; (b) microgrid power flow time-domain for classical
and proposed controller; and, (c) phase-shift control and Pulse voltage of two Full-Bridges, v,
and vg.

6. Conclusions

This study proposes a power management strategy for dc microgrid in stand-alone
operation that includes DER (PV generation source) and BESS (battery). The dual active
brigde dc-dc converter is used in order to interface the dc bus with DER and BESS. In the
proposed power management strategy, the system can seamlessly switch between the
battery discharging mode, battery charging mode, and battery standby mode in order to
ensure the power balance in the dc microgrid under study. Moreover, since the SoC of
the battery is considered in the power management algorithm, the BESS can intelligently
switch its control algorithm based on its SoC and the system information (generation/load
power) without the communication involved.

This paper also introduces a comprehensive view regarding the operation mode of
the bidirectional DAB dc-dc converter and the operation mode of DAB converters, which
interface the PV and battery storage units to ensure the power balance and regulate the
dc-bus voltage in a dc microgrid. These modes of operation are handled by the proposed
power management algorithm. Moreover, to enhance the robustness and reliability of the
dc microgrid, we present a robust feedback linearization control approach. The proposed
control technique in applied to the DAB converters of PV system and BESS when they are
in voltage mode control. The proposed nonlinear robust controller ensures robust perfor-
mance and stability for an entire predefined uncertainty region even under large variation
in the CPL power. In addition, the proposed design method that is based on the combina-
tion of FLC and robust linear design is also an important contribution of this paper and it
can be extended to other system applications that are modeled by nonlinear equations.

On the other hand, it is well-known that conventional controllers are not always
adequate in order to ensure global stability and mitigate the oscillations effects of CPL
and the dynamic interactions of interconnected converters. Conventional controllers only
ensure system stability for small deviations of operational points. However, under large
variation, the global stability cannot be ensured, because it depends on the operational
region of bifurcation diagram to predict the main dynamic behaviors of the system. In this
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context, a large-signal stability analysis will be addressed in the future for the proposed dc
microgrid based on bifurcation analysis [7,36,39] in order to explain the global dynamic
behavior of the system under study.
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