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ABSTRACT

NAMWON KIM. Pv-battery series integration for residential solar-plus-storage
systems. (Under the direction of DR. BABAK PARKHIDEH)

Solar-plus-storage systems provide efficient energy yield and management, resilience,
and more revenue to residential houses and buildings. In solar-plus-storage systems,
power electronics converters are integral components to generate the maximum out-
put power from a solar photovoltaic (PV) array, store the generated energy into a
battery, and finally deliver and manage the power to an electric load or the electric
grid. Many existing solar-plus-storage systems still use and combine legacy power
electronics converter topologies initially designed for a solar PV generation system
or a battery energy storage system (BESS) separately. These power converters are
connected in parallel to an AC or DC point of common coupling: AC-parallel and
DC-parallel integration methods. Another integration method of a solar-plus-storage
system is connecting a high-voltage battery to the high-voltage DC bus in paral-
lel in a solar PV generation system having two-stages power converter architecture:
In-line integration method. These methods result in increased costs and size, lower
energy yields due to the increased number of power electronics converters, and the
requirement of high-voltage PV strings and batteries.

This research studies new PV-battery integration methods and PV-battery series
optimizers—power electronics converters optimally designed for different residential
solar-plus-storage systems. The two PV-battery integration methods are proposed:
AC-series integration and DC-series integration. The proposed integration methods
are based on the series connection of PV and battery modules. The AC-series inte-
gration method assists the residential panel-level series-connected solar PV inverters
in reducing the intermittent PV output fluctuations with a low-voltage-profile bat-

tery energy storage inverter. The DC-series integration enables PV voltage support,
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reducing the number of power converter stages, reducing the rated power of power
converters, improving the system round-trip efficiency, and seamless source integra-
tion. Three PV-battery series optimizers are proposed for different solar-plus-storage
applications. The proposed power converter topologies and controls are discussed in
this dissertation. Off-line simulation, real-time controller hardware-in-the-loop simu-
lation, and lab-scale experiment results are included and analyzed to demonstrate the

operating and design principle and the control performance of the proposed system.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Solar photovoltaic (PV) energy is one of the most promising renewable energy
sources. Deployment of solar PV has grown rapidly in the United States over the
years. Since 2016, around 10 GW of new PV installation has been made in the
U.S. [1, 2]. Although solar PV energy is a clean and sustainable energy resource,
the amount of generated electricity is highly dependent on the solar irradiance or
panel temperature, which are affected by continuously changing weather conditions
[3]. Integration of solar PV generation and battery energy storage (BES), referred to
as solar-plus-storage, is an effective energy management solution that improves the
utilization of electricity generated by solar PV generation systems [4, 5, 6]. A BES
system stores surplus energy when a PV array’s output power is higher than a load’s
power demand and discharges the saved energy when the PV output power becomes
lower. This PV-battery integration helps meet power demands from electrical loads
or the AC grid, while the generated power from the solar PV generation system
varies due to intermittent weather conditions. Solar-plus-storage systems can provide
efficient energy yield and management, resilience, and more revenue to residential
houses and buildings.

In solar-plus-storage systems, power electronic (PE) converters work as key devices
for power transfer from energy sources to loads or the AC grid [7, 8, 9]. The power
converters generate the maximum output power from a solar PV array, store or release
the energy to or from a BES, deliver the power to electric loads or the grid, and
control these internal power distributions. Depending on the used PE converters for

each power conversion stage and their coupling locations, different configurations of
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solar-plus-storage systems are available [10]—AC-parallel, DC-parallel, and In-line—
as shown in Figure 1.1. However, these state-of-the-art system configurations still use
and combine legacy PE convert topologies initially designed for a solar PV generation
system or a BES system separately. Therefore, they require many power converter
stages or high-voltage PV arrays and batteries to interface both PV and battery to
the grid. These system integration requirements result in higher system cost, bigger
system size, and less round-trip efficiency.

This dissertation focuses on new configurations of solar-plus-storage systems and
proposes PV-battery series optimizers—PE converters optimally designed for different

residential solar-plus-storage systems.

() (b)

Figure 1.1: State-of-the-art battery integration methods for grid-connected PV in-
verters in residential and commercial applications (a) AC-parallel integration, (b)
DC-parallel integration, and (c) in-line integration.
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1.2  Literature Review

The most common PV-battery integration strategy is the AC-parallel integration
that combines multiple distributed energy resource (DER) inverters at an AC coupling
bus in parallel [11, 12, 13], as shown in Figure 1.1a. Each DER inverter regulates
power flow between its DC energy source and the AC grid. In both solar PV and
BES systems, an individual DER inverter commonly consists of two cascaded power
conversion stages: a step-up DC-DC converter and a single- or three-phase DC-AC
inverter. The step-up DC-DC converter is utilized to perform the main power control
functions with DERs, such as PV maximum power point tracking (MPPT) control
or battery charging and discharging control and amplify its input voltage to fit with
the DC-AC inverter’s DC input voltage range. The DC-AC inverter is responsible for
maintaining grid-connection with the AC grid and conducting constant or variable
DC input voltage control with the regulation of the AC output power. This two-
stage architecture helps solar-plus-battery system overcome a lack of their DC voltage
caused by: a) the PV MPPT operation under low solar irradiance and high panel
temperature, b) the limited area of solar panel installation in series, or ¢) a usage of
low-voltage battery.

The AC-parallel integration method has been widely accepted by users—who al-
ready have DER inverters integrated to their AC grid—because of its system scal-
ability. Additional DER inverters can be simply added to the AC grid since DER
inverters are designed for the standard AC grid and are controlled independently.
However, this integration method is not an economical solution due to the large num-
ber of PE converter stages. Based on the above-mentioned system configuration,
the AC-parallel integrated system requires at least four PE converter stages for the
PV-battery integration. The more PE converters, the higher the system cost and the
lower the system efficiency. Especially, the round-trip efficiency becomes the lowest

among all DER integration methods because of the largest number of converters in



the power flow path from a PV array to a battery.

Another common state-of-the-art PV-battery integration strategy is the DC-parallel
integration that combines multiple DER converters at a DC power bus in parallel
[14, 15, 16|, as shown in Figure 1.1b. Like the DER inverters in the AC-parallel in-
tegrated system, each DER converter regulates power flow between its input energy
source and output loads or the power bus. In the DC-parallel integration, however,
the power bus is a DC coupling bus, referred to as DC-link. Therefore, an individual
DER converter commonly consists of a single power conversion stage using a step-up
DC/DC converter, and DER converters are connected to a separate power conversion
stage delivering the DERs’ power gathered at the DC-link to the AC load or grid by
using a single- or three-phase DC-AC inverter. The operating principles of a step-up
DC-DC converter and a DC-AC inverter are the same as or similar to the ones used
in the AC-parallel integration.

Accordingly, the DC-parallel integration method has advantages over the AC-
parallel integration in the system’s cost, size, and energy conversion efficiency. Since
only a single DC-AC inverter is used in the entire integrated system, the DC-parallel
strategy has a fewer number of PE converter stages; for example, at least three PE
converters are necessary for the PV-battery integration in the above-mentioned con-
figuration. This reduction results in lower system cost and higher system efficiency.
Especially, the power loss resulting from the round-trip process decreases by half
compared to the one from the AC-parallel integration if it is assumed that the effi-
ciencies of individual PE converters are the same. Also, the DC-parallel integration
provides system scalability with the parallel coupling of multiple DER converters at
the DC-link and their independent control schemes. However, the expansion at the
DC-link is limited by the specifications of the DC-AC inverter used, such as DC input
voltage range, maximum DC input current or power, etc., and the integrated system

still requires additional DER converters for the expansion resulting in an increase in



system cost and size as well as a reduction in efficiency.

The third state-of-the-art PV-battery integration strategy is the In-line integration
that directly inserts a BES in parallel to the DC-link of the two-stage grid-connected
PV generation system composed of a DC-DC converter and a DC-AC inverter [17, 18],
as shown in Figure 1.1c. Once the battery is directly connected to the DC-link, the
control scheme of the DC-AC inverter needs to be adjusted from when the DC-
AC inverter is used for the PV-only system. This adjustment changes the main
operating function of the DC-AC inverter. Consequently, the system configuration
can be redefined based on the individual PE converters’ operating functions—the
combination of a PV DC-DC converter and a battery DC-AC inverter. The PV DC-
DC converter conducts the PV array’s MPPT control, which is the same operating
function of the PV DER converters used in the above mentioned two other integration
strategies. On the other hand, the battery DC-AC inverter performs not only the grid-
connection but also the battery charging and discharging control by adjusting the AC
output power. In this integration method, the DC-link voltage is not controllable by
any PE converters due to the voltage-source nature of the battery.

According to the direct integration of the battery, the In-line integration method
has the least number of PE converters among all DER integration methods; at least
two PE converters are required. Therefore, simplicity of the hardware architecture
and further improvement on the system’s efficiency are achieved. For instance, the
energy conversions between the PV array and the battery or the battery and the AC
grid can be made through only a single PE converter: the PV DC-DC converter or the
battery DC-AC inverter, respectively. However, the direct integration also restricts
the system’s scalability and reconfigurability. In this integration method, the battery
voltage needs to be higher than the minimum requirement of the DC input voltage
of the DC-AC inverter for the grid-connection, or additional voltage amplification

devices, such as a line-frequency transformer, are required, which causes an increase
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of system cost and size. Also, like the DC-parallel integration method, the power
expansion of PV and battery sources is highly dependent on the DC-AC inverter’s
specifications. Besides, dynamic response of the PE converters’ control scheme needs
to be adjusted because the battery integration changes the DC-link’s system prop-
erties that needs to be considered for the controller design process. Furthermore, in
case of single-phase grid applications, additional passive or active buffer decoupling
double-line-frequency power pulsation from the DC battery power is required, which

results an increase of system cost and size as well [19].
1.3 Proposed Solutions

This dissertation proposes a new approach to PV-battery integration, referred to
as PV-battery series integration, and develops new PE converter solutions called PV-
battery series optimizers for solar-plus-storage system applications.

The state-of-the-art PV-battery integration methods reviewed above require either
additional PE converter stages or high-voltage energy sources to integrate a BES
into a solar PV generation system. This is mainly because these methods adopt
the parallel-integration approach. In the parallelly integrated system, the magnitude
and form of output voltages of individual modules must be the same. The voltage
magnitude of the parallel coupling node is usually higher than the voltage of the
sources since the grid voltage or the DC bus voltage is high to be connected to the
standard grid systems. This system integration requirement increases system cost
and size and reduces the energy delivery efficiency.

On the other hand, the proposed PV-battery series integration approach can lessen
this system integration requirement by connecting the PV module and the battery
module in series. The series-connected energy modules can share the high-voltage
requirement of each other. Therefore, a more optimal system design can be achieved.
This dissertation proposes two PV-battery series integration methods depending on

the solar-plus-storage system applications; AC-series and DC-series integrations.



7
The AC-series integration method adds a battery DC-AC inverter module into the
AC power bus by adopting the AC-stacked PV inverter architecture approach. The
AC-stacked PV inverter architecture is a novel panel-level residential solar PV in-
verter that achieves system miniaturization with series integration of modular PV
inverters and the decentralized control scheme [20, 21]. The advantages of the AC-
series integration over other state-of-the-art PV-battery integration methods are the
system miniaturization and the highest energy conversion efficiency from the DERs
to the AC grid. Costs of inverter components, installation, and maintenance can
be significantly reduced by a) the low-voltage and high-frequency hardware design
of individual inverter members and b) the removal of communication requirements
among themselves or with the supervisory control center for the main power control
functions. Also, only a single PE converter is required for the power delivery from
DERs to the AC grid resulting in less power loss from the PE converter. Because
of the miniaturized system design, the modular battery inverter in this PV-battery
AC-stacked inverter architecture is suitable to mitigate sudden PV power fluctuations
caused by weather changes: PV ramp-rate control |22, 23, 24, 25]. The proposed AC-
series integration system has restrictions in control due to the interactive operation
among the different inverter members under various asymmetrical operating condi-
tions. The proposed system’s feasibility and effectiveness are investigated through the
controller hardware-in-the-loop (CHIL) simulation results and the operating margin
analysis. In addition, the decentralized PV ramp-rate control that uses local feedback
information only to conduct the PV ramp-rate control function without communica-
tion between the PV and battery inverters is developed to maintain the decentralized
control environment in the AC-stacked inverter system.
The DC-series integration method directly connects a PV array and a BES in se-
ries. These series-connected energy sources are connected to the DC power bus in

parallel. Therefore, the above-mentioned high-voltage system integration require-
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ment can be reduced. As the DC-series integration has restrictions on independent
current control of two series-connected energy sources, a controllable current source
is added to inject a compensation current into the PV-battery DC-series coupling
node. The PV-battery series optimizer—adopting partial power processing (PPP)
converter topology [26, 27, 28, 29, 30]—is applied in the proposed system to configure
this controllable current source. The advantages of the DC-series integration over
other state-of-the-art PV-battery integration methods are a) PV-battery voltage sup-
port to be connected to a high-voltage DC bus without a fully rated power converter,
b) reduction of the rated power of the interfacing DC-DC converter by adopting PPP
system architecture, c¢) single power converter stage between the series-connected
energy sources and the DC bus, and d) system reconfigurability without changing
circuit topology. The proposed system is suitable for energy backup and resilience
applications. In this research, two PV-battery series optimizers are developed for
two different grid applications: AC grid and DC grid. In the AC grid coupled sys-
tem, the coordinated closed-loop control between the PV-battery optimizer and the
DC-AC inverter is proposed for different operation modes since the DC-bus voltage
varies according to the PV’s and the battery’s operating conditions. In the DC grid
coupled system, especially a regulated DC microgrid, a modification of the DC-series
integration by adding a variable voltage source to the PV-battery DC series loop and
developing the PV-battery-series optimizer working as both a controllable current
source and a variable voltage source are proposed. The operating and control prin-
ciples and the contributions of the proposed systems are demonstrated through DC

analysis, off-line simulation, real-time CHIL simulation, and experimental results.
1.4 Organization of Dissertation

The dissertation is organized as follows: Chapter 2 describes the AC-series integra-
tion method and the operating margin analysis of the PV-battery AC-stacked inverter

architecture with the decentralized PV ramp-rate control [31]. Chapter 3 presents the
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DC-series integration method and the PV-battery series inverter architecture with
the coordinated control algorithm [32]. Chapter 4 discusses the modified DC-series
integration method for a regulated DC microgrid application and its interfacing con-
verter, PV-battery-series DC-DC optimizer. Chapter 5 presents the conclusions and

discussions of the research.



CHAPTER 2: CONTROL AND OPERATING RANGE ANALYSIS OF AN
AC-STACKED PV INVERTER ARCHITECTURE INTEGRATED WITH A
BATTERY

This chapter presents a control scheme to operate a battery-integrated AC-stacked
photovoltaic (PV) inverter architecture and its operating range analysis. The main
operation strategy is the combination of decentralized controls of individual inverter
members; PV and battery. In AC-series integration, battery charging and discharg-
ing operations affect operating margins of the PV inverter members. The interactive
operation needs to be analyzed to identify the system operating range under different
conditions. A ramp-rate control which mitigates PV output variations and improves
grid stability is a suitable application for the PV-battery AC-stacked inverter ar-
chitecture utilizing a panel-level modular inverter design. Decentralized ramp-rate
control algorithm is proposed and demonstrated to analyze the system operating
range. The detailed system control and analysis are performed through controller

hardware-in-the-loop testing.
2.1 Introduction

The AC-stacked photovoltaic (PV) inverter architecture is a panel-level cascaded
modular inverter topology suitable for single-phase grid-tied PV applications [1], [2].
High-frequency and low-voltage PV inverter members are stacked in series to satisfy
the AC voltage for grid-connection and extract maximum output power from individ-
ual PV panels. To maximize the architecture’s effectiveness, each building block is
controlled independently without communications among themselves and with min-

imum handshaking with the supervisory control center for grid-synchronization [2].
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Its tangible advantages and capabilities with smart inverter functions are verified
through laboratory experiments, controller hardware-in-the-loop (CHIL) testing, and
site demonstration in [2]-[7].

In PV applications, integration of a battery into a PV generation system has re-
ceived significant attention because of the intermittent nature of solar energy sources
[8]-[10]. In most of state-of-the-art battery integration methods, legacy PV power
electronics systems [11] are used to configure different integration topologies; a) AC-
parallel [12], [13], b) DC-parallel [14]-[16], and c) in-line [17]-[19] integrations. In these
integration methods, voltage-amplification power electronics stages or high-voltage
battery are required to cope with high DC input voltage requirement of a DC-AC
inverter. On the other hand, the AC-stacked PV inverter architecture can integrate
a battery without the high voltage requirement by adopting AC-series configuration
[20], [21]. Besides, system optimization can be achieved by adding a battery inverter
unit into the termination box which has already been applied to the AC-stacked PV
inverter architecture for protection, phase locked loop (PLL), and communication
with the supervisory control center [2], [3].

This research investigates control scheme and operation characteristics of the PV-
battery AC-stacked inverter architecture. In this architecture, modular inverter
members are cooperating to maintain grid-connection and control the AC string
power. Therefore, this cooperation introduces interactive operations among the in-
verter members when system operating condition varies. Since the interactive op-
eration creates duty cycle changes in the DC-AC inverters, analysis of the inverter
members’ interaction is required to clarify the operating range of the architecture
with battery charging and discharging operation.

Due to the battery charging and discharging limitations caused by the interaction,
a ramp-rate control (RRC) is a suitable application for the PV-battery AC-stacked

inverter architecture utilizing a panel-level modular inverter design. A RRC mitigates
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fast-changing, high ramp-rate, PV output variations and regulates the desired ramp-
rate of the PV output by controlling the battery charging and discharging current [22]-
[25]. Grid stability issues such as voltage and frequency fluctuations caused by high
penetration of PV generation in especially weak distribution network can be improved
by lowering the PV output ramp-rate. In this chapter, the decentralized ramp-rate
control (DRRC) using the differentiation of the AC string current as an indicator
of PV output variations is proposed to realize the decentralized control environment
and minimize the communication requirements between the inverter members [21].
Since the inverter members are connected in series, the differentiation of the AC string
current represents both PV and battery output variations when the battery is charged
or discharged. Therefore, new criteria to distinguish PV output variations and create
the proper amount of the battery current reference for the DRRC are presented. The
control performance of the DRRC and the interactive operation among the inverter
members with PV and battery output variations are demonstrated through CHIL

testing.
2.2 PV-Battery AC-Stacked Inverter Architecture
2.2.1  Proposed PV-battery AC-stacked inverter architecture

The proposed PV-battery AC-stacked inverter architecture is composed of three
different types of modular inverters: a) current administrator voltage compensator
(CAVC), b) voltage mode members (VMM), and c¢) energy storage system (ESS). By
stacking or connecting a group of PV inverters in series, the architecture can support
the AC grid voltage requirement for grid-connection with low voltage semiconductor
devices. Figure 2.1 presents the AC-series configuration and the control diagram
of the three different types of modular inverters. A CAVC controls its DC input
voltage, Vpy1, with a closed-loop PI controller. A maximum power point tracking
(MPPT) control generates the DC input voltage reference to extract the maximum

power from the PV panel. Also, the CAVC is responsible for controlling the AC
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string current, Ig;.ing, With a closed-loop PR controller. A VMM only controls its DC
input voltage, Vpy o, for the MPPT control of its PV panel. Multiple VMMs work
as voltage buffers to build up the architecture’s AC output voltage. An ESS controls
the battery charging and discharging current, Ig4, with a closed-loop PI controller.
The proposed RRC generates the battery current reference to mitigate PV output
variations. Individual closed-loop controls generate modulation indices, mny1, Miny2,
and myy,3, to operate individual inverter members, and the feedforward terms, Viq py,
Voo pu, and Vs py, are applied to improve the system control response and lower the

impact of grid disturbances.
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Figure 2.1: PV-battery AC-stacked inverter architecture and control diagram.



14
Details of the RRC strategy are explained in section III. Since the PV-battery AC-
stacked inverter architecture provides the decentralized environment in terms of both
physical topology and control, each modular inverter is controlled autonomously by

using its local measurements except grid-synchronization information.
2.2.2  Interactive operation between inverter members

The main operation principle of the proposed PV-battery AC-stacked inverter ar-
chitecture is the combination of the decentralized control algorithm of the individual
inverter members connected in series. In the AC string where the same AC current,
Ustring, 18 Passing through all the inverter members, the inverters’ output voltages vary
based on the inverter output power. Since the inverters are cooperating to regulate
their AC output power in grid-connection, one inverter’s output power variations may
affect others’” AC output voltages corresponding to the inverters’ operating margin.
Therefore, the interaction between the inverters limits the operating range of the
architecture.

When asymmetrical irradiance drop is applied to the PV panels, the PV inverter
with the low output power decreases its AC output voltage, and it makes other
inverters increase their output voltage to compensate the AC voltage drop and track
individual maximum power point (MPP), as presented in previous publications [2], [4].
Likewise, battery charging and discharging operations force PV inverters’” AC output
voltage changes [21|. When battery charging mode is applied to the ESS inverter,
the ESS AC voltage appears to be inverted to have negative power flow through the
ESS. The inverted ESS AC voltage makes the CAVC and the VMM increase their AC
voltages resulting the PV inverters’ higher modulation indices. Higher modulation
index requests the use of more operating margin for the inverter. If the amount of
the compensated AC voltage is higher than the PV inverters’ remaining operating
margins, the modulation indices reach the maximum amount (1.0), and abnormal

operation such as AC current distortion or losing MPPT occurs because the inverters
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have no room to increase their output voltage more. Different control schemes in
the CAVC and the VMM introduce the different abnormal operations, AC current
distortion and losing MPPT control, since the CAVC utilizes sinusoidal AC string
current information as the feedback signal for the closed-loop control and the VMM
utilizes DC input voltage information. This interaction is required to be considered
to design the reliable PV-battery AC-stacked inverter architecture which has a wide

operating range and provides high-quality AC current.
2.3 Decentralized Ramp-Rate Control Strategy

In the proposed architecture utilizing a panel-level inverter design, a RRC which
smooths out PV output variations is a suitable application of the battery integration
due to the battery charging and discharging limitations caused by the interaction
addressed in the previous section. In this architecture, the ESS determines its battery
current reference without handshaking with PV inverters or supervisory control center
to achieve decentralized control environment. In the proposed DRRC strategy, the
ESS utilizes its local AC string current measurement, i, (t), for detection of PV
output variations and battery current calculation. The overall mechanism of the
DRRC is shown in Figure 2.2a. The first step is the detection of PV variations with

the differentiation of AC string current, as follows:

distring_avg@k) . distm’ng_avg(tk) - distring_avg(tk—l)
dt e — Tp1

(2.1)

where t;, is the time at the k™ instant, t;_; is the time at the (k — 1) instant,
istring avg(t) is the RMS average of iping(t), and dlgring avg(t) is the AC current
difference. To ignore small variations caused by the MPPT control, a dead-band,

dIjimit, is applied, as follows:
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' Irradiance change N Irradiance change
Al getect . End detection i X End detection
ipv(®) X § D\ iban(t) Uleetect} : ibatt(t)
Fodiev(X
: iref_PV(t) dt i dt =
tdrop & tdetect_drop 5 tctrl end t tdrop: tdrop_end tctrl_end t
tdrbp_end & tdetect__drop_end detect_drop tdetect_drop_end
(a) (b)

Figure 2.2: Illustration of the DRRC algorithm (a) Ideal case: without detection
delay and (b) Practical case: with detection delay.

d]stringiafug (tdetectidrop> ) dlstringiavg (tdetectidrop) > dIlimit
d[detect = (22)

07 dIstring_(wg (tdetect_drop) < dIlimit

where tgetect drop 18 the moment when PV output variation is detected, dIStrmg_(wg(tdetect_dmp)
is the AC string current difference at tgerect drop, and dlgesect is the PV output change
detected.

The ESS will start to charge or discharge the battery to achieve the desired ramp-
rate of the inverter architecture’s output once the PV output variation is detected. In
the proposed architecture, a criterion to distinguish the PV output changes from the
total AC string output power is required for the decision of the ESS output current
since the output of the ESS also affects the differentiation of the AC string current due
to the series-connection. As shown in Figure 2.2a, two current references i, ' pv(t)
and irefitotal(t) are generated with two different ramp-rates; the detected PV out-
put ramp-rate, dlgesect, and the desired architecture’s output ramp-rate, dlcs totai;

respectively, as follows:
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al detect

Tore 2.3
dt tep ( )

iref PV(tk) = tres pv(te—1) +

d[ref_total

i Tstep (2.4)

Z-ref_total(tk) = iref_total(tkfl)

d[ref_total = d[detectkramp_rate_total (25)

where T, is the controller time step and kramp rate totar 18 the ramp-rate gain (0.1-
1.0). By subtracting i,y py(t) fromiyes torai(t), the battery current reference, ipqy (1),
can be calculated, and its absolute value, |ip(t)], is increased until the moment of
PV output variations stop denoted as tgrop ena- After tarop end, ires pv(t) is set as
constant by forcing dljeec zero, and |ip.y(t)| decreases constantly until it becomes

7€10, terl end, as follows:

, (iref total(tr) = irer pPv(tk))kactone, ly < tppk
Zbatt(tk) = (26)

(iref_total(tk:) - iref_PV (tDDE))kACtoDc’a tDDE < tk S tctrl_end

where kaciopc is the AC to DC current gain and tppg is the moment when the ESS
detects PV output variation stop. DDE is the abbreviation of "detect drop end". The
detection of PV output variation stop is achieved by monitoring the differentiation of

the AC current, as below:

distringiavg (tk) < 0

o <0, Charging mode

|ipare (tr)| decreases, if

(2.7)

distringiavg (tk:) > 0

i >0, Discharging mode

When PV output variations stop, |ise(t)| continues to increase and the differentiation

of the AC current is going to be zero. Moreover, the direction of the differentiation
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will be reversed unless |ipe(t)| starts to decrease. The reversed direction of the
differentiation can be an indicator of tppgr. After tppp, |ipan(t)| decreases to zero
(tetri_end) and the proposed DRRC is completed. In Figure 2.2a and Figure 2.2b,
ideal and practical cases of the DRRC strategy are illustrated. In Figure 2.2b, each
transition of detection sequences such as from tg.op t0 taerect drop and from tgrop end
to tppg requires the differentiation calculation delay. This sequence delay will cause
the mismatch between the final ramp-rate and the desired ramp-rate, and the small
fluctuation of the AC power. The ramp-rate mismatch error can be reduced by

optimizing the sequence delay.
2.4  Results and Discussions

To verify the effectiveness of the proposed architecture and its DRRC strategy,
the CHIL test set-up is built, as shown in Figure 2.3 [26]. In this set-up, two PV
inverters, a CAVC and a VMM, and an ESS inverter are constructed. The detail

system parameters are represented in Table 2.1.

al Monitoring
o \ Code composer studio

g

: Microcontroller: F28335 -
Real-time closed loop control '
7

Real-time Power
Electronics Simulator
:Typhoon HIL 600

Figure 2.3: CHIL set-up for testing PV-battery AC-stacked inverter system.
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Table 2.1: DESIGN PROPERTIES OF THE PV-BATTERY AC-STACKED IN-

VERTER

System Specifications

Grid
Voltage Ve (Veums) 30
PV panel
MPPT: Power (1000 /m?) Pypp (W) | 255.10
MPPT: Voltage (1000W/m?) | Vypp (W) | 33.45
MPPT: Current (1000W/m?) | Iypp (W) 7.63
Battery
Nominal voltage VBattery (V) | 42.20
Capacity Ciattery (Ah) 20

2.4.1  Interactive operation between PV and ESS inverters

The CHIL test results of the inverters’ interaction under asymmetrical PV output

variations and battery charging and discharging are presented in Table 2.2. The min-

imum irradiance level on the CAVC where the architecture provides stable operation

is 320W/m?. In this condition, the peak modulation index of the VMM reaches 1.0

by using all operating margin to cover the CAVC AC voltage drop. Below the min-

imum irradiance level, (100W/m?), the architecture cannot perform MPPT control

because the VMM is required to move its operating point to the right side of the

MPP to increase its output voltage. In case of asymmetrical irradiance drop on the

VMM, the minimum irradiance level is 250W/m?. Below the minimum irradiance

level, (100W/m?), AC current distortion occurs. The PV inverters’ interaction limits

the architecture’s operating range.
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Table 2.2: SUMMARY OF CHIL TEST RESULTS: PEAK MODULATION IN-
DICES AND OPERATING MARGIN OF THE INVERTERS WITH DIFFERENT
OPERATING CONDITIONS.

Detail conditions Peak modulation indices Operating margin
Irradiance level Not in Current
(W/m?) Battery current | ~avye | vMMm | ESS | MPP | Distortion | cAvc VMM ESS
CAVC VMM *)

1000 1000 - 0.72 0.67 0.03 - - 28% 33% 97%
500 1000 - 0.51 0.89 0.03 - - - 11% (-22%) -
320 1000 - 0.39 1.0 0.03 - - - 0% (-33%)
100 1000 - 0.28 1.0 0.03 ) - 0% (-33%)
1000 500 - 0.91 0.46 0.03 - - 9% (-19%) -
1000 250 - 1.00 0.29 0.03 - - 0% (-28%) -
1000 100 - 1.00 0.16 0.03 - %] 0% (-28%) -
500 500 - 0.72 0.68 0.03 - - 18% (0%) 32% (-1%) -
1000 1000 Charging: -4 0.99 097 | 0.46 - - 1% (-27%) | 3% (-30%) | 54% (-43%)
1000 1000 Charging: -4.6 1.00 1.00 | 058 - - 0% (-28%) | 0% (-33%) | 42% (-55%)
1000 1000 Charging: -4.8 1.00 1.00 | 0.64 - 4] 0% (-28%) | 0% (-33%) | 36% (-61%)
1000 1000 Discharging: 13.9 0.65 0.33 | 057 - - 3506 (+7%) | 67% (+34%) | 33% (-64%)

Battery charging mode limits the architecture’s operating range, as shown in Fig-
ure 2.4. When battery current is -4Ap¢, the ESS generates -14.37Vzys AC voltage.
The CAVC and the VMM consume their 96.4% (27%/28%x100=96.4%) and 90.9%
(30%/33%x100=90.9%) of available operating margin, respectively, to compensate
the inverted ESS AC voltage. The maximum battery charging current is -4.6Ap¢
and the peak modulation indices of the PV inverters reach 1.0 by using all operating
margin. With higher battery charging current than -4.6A, the AC current distortion
occurs, as shown in Figure 2.4c. Therefore, the operating range in battery charg-
ing mode is related to the operating margin of the PV inverters (~28% of CAVC'’s
and ~33% of VMM’s). If the architecture is extended for 120Vgys electrical grid
by adding identical PV inverters, the architecture can handle more asymmetrical ir-
radiance drop and battery charging currents. However, the percentage of available
operating margin is maintained. The PV inverters must be redesigned with a higher

DC input voltage to increase the percentage of available operating margin.
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Figure 2.4: Interactive operation of the inverters with battery operating conditions;
Igring: AC string current, Voaye: CAVC AC voltage, Viyar: VMM AC voltage,
and Vggs: ESS AC voltage, (a) charging mode (-4A), (b) discharging mode (4A), (¢)
charging mode (-4.8A)

2.4.2  Decentralized ramp-rate control

Table 2.3 and Figure 2.5 present the CHIL test results of the DRRC under differ-
ent asymmetrical irradiance changes. In this test, the 0.5 ramp-rate gain, K.c; totat,
is applied. When a CAVC irradiance drop (1000W/m?—500W/m?) is applied, the
CAVC output power is decreased by 122.1W for 2.72 seconds introducing the PV
output ramp-rate, -1.50Agpss/s, as shown in Figure 2.5a. Adopting the DRRC, the
architecture achieves 47% of the PV output ramp-rate, -0.70Agps/s, by discharg-
ing the battery, as shown in Figure 2.5c. Detecting the AC power changes, the ESS
increases the battery discharging current until the irradiance drop ends. Detecting
the reversed sign of the differentiation of is.ny(t), the ESS decreases the battery

discharging current from 1.11A to 0A. The interaction between inverters is shown in
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Figure 2.5e. The CAVC AC voltage is decreased by the CAVC output power drop.
The VMM compensates the CAVC AC voltage drop by increasing its AC voltage.
Also, the ESS participates the compensation of the CAVC voltage drop and reduces
a burden on the VMM slightly during battery discharging operation. When the
CAVC irradiance rise (500W/m?—1000W/m?) is applied, the PV output ramp-rate,
1.61Agns/s, is achieved as Figure 2.5b. With the DRRC, 49% of the PV output
ramp-rate, 0.79Agn s/, is achieved by charging the battery, as presented in Figure
2.5d. The maximum battery charging current is 1.51A. In this case, the PV inverters
increase their AC voltage to compensate the inverted ESS AC voltage as Figure 2.5f.
Therefore, battery charging operation charges more operating margin of PV inverters.
As illustrated in Figure 2.2b, the ramp-rate mismatch occurs due to the differentia-
tion calculation delays. The mismatch errors are from 2% (1-49%/50%x100=2%) to

12% (1-44%/50%%x100=12%). Also, small fluctuation of the AC current is observed.

Table 2.3: SUMMARY OF CHIL TEST RESULTS: THE DRRC WITH DIFFER-
ENT OPERATING CONDITIONS.

Detail conditions Changes Without DRRC With DRRC

- - Ramp-
Modular inverter Irradiance level (W/m?) Pov Iov lsing Time | Ramp-rate Time Ramp-rate Nllfx rate ratio Iilrrr]1\iltearttieorn
CAVC | VMM | Type | From | To w) (A) | (Arws) | (sec) (Arms/s) (sec) (Arms/s) ( ;‘; (%)
[ - Drop 1000 500 -122.1 | -4.6 -4.07 272 -1.50 5.82 -0.70 111 47
[ - Rise 500 1000 127.2 4.6 4.24 2.64 1.61 5.34 0.79 1.51 49
- [ Drop 1000 500 -127.2 -4.8 -4.24 2.58 -1.64 5.86 -0.72 111 44
- [ Rise 500 1000 127.2 4.6 4.24 2.84 1.49 6.56 0.65 1.35 44
] ] Drop 1000 500 -254.4 -9.2 -8.48 5.48 -1.55 11.34 -0.75 2.23 48
] [ Rise 500 1000 254.4 9.2 8.48 5.62 151 11.74 0.72 23 48
[ - Rise 350 1000 164.4 5.3 5.48 2.88 1.90 8.16 0.67 1.6 35 ]
[ Rise 350 1000 169.8 5.3 5.66 3.4 1.66 6.16 0.92 1.35 55 [}
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Figure 2.5: DRRC: Asymmetrical irradiance changes on CAVC (1000W/m? <«
500W/m?), Ramp-rate factor: 50%, (a) Without DRRC: Irradiance drop, inverter
currents, (b) Without DRRC: Irradiance rise, inverter currents, (¢) With DRRC: Ir-
radiance drop, inverter currents, (d) With DRRC: Irradiance rise, inverter currents,
(e) With DRRC: Irradiance drop, inverter voltages, (f) With DRRC: Irradiance rise,
inverter voltages

2.4.3  Operating range of the decentralized ramp-rate control

Severe asymmetrical irradiance rise (350W/m?—1000W /m?) is applied to the CAVC

and the VMM to analyze operating range of the DRRC in the proposed architecture,
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as shown in Figure2.6. In case of the CAVC irradiance rise, the AC current distor-
tion occurs in the middle of the slope where two interactions caused by asymmetrical
irradiance changes and battery charging mode are overlapped at the same time, as
illustrated in Figure2.6c. Since the detection of the PV output change stop is de-
layed due to the AC current distortion, the DRRC time is extended to 8.16 seconds
resulting 35% of the PV output ramp-rate. Therefore, the ramp-rate mismatch error
is increased to 30% (1-35%/50%x100=30%). The interaction between inverters is
shown in Figure2.6e. The CAVC reaches its maximum AC voltage to cover the VMM
AC voltage drop and the inverted ESS AC voltage. In case of the VMM irradiance
rise, the limitation of the AC current occurs in the middle of the slope due to the
overlapped interactions, as presented in Figure2.6d. Therefore, the VMM moves its
operating point from the MPP. This results in the PV current decrease. Since the AC
current limitation allows for early detection of the PV output change stop, the DRRC
time is shortened to 6.16 seconds resulting 55% of the PV output ramp-rate. There-

fore, the negative ramp-rate mismatch error occurs as -10% (1-55%,/50%x 100=-10%).
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Figure 2.6: DRRC: Severe asymmetrical irradiance changes (350W/m? —
1000W/m?), Ramp-rate factor: 50%, (a) Without DRRC: On CAVC, inverter cur-
rents, (b) Without DRRC: On VMM, inverter currents , (¢) With DRRC: On CAVC,
inverter currents, (d) With DRRC: On VMM, inverter currents, (e¢) With DRRC: On
CAVC, inverter voltages, (f) With DRRC: On VMM, inverter voltages

2.5  Conclusion

This chapter presented a control scheme for the PV-battery AC-stacked inverter
architecture and its analysis of system operating range. The PV and ESS inverters’

interactive operation and the feasibility of the DRRC were verified through the CHIL
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test results. Operation constraints on the constructed architecture were asymmetrical
irradiance drop, 320/ /m? on CAVC and 250W/m? on VMM, and the -4.6A battery
charging current. Operating margins of inverters are critical in designing a reliable in-
verter architecture. A RRC mitigating PV output variations is a suitable application
for the proposed architecture due to the battery charging and discharging limitations
caused by the interaction. The DRRC can realize the decentralized control environ-
ment and minimize the communication requirements between the inverters. Applying
the DRRC, the architecture achieved desired total AC output ramp-rates during the
irradiance changes on PV panels. The overlapped interactions (the asymmetrical ir-
radiance level and battery charging mode) affected on the performance of the DRRC.
The AC current distortion and early detection of the PV output change stop were
observed once the PV inverters use all of their operating margins. Further improve-
ment can be made by implementing PV output curtailment control which can reduce

the required amount of the battery charging current.
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CHAPTER 3: PV-BATTERY SERIES INVERTER ARCHITECTURE: A SOLAR
INVERTER FOR SEAMLESS BATTERY INTEGRATION WITH
PARTIAL-POWER DC-DC OPTIMIZER

This chapter presents system architecture and control scheme of a photovoltaic
(PV) string inverter allowing seamless battery integration with the DC-series inte-
gration method. The architecture uses the partial-power processing universal DC-DC
optimizer to have flexible power control by regulating the T-node compensation cur-
rent. The universal optimizer is configured with a dual active bridge DC-DC converter
allowing bidirectional power flow and galvanic isolation. Three operation modes are
proposed depending on the input sources connected. Based on the operation mode,
the universal optimizer and a DC-AC inverter switch their control reference to de-
liver the maximum PV power and perform battery current control. The steady-state
and transient operations of the closed-loop control scheme have been demonstrated
through controller hardware-in-the-loop tests to verify feasibility and effectiveness of

the PV-battery series inverter architecture.
3.1  Introduction

Due to the intermittent nature of solar photovoltaic (PV) energy and concerns re-
garding the rise of electricity demand, integration of battery energy storage system
(ESS) has gained attention as an energy saving solution in residential and commercial
grid-tied PV inverter systems [1]-[4]. In PV inverters, legacy PV power electronics
topologies [5] are used for integration of a battery ESS, as shown in Figure 1.1: a)
AC-parallel integration using a bidirectional grid-tied DC-AC inverter with a battery

voltage boosting DC-DC converter [6], b) DC-parallel integration using a bidirectional
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DC-DC converter connected to a DC bus with a unidirectional single or cascaded PV
DC-DC converters [7], and ¢) in-line integration inserting a battery to a DC bus di-
rectly in parallel [8], and as shown in Figure 2.1: AC-series integration adding a mod-
ular bidirectional DC-AC inverter member to an AC string [9], [10]. These integration
methods require that a battery ESS has additional voltage-amplification stages such
as a DC-DC boost converter or a line-frequency transformer, a high-voltage battery,
or restrictions of output power in consideration of interactive operations among in-
verter members to maintain its grid-connection. These requirements increase system
cost and size, lower efficiency, and limit applications of battery ESS. Therefore, it is
needed to develop a power electronics topology which relieves these requirements to
expedite the integration of battery ESS into grid-tied PV generation system.

This chapter presents a grid-tied PV string inverter allowing seamless battery in-
tegration: the PV-battery series inverter architecture. The proposed system adopts
the PV-battery DC-series integration method, as shown in Figure 3.1. In this ap-
proach, the battery integration does not require additional power electronics stages,
a high-voltage battery, or battery power restrictions. Besides, a battery supports the
PV string voltage to provide flexibility in delivering the PV string’s maximum output
power to grid with different system characteristics reducing PV string voltage: for
example, a small number of PV panels, solar irradiance drop, ambient temperature
rise, and low voltage and low power system design [11], [12]. These benefits are en-
abled by adopting partial-power processing technique which provides a capability to
regulate the T-node compensation current, I.,m,. The proposed architecture uses the
partial-power universal DC-DC optimizer working as a current source to offset the
battery discharging current and have flexible battery power control. Furthermore,
the partial-power universal optimizer requires lower rated power than the state-of-
the-art DC-DC converters for PV and battery applications while it handles both PV

and battery power [13|-[17]. As the universal optimizer, a dual active bridge (DAB)
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DC-DC converter is applied which allows bidirectional power flow, galvanic isolation,

a high voltage gain, and soft-switching operation [18], [19].

PV

String Partial-power

processing

Grid
1o ] loomp 3 — @
IBatt ______ I_f O f\J
----- _Ii T

- Grid-tied

Inverter
Battery

Figure 3.1: The proposed approach: DC-series integration.

The PV-battery series inverter architecture is composed of the universal DC-DC
optimizer regulating the T-node compensation current and a grid-tied DC-AC inverter
controlling its DC bus voltage. With the seamless battery integration topology, three
operation modes are available based on the configurations of the input sources: a)
PV-only mode, b) PV-battery mode, and c) battery-only mode. Depending on the
operation modes, the universal optimizer coordinates with the DC-AC inverter to
meet the system’s control objectives: PV maximum power point tracking (MPPT)
control and battery current control. The steady-state and transient operations of the
closed-loop control have been investigated and demonstrated through the controller
hardware-in-the-loop (CHIL) testing to verify the feasibility and the effectiveness of
the proposed PV-battery series inverter architecture.

The rest of this chapter is organized and presented as follows. Section II presents
the proposed PV-battery integration system architecture. The power electronics
topology and its control scheme are proposed in Section III. Section IV provides

the results and discussion, and Section V presents the conclusion.
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3.2 PV-Battery Integration Strategy and System Architecture

The PV-battery series inverter architecture is proposed to achieve seamless battery
integration for grid-tied PV inverters. The proposed approach is to connect a battery
to a PV string directly in series as shown in Figure 3.1, DC-series integration. This
integration does not require a high-voltage battery or additional power electronics
stages such as a DC-DC boost converter for a low-voltage battery. Also, a battery
supports a PV string in maintaining grid-connection by adding its voltage to the
PV voltage. Therefore, voltage amplification stages such as a fully-rated DC-DC
boost converter or a line-frequency transformer, the essential devices for the legacy
grid-tied PV inverters, are not required to cope with different system characteristics
including PV panel installation area, cabling limitations, irregular weather conditions,
and different PV voltage and power.

The DC-series integration is enabled by having a current source injecting a DC cur-
rent into the PV-battery coupling point called T-node. Due to the series connection,
the same amount of the DC current passes through the PV string and the battery.
Therefore, the battery is discharged as long as the PV string generates output power.
Thus, a compensation current needs to be injected into the T-node to offset the bat-
tery discharging current. Also, the regulation of the T-node compensation current

guarantees flexible battery power control capability as

IBatt = ]PV - Icomp (31)

where Ipy is the PV string current and Ig, is the battery current. Adopting partial-
power processing technique [13|-[17], the authors propose the universal optimizer
functioning as the T-node current compensator and enabling seamless PV-battery
integration. Depending on the configuration of input sources, the proposed universal

optimizer has three operation modes.
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3.2.1  PV-only mode

A battery is disconnected from the T-node, as shown in Figure 3.2a. The main oper-
ation targets are tracking the PV’s maximum power point (MPP) and grid-connection.
The partial-power PV optimizer compensates for the DC voltage deficiency caused
by the difference between the DC bus voltage, Vpc sus, and the PV voltage, Vpy, by

adding the series voltage, Vgp, as

Vbe bus = Vpv + Vse (3.2)

Also, the DC-DC power conversion stage processes only the portion of the PV power
through the partial-power processing loop including the DC-DC converter: resulting
lower converter rated power and conversion loss to deliver the PV power. The partial-
power rate (PPR) for the PV power, PPRpy, is proportional to the ratio between
the series voltage and the PV voltage as

Vsp

PPRpy = 7. (3.3)
PV

Besides, further circuit optimization is proposed with improvements in system effi-
ciency and components’ voltage stress by achieving partial-power processing for both
PV and battery power, as presented in Figure 3.2b: the universal optimizer. The
universal optimizer processes the portion of power passing through the partial-power
processing loop by having an additional series-connection on the DC bus side with
the universal optimizer input voltage and the series voltage. An isolated DC-DC
converter topology is adopted to configure the DC bus series-connection. The PPR
for the partial-power processing loop power, PPR,,,, is proportional to the ratio

between the PV voltage and the DC bus voltage as
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Figure 3.2: Development of partial-power universal optimizer in PV-only mode: (a)
Partial-power PV optimizer and (b) Universal optimizer.

Ve s — Vse Vpy

PPRigyy = (3.4)

VDC’_bus B VDC’_bus '
The total PPR for the PV power, PP R4, is achieved with the product of PPRpy

and PP Ry, and the rated power of the universal optimizer, Pytimizer, is calculated
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with the total PPR and the PV power, Ppy, as

Vse  Vpy Vse

VPV VDC_bus VDC_bus

PPRiptq = PPRpy - PPRoop = (3.5)

Ppy - PPRy,
Poptimizer = o total (36)

nconverter

where Neonverter 18 the power efficiency of the DC-DC converter. Due to the decrease
of the optimizer rated power, the DC-DC power conversion loss, P, is reduced, and

the DC-DC power conversion efficiency, npc_pc, is improved as

Ploss (\L) - Poptimizer(l - ncom)erter) (37>
P - Poss
npc-pe(t) = =5 (3.8)
PV

The remaining power which does not pass through the universal optimizer is delivered

to the DC-AC inverter directly.
3.2.2  PV-battery mode

Seamless battery integration into the PV system can be achievable by connecting
a battery to the open terminals between the PV string and the ground, as shown in
Figure 3.3 [20]. The main operation targets of the PV-battery mode are PV MPPT
control with extended PV operating range and flexible battery current control. In this
configuration, the battery can be used as a power source and a PV voltage supporter
simultaneously. Unlike the PV-only mode, the series voltage is enforced to be almost

constant by the battery voltage, Vg,, as

VSE — VBatt- (39)
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Figure 3.3: The proposed partial-power universal optimizer in PV-battery mode.

Therefore, the battery voltage is added to the PV string voltage to extend the PV
operating range. The total PPR of the proposed optimizer is proportional to the

battery voltage as follows:

VBa V Via
PPRtOtal = PPRPV . PPRloop — Batt 5 PV o Batt

= 3.10
VPV VDC_bus VDC’_bus ( )

In the PV-battery mode, there are three sub-operation modes: a) battery zero-
current mode, b) battery charging mode, and c¢) battery discharging mode. The
rated power of the universal optimizer varies depending on the sub-operation modes.
In the battery zero-current mode, the rated power and the DC-DC power conversion
efficiency can be found in the same way with the PV-only mode because the DC-DC
conversion stage processes only the PV power. In the battery charging mode, the
battery power passes through the partial-power processing loop together with the
partial amount of the PV power. The rated power is increased due to the partial

amount of the battery power, the product of —Pgqy and PP Rj,p, as

PPV : PPRtotal - PBatt ' PPRloop

ncom)erter

(3.11)

Poptimizer(charging) =



39

The DC-DC power conversion efficiency is calculated based on the amount of the

processed PV and battery power as

Ppy—Pioss
v Ppy = Ppay

Nbc—-bpc = . (312)

Ppatt P P
PBatt+Ploss PV < Batt

On the other hand, the battery discharging mode has two ways to deliver the battery
power to the grid. Until the battery current becomes the same amount with the PV
current, the battery power passes through the PV power loop, the power path across
the PV string, and the T-node compensation current is decreased. If the battery
current is over than the PV current, only remaining battery power passes through
the partial-power processing loop. The rated power and the DC-DC power conversion
efficiency are expressed as follows:
_ |Ppy - PPRpy — Ppay| - PP Rioop

Poptimizer(discharging) = n (313)
converter

PPV + PBatt - Hoss

3.14
Ppy + Py ( )

"pc—-DC =

3.2.3  Battery-only mode

Due to the very low PV voltage or its physical disconnection, the battery-only
mode is configured by disconnecting the PV string from the universal optimizer. The
main operation target of the battery-only mode is battery current control only. Since
the PV current path does not exist, the partial-power processing in the PV-series is
not available and PPRpy becomes "1.0". Therefore, only PP Ry, is applied to the
total PPR, and the rated power and the DC-DC power conversion efficiency can be

found as follows:
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VDC_bus - VBatt

PPRtotal - PPRloop = (315)
VDCﬁbus
P, att * PP 00!
Poptimizer - Batt Rl r (316)
Tconverter
P,
NpCc-pC = Ear (3.17)

PBatt + Ploss.
3.3  Proposed Power Electronics Topology and Control Strategy

The PV-battery series inverter architecture is composed of two power electronics
stages: the universal DC-DC optimizer and the grid-tied DC-AC inverter. Figure
3.4 shows the power electronics topology of the universal optimizer. A DAB DC-DC
converter is applied because it provides bidirectional power control, galvanic isolation,
a high-voltage boosting gain, and soft-switching operation [18], [19]. For the DC-AC
inverter stage, a full-bridge single-phase DC-AC inverter is considered.

Also, Figure 3.4 shows the closed-loop control scheme of the proposed architecture
in different operation modes. The universal optimizer controls the T-node compensa-
tion current by regulating the phase angle difference, ¥,,;_ s, between the primary
and secondary voltages of the high-frequency transformer [21]. The DC-AC inverter
controls the DC bus voltage and maintains grid-connection by regulating the duty
cycles of the PWM signals [22]. Based on the operation mode, the universal opti-
mizer coordinates with the DC-AC inverter to achieve the system’s control objectives:
PV MPPT control and battery current control. The control references of the power

electronics units are switched.
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Figure 3.4: Proposed topology for the universal optimizer and control strategy.

3.3.1  PV-only mode

The DC-AC inverter maintains a constant DC bus voltage greater or equal to the
PV string’s open circuit voltage to provide the full range of PV MPPT operation. On
the other hand, the universal optimizer performs PV MPPT control by regulating
the T-node compensation current which is equal to the PV current. The T-node
compensation current reference, I.omp ref, is generated by the perturb and observe
(P&O) MPPT control block [23]. As the T-node compensation current increases,
the series voltage increases to compensate for the PV voltage drop based on the PV

string’s V-I curve, as follows:

[comp_ref = [MPPT_CMD (318)

Vev (1) + Vse(T) = Vbe bus(constant) (3.19)

where Inrppr cup is the PV MPPT control command in the PV-only mode.
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3.3.2  PV-battery mode

Once a battery is connected, the control system can detect the PV-battery mode
by monitoring the series voltage which is equal to the output voltage of the optimizer

before it starts the switching operation, for example,

PV — Only Mode VSE(OTVBatt) < VBatt,min
(3.20)

PV — Battery Mode Vsg(orVpat) > VBatt.min

where Vpatt min is the minimum battery voltage which can be detected by the control
system. Since the series voltage is equal to the battery voltage, PV MPPT con-
trol needs to be performed by the DC-AC inverter. The P&O MPPT control block

generates the DC bus voltage reference, Vpc ,ef, as

Vbc ref = Vuapprr_cump (3.21)

Voo wus(d) = Vev (1) + Veau (3.22)

where Virppr cump is the PV MPPT control command in the PV-battery mode. The
DC bus voltage reference is limited by the peak value of the grid voltage, \/§Vg_ RMS,
for grid-connection. In this mode, the universal optimizer regulates the T-node com-

pensation current to perform battery current control as

]compi'ref - ]PV - ]Batti'ref (323>

where Ipat rey 18 the battery current reference.
3.3.3  Battery-only mode

The control system can detect the battery-only mode by monitoring the PV string

voltage, for example,



43

Battery — Only Mode Vpy < Vpymin
(3.24)

PV — Battery Mode — Vpy > Vpymin

where Vpy i, is the threshold PV string voltage for the detection of the battery-only
mode.

The DC-AC inverter maintains a constant DC bus voltage to provide the bidirec-
tional rated-power flow under grid-connection. Also, the universal optimizer regulates

the T-node compensation current to perform battery current control as

]compiref = _]Battireﬁ (325)

3.4  Results and Discussions

TABLE I presents a case study of the proposed system properties in different op-
eration modes. A 2.5kW 161.5V),pp PV string under a nominal weather condition, a
1.0kW 50V battery and single-phase 120Vgars AC grid are considered. As the result,
the max. 1.4kW optimizer (PPR: 55%) is required to transfer the PV output power:
1.5kW to the grid and 1.0kW to the battery (charging). Since the universal opti-
mizer processes the portion of both the PV and battery power, the battery charging

operation requires the maximum rated power. Also, max. 99.6% of the DC-DC
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Table 3.1: SYSTEM PROPERTIES - A CASE STUDY OF THE PV-BATTERY

SERIES INVERTER ARCHITECTURE (1000 W/m? AND 25°C')

System Paramters

MPP Power 2.5kW
PV
MPP Voltage. 161.5V
Power 1.0kW
Battery
Voltage 50V
Grid Voltage Single phase, 120Vgns

A PV/Battery Universal Optimizer

Operation Mode PV-only PV-battery | Battery-only
PV Output Voltage 161.5V 161.5V -
Series Voltage 38.6V 50.0V 50.0V

Max. Rated Power (PP Pjya)

0.5kW (20%)

1.4kW (55%)

0.8kW (22%)

Absolute npap 97.5% 97.5% 97.5%

PV Only 99.5% 99.4% -
NpC—pC Discharging - 99.6% 98.1%
Charging - 99.0% 98.1%

A DC-AC Inverter
Rated Power 2.5kW 2.5kW 2.5kW
DC-Link Voltage 200V 211.5V 200V
Ninverter 98.5% 98.5% 98.5%
Total Efficiency

PV Only 98.0% 97.94% -
NTotalC Discharging - 98.1% 96.6%
Charging - 97.7% 96.6%
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conversion efficiency during battery discharging operation in the PV-battery mode
(+2.1%) and min. 98.1% of the DC-DC conversion efficiency in the battery-only mode
(4+0.6%) are achieved (when the DAB converter efficiency is assumed as 97.5%).

For the verification of the case study and the control performance of the PV-battery
series inverter architecture in different operation modes, a DAB DC-DC converter,
a single-phase DC-AC full-bridge inverter, and their closed-loop control scheme are
built and run in the CHIL test-bed with a 500ns solution time step real-time power
electronics simulator, Typhoon HIL 600, [24] and a 150MHz digital microcontroller,
TMS320F28335, as shown in Figure 3.5 The power electronics converters are oper-
ated with 10kHz switching frequency to provide clear operation waveform of the DAB
phase-shifting control with consideration of the digital-to-analog conversion time re-

sponse of the real-time power electronics simulator.

Real-time Power
Analog signal Electronics
Simulator
:Typhoon HIL 600

,' v‘ -~ — :7” T Vw 1 ‘ ',. r ," 7 .___ |
: Typhoon HIL - - g1
—~ e {Y{, 5 B
g control center e =T o
. Microcontroller: F28335
. Real-time closed loop control

Figure 3.5: CHIL setup for testing the proposed power electronics topology.

3.4.1 Steady-state operation

The CHIL experiment results of steady-state operation of the PV-battery series
inverter architecture show how the universal optimizer operates in different operation
modes.

In the PV-only mode, as shown in Figure 3.6, the DC bus voltage is maintained

constant as 196V, the PV string’s open circuit voltage, by the DC-AC inverter. To
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deliver 2.5kW PV maximum output power to AC grid, the universal optimizer pro-
cesses 0.5kW (PPR=20%) by regulating the T-node compensation current as 15.9A

with —14.4° degrees phase difference.

5 1_w0v_2 0w B W0 5000us/___ 005 Siop 28A T3 =7 1 20w 00v/ 1004/ 004 5000us/ 005 Stop (LY
Meas a

™
Avg - FS(1): 1 Avg- r:s)
VDCgbus: 196V e o

15787A 0 -14.40°
Avg- FSC): P-PK(1):
196,33V

—_— — —_ _— —_— BEERZ

lpy: 15.8A Vev: 160V 7 = = = =

PKPK():

Ops: -14.4°| 0 o=

Ipag_tr Voas pri Voag. sec

Icomp: 15.9A

|DABJH: 30A

(a) (b)

Figure 3.6: CHIL experiment results: Steady-state operation of the PV-battery series
inverter architecture in the PV-only mode, PV output power: 2.5kW, (a) PV MPPT
control and (b) DAB phase-shift control.

In the PV-battery mode, as shown in Figure 3.7, the DC bus voltage is regulated as
207V, the sum of the PV string’s MPP voltage and the battery voltage, by the DC-
AC inverter to extract 2.5kW PV string’s maximum output power. Figure 3.7a and
Figure 3.7b show the CHIL results of the battery zero-current mode. The universal
optimizer processes 0.6kW rated power (PPR=24%) to maintain OA battery current
which was supposed to be the same with 15.8A PV string current without the T-
node compensation current control. —14.4° degrees phase difference is applied to
the DAB converter. Due to the differences of the magnitudes of the series voltage
and the DC bus voltage between the PV-only mode and the PV-battery mode, the
processed power through the universal optimizer is slightly different with the same

phase differences.
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Figure 3.7: CHIL experiment results: Steady-state operation of the PV-battery series
inverter architecture in the PV-battery mode, PV output power: 2.5kW (MPPT) and
battery output power: +1kW (battery zero-current mode, battery charging mode,
and battery discharging mode); (a) PV MPPT and battery zero-current control, (b)
Ipat=0A: DAB phase-shift control, (¢) PV MPPT and battery charging control, (d)
Igar=-20A: DAB phase-shift control, (e) PV MPPT and battery discharging control,
(f) Igar=20A: DAB phase-shift control

Figure 3.7c and Figure 3.7d show the results of the battery charging mode. By
shifting —36.0° degrees phase angle, the battery current is maintained as -20A for

1kW battery charging power. The processed power through the universal optimizer
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is 1.4kW (PPR=56%) with 35.8A T-node compensation current. Like the case study,
the battery charging mode requires the maximum rated power of the universal opti-
mizer since it processes the portion of both the PV and battery power. Figure 3.7e
and Figure 3.7f show the results of the battery discharging mode. In this case, the di-
rection of the phase-shift regulation is reversed. By shifting 3.6° degrees phase angle,
the battery current is maintained as 20A, for 1kW battery discharging power. With
the amount of the PV current, 15.7A battery current is discharged through the PV
power loop and the rest of the battery current, 4.3A, is discharged through the uni-
versal optimizer and the battery partial-power processing loop. Therefore, processed

power through the universal optimizer is decreased to 0.2kW (PPR=8%).
3.4.2  Transient operation

To prove feasibility and performance of the closed-loop control, sudden changes of
control reference are investigated.

Figure 3.8 shows the battery current control in the PV-battery mode. Initially,
the architecture operates in the battery zero-current mode with 15.8A PV current,
15.7A T-node compensation current, and 18.4Axys AC current. As the transient
conditions, changes of the battery current reference from 0A to 20A and from 0A to
-20A are applied. As shown in Figure 3.8b, once the battery discharging command is
applied, the universal optimizer can reach to the target point, 19.5A battery current,
by decreasing the T-node compensation current to -3.9A in 50ms. Also, once the
battery charging command is applied, the universal optimizer controls -19.1A bat-
tery current, by increasing the T-node compensation current to 34.7A in 50ms, as
presented in Figure 3.8c. During transient operations, the PV current is maintained
constant as 15.8A by the DC-AC inverter with PV MPPT control. The transient
operation verifies the relationship among the PV current, the battery current, and

the T-node compensation current, as addressed in (3.18) to (3.23).



ERE

1004 2 100A 3 100A/
L]

200A/ 1500/ 4500s
o=

49

Stop

Icomp

0

| Batt

-de-offecacRao oY ...
A

Laat Laat

(a) Battery charging and discharging control (+20A)

\/

B 1 1004/ 2 10,04/ 3 10.0A/ 20 0AF 50.00ms/  100.0ms Stop £ 3 3.26A © '& = 1 10.0A/ 2 10.0A/ 3 10.0A/ 2004/ 50.00ms/  100.0ms Stop * 3 4134 I}
Meas 5] Meas E]

lpy: 15.8A — 15.7A 2y - FS(1) Avg- FS(1)
IBatt: 0A — 19.5A A - FSQ) e ICOmp:15-7A — 34.7TA Avg- FSQ) e
S —————————————— 19208 IPV: 15.8A — 15.6A 289254

- Avg - FS() v FSC)
13.379A -13.102A

DC RMS - FS{1): DC RMS - FS()

I 2294 13.4A

! \u + =

Battery | lcomp:15.7A — -3.9A Battery lgar: OA — -19.1A
Discharging! I,: 18.4Agys — 27.0Agus Charging ly: 18.4Arus — 9.7Arus

(b) Battery discharging (OA — 20A)

(c) Battery charging (0A — -20A)

Figure 3.8: CHIL experiment results: Transient operation of the PV-battery series
inverter architecture in the PV-battery mode; battery zero-current mode, battery
charging mode, and battery discharging mode (PV output power: 2.5kW and battery
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Figure 3.9: CHIL experiment results: Transient operation of the PV-battery series
inverter architecture in the PV-battery mode, PV irradiance variations (1000W/m?
— 500W/m? — 100W/m? — 1000WW/m?) and battery zero-current mode.
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Figure 3.9 shows the PV MPPT control in the PV-battery mode with sudden PV
irradiance variations and the battery zero-current control. Once a PV irradiance vari-
ation occurs, the PV current changes suddenly based on the PV string’s V-I curves.
As the result, the battery current is also changed unless the universal optimizer reg-
ulates enough T-node compensation current based on the relationship between the
three T-node currents (3.1). As shown in Figure 3.9b and Figure 3.9¢, once the irra-
diance drop is applied, the battery charging current appears, and it is compensated
by the universal optimizer in 50ms by decreasing the T-node compensation current
from 15.6A to 8.2A and from 8.2A to 2.1A, respectively. Also, once the irradiance
rise is applied, the battery discharging current appears, and the T-node compensation
current is regulated from 2.1A to 15.6A in 50ms, as presented in Figure 3.9d. Also,
the transient operation verifies that the proposed architecture provides extended PV
operating range with the DC-series integration. Under the different irradiance levels
applied, as shown in Figure 3.9, the PV voltage varies from 161.46V to 145.31V.
The battery voltage is added to the PV voltage and helps the DC bus satisfies the

minimum DC bus voltage, 169.7V, for grid-connection.
3.5 Conclusions

This chapter presented system structure and control scheme of the PV-battery se-
ries inverter architecture. The DC-series integration with partial-power processing
technique allows that a battery can be integrated without additional power electron-
ics stages and support the PV voltage in maintaining grid-connection with different
operating conditions. The proposed partial-power DC-DC universal optimizer enables
the partial-power processing for both PV and battery power. Therefore, it handled
2.5kW PV power and 1.0kW battery power with 1.4kW rated power. The coordinated
closed-loop control between the two power electronics stages was proposed for differ-
ent operation modes since the controllability of the series voltage is dependent on the

battery integration. By switching control objectives of the individual power electron-
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ics stages, the PV-battery series inverter architecture achieved flexible battery current

control and extended PV MPPT control range. Feasibility and effectiveness of the

proposed architecture and the coordinated control scheme were verified through the

CHIL tests with the steady-state and the transient operations.
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CHAPTER 4: PV-BATTERY-SERIES DC-DC OPTIMIZER FOR REGULATED
DC MICROGRID APPLICATIONS

A DC-series optimizer is developed to integrate a solar photovoltaic (PV) array
and a battery energy storage (BES) in series and interface them to a regulated DC
microgrid. Due to PV and battery voltage variations, a variable voltage source must
be added to the PV-battery DC-series system to be connected to a regulated DC bus.
The PV-battery-series DC-DC optimizer is proposed to work as a controllable current
source regulating current flow at the PV-battery coupling node and a variable voltage
source compensating the voltage difference between the energy sources and the DC
bus. The proposed optimizer comprises a triple active bridge DC-DC converter and
DC filters. Closed-loop control is developed for PV maximum power point tracking
and battery charging and discharging. To handle a 6 kW PV array, a 3 kW BES,
and a 3 kW DC load, the proposed optimizer only requires 4.5 kW rated power. This
partial power processing also improves round-trip efficiency. DC analysis, simulation,
and experimental results demonstrate the operating and design principles and the

control performance.
4.1  Introduction

Deployment of both solar photovoltaic (PV) and battery energy storage (BES) is
growing rapidly in the power system [1], [2]. Integrating solar PV and BES becomes
an attractive solution to lower energy costs and increase energy availability with
more efficient energy management capabilities. BES also smooths out intermittent
PV power and varying electrical loads and supports grid stability and resiliency [3],

[4]. Among modern and next-generation electrical grid models, the DC microgrid
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incorporating distributed energy sources has been considered as a suitable solution
for PV-battery integration because of its high energy conversion efficiency, natural
DC interface, and reliable power control [5], [6]. Besides, the DC microgrid allows
200% PV oversizing with the PV-battery integration, which improves the energy usage
rate of a PV array with sacrificing less peak energy. For the PV-battery integration
in DC microgrids, many works in the literature present DC-parallel-based system
configurations [7], [8]. A conventional DC-parallel integration system uses two DC-
DC converters connected in parallel to the point of common coupling, a high-voltage
DC bus, as shown in Figure 4.1a. This system enables flexible power control between
the PV string and the battery. However, it requires two fully rated power electronics

converters, leading to bigger system size and higher cost.

DC bus
PV 1 —
String _
| — J
Battery —-ll——T —
(a)
T-node
— Grid
Ipv Icomp - E\J)
|batt e f\}
Grid-tied
? Inverter
Battery Controllable
current source

(b)

Figure 4.1: DC-coupling PV-battery integration systems: (a) DC-parallel and (b)
DC-series.
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DC-series integration has been proposed recently as a new PV-battery integration
solution [9]. This novel integration method directly connects a PV array and a BES
in series, as shown in Figure 4.1b. This direct integration is enabled by having
a controllable current source injecting a compensation current into the PV-battery
DC-series coupling node called T-node. The regulation of the compensation current
enables the independent control of the PV current and the battery current, which
makes PV maximum power point tracking (MPPT) control and battery charging
and discharging control available under different operating conditions. The DC-series

integration has several benefits compared to the conventional DC-parallel integration:

e PV voltage support: The series connection with a battery supports a PV string
to be connected to a high-voltage DC bus with a relatively low PV voltage

without using a boost converter.

e Reduction of rated power of power converters: A partial power processing (PPP)
converter [10-12] is the only power converter in the DC power processing loop.
Therefore, a smaller power converter can be used. Besides, the less processed

power, the less power loss. The system efficiency can be improved.

e Single power converter stage: Only a single power converter is used for both a

PV array and a BES.

e Seamless integration: Without changing circuit topology, PV-only mode, PV-

battery mode, and Battery-only mode are available.

Although the PV-battery DC-series integration has many benefits, it has an ap-
plication limitation. The voltages of a PV array and a BES vary according to their
operating conditions. The PV voltage is dependent on irradiance level, temperature,
and MPPT control status. The battery voltage is subject to the state of charge and
the loading conditions. As a result, the DC bus voltage—the sum of the PV and bat-

tery voltages—mneeds to be adjusted to satisfy KVL. In contrast, the DC bus voltage
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of a regulated DC microgrid is independent of the operating conditions of the PV and
the battery and is tightly regulated at a certain voltage level. Thus, the PV-battery
DC-series system cannot be directly connected to a regulated DC microgrid.

This chapter presents a modified PV-battery DC-series integration system available
for regulated DC microgrid applications and its interfacing power electronics converter
called PV-battery-series DC-DC optimizer. The proposed system adds a series voltage
source to the PV-battery DC-series system and enables the connection of the DC-
series network to a regulated DC bus by compensating for the voltage mismatch
between the series-connected sources and the DC bus. The proposed PV-battery-
series DC-DC optimizer is a single-stage DC-DC converter interfacing a PV array,
a BES, and a DC bus and regulating power among these sources and load. The
proposed optimizer works as a controllable current source regulating current flow at
the T-node and a variable voltage source compensating for the DC voltage difference.
The proposed optimizer comprises a triple active bridge (TAB) DC-DC converter,
three DC filter capacitors, and two high-frequency (HF) ripple attenuation inductors.
Compared to the conventional DC-parallel integration system, the proposed method
reduces the number of power converter stages, reduces the total required rated power
of the power converters, and improves round-trip efficiency. The DC-series integration
architecture also allows the distribution of the DC voltage rating among the three
ports of the TAB converter. Therefore, this approach can also reduce the rated voltage
of components such as semiconductor devices and filter capacitors.

The chapter is organized as follows. Section II outlines the configuration and the
working principle of the proposed DC-series integration and the PV-battery-series
DC-DC optimizer. Besides, DC analysis results are presented to discuss the benefits
of the proposed approach. Section III details the converter circuit topology and its
design process. Section IV presents closed-loop control and simulation results to

verify the control performance and the effectiveness of the system design principle.
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Experimental results demonstrating the operating principle of the proposed optimizer

and system are shown in Section V. Conclusions are discussed in Section VI.
4.2 PV-Battery-Series DC-DC Optimizer
4.2.1  DC-Series Integration for a Regulated DC Microgrid

DC-series integration is a new PV-battery integration method that improves a PV-
battery integrated power system’s power density and round-trip efficiency [9]. Besides,
this integration method provides seamless source-configuration capability and a PV
voltage support function for a wide PV MPPT range without a boost converter.

Figure 4.1b shows an equivalent circuit diagram of the DC-series integration sys-
tem connected to a grid-tied inverter. A solar PV string and a battery are directly
connected in series, and these series-connected sources are directly connected to the
DC bus of the inverter in parallel. In order to control the PV current, I,,, and the
battery current, I, independently, a controllable current source is added to the PV-
battery coupling node and injects the compensation current, I.,,y, into the T-node.
The regulation of the compensation current allows controlling the battery current

independently while maintaining the PV maximum power point (MPP) current as

Ibatt - Ipv - Icomp- (41)

The PV current and voltage are determined according to the PV string’s MPP. As
the battery voltage, Viau, is almost constant, the PV voltage, V,,, can be adjusted by

the regulation of the DC bus voltage, Vi pus, as

‘/ZDU + %att = V;lc,bus- (42)

However, this system cannot be directly connected to a regulated DC microgrid—
which can be represented as a fixed voltage source—[13]. Voltages of a PV string

and a battery vary based on the PV MPPT condition and the battery charging and
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discharging condition. Therefore, the DC bus voltage needs to be adjusted according

to these operating conditions, as shown in Figure 4.2a and expressed as

V;ic,bus - V;w + %att- (43)
PV +
String Vi Variable
T _ |comp @ Vdc,bus
aoln +
B tt + Vbatt
attery _I_
| —
Controllable
current source
(a)
Variable +
VOItage Vseries
source .
+
Constant
V
Py va + dc,bus
String —
Icomp
— <
+
Batt | + Vbpatt
attery _l_
1 —_
Controllable

current source

(b)

Figure 4.2: PV-battery DC-series integrations: (a) connected to a controllable DC
bus (a variable DC voltage source) and (b) connected to a fixed DC bus (a constant
DC voltage source)
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To solve this system restriction, adding a variable voltage source, Vs, is proposed
to compensate for the voltage difference between V,, + Vipare and Ve pys, as shown in

Figure 4.2b and expressed as

Vdc,bus = ‘A/;w + %att + ‘7967"1’63- (44)

4.2.2  PV-Battery-Series DC-DC Optimizer

The proposed DC-series integration system needs a power converter working as
both the controllable current source and the variable voltage source.

The PV-battery optimizer working as the controllable current source was developed
in [9], as shown in Figure 4.3a. An isolated and bidirectional DC-DC converter is used
as a PPP converter. The primary side (PS) of the converter is connected across the
PV string. The secondary side (SS) is connected across the battery. According to
PPP, only a portion of the system power is processed through the PPP converter.
The remaining power is transferred directly among the sources and the load. The
rated power of the PV-battery optimizer, P, p, is expressed as

Poptpp = Poo7— — Poar—— (4.5)

where P,, is the PV power, Py is the battery power, and Vg is the intermediate
DC bus voltage.

The variable voltage source can be added to the intermediate DC bus in series
using the series-connected boost unit [10]. This power converter is also used for
solar PV systems [11] and is widely used as an input-parallel-output-series PPP con-
verter in many applications [12|. Figure 4.3b shows the series optimizer boosting
the intermediate DC bus voltage by adding the SS voltage, Vi, s, of the isolated
and bidirectional DC-DC converter. According to PPP, the rated power of the series

optimizer, P,y series, 15 expressed as
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Figure 4.3: Proposed PV-battery-series DC-DC optimizer topology: (a) PV-battery
optimizer, (b) Series optimizer, and (¢) PV-battery-series optimizer
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‘/ch - ‘/dcl

4.6
Vch ( )

Popt,series - (va + Pbatt)

where V.o is the output DC bus voltage.

Lastly, these two optimizers are combined as a single power converter unit work-
ing as both the controllable current source and the variable voltage source. Figure
4.3c shows the proposed interfacing power converter, the PV-battery-series DC-DC
optimizer. A three-port isolated and bidirectional DC-DC converter is used. The
proposed optimizer’s PS and SS are the same as the PV-battery optimizer. The PV-
battery optimizer is stretched out and redrawn. Besides, both the PS and the SS of
the proposed optimizer can work as the PS of the series optimizer since the positive
terminal of the PS of the proposed optimizer is connected to the positive terminal of
the intermediate DC bus, and the negative terminal of the SS of the proposed opti-
mizer is connected to the negative terminal of the intermediate DC bus. Therefore,
the PS of the series optimizer can be omitted, and the SS of the series optimizer can
be combined with the PV-battery optimizer. As a result, the three-port converter can
work as a single unit. The proposed optimizer still has the same PPP loops as the
PV-battery optimizer and the series optimizer have. As the rated power of the series
optimizer is processed through both the PS and the SS of the proposed optimizer,
the power share between them is related to their voltage ratio as

v
v

Popt,pbs,p = L opt,pb + Popt,series (47)
‘/dcl

%att

t,series
Vdcl

Popt,pbs,s - Popt,pb - Pop (48>

where Py pps p and Pyt pps s are the rated power of the PS and the SS of the proposed
optimizer, respectively. The rated power of the tertiary side (TS) of the proposed

optimizer, P,y pbs ¢, 15 the same as the series optimizer’s rated power.
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Popt,pbs,t = Popt,series- (49)

4.2.3  DC Analysis

DC analysis compares the system design parameters, the required rated power of
the power converters, and the system efficiencies between the proposed DC-series
and conventional DC-parallel systems to study the impact and effectiveness of the
proposed PV-battery-series DC-DC optimizer.

The designed PV-battery integrated system is a 3 kW residential DC microgrid. 6
kW PV array (200% oversizing rate), 3 kW battery, and 380 V DC bus are selected as
the design parameters. Table 4.1 lists the designed system parameters. The design is
based on the 3 kW PV inverter’s datasheet data having two 4.8 kWmax MPP trackers
(155-480 Vipp, 10 A,ppp) and showing that the optimal PV voltage is 380 V with the
highest efficiency. In the proposed DC-series integration system, five PV panels are
connected in series per MPP tracker (1.875 kW). With the voltage support from the
battery, the high-voltage requirement of a PV string—to be connected to a high-
voltage DC bus—decreases, and instead, the number of MPP trackers increases. This
voltage support function helps to optimize the PV array’s energy yield by reducing the
partial shading effect. The conventional DC-parallel system has eight PV panels in
series per MPP tracker (3 kW). This DC analysis assumes that a DC-DC converter has
97.5% efficiency at the rated operating condition. Since a three-port isolated converter
topology is used in the proposed optimizer, the efficiency of a full-bridge (FB) module
is estimated as 98.5% based on the assumption that an optimally designed dual-
active-bridge (DAB) DC-DC converter has 97.5% efficiency. Table 4.2 presents the

four system operation cases used for the DC analysis. They are:
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Table 4.1: SYSTEM PARAMETERS

Components Parameters Proposed Conventional
PV panel Part number SPV375-R60JWMG
Open circuit voltage 2075V 332V
Short circuit current 11.46 A 11.46 A
PV String (Single
MPP voltage 1714V 27424V
MPP tracker)
MPP current 10.95 A 10.95 A
Maximum power 1.88 kW 3 kW
# of MPP trackers 3 2
PV array
Maximum power 5.64 kW 6 kW
Battery module Part number BJ DCB105ZKT
Nominal voltage 150 V 150 V
Rated voltage 1615V 1615V
Battery
Rated current 18.6 A 18.6 A
Rated power 3 kW 3 kW
Rated voltage 380 V 380 V
DC bus
Rated power 3 kW 3 kW
Topology DAB DAB or Boost
DC-DC converter | Estimated efficiency | 97.5% (DAB) 97.5%
98.75% (FB)

e Case #1: PV power is the only source providing power to the DC load. 1000
W/m? irradiance is applied. Due to the PV oversizing, PV curtailment control

limits the PV power.

e Case #2: Battery charging command is applied while solar irradiance is 1000
W/m?. PV output power is the maximum (200%). The PV power provides

both the battery charging power and the DC load power.
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e Case #3: Solar irradiance drops to 100 W/m? (10%) while continuing battery
charging. The available PV output power is less than the battery charging

power. The DC bus provides the remaining battery charging power.

e Case #4: Battery discharging command is applied when the PV power is not
available. Solar irradiance is 100 W/m? (10%). The battery provides the DC

load. Due to the DC power limit (3 kW), PV curtailment control limits the PV

power.
Table 4.2: SYSTEM OPERATION CASES

# PV Battery DC

1 | Curtailment - 100% irradiance (3 kW) Idle (0 kW) Load (3 kW)

2 MPPT - 100% irradiance (6 kW) Charging (-3 kW) Load (3 kW)

3 MPPT - 10% irradiance (0.6 kW) Charging (-3 kW) | Source (-2.4 kW)

4 Idle (0 kW) Discharging (3 kW) Load (3 kW)

Table 4.3 presents the comparison results between the proposed and conventional
PV-battery integration systems. Because of PPP, the rated power of the proposed
optimizer is 46.4% less than the rated power of the power converters used in the
conventional system. As a result, a 2.8% improvement in round-trip efficiency is
achieved. The round-trip is from PV to battery and from battery to DC bus. In
addition, the maximum steady-state drain-source voltage of the semiconductor device
is reduced to 207.5 V, which is the PV string’s open-circuit voltage. The proposed
optimizer shares the high DC bus voltage through the three ports with the series

configuration. This reduction can contribute to the optimal converter design.
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Comparison item

Proposed

Conventional

Converter’s rated power

4.45%kW (DAB) + 0.37
kW (FB)

6 kW (PV DC-DC) +
3 kW (Battery DC-
DQC)

Semiconductor devices’

rated drain-source voltage

2075V

380 V

PV string’s maximum open

207.5 V (5 series pan-

332 V (8 series panels)

battery-load)

circuit voltage els)
Case 1 0.988 0.975
Case 2 0.980 0.963
Efficiency Case 3 0.984 0.970
Case 4 0.986 0.975
Round-trip (PV- 0.966 0.938

4.3

Converter Circuit and Design

The converter circuit of the proposed PV-battery-series DC-DC optimizer is pre-

sented in Figure 4.4. A TAB DC-DC converter—having three FB modules, a three-

port HF transformer, and three leakage inductors—is used. The PS FB module is

connected to the PV side, the SS FB module is connected to the battery side, and

the TS FB module is connected to the series voltage side. The PS and SS FB mod-

ules work as a controllable current source regulating the compensation current at the

T-node. The TS FB module works as a variable voltage source compensating for the

voltage difference between the DC-series node and the DC bus. Passive components—

including filter capacitors and HF ripple attenuation inductors—are also designed.
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Figure 4.4: Proposed PV-battery-series DC-DC optimizer circuit.

4.3.1  HF Three-port Transformer

First, the HF transformer turn ratios are calculated.

— ‘/t7mp
‘/177mp

S %Jﬂp S ‘/;37mp
nps - V. anpt - V. 7ntp
s,mp t,mp
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(4.10)

where V,, 1mp, Vsmp, and Vi, are the PS, SS, and T'S DC voltages under the maximum

power condition. n,s and n, are the transformer turn ratios of the PS to the SS and

the PS to the TS, respectively. ny, is the turn ratio of the TS to the PS. The maximum
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power condition is where the PV is in MPP, the battery is being charged with full
power, and the system provides DC full load.

Next, the three leakage inductances, L, Lizs, and Ly, are calculated. The
leakage inductance is an important parameter determining the amount of maximum
power transferred through the transformer. The leakage inductances are calculated
from the transformer power equation [14] under the maximum power condition. It is

assumed that the magnetizing current is negligible.

P — nPSVZD,mPV;ymPASOP&mp(l B A‘PP&"”p)
P 2fs(le,p + npslek,s)

(4.11)

nps‘/;?,mp%,mpAgpps,mp(l B A(pps,mp)
QfSPps,maz

le,p + npSQle,s = (412)

Tt Vp,mp Vemp Aot mp(1 — Awpt,mp)

Pt maz = 4.13
o 2fs(Lukp + npt®> Liget) (4.13)

npt‘/zmmp‘/;,mpAcppt,mP(l B A@pt,mp) (4.14)
2fstt,mar

2
Lijp 4 npt" Ly =

where f, is the TAB switching frequency, and Py yqp and Py e, are the maximum
power transferred from the PS to the SS and the PS to the TS, respectively. Agpsmp
and Agpsmp are the phase-shift modulations between the PS and the SS and between
the PS and the TS, respectively. These phase-shift modulations are calculated as

A Spps,mp _ Sppt,mp (4 15)

wps,mp — » Hopt,mp = T

where, @ps mp and ©ps 1y are the phase angles between the PS and the SS and between
the PS and the TS, respectively. In the maximum power condition, the maximum

phase angle, 7/2, is considered.
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4.3.2  Filter Capacitors

Filter capacitors, C), Cs, and Cy, are designed to decouple the double-switching-
frequency current ripple from the FB module output currents, I,, I;, and I;. We
calculated the capacitor peak current obtained from the transformer peak current
and the FB DC average current to calculate the required filter capacitance.

Figure 4.5a shows the PS transformer and filter capacitor current waveforms under
the maximum double-switching-frequency current ripple condition where the maxi-
mum power is processed through the PS FB module. During the first two intervals,
to-t1 and t;-t9, the transformer current, I;,,, increases and reaches its peak value.
The average of these two transformer current variations, Al mp1 and Aly p, mpe, iS
the peak value of the transformer current, I, mp2. It is assumed that the trans-
former current is balanced. The PS transformer current variations and peak can be

calculated as

(Vpymp + Tps Vs mp) Agps,m
ALy = —2 gl i 4.16
fripmpl 2fs(le,p + npSZle,s> ( )

(Vpmp — TpsVemp) (1 — Agpsmp)
ALy mpe = : : il 4.17
tripmp2 2f8(le,p + npSQle,s) ( )
YA P Al

]tr,p,me = {pmpl _g [rp.mp? (4.18)

The PS FB DC average current is
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Figure 4.5: TAB transformer voltage and current waveforms (top) and filter capacitor

current waveforms (bottom): (a) the PS and (b) the TS.
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P
I — —psmaz (4.19)

p,mp,avg — \%
p,mp

The PS capacitor peak current can be calculated by adding the FB DC average
current to the transformer peak current. Then, the positive capacitor charge triangle
in Figure 4.5a can be used to calculate the filter capacitance with the desired DC

voltage ripple ratio, Ag,, as

(Itrp mp2 + [p mp avg)Agops mp
C,=0Cs= = = . 4.20
g 4fs‘/;),mpAdv ( )

The same capacitance can be selected for the SS filter capacitor since the magnitudes
of the capacitor voltage and the capacitor current ripple are similar to those of the
PS filter capacitor.

Figure 4.5b shows the TS transformer and filter capacitor current waveforms under
the zero-power condition. Under the zero-power condition, the highest TS double-
switching-frequency current ripple appears because the highest voltage is applied to
the leakage inductance. The TS DC voltage is the minimum, and the PS DC voltage
is the maximum—PV open-circuit voltage. During the first two intervals, to-t5, the
transformer current, I, decreases and reaches its negative peak value. The half
of this transformer current variation, Al .,, is the peak value of the transformer
current, Iy .p0. It is assumed that the transformer current is balanced. The TS

transformer current variations and peak can be calculated as

(Vizp — upVp 2p) D

ALyt oy = 4.21

frbep Js(Likt + nup®Lig p) (421)
JAV PR

Itr,t,po - t27t’ b (422)

where V,, ., and V, ., is the PS and T'S DC voltages under the zero-power condition. D
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is the duty cycle ratio of the PWM signal. The TS FB DC average current is zero in
the zero-power condition. The capacitor peak current is the same as the transformer
peak current. The positive capacitor charge triangle in Figure 4.5b can be used to

calculate the filter capacitance with the desired DC voltage ripple ratio, Ag,, as

[tr,t,poD

Oy = b0
' 4fs%,mpAdv

(4.23)

Vimp 1s used to select the maximum allowable DC voltage ripple in the TS.
4.3.3  HF Ripple Attenuation Inductors

A filter capacitor cannot decouple an HF current ripple properly when connected to
an ideal voltage source in parallel. Although the filter capacitor has a low impedance
in a certain frequency range, an ideal voltage source has zero impedance in all fre-
quency ranges. Therefore, most of the HF current ripple still flows through the battery
and the DC bus that have low impedance.

HF ripple attenuation inductors, Leomp and Lgc pys, are designed to force the cur-
rent ripple to flow through the filter capacitors. Figure 4.6a shows an equivalent LC
impedance circuit with an HF current source and an ideal voltage source. The induc-
tor adds the impedance, Z;,, to the voltage source loop so most of the HF current, Iy,
can flow through the capacitor impedance, Zs. The current divider circuit equations
are derived below:

VA Zc

Io=—"t 5,1, =—2% 7 4.24
C ZL+ZChL ZL+ZCh ( )

where I is the capacitor current, and [, is the inductor current. With the HF ripple

attenuation ratio, Auuen, the required inductance can be calculated as

Iy, 1

— = 4.25
]h 1 +wh2LC ( )

Aatten =
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Figure 4.6: HF ripple attenuation inductors: (a) an equivalent LC impedance cir-
cuit and (b) implemented HF ripple attenuation inductors in the PV-battery-series
optimizer.

1 1
Lcomp,p - (Aatten - 1) thCp (426)
1 1
Lcomp,s = (Aatten - 1) (th2CS (427)
1 1
L = —1) —— 4.2
de,bus (Aatten > wh20t ( 8)
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where wy, is the angular frequency of the HF current, and Lecomp ps Leomp,s; and Le pus,
are the HF ripple attenuation inductors against the PS, SS, and TS filter capacitors,
respectively. The locations of these three inductors and HF current flows are illus-
trated in Figure 4.6b. Since V), and V. are connected in series, Leompp and Leomp. s

are connected in parallel. Therefore, these two inductors can be combined as

Lcom Lcom S
L B _oomp, (4.29)

comp —

Lcomp,p + Lcomp,s

Lcomp 1s the total inductance of the combination of Leompp, and Leomp,s-
4.3.4  PV-Battery-Series Optimizer Design Parameters

Table 4.4 lists converter design parameters calculated by using the equations de-
rived above and the system parameters listed in Table 4.1-Table 4.3. As an example
of the converter design, a 1.5 kW PV-battery-series optimizer working as a 2 kW PV
MPP tracker, a 1 kW BES system, and a 1 kW DC power supply is designed. The
1.5 kW optimizer rated power is selected based on the 4.5 kW converter’s rated power
calculated for a 6 kW /3 kW PV /battery system having three-MPP trackers, listed in
Table 4.3.

The PS and SS FB modules’” maximum power selected to calculate the leakage
inductance is 2 kW-—1.33 times of their 1.5 kW rated power. The TS FB module’s
maximum power selected is 0.2 kW—1.67 times of its 0.12 kW rated power. This
maximum power sizing ensures that the phase-shift modulations do not exceed 0.5
(the absolute maximum level) in the entire system operating range. 20 kHz converter
switching frequency is selected. A different switching frequency can be selected for
an optimal converter design. 5% of the desired DC voltage ripple ratio and 1% of the

HF ripple attenuation ratio are considered for selecting the passive components.



76
Table 4.4: CONVERTER DESIGN PARAMETERS

Parameters Value
Vomp 1714V (Voo mpp)
Vimp 161.7 V (Voast,rated)
Vimp 46.9 V
Vo.2p 207.5 V (Vpu.oc)
Vizp 108 V
Nps 1

Nt (M) 3 (0.33)
Ps maz 2 kW
Pyt maz 0.2 kW
fs 20 kHz
D 0.5
Avps,mp & Avpt,mp 0.5
Aaw 0.05 (5%)
Aatten 0.01 (1%)

Ligp & Ly s 43 uH
L+ 79 uH
Lcomp 30 uH

Lc.pus 60 uH
C, & Cs & C 25 uF

4.4  Closed-Loop Control and Simulation Results
4.4.1  Closed-Loop Control

The closed-loop control shown in Figure 4.7 is developed to control the proposed

DC-series PV-battery integration system to be in the desired operating states.
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Figure 4.7: SPS PWM based closed-loop control including PV MPPT-plus-
Curtailment control, and battery charging and discharging power control.

Single-Phase-Shift (SPS) control—the simplest and most widely used control method
for a DAB DC-DC converter [15]—generates PWM signals for the corresponding
semiconductor switches in the three FB modules. The SPS control only uses the
phase-shift modulation to regulate the power transmission in the HF AC power net-
work. The base PWM duty cycle ratios, D,, Dy, and Dy, are 0.5. Complimentary
PWM signals are applied to two diagonal switch pairs in a FB module to generate an
HF square-wave AC voltage. The two phase-shift modulations, A,,s and A, refer-
enced to the zero phase-angle of the PS FB square-wave voltage shift the square-wave
voltages of the SS and TS FBs.

PV MPPT-plus-Curtailment control is implemented to automatically generate the
maximum output power from the PV string and limit the PV output power if the
available PV power is more than the sum of the DC load and the battery charging
power. A conventional P&O MPPT algorithm is implemented. The curtailment
control keeps increasing (perturbation) the PV voltage reference obtained from the

P&O MPPT algorithm to move the PV operating point to the right side of the MPP
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in the P-V curve if the DC load is higher than the maximum supply power [16], in this
case, 1 kW output power. The final PV voltage reference, V), ,¢f, is used to calculate

the series voltage reference, Viepies ref, as

Vvseries,ref = V;lc,bus - ‘/pv,ref - %att- (430)

A PI compensator generates the phase-shift modulation between the PS and TS
square-wave voltages to control the magnitude of the series voltage.

Battery power control is implemented to regulate the battery charging and dis-
charging current. A PI compensator generates the phase-shift modulation between
the PS and SS square-wave voltages to control the magnitude of the battery current
according to the battery current reference, Iy o f, calculated by dividing the battery
power reference, Pparep, Dy the battery voltage. A ramp function is applied to the

battery power reference for the smooth transitions.
4.4.2  Simulation Results

A MATLAB Simulink simulation model—including the proposed PV-battery-series
DC-DC optimizer and its closed-loop control—has been built and run to verify the
operating and design principles and the control performance. The converter design
parameter values presented in Section III.D are used in this simulation model: a 1.5
kW PV-battery-series optimizer working as a 2 kW PV MPP tracker, a 1 kW BES
system, and a 1 kW DC power supply. As the system has been scaled down to a
2 kW/1 kW PV /battery system with a single MPP tracker, the parameter values
presented in Table 4.1 are updated.

Figure 4.8 illustrates the simulation results of the four system operation cases
presented in Section II.C and Table 4.2. Figure 4.8a shows the DC-series integration
system’s powers, currents, and voltages. Figure 4.8b shows the PV-battery-series

optimizer’s powers, currents, and phase-shift modulations.
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Figure 4.8: Simulation results: (a) system power, current, and voltage waveforms and
(b) optimizer power, current, and phase-shift modulation waveforms.

e Case #1 (10-40 ms): The PV MPPT control started at 10 ms. The PV voltage

decreased from 207 V to 198 V as the series voltage increased from 11.5 V

to 20.5 V. To maintain the battery current as 0 A, the compensation current

increased from 0 A to 5.1 A, equal to the magnitude of the PV current. Once

the DC power reached 1 kW, the curtailment control became active and limit

the PV power to 1 kW. Therefore, the PV operating point stayed around 198

V/5.1 A. The powers processed through the optimizer were 0.48 kW (PS), -0.43

kW (SS), and -0.05 kW (TS). The phase-shift modulations increased from 0.00

to 0.05 (PS-SS) and 0.20 (PS-TS) to process these powers.

e Case #2 (40-90 ms): The battery full power (1 kW) charging started at 40

ms. The battery current became -6.2 A at 50 ms. As the DC power decreased
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because of the battery charging, the PV curtailment control became inactive,
and the PV MPPT control increased the series voltage from 20.5V to 47.5 V.
As a result, the PV voltage decreased to 171 V that is corresponding to the
PV maximum output power, 1.9 kW. The compensation current increased from
5.1 A to 17 A to maintain the 6.2 A battery charging current. The 0.9 kW
remaining PV power was converted to the DC power. The powers processed
through the optimizer are 1.5 kW (PS), -1.4 kW (SS), and -0.11 kW (TS). The
phase-shift modulations increased to 0.23 (PS-SS) and 0.30 (PS-TS) to process

these powers.

Case #3 (90-120 ms): Solar irradiance dropped to 100 W/m? (10%) at 90 ms.
As a result, the PV power decreased to 0.2 kW, and the PV current decreased
to 1.1 A. The compensation current decreased to 7.3 A to maintain the 6.2 A
battery charging current. As the PV power was less than the battery charging
power, the DC bus provided the remaining 0.8 kW to the battery. The powers
processed through the optimizer are 0.5 kW (PS), -0.65 kW (SS), and 0.13 kW
(TS). The phase-shift modulations increased to 0.09 (PS-SS) and -0.12 (PS-TS)

to process these powers.

Case #4 (120-180 ms): The battery full power (1 kW) discharging started at
120 ms. The battery current became 6.2 A at 130 ms. As the sum of the PV
power and the battery power became more than 1 kW, the PV curtailment
control became active and limit the PV output power to 0 kW. As a result, the
PV voltage went up to 187 V as the series voltage decreased to 31.5 V. The
compensation current decreased to -6.2 A. The powers processed through the
optimizer are -0.48 kW (PS), 0.56 kW (SS), and -0.08 kW (TS). The phase-
shift modulations increased to -0.07 (PS-SS) and 0.15 (PS-TS) to process these

powers.
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Figure 4.9 illustrates the voltage and the current waveforms of the transformer, FB
modules’ DC output, filter capacitors, HF ripple attenuation inductors to verify the
converter design, especially the selection of the passive components. It is shown that
the selected values are effective and suitable. The expected maximum leakage inductor
currents, 26 A,r_pr (PS) and 15 Ay, (T'S), were generated under the maximum and
zero power conditions. The filter capacitors and the HF ripple attenuation inductors
can decouple the double-switching-frequency current ripple successfully, resulting in

almost ripple-free DC currents, 2.9 mA ripple in .oy, and 0.1 A ripple in I pys.
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Figure 4.9: Simulation results: Effect of transformer leakage inductors, filter capaci-
tors, HF ripple attenuation inductors: (a) the PS and (b) the TS.
4.5  Experimental Results
4.5.1 Hardware Prototype and Experimental Setup

A 400 W hardware prototype has been built to demonstrate the feasibility and

the effectiveness of the proposed PV-battery DC-series integration system and the
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PV-battery-series DC-DC optimizer. Figure 4.10 shows the built hardware proto-
type. Three FB daughterboards with four SiC semiconductor devices and their gate
driving circuits are installed on the motherboard—from the left, the SS, PS, and
TS FB modules. The motherboard has multiple bushing terminals for power circuit
configuration, voltage and current sensing circuits for closed-loop control and a TI
DSP microcontroller for the digital control interface. A three-port HF transformer,
three external leakage inductors, three filter capacitors, two HF ripple attenuation
inductors are connected to the power bushing terminals to construct the proposed
converter circuit topology illustrated in Figure 4.4. The system parameters are re-
calculated as listed in Table 4.5. This prototype system is designed for 170 W DC
power supply system having a 340 W PV source, a 170 W BES, and a 170 W DC
bus. The TI DSP microcontroller board, LAUNCHXL-F28379D, is mounted on the
motherboard to provide the phase-shifted PWM signals to the three FB modules and
build the closed-loop control system. For this prototype, only the SPS PWM con-
trol, the battery current control, and the series voltage control are implemented to
show the transient responses to the step changes of the control references. Thus, the
PV MPPT-plus-Curtailment control and the battery current ramp function are not
implemented here. AMETEK TerraSAS ETS150 Photovoltaic Simulator, a 50 V DC
power supply parallel with a DC electric load, and a 130 V DC power supply parallel
with a DC electric load are used to emulate the PV array, the BES, and the regulated

DC bus, respectively, as shown in Figure 4.11.
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Figure 4.10: Hardware prototype of the proposed system.
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Table 4.5: CONVERTER PROTOTYPE PARAMETERS

Parameters Value

Vv oc 75.6 V

Lpoose 5.6 A

PV Vv mpp 62.2 V
A 5.4 A

Py mpp 339 W

Viatt 50.0 V

Battery Tvatt maz 3.4 A
Pyt maz 170 W

Vie,bus 13.0V

DC bus Lic bus,maz 1.3 A
Pic.bus,maz 170 W

FB Converter fs 20 kHz

Turn ratio | 3:3:1 (P:S:T)
Transformer Ligp & Ly 23.6 uH
Ly 21.7 uH
Filter Cap. Cp, & Cs & Cy 58 uF
Leomp 15.6 ull
HF A. Inductor

Lacbus 30.1 uH

4.5.2  Experimental Results

Figure 4.12 presents the oscilloscope captures of the voltage and current waveforms
of the proposed DC-series integration system under the four operation cases described
in Section II.C and Table 4.2. Instead of decreasing the solar irradiance in Case #3,
we increased the PV voltage to reduce the PV output power by reducing the series

voltage control reference. The series voltage control reference and the battery current
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control reference applied for Case #1-4 are 6.91 V & 0 A, 1558 V & -3.4 A, 4.90
V & -34 A, and 4.90 V & 3.4 A, respectively. The operating status in each case
is summarized in Table 4.6. The steady-state results show the system operating

behavior aligned with the simulation results described in Section IV.B.

= 1 250V 2 25.00 3 25.04¢ 26.00F 20.00ms/  46.00ms Stop
Vdc
Vo
Vbatt
j VSEVI’IE‘S Fr‘;— ‘\\-._
Case #1 Case #2 Case #3 Case #4

[E] 500 260A/ B00 280A/ 5000 2504/ 2504/ 2000ms/  61.80ms Stop

)l
4
ﬂ

| batt

Case #1 Case #2 Case #3 Case #4

(b)

Figure 4.12: Experimental results: (a) system voltage waveforms and (b) system
current waveforms.
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Table 4.6: EXPERIMETNAL RESULTS: VOLTAGE, CURRENT, POWER, EFFI-
CIENCY OF THE PROTOTYPE SYSTEM AND CONVERTER

Cases 1 | Cases 2 | Cases 3 | Cases 4
Viw 737V | 650V | 755V 6V
PV I, 23 A 53 A 0.5 A 0A
P, 1IT0W | 345 W | 38 W 0w
Viatt 504V | 50.6 V | 50.6 V | 50.2V
Battery Tyare 00A | -33A | -34A | 34A
Pratt OW | -167TW | -172 W | 171 W
Ve bus 1304V | 1304V | 130.2 V | 1304 V
DC bus | Luepus 11A | 10A | -13A | 09A
Py pus 143 W | 130 W | -169 W | 117 W
Vi avg 733V | 645V | 75.0V | 755V
FB (P) I avg -12A | 43A | -18A 1.0 A
P, avg S88W | 2TTW | -135 W | T6 W
Vs avg 500V | 50.2V | 502V | 498V
FB (S) Iy avg 1A | 44A | 21A | 25A
P qug 55 W | 221 W | 106 W | -125 W
Viavg 6.3V | 149V | 42V 4.3V
FB (T) I g 1.1 A 1.1TA | -1.3A 1.0 A
P, qvg TW 16 W -5 W 4 W
System Efficiency 0.841 0.861 0.831 0.684
Converter Efficiency | 0.705 0.856 0.75 0.64

The transient-state results show the system control response. Battery current over-
shoots are observed during the transitions when the direction of the dc bus current

changes. This overshoot is caused by the sudden inversion of the phase-shift mod-
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ulation between the PS and the TS to switch the power flow direction on the DC
bus quickly. Therefore, the phase-shift modulation between the PS and the SS must
also be adjusted to change the power processed through the SS FB module. For
example, in Case #2, the SS FB module was processing 221 W while the battery
charging current was 3.3 A. In Case #3, although the battery charging current was
unchanged, the power processed through the SS FB module was decreased to 105 W.
This change needs to be made by the battery current controller. Due to this inter-
action, the system control references need to be changed slowly to avoid unwanted
current overshoots. This overshoot issue will not be a concern in the PV-battery
integration system because the control references of PV and battery systems are not
likely to be changed fast. The solar irradiance and temperature change slowly. The
battery current ramp rate is limited.

Figure 4.13 shows the TS current waveforms of the HF transformer, FB DC output,
filter capacitor, and HF ripple attenuation inductor under the zero-power condition.
This result demonstrates the effectiveness of the filter design presented in Section III.
The filter capacitor can decouple the HF current ripple with the help of the HF ripple
attenuation inductor. Unlike the simulation, resonant current ripple is observed in
the HF current ripple. This resonant current ripple is caused by the interaction of
a parasitic loop inductance with the filter capacitor and the decoupling capacitor on
the FB module. Although the magnitude of the resonance ripple current is big, it is
observed only in the resonance network. This resonant current ripple can be reduced
by reducing the loop inductance with optimal layout design between the FB module

and the filter network.
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Figure 4.13: Experimental results: Effect of transformer leakage inductors, filter
capacitors, HF ripple attenuation inductors in the TS.

Table 4.6 also presents the calculated system and converter efficiencies. Since the
prototype is not optimally designed, the measured converter efficiency is low: it varies
between 0.640-0.856. However, the final system efficiency is improved because of the

PPP, 0.684-0.861.
4.6  Conclusion

This chapter presented a modified PV-battery DC-series integration system avail-
able for a regulated DC microgrid application and its interfacing power electronics
converter called PV-battery-series DC-DC optimizer. The proposed DC-series inte-
gration system adds a variable voltage source to the PV-battery DC-series loop to
compensate for the voltage difference between the DC bus and the PV and battery
energy sources. The PV-battery series DC-DC optimizer composed of a TAB DC-DC

converter is developed to work as a controllable current source regulating the com-
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pensation current and a variable voltage source regulating the series voltage. The
TAB DC-DC converter topology enables interfacing three different DC sources in a
single power conversion stage and PPP to improve system efficiency. The proposed
system also reduces the voltage requirements for a PV array and a battery to be con-
nected to a high-voltage DC bus. With PPP, the proposed system can use an almost
50%-rated power converter to handle 200% rated PV source, 100% rated BES, and
100% rated DC bus. In addition, the proposed system can improve the round-trip
efficiency of the PV-battery integration system. These contributions can finally result
in a smaller and cheaper solar-plus-storage system that makes higher revenue. This
chapter details the design process of the converter circuit. Besides, it presents the
closed-loop control and its simulation results and demonstrates the proposed system’s
feasibility and effectiveness through the experimental results using the built hardware

prototype.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

5.1  Conclusion

This dissertation presented new PV-battery integration methods and series opti-
mizers for residential solar-plus-storage systems. The novel approach of the proposed
PV-battery integration methods was based on the series connections of the PV and
battery modules in the AC and DC power buses: the PV-battery series integration.
The PV-battery series integration reduced the high-voltage system integration re-
quirement that results in higher system cost and size and lower energy efficiency in
conventional parallel integration systems. Two PV-battery series integration meth-
ods were proposed in this research: AC-series integration and DC-series integration.
Besides, three PV-battery series optimizers—the BES decentralized modular DC-
AC inverter, the PV-battery DC-DC optimizer, and the PV-battery-series DC-DC
optimizer—were proposed to control the power flow in the proposed series integra-
tion systems.

This research proposed and investigated the PV-battery AC-stacked inverter archi-
tecture based on the AC-series integration method. The AC-stacked inverter archi-
tecture allows combining a BES inverter module without the requirements mentioned
above since PV inverter modules already support the AC grid voltage requirements
for the grid connection. However, this system’s BES power rating and applications
are restricted because of the interactions among the inverter members during high-
power battery charging and asymmetrical PV operating conditions. The operating
margin analysis verified the interactive operation between PV and ESS inverters and
identified the acceptable operating range. Due to the operation constraints, this sys-

tem is suitable for mitigating sudden PV power fluctuations, such as PV ramp-rate
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control. The decentralized PV ramp-rate control was developed, and the system’s
capability to reduce the PV ramp rate was verified.

The DC-series integration was proposed for the direct integration of a PV array
and a BES. With this direct integration, this system provides PV-battery voltage sup-
port and improves system efficiency with a PPP converter—the PV-battery DC-DC
optimizer. The proposed optimizer was initially designed to work as a controllable
current source regulating the compensation current to control the PV and battery
currents separately. It also makes a high-efficient direct-power-processing loop result-
ing in the reduction of the rated power of the DC-DC converter. As the PV-battery
series network is directly connected to the DC bus in parallel, the system cannot be
connected to a regulated DC bus such as a DC microgrid.

To solve this issue, the modified DC-series integration method—which inserts a
variable voltage source to compensate for the voltage difference with the regulated DC
bus—and the PV-battery-series DC-DC optimizer—a single-stage power converter
working as both a controllable voltage source and a variable voltage source—were
proposed. The hardware prototype composed of a TAB converter was developed, and
the operating principle was verified, for the first time. The feasibility and effectiveness
of the proposed PV-battery integration methods, the operating and control principles
of the proposed PV-battery series optimizers were verified through DC analysis, off-

line simulation, real-time CHIL simulation, and experimental results.
5.2 Future Work

This work mainly focused on the proof of concept of the newly proposed PV-battery
series integration systems. Although the hardware prototype of the PV-battery-
series DC-DC optimizer was developed, the prototype was not optimally designed. In
this research, the open and reconfigurable hardware structure was preferred over the
condensed and optimized hardware design because many design revisions and trou-

bleshooting were expected in the proof-of-concept process. System optimization and
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more realistic case studies can be future work. Moreover, the significant impact of
the parasitic components in the filter network was observed during the experiments.
Also, power loss on the passive components was another concern for hardware proto-
typing. These practical issues can be handled in the future to show the contributions
of the proposed system more effectively. It was also observed that there is control
interactions at the series integration coupling nodes. These interactions need to be
analyzed to verify the system control stability. In the end, the proposed PV-battery
series integration systems are not isolated to the electric grid. In some applications,
isolation is mandatory. Further research to develop an isolated PV-battery series

integration system needs to be conducted.
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Control and Operating Range Analysis of an AC-Stacked PV
Inverter Architecture Integrated With a Battery

Namwon Kim

Abstract—This letter presents a control scheme to op-
erate a battery-integrated ac-stacked photovoltaic (PV) in-
verter architecture and its operating range analysis. The main
operation strategy is the combination of decentralized controls of
individual inverter members; PV and battery. In ac-series integra-
tion, battery charging and discharging operations affect operating
margins of the PV inverter members. The interactive operation
needs to be analyzed to identify the system operating range un-
der different conditions. A ramp-rate control, which mitigates
PV output variations and improves grid stability, is a suitable
application for the PV-battery ac-stacked inverter architecture
utilizing a panel-level modular inverter design. In this letter, de-
centralized ramp-rate control is proposed and demonstrated to
analyze the system operating range. The detailed system control
and analysis are performed through controller hardware-in-the-
loop testing.

Index Terms—AC-stacked PV inverter, battery integration, de-
centralized ramp-rate control, operating range analysis.

1. INTRODUCTION

HE ac-stacked photovoltaic (PV) inverter architecture is
T a panel-level cascaded modular inverter topology suit-
able for single-phase grid-tied PV applications [1], [2]. High-
frequency and low-voltage PV inverter members are stacked
in series to satisfy the ac voltage for grid connection and ex-
tract maximum output power from individual PV panels. To
maximize the architecture’s effectiveness, each building block
is controlled independently without communications among
themselves and with minimum handshaking with the super-
visory control center for grid synchronization [2]. Its tangible
advantages and capabilities with smart inverter functions are
verified through laboratory experiments, controller hardware-
in-the-loop (CHIL) testing, and site demonstration in [2]—[7].

In PV applications, integration of a battery into a PV gener-
ation system has received significant attention because of the
intermittent nature of solar energy sources [8]-[10]. In most

Manuscript received December 21, 2017; revised February 1, 2018 and April
5, 2018; accepted April 11, 2018. Date of publication April 23, 2018; date of
current version September 28, 2018. (Corresponding author: Namwon Kim.)

The authors are with the Electrical and Computer Engineering Depart-
ment, Energy Production and Infrastructure Center, University of North Car-
olina at Charlotte, Charlotte, NC 28223 USA (e-mail: nkim22@uncc.edu;
bparkhideh @uncc.edu).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2829719

, Student Member, IEEE, and Babak Parkhideh

, Senior Member, IEEE

of the state-of-the-art battery integration methods, legacy PV
power electronics systems [11] are used to configure different
integration topologies; 1) ac-parallel [12], [13], 2) dc-parallel
[14]-[16], and 3) in-line [17]-[19] integrations. In these inte-
gration methods, voltage-amplification power electronics stages
or high-voltage battery are required to cope with high dc input
voltage requirement of a dc—ac inverter. On the other hand, the
ac-stacked PV inverter architecture can integrate a battery with-
out the high voltage requirement by adopting ac-series configu-
ration [20], [21]. Besides, system optimization can be achieved
by adding a battery inverter unit into the termination box, which
has already been applied to the ac-stacked PV inverter architec-
ture for protection, phase-locked loop, and communication with
the supervisory control center [2], [3].

This letter investigates control scheme and operation charac-
teristics of the PV-battery ac-stacked inverter architecture. In this
architecture, modular inverter members are cooperating to main-
tain grid connection and control the ac string power. Therefore,
this cooperation introduces interactive operations among the in-
verter members when the system operating condition varies.
Since the interactive operation creates duty cycle changes in the
dc—ac inverters, analysis of the inverter members’ interaction is
required to clarify the operating range of the architecture with
battery charging and discharging operation.

Due to the battery charging and discharging limitations
caused by the interaction, a ramp-rate control (RRC) is a suit-
able application for the PV-battery ac-stacked inverter archi-
tecture utilizing a panel-level modular inverter design. A RRC
mitigates fast-changing, high ramp-rate, PV output variations
and regulates the desired ramp-rate of the PV output by con-
trolling the battery charging and discharging current [22]-[25].
Grid stability issues such as voltage and frequency fluctuations
caused by high penetration of PV generation in especially weak
distribution network can be improved by lowering the PV out-
put ramp-rate. In this letter, the decentralized ramp-rate control
(DRRC) using the differentiation of the ac string current as
an indicator of PV output variations is proposed to realize the
decentralized control environment and minimize the communi-
cation requirements between the inverter members [21]. Since
the inverter members are connected in series, the differentiation
of the ac string current represents both PV and battery output
variations when the battery is charged or discharged. Therefore,
new criteria to distinguish PV output variations and create the

0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. PV-battery ac-stacked inverter architecture and control diagram.
proper amount of the battery current reference for the DRRC are
presented. The control performance of the DRRC and the inter-
active operation among the inverter members with PV and bat-
tery output variations are demonstrated through CHIL testing.

II. PV-BATTERY AC-STACKED INVERTER ARCHITECTURE
A. Proposed PV-Battery AC-Stacked Inverter Architecture

The proposed PV-battery ac-stacked inverter architecture is
composed of three different types of modular inverters: 1) cur-
rent administrator voltage compensator (CAVC), 2) voltage
mode members (VMM), and 3) energy storage system (ESS).
By stacking or connecting a group of PV inverters in series,
the architecture can support the ac grid voltage requirement for
grid connection with low-voltage semiconductor devices. Fig. 1
presents the ac-series configuration and the control diagram of
the three different types of modular inverters. A CAVC controls
its dc input voltage Vpy; with a closed-loop PI controller. A
maximum power point tracking (MPPT) control generates the
dc input voltage reference to extract the maximum power from
the PV panel. Also, the CAVC is responsible for controlling
the ac string current Iy, With a closed-loop PR controller.
A VMM only controls its dc input voltage Vpy, for the MPPT
control of its PV panel. Multiple VMMs work as voltage buffers
to build up the architecture’s ac output voltage. An ESS con-
trols the battery charging and discharging current Ip,, with a
closed-loop PI controller. The proposed RRC generates the bat-
tery current reference to mitigating PV output variations. Indi-
vidual closed-loop controls generate modulation indices miyy1,
Minya, and myy,y3 to operate individual inverter members, and
the feedforward terms Vi pu, Voo, pu, @and Vs pu are applied
to improve the system control response and lower the impact
of grid disturbances. Details of the RRC strategy are explained
in Section III. Since the PV-battery ac-stacked inverter archi-
tecture provides the decentralized environment in terms of both
physical topology and control, each modular inverter is con-
trolled autonomously by using its local measurements except
for grid-synchronization information.

10033

B. Interactive Operation Between Inverter Members

The main operation principle of the proposed PV-battery ac-
stacked inverter architecture is the combination of the decen-
tralized control algorithm of the individual inverter members
connected in series. In the ac string where the same ac current
Tsiing 1S passing through all the inverter members, the inverters’
output voltages vary based on the inverter output power. Since
the inverters are cooperating to regulate their ac output power
in grid connection, one inverter’s output power variations may
affect others’ ac output voltages corresponding to the invert-
ers’ operating margin. Therefore, the interaction between the
inverters limits the operating range of the architecture.

When asymmetrical irradiance drop is applied to the PV pan-
els, the PV inverter with the low output power decreases its ac
output voltage, and it makes other inverters increase their output
voltage to compensate the ac voltage drop and track individual
maximum power point (MPP), as presented in previous pub-
lications [2], [4]. Likewise, battery charging and discharging
operations force PV inverters’ ac output voltage changes [21].
When battery charging mode is applied to the ESS inverter, the
ESS ac voltage appears to be inverted to have negative power
flow through the ESS. The inverted ESS ac voltage makes the
CAVC and the VMM increase their ac voltages resulting the PV
inverters’ higher modulation indices. Higher modulation index
requests the use of more operating margin for the inverter. If
the amount of the compensated ac voltage is higher than the
PV inverters’ remaining operating margins, the modulation in-
dices reach the maximum amount (1.0), and abnormal operation
such as ac current distortion or losing MPPT occurs because the
inverters have no room to increase their output voltage more.
Different control schemes in the CAVC and the VMM intro-
duce the different abnormal operations, ac current distortion,
and losing MPPT control, since the CAVC utilizes sinusoidal ac
string current information as the feedback signal for the closed-
loop control and the VMM utilizes dc input voltage information.
This interaction is required to be considered to design the re-
liable PV-battery ac-stacked inverter architecture, which has a
wide operating range and provides high-quality ac current.

III. DECENTRALIZED RAMP-RATE CONTROL STRATEGY

In the proposed architecture utilizing a panel-level inverter
design, a RRC, which smooths out PV output variations, is a
suitable application of the battery integration due to the battery
charging and discharging limitations caused by the interaction
addressed in the previous section. In this architecture, the ESS
determines its battery current reference without handshaking
with PV inverters or supervisory control center to achieve de-
centralized control environment. In the proposed DRRC strat-
egy, the ESS utilizes its local ac string current measurement
ismng(t) for detection of PV output variations and battery cur-
rent calculation. The overall mechanism of the DRRC is shown
in Fig. 2(a). The first step is the detection of PV variations with
the differentiation of ac string current, as follows:

distring,avg (tk,) o Z'stringﬂvg (tk) - istring,avg (tk — 1)
dt te —tr 1

(€]
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Fig. 2. Illustration of the DRRC algorithm. (a) Ideal case: without detection
delay. (b) Practical case: with detection delay.

where ;. is the time at the kth instant, ¢,—; is the time at the
(k—1)th instant, igying ave (t) is the rms average of 4gying (¢), and
I ing.ave () is the ac current difference. To ignore small varia-
tions caused by the MPPT control, a dead band d/jiy, is applied,
as follows:

dldelecl
_ d[slring,avg (tdctcct,dmp) ) dIstring,avg (tdctcct,dmp) > dIlimiI
Oa dIstring,avg (tdetcct,dmp) < dIlimit
(@)

where fgeect.drop 19 the moment when PV output variation is
detected, dlgying ave (tdetect.drop) 1S the ac string current difference
at tdetect_drop» ANd dgerecr is the PV output change detected.

The ESS will start to charge or discharge the battery to achieve
the desired ramp-rate of the inverter architecture’s output once
the PV output variation is detected. In the proposed architecture,
a criterion to distinguish the PV output changes from the total ac
string output power is required for the decision of the ESS output
current since the output of the ESS also affects the differentiation
of the ac string current due to the series connection. As shown
in Fig. 2(a), two current references iref py (t) and iref toral (£) are
generated with two different ramp-rates; the detected PV output
ramp-rate d/geec and the desired architecture’s output ramp-rate
dIref 1otal, Tespectively, as follows:

. . Al gerec
treipv (th) = trerpv (tr —1) + detm X Tiep 3)

. ) Al rer
Tref_total (tk) = ref_total (tk — 1) + %mal X Tstep 4)
dlref,lolal = dIdelect X kramp;ale,lolal (5)

where T, is the controller time step and Arump_rae_toal 1S the

ramp-rate gain (0.1-1). By subtracting irer py () from éref total (£),

the battery current reference iy (¢) can be calculated, and its

absolute value |ipa(t)| is increased until the moment of PV out-

put variations stop denoted as tarop_end. After tarop_end, rerpv (t)

is set as constant by forcing dlgetect zero, and |ipy (t)| decreases

constantly until it becomes zero tc_end, as follows:

(iref,total (tk) - Z‘ref,PV (t/v)) X kac to dcs

. tp < tdetecl,drop,end

Ubatt (tk) = . .
('chf,totm (tk) — lref PV (tdctccl,dmp,cnd)) X kac to dcs

tdelect,drop,end <tk < tetlend

(6)
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Fig. 3. CHIL set-up for testing a PV-battery ac-stacked inverter system.

TABLE I
DESIGN PROPERTIES OF THE PV-BATTERY AC-STACKED INVERTER

System specifications

Grid
Voltage | Ve (Viais) I 30
PV panel
MPPT: Power (1000W/m?) Papr (W) 255.10
MPPT: Voltage (1000W/m?) Vaer (V) 3345
MPPT: Current (1000W/m?) Ler (V) 7.63
Battery
Nominal voltage Vanery (V) 22
Capacity Charery (Ah) 20

where kyc (o dc 18 the ac-to-dc current gain and Zgetect_drop_end 18 the
moment when the ESS detects PV output variation stop. The
detection of PV output variation stop is achieved by monitoring
the differentiation of the ac current, as follows:

|ibart (tx )| decreases,

¢ 7&"“"3&?3(“ ) <0, Charging mode o
i .
7d7"““gjf(l’*') >0, Discharging mode.

When PV output variations stop, |in.(t)| continues to in-
crease and the differentiation of the ac current is going to be
zero. Moreover, the direction of the differentiation will be re-
versed unless |ipy(t)| starts to decrease. The reversed direction
of the differentiation can be an indicator of Zgetectdrop.end- Af-
ter tactect.dropends |fbau(t)| decreases to zero (teyiena) and the
proposed DRRC is completed. In Fig. 2(a) and (b), ideal
and practical cases of the DRRC strategy are illustrated. In
Fig. 2(b), each transition of detection sequences such as from
tdmp to tdctcct,drnp and from tdrop,cnd to tdctcct,dmp,cnd reqUireS
the differentiation calculation delay. This sequence delay will
cause the mismatch between the final ramp-rate and the de-
sired ramp-rate, and the small fluctuation of the ac power. The
ramp-rate mismatch error can be reduced by optimizing the
sequence delay.

IV. RESULTS AND DISCUSSIONS

To verity the effectiveness of the proposed architecture and its
DRRC strategy, the CHIL test set-up is built, as shown in Fig. 3
[26]. In this set-up, two PV inverters, a CAVC and a VMM, and
an ESS inverter are constructed. The detail system parameters
are presented in Table I.
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TABLE II
SUMMARY OF CHIL TEST RESULTS: PEAK MODULATION INDICES AND OPERATING MARGIN OF
THE INVERTERS WITH DIFFERENT OPERATING CONDITIONS

10035

Detail conditions Peak ion indices Operating margin
Trradiance level Notin | Current
(W/m?) Battery current | coye | ymMMm | ESS | MPP | Distortion CAVC VMM ESS
CAVC | VMM
1000 1000 - 072 | 067 | 0.03 - 28% 33% 97%
500 1000 - 0.51 0.89 0.03 - - 11% (-22%) -
320 1000 - 039 10 [ 003 - 0% (-33%)
100 1000 - 028 1.0 0.03 “ - 0% (-33%)
1000 500 - 091 046 0.03 - 9% (-19%) -
1000 250 - 1.00 029 0.03 - 0% (-28%) -
1000 100 - 1.00 0.16 0.03 = 0% (-28%) -
500 500 - 0.72 068 | 0.03 18% (0%) 32% (-1%) -
1000 1000 Charging: -4 0.99 0.97 046 1% (-27%) 3% (-30%) 54% (-43%)
1000 1000 Charging: -4.6 1.00 1.00 0.58 - 0% (-28%) 0% (-33%) 42% (-55%)
1000 1000 Charging: -4.8 1.00 1.00 0.64 “ 0% (-28%) 0% (-33%) 36% (-61%)
1000 1000 | Discharging: 13.9 | 065 | 033 | 0.57 35% (+7%) | 67% (+34%) | 33% (-64%)
- s ; ; =

Veave Viss
A Lung

e, EEVA
VAVAY YA

(@) (b)

Fig. 4.

Lting,
//‘\‘VMQA o l /

(©

Interactive operation of the inverters with battery operating conditions; Isying: ac string current, Veayc: CAVC ac voltage, Vymm: VMM ac voltage, and

Vess: ESS ac voltage. (a) Charging mode (4 A). (b) Discharging mode (4 A). (c) Charging mode (4.8 A).

A. Interactive Operation Between PV and ESS Inverters

The CHIL test results of the inverters’ interaction under asym-
metrical PV output variations and battery charging and discharg-
ing are presented in Table II. The minimum irradiance level on
the CAVC where the architecture provides stable operation is
320 W/m?2. Under this condition, the peak modulation index of
the VMM reaches 1.0 by using all operating margin to cover
the CAVC ac voltage drop. Below the minimum irradiance level
(100 W/m?), the architecture cannot perform MPPT control be-
cause the VMM is required to move its operating point to the
right side of the MPP to increase its output voltage. In case of
asymmetrical irradiance drop on the VMM, the minimum irra-
diance level is 250 W/m?. Below the minimum irradiance level
(100 W/m?2), ac current distortion occurs. The PV inverters’
interaction limits the architecture’s operating range.

Battery charging mode limits the architecture’s operating
range, as shown in Fig. 4. When battery current is —4 Ay, the
ESS generates —14.37 Vs ac voltage. The CAVC and the VMM
consume their 96.4% (27%/28% x 100 = 96.4%) and 90.9%
(30%/33% x 100 = 90.9%) of available operating margin, re-
spectively, to compensate the inverted ESS ac voltage. The max-
imum battery charging current is —4.6 Aq4. and the peak modula-
tion indices of the PV inverters reach 1.0 by using all operating
margin. With higher battery charging current than —4.6 A, the
ac current distortion occurs, as shown in Fig. 4(c). Therefore,
the operating range in the battery charging mode is related to
the operating margin of the PV inverters (=28% of CAVC’s and
~33% of VMM’s). If the architecture is extended for 120 V
electrical grid by adding identical PV inverters, the architec-
ture can handle more asymmetrical irradiance drop and battery
charging currents. However, the percentage of available operat-
ing margin is maintained. The PV inverters must be redesigned

with a higher dc input voltage to increase the percentage of
available operating margin.

B. Decentralized Ramp-Rate Control

Table I1I and Fig. 5 present the CHIL test results of the DRRC
under different asymmetrical irradiance changes. In this test, the
0.5 ramp-rate gain kief ora1 is applied. When a CAVC irradiance
drop (1000 W/m?> — 500 W/m?) is applied, the CAVC output
power is decreased by 122.1 W for 2.72 s introducing the PV
output ramp-rate —1.50 Ane/s, as shown in Fig. 5(a). Adopting
the DRRC strategy, the architecture achieves 47% of the PV out-
put ramp-rate —0.70 A,p,s/s by discharging the battery, as shown
in Fig. 5(b). Detecting the ac power changes, the ESS increases
the battery discharging current until the irradiance drop ends.
Detecting the reversed sign of the differentiation of ismng(t),
the ESS decreases the battery discharging current from 1.11 to
0 A. The interaction between inverters is shown in Fig. 5(c).
The CAVC ac voltage is decreased by the CAVC output power
drop. The VMM compensates the CAVC ac voltage drop by
increasing its ac voltage. Also, the ESS participates the com-
pensation of the CAVC voltage drop and reduces a burden on the
VMM slightly during battery discharging operation. When the
CAVC irradiance rise (500 W/m? — 1000 W/m?) is applied,
the PV output ramp-rate 1.61 A,;,,¢/ s is achieved, as shown in
Fig. 5(d). With the DRRC, 49% of the PV output ramp-rate
0.79 A/ s is achieved by charging the battery, as presented in
Fig. 5(e). The maximum battery charging current is 1.51 A. In
this case, the PV inverters increase their ac voltage to compen-
sate the inverted ESS ac voltage, as shown in Fig. 5(f). There-
fore, battery charging operation charges more operating margin
of PV inverters. As illustrated in Fig. 2(b), the ramp-rate mis-
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TABLE III
SUMMARY OF CHIL TEST RESULTS: THE DRRC WITH DIFFERENT OPERATING CONDITIONS
Detail conditions hange: Without DRRC With DRRC -
- " mp-
Modular inverter | Imadiance level (W) | pp | Iy | luw | Time | Ramprae | Time | Ramprae | MAX | ieratio | Yerer
CAVC | VMM | Type | From | To W) | @A) | Ao | e | Ariss) | seo) | (Arwsls) ‘(":‘) (%) imifation
Drop | 1000 | 500 [-122.1 | -46 | 407 [ 272 -1.50 582 -0.70 LIl 47
- Risc | 500 [ 1000 | 1272 [ 46 [ 424 | 264 L6l 534 0.79 151 49
@ | Drop [ 1000 [ 500 | 1272 [ 48 [ 424 | 28 -1.64 586 072 LIl 4
- @ | Rise | 500 [1000 | 1272 [ 46 | 424 | 284 1.49 6.56 0.65 135 4
Drop | 1000 | 500 | 2544 | -92 | 848 | 548 -5 1134 075 223 48
Risc | 500 [ 1000 | 2544 [ 92 [ 848 | 562 151 1174 0.72 23 48 .
E] - Rise | 350 | 1000 [ 1644 | 53 | 548 [ 288 1.90 8.16 0.67 16 35 E]
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match occurs due to the differentiation calculation delays. The
mismatch errors are from 2% (1 — 49%/50% x 100 = 2%) to
12% (1 — 44%/50% x 100 = 12%). Also, small fluctuation of
the ac current is observed.

C. Operating Range of the Decentralized Ramp-Rate Control

Severe asymmetrical irradiance rise (350 Wm? —
1000 W/m?) is applied to the CAVC and the VMM to analyze
the operating range of the DRRC in the proposed architecture,

as shown in Fig. 6. In case of the CAVC irradiance rise,
the ac current distortion occurs in the middle of the slope
where two interactions caused by asymmetrical irradiance
changes and battery charging mode are overlapped at the
same time, as illustrated in Fig. 6(b). Since the detection of
the PV output change stop is delayed due to the ac current
distortion, the DRRC time is extended to 8.16 s resulting 35%
of the PV output ramp-rate. Therefore, the ramp-rate mismatch
error is increased to 30% (1 —35%/50% x 100 = 30%).
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The interaction between inverters is shown in Fig. 6(c). The
CAVC reaches its maximum ac voltage to cover the VMM ac
voltage drop and the inverted ESS ac voltage. In case of the
VMM irradiance rise, the limitation of the ac current occurs
in the middle of the slope due to the overlapped interactions,
as presented in Fig. 6(e). Therefore, the VMM moves its
operating point from the MPP. This results in the PV current
decrease. Since the ac current limitation allows for early
detection of the PV output change stop, the DRRC time is
shortened to 6.16 s resulting 55% of the PV output ramp-rate.
Therefore, the negative ramp-rate mismatch error occurs as
—-10% (1 — 55%/50% x 100 = —10%).

V. CONCLUSION

This letter presented a control scheme for the PV-battery
ac-stacked inverter architecture and its analysis of the system
operating range. The PV and ESS inverters’ interactive oper-
ation and the feasibility of the DRRC were verified through
the CHIL test results. Operation constraints on the constructed
architecture were asymmetrical irradiance drop, 320 W/m? on
the CAVC and 250 W/m? on VMM, and the 4.6 A battery
charging current. Operating margins of inverters are critical in
designing a reliable inverter architecture. A RRC mitigating PV
output variations is a suitable application for the proposed archi-
tecture due to the battery charging and discharging limitations
caused by the interaction. The DRRC can realize the decen-
tralized control environment and minimize the communication
requirements between the inverters. Applying the DRRC, the ar-
chitecture achieved the desired total ac output ramp-rates during
the irradiance changes on PV panels. The overlapped interac-
tions (the asymmetrical irradiance level and battery charging
mode) affected the performance of the DRRC. The ac current
distortion and early detection of the PV output change stop were
observed once the PV inverters use all of their operating mar-
gins. Further improvement can be made by implementing PV
out curtailment control, which can reduce the required amount
of the battery charging current.
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PV-Battery Series Inverter Architecture: A Solar
Inverter for Seamless Battery Integration With
Partial-Power DC-DC Optimizer

Namwon Kim

Abstract—This paper presents system architecture and control
scheme of a photovoltaic (PV) string inverter allowing seamless
battery integration with the dc-series integration method. The ar-
chitecture uses the partial-power processing universal dc—dc op-
timizer to have flexible power control by regulating the T-node
compensation current. The universal optimizer is configured with
a dual active bridge dc—dc converter allowing bidirectional power
flow and galvanic isolation. Three operation modes are proposed
depending on the input sources connected. Based on the operation
mode, the universal optimizer and a dc-ac inverter switch their
control reference to deliver the maximum PV power and perform
battery current control. The steady-state and transient operation
of the closed-loop control scheme have been demonstrated through
controller hardware-in-the-loop tests to verify feasibility and effec-
tiveness of the PV-battery series inverter architecture.

Index Terms—DC-series integration, PV-battery series inverter
architecture, partial power processing, seamless battery integra-
tion, t-node compensation current, universal optimizer.

1. INTRODUCTION

UE to the intermittent nature of solar photovoltaic (PV)
D energy and concerns regarding the rise of electricity de-
mand, integration of battery energy storage system (ESS) has
gained attention as an energy saving solution in residential and
commercial grid-tied PV inverter systems [1]—[4]. In PV invert-
ers, legacy PV power electronics topologies [5] are used for
integration of a battery ESS, as shown in Fig. 1: a) AC-parallel
integration using a bidirectional grid-tied DC-AC inverter with
a battery voltage boosting DC-DC converter [6], b) DC-parallel
integration using a bidirectional DC-DC converter connected
to a DC bus with a unidirectional single or cascaded PV DC-
DC converters [7], ¢) in-line integration inserting a battery to
a DC bus directly in parallel [8], and d) AC-series integration
adding a modular bidirectional DC-AC inverter member to an
AC string [9], [10]. These integration methods require that a bat-
tery ESS has additional voltage-amplification stages such as a
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Fig. 1. State-of-the-art of battery integration methods for grid-tied PV
inverters in residential and commercial applications. (a) AC-parallel integration.
(b) DC-parallel integration. (c) In-line integration. (d) AC-series integration.
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Fig. 2. The proposed approach: DC-series integration.

DC-DC boost converter or a line-frequency transformer, a high-
voltage battery, or restrictions of output power in consideration
of interactive operations among inverter members to maintain
its grid-connection. These requirements increase system cost
and size, lower efficiency, and limit applications of battery ESS.
Therefore, it is needed to develop a power electronics topology
which relieves these requirements to expedite the integration of
battery ESS into grid-tied PV generation system.

This paper presents a grid-tied PV string inverter allowing
seamless battery integration: the PV-battery series inverter ar-
chitecture. The proposed system adopts the PV-battery DC-
series integration method, as shown in Fig. 2. In this ap-
proach, the battery integration does not require additional power
electronics stages, a high-voltage battery, or battery power re-
strictions. Besides, a battery supports the PV string voltage to

0885-8969 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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provide flexibility in delivering the PV string’s maximum output
power to grid with different system characteristics reducing PV
string voltage: for example, a small number of PV panels, solar
irradiance drops, ambient temperature rise, and low voltage and
low power system design [11], [12]. These benefits are enabled
by adopting partial-power processing technique which provides
a capability to regulate the T-node compensation current, Icp, -
The proposed architecture uses the partial-power universal DC-
DC optimizer working as a current source to offset the battery
discharging current and have flexible battery power control. Fur-
thermore, the partial-power universal optimizer requires lower
rated power than the state-of-the-art DC-DC converters for PV
and battery applications while it handles both PV and battery
power [13]-[17]. As the universal optimizer, a dual active bridge
(DAB) DC-DC converter is applied which allows bidirectional
power flow, galvanic isolation, a high voltage gain, and soft-
switching operation [18], [19].

In this paper, the proposed architecture and its closed-loop
control strategy are presented. The PV-battery series inverter
architecture is composed of the universal DC-DC optimizer
regulating the T-node compensation current and a grid-tied
DC-AC inverter controlling its DC bus voltage. With the
seamless battery integration topology, three operation modes
are available based on the configurations of the input sources: a)
PV-only mode, b) PV-battery mode, and c) battery-only mode.
Depending on the operation modes, the universal optimizer co-
ordinates with the DC-AC inverter to meet the system’s control
objectives: PV maximum power point tracking (MPPT) control
and battery current control. The steady-state and transient
operations of the closed-loop control have been investigated
and demonstrated through the controller hardware-in-the-loop
(CHIL) testing to verify the feasibility and the effectiveness of
the proposed PV-battery series inverter architecture.

The rest of this paper is organized and presented as follows.
Section II presents the proposed PV-battery integration system
architecture. The power electronics topology and its control
scheme are proposed in Section III. Section IV provides the
results and discussion, and Section V concludes this paper.

II. PV-BATTERY INTEGRATION STRATEGY AND
SYSTEM ARCHITECTURE

The PV-battery series inverter architecture is proposed to
achieve seamless battery integration for grid-tied PV inverters.
The proposed approach is to connect a battery to a PV string
directly in series as shown in Fig. 2: DC-series integration. This
integration does not require a high-voltage battery or additional
power electronics stages such as a DC-DC boost converter for
a low-voltage battery. Also, a battery supports a PV string in
maintaining grid-connection by adding its voltage to the PV
voltage. Therefore, voltage amplification stages such as a fully-
rated DC-DC boost converter or a line-frequency transformer,
the essential devices for the legacy grid-tied PV inverters, are
not required to cope with different system characteristics in-
cluding PV panel installation area, cabling limitations, irregular
weather conditions, and different PV voltage and power.
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Fig. 3. Development of partial-power universal optimizer in PV-only mode.

The DC-series integration is enabled by having a current
source injecting a DC current into the PV-battery coupling point
called T-node. Due to the series connection, the same amount
of the DC current passes through the PV string and the battery.
Therefore, the battery is discharged as long as the PV string
generates output power. Thus, a compensation current needs
to be injected into the T-node to offset the battery discharging
current. Also, the regulation of the T-node compensation current
guarantees flexible battery power control capability as

IBatt :IPV 71(:077![} (1)

where Ipy is the PV string current and /5y, is the battery cur-
rent. Adopting partial-power processing technique [13]-[17],
the authors propose the universal optimizer functioning as the
T-node current compensator and enabling seamless PV-battery
integration. Depending on the configuration of input sources,
the proposed universal optimizer has three operation modes.

A. PV-Only Mode

A battery is disconnected from the T-node, as shown in
Fig. 3(a). The main operation targets are tracking the PV’s
maximum power point (MPP) and grid-connection. The partial-
power PV optimizer compensates for the DC voltage deficiency
caused by the difference between the DC bus voltage, Vo pus,
and the PV voltage, Vpy , by adding the series voltage, Vs, as

Vbooius = Vey + Vse. 2

Also, the DC-DC power conversion stage processes only the
portion of the PV power through the partial-power processing
loop including the DC-DC converter: resulting lower converter
rated power and conversion loss to deliver the PV output power.
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The partial-power rate (PPR) for the PV power, PPRpy, is
proportional to the ratio between the series voltage and the PV
voltage as

Vse

PPRpy = Vo 3)

Besides, further circuit optimization is proposed with im-
provements in system efficiency and components’ voltage stress
by achieving partial-power processing for both PV and battery
power, as presented in Fig. 3(b): the universal optimizer. The uni-
versal optimizer processes the portion of power passing through
the partial-power processing loop by having an additional series-
connection on the DC bus side with the universal optimizer in-
put voltage and the series voltage. An isolated DC-DC converter
topology is adopted to configure the DC bus series-connection.
The PPR for the partial-power processing loop power, PP R;,,,,,
is proportional to the ratio between the PV voltage and the DC
bus voltage as

Vocus — Vse Vey
PPRIOUP VDC,bus VDC,bus ’ (4)

The total PPR for the PV power, PP R4, is achieved with
the product of PPRpy and PPRy,,,, and the rated power of
the universal optimizer, P,,¢imzer, is calculated with the total
PPR and the PV power, Ppy, as

Vse

Vpv
Vev Vbe bus

PPRiyta = PPRpy - PPRluUp =

Vse
=22 )
VDC,bus
Ppy - PPRyyta
Paptimizm' = P‘iﬁflﬂ (6)

Neconverter

where 7conperter 15 the power efficiency of the DC-DC con-
verter. Due to the decrease of the optimizer rated power, the
DC-DC power conversion loss, P55, is reduced, and the DC-
DC power conversion efficiency, npc—pc, is improved as

P)lr)ss (i«) = Poptim[:er (1 - 77(:0n1!er1‘e7') (7)
Ppy — Pr)ss
npc-pc (1) = %. ®)

The remaining power which does not pass through the uni-
versal optimizer is delivered to the DC-AC inverter directly.

B. PV-Battery Mode

Seamless battery integration into the PV system can be
achievable by connecting a battery to the open terminals be-
tween the PV string and the ground, as shown in Fig. 4 [20].
The main operation targets of the PV-battery mode are PV MPPT
control with extended PV operating range and flexible battery
current control. In this configuration, the battery can be used
as a power source and a PV voltage supporter simultaneously.
Unlike the PV-only mode, the series voltage is enforced to be
almost constant by the battery voltage, Vg4, as

Vse = VBau- )
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Fig. 4. The proposed partial-power universal optimizer in PV-battery mode.

Therefore, the battery voltage is added to the PV string voltage
to extend the PV operating range. The total PPR of the proposed
optimizer is proportional to the battery voltage as follows:

Vearr Vi
PPRtotal:P-PRPV 'P-PRloop: Batt i
VPV VDC,bus
VB:Ltt
= Voo (10)
Vb bus

In the PV-battery mode, there are three sub-operation modes:
a) battery zero-current mode, b) battery charging mode, and c)
battery discharging mode. The rated power of the universal opti-
mizer varies depending on the sub-operation modes. In the bat-
tery zero-current mode, the rated power and the DC-DC power
conversion efficiency can be found in the same way with the PV-
only mode because the DC-DC conversion stage processes only
the PV power. In the battery charging mode, the battery power
passes through the partial-power processing loop together with
the partial amount of the PV power. The rated power is increased
due to the partial amount of the battery power, the product of
—Ppait and PP Ry, as

PPV ) PPR/,()I,:),I - PB{),/,I, . PPRl(mp

Tlconverter

Pnptimizer(charging) -

(1)

The DC-DC power conversion efficiency is calculated based
on the amount of the processed PV and battery power as

Leiliose | Ppy > Ppay
Npc-pc = (12)

P,
Pnu/ﬂ:;mm » Ppv < Ppart.

On the other hand, the battery discharging mode has two ways
to deliver the battery power to the grid. Until the battery current
becomes the same amount with the PV current, the battery power
passes through the PV power loop, the power path across the
PV string, and the T-node compensation current is decreased. If
the battery current is over than the PV current, only remaining
battery power passes through the partial-power processing loop.
The rated power and the DC-DC power conversion efficiency
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Fig. 5. Proposed topology for the universal optimizer and control strategy.

are expressed as follows:

Poptimi:er(disz:harging)
_ abs(PpV X PPRP\/ — PBatt) . PPR[OOP (13)

Tlconverter
PPV + PBatt — Boss
Ppy + Ppaut

NpC-pe = (14)

C. Battery-Only Mode

Due to the very low PV voltage or its physical disconnection,
the battery-only mode is configured by disconnecting the PV
string from the universal optimizer. The main operation target
of the battery-only mode is battery current control only. Since
the PV current path does not exist, the partial-power processing
in the PV-series is not available and PPRpy becomes “1.0”.
Therefore, only PPR,,,, is applied to the total PPR, and the
rated power and the DC-DC power conversion efficiency can be
found as follows:

VDC,bus — VBatt

PPRtatal = PPRl(mp = Vi (15)
DC bus
Ppati - PPRyy,
R)[)z‘imizer = “Bont 7 - Hoop (16)
Tconverter
Pp
Npc-pe = e a7

PBatt + P)loss

III. PROPOSED POWER ELECTRONICS TOPOLOGY
AND CONTROL STRATEGY

The PV-battery series inverter architecture is composed of two
power electronics stages: the universal DC-DC optimizer and
the grid-tied DC-AC inverter. Fig. 5 shows the power electronics
topology of the universal optimizer. A DAB DC-DC converter
is applied because it provides bidirectional power control, gal-
vanic isolation, a high-voltage boosting gain, and soft-switching

| DC/AC |
: I Inverter Lw I, :
| T — |
[ |
: N P Isolated DC/DC Converter :
: - (DAB) Ipp_in l Ve bus :
! Cnc_bus Civy Grid |
: IPV] lca‘_m/r Cpag_our — . n Coas_in T L (\/ :
1 IB.m] L= Ipag o v TV . Ve |
: Vgt T N — L DAB_in :
| VDAx;ec Vbas 3 pri I
vk . !
| ! |
| Y |
I I
I |

I

|| [PV-Only

! Battery-Only| /2C bus_consant 3
1l Y y DC ref

o %)

! 7
! Vermppt| /
|[PV-Battery | S

| ALY | Ipy Control

L

operation [18], [19]. For the DC-AC inverter stage, a full-bridge
single-phase DC-AC inverter is considered.

Also, Fig. 5 shows the closed-loop control scheme of the pro-
posed architecture in different operation modes. The universal
optimizer controls the T-node compensation current by regulat-
ing the phase angle difference, W¥,,;_.., between the primary
and secondary voltages of the high-frequency transformer [21].
The DC-AC inverter controls the DC bus voltage and maintains
grid-connection by regulating the duty cycles of the PWM sig-
nals [22]. Based on the operation mode, the universal optimizer
coordinates with the DC-AC inverter to achieve the system’s
control objectives: PV MPPT control and battery current con-
trol. The control references of the power electronics units are
switched.

A. PV-Only Mode

The DC-AC inverter maintains a constant DC bus voltage
greater or equal to the PV string’s open circuit voltage to pro-
vide the full range of PV MPPT operation. On the other hand,
the universal optimizer performs PV MPPT control by regulat-
ing the T-node compensation current which is equal to the PV
current. The T-node compensation current reference, Icomp_ref»
is generated by the perturb and observe (P&0O) MPPT control
block [23]. As the T-node compensation current increases, the
series voltage increases to compensate for the PV voltage drop
based on the PV string’s V-I curve, as follows:

(18)
19)

I(IOWL[)J‘EZf = IJ\TPPT,CA'[D
Vey (l«) +Vse (T) = Vbc bus (constant)
where Iy ppr_cap is the PV MPPT control command in the
PV-only mode.
B. PV-Battery Mode

Once a battery is connected, the control system can detect
the PV-battery mode by monitoring the series voltage which is
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TABLE I
SYSTEM PROPERTIES — A CASE STUDY OF THE PV-BATTERY SERIES
INVERTER ARCHITECTURE (1000 W/m? AND 25 °C)

System Parameters

PV MPP PWR 2.5 kW
MPP Volt. 1615V
Power 1.0 kW
Battery Voltage 50V
Grid Voltage Single phase, 120 Vrus
A PV/Battery Universal Optimizer
Operation Mode PV-only PV-battery Battery-only
PV Output Voltage 1615V 1615V -
Series Voltage 386V 50.0 V 500 V
Max. Rated Power 0.5 kW 1.4 kW 0.8 kW
(PPRorar) (20%) (55%) (22%)
Absolute np4 97.5% 97.5% 97.5%
PV Only 99.5% 99.4% -
Hpc-pe Discharging - 99.6% 98.1%
Charging - 99.0% 98.1%
A DC-AC Inverter
Rated Power 2.5 kW 2.5 kW 2.5 kW
DC-Link Voltage 200 V 2115V 200 V
Hinverter 98.5% 98.5% 98.5%
Total Efficiency
PV Only 98.0% 97.9% -
Notal Discharging | - 98.1% 96.6%
Charging - 97.7% 96.6%

equal to the output voltage of the optimizer before it starts the
switching operation, for example,

PV — O’Illy ]Wode, VSE (07" VB(II,/,) < VBa/,I,.mi,n

PV — Battery Mode, Vsg (or Viait) = VBatt.min
(20)
where VB,t1,min 1S the minimum battery voltage which can be
detected by the control system. Since the series voltage is equal
to the battery voltage, PV MPPT control needs to be performed
by the DC-AC inverter. The P&O MPPT control block generates
the DC bus voltage reference, Vpc ey, as

@n
(22)

Vbcrer = Vurpromp
Vocsus (1) = Vev (1) + VBate

where Vs ppr_ o p is the PV MPPT control command in the
PV-battery mode. The DC bus voltage reference is limited by the
peak value of the grid voltage, ﬂVMM s, for grid-connection.
In this mode, the universal optimizer regulates the T-node com-
pensation current to perform battery current control as

Icamp,ref = IPV - IBattJ‘ef (23)

where It ey is the battery current reference.

C. Battery-Only Mode

The control system can detect the battery-only mode by mon-
itoring the PV string voltage, for example,

Battery — Only Mode, Vpy < Vpymin

(24)
PV — Battery Mode, Vpy > Vpv min

where Vpy i 1S the threshold PV string voltage for the detec-
tion of the battery-only mode.

The DC-AC inverter maintains a constant DC bus volt-
age to provide the bidirectional rated-power flow under grid-
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Fig. 6. CHIL setup for testing the proposed power electronics topology.
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Fig. 7. CHIL experiment results: Steady-state operation of the PV-battery

series inverter architecture in the PV-only mode, PV output power: 2.5 kW.

connection. Also, the universal optimizer regulates the T-node
compensation current to perform battery current control as

I(:nmp,r(zf = _IBattJef- (25)

IV. RESULTS AND DISCUSSIONS

Table I presents a case study of the proposed system
properties in different operation modes. A 2.5 kW 161.5 Vypp
PV string under a nominal weather condition, a 1.0 kW 50 V
battery and single-phase 120 Vs AC grid are considered. As
the result, the max. 1.4 kW optimizer (PPR: 55%) is required
to transfer the PV output power: 1.5 kW to the grid and 1.0
kW to the battery (charging). Since the universal optimizer
processes the portion of both the PV and battery power, the
battery charging operation requires the maximum rated power.
Also, max. 99.6% of the DC-DC conversion efficiency during
battery discharging operation in the PV-battery mode (42.1%)
and min. 98.1% of the DC-DC conversion efficiency in the
battery-only mode (+0.6%) are achieved (when the DAB
converter efficiency is assumed as 97.5%).

For the verification of the case study and the control perfor-
mance of the PV-battery series inverter architecture in different
operation modes, a DAB DC-DC converter, a single-phase DC-
AC full-bridge inverter, and their closed-loop control scheme are
built and run in the CHIL test-bed with a 500 ns solution time
step real-time power electronics simulator, Typhoon HIL 600,
[24] and a 150 MHz digital microcontroller, TMS320F28335,
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CHIL experiment results: Steady-state operation of the PV-battery series inverter architecture in the PV-battery mode, PV output power: 2.5 kW (MPPT)

and battery output power: =1 kW (battery zero-current mode, battery charging mode, and battery discharging mode).

as shown in Fig. 6. The power electronics converters are oper-
ated with 10 kHz switching frequency to provide clear operation
waveform of the DAB phase-shifting control with consideration
of the digital-to-analog conversion time response of the real-
time power electronics simulator.

A. Steady-State Operation

The CHIL experiment results of steady-state operation of the
PV-battery series inverter architecture show how the universal
optimizer operates in different operation modes.

In the PV-only mode, as shown in Fig. 7, the DC bus voltage
is maintained constant as 196 V, the PV string’s open circuit
voltage, by the DC-AC inverter. To deliver 2.5 kW PV maxi-
mum output power to AC grid, the universal optimizer processes
0.5 kW (PPR = 20%) by regulating the T-node compensation
current as 15.9 A with —14.4° degrees phase difference.

In the PV-battery mode, as shown in Fig. 8, the DC bus voltage
is regulated as 207 V, the sum of the PV string’s MPP voltage
and the battery voltage, by the DC-AC inverter to extract 2.5 kW
PV string’s maximum output power. Fig. 8(a) and (b) show the
CHIL results of the battery zero-current mode. The universal
optimizer processes 0.6 kW rated power (PPR = 24%) to main-
tain O A battery current which was supposed to be the same
with 15.8 A PV string current without the T-node compensation
current control. —14.4° degrees phase difference is applied to
the DAB converter. Due to the differences of the magnitudes of
the series voltage and the DC bus voltage between the PV-only
mode and the PV-battery mode, the processed power through
the universal optimizer is slightly different with the same phase
differences. Fig. 8(c) and (d) show the results of the battery
charging mode. By shifting —36.0° degrees phase angle, the
battery current is maintained as —20 A for 1 kW battery charg-
ing power. The processed power through the universal optimizer
is 1.4 kW (PPR = 56%) with 35.8 A T-node compensation cur-
rent. Like the case study, the battery charging mode requires the
maximum rated power of the universal optimizer since it pro-

cesses the portion of both the PV and battery power. Fig. 8(e)
and (f) show the results of the battery discharging mode. In this
case, the direction of the phase-shift regulation is reversed. By
shifting 3.6° degrees phase angle, the battery current is main-
tained as 20 A, for 1 kW battery discharging power. With the
amount of the PV current, 15.7 A battery current is discharged
through the PV power loop and the rest of the battery current,
4.3 A, is discharged through the universal optimizer and the
battery partial-power processing loop. Therefore, the processed
power through the universal optimizer is decreased to 0.2 kW
(PPR = 8%).

B. Transient Operation

To prove feasibility and performance of the closed-loop con-
trol, sudden changes of control reference are investigated.

Fig. 9 shows the battery current control in the PV-battery
mode. Initially, the architecture operates in the battery zero-
current mode with 15.8 A PV current, 15.7 A T-node com-
pensation current, and 18.4 Arys AC current. As the transient
conditions, changes of the battery current reference from 0 A to
20 A and from O A to —20 A are applied. As shown in Fig. 9(b),
once the battery discharging command is applied, the universal
optimizer can reach to the target point, 19.5 A battery current,
by decreasing the T-node compensation current to —3.9 A in
50 ms. Also, once the battery charging command is applied,
the universal optimizer controls, —19.1 A battery current, by
increasing the T-node compensation current to 34.7 A in 50 ms,
as presented in Fig. 9(c). During transient operations, the PV
current is maintained constant as 15.8 A by the DC-AC inverter
with PV MPPT control. The transient operation verifies the re-
lationship among the PV current, the battery current, and the
T-node compensation current, as addressed in (23).

Fig. 10 shows the PV MPPT control in the PV-battery mode
with sudden PV irradiance variations, and the battery zero-
current control. Once a PV irradiance variation occurs, the PV
current changes suddenly based on the PV string’s V-I curves.
As the result, the battery current is also changed unless the
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— 500 W/m? — 100 W/m> — 1000 W/m?) and battery zero-current mode.

universal optimizer regulates enough T-node compensation cur-
rent based on the relationship between the three T-node currents
(1). As shown in Fig. 10(b) and (c), once the irradiance drop
is applied, the battery charging current appears, and it is com-
pensated by the universal optimizer in 50 ms by decreasing the
T-node compensation current from 15.6 A to 8.2 A and from
8.2 A to 2.1 A, respectively. Also, once the irradiance rise is
applied, the battery discharging current appears, and the T-node
compensation current is regulated from 2.1 A to 15.6 A in 50 ms,
as presented in Fig. 10(d). Also, the transient operation verifies
that the proposed architecture provides extended PV operating
range with the DC-series integration. Under the different irradi-

(c) Irradiance drop (500W/m* — 100W/m?)

(d) Trradiance rise (100W/m> — 1000W/m’)

CHIL experiment results: Transient operation of the PV-battery series inverter architecture in the PV-battery mode, PV irradiance variations (1000 W/m?

ance levels applied, as shown in Fig. 10, the PV voltage varies
from 161.46 V to 145.31 V. The battery voltage is added to the
PV voltage and helps the DC bus satisfies the minimum DC bus
voltage, 169.7 V, for grid-connection.

V. CONCLUSIONS

This paper presented system structure and control scheme of
the PV-battery series inverter architecture. The DC-series in-
tegration with partial-power processing technique allows that
a battery can be integrated without additional power elec-
tronics stages and support the PV voltage in maintaining
grid-connection with different operating conditions. The pro-
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posed partial-power DC-DC universal optimizer enables the
partial-power processing for both PV and battery power. There-
fore, it handled 2.5 kW PV power and 1.0 kW battery power
with 1.4 kW rated power. The coordinated closed-loop control
between the two power electronics stages was proposed for dif-
ferent operation modes since the controllability of the series
voltage is dependent on the battery integration. By switching
control objectives of the individual power electronics stages,
the PV-battery series inverter architecture achieved flexible bat-
tery current control and extended PV MPPT control range. Fea-
sibility and effectiveness of the proposed architecture and the
coordinated control scheme were verified through the CHIL
tests with the steady-state and the transient operations.
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