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Battery storage systems (BSS) play a crucial role in enhancing power quality, reliability, and
renewable energy integration. However, multilevel converters used in BSS often face challenges
of high component count and capacitor voltage balancing. This study addresses these issues by
proposing a single-phase battery storage system based on a seven-level packed U-cell (PUC)
converter with two DC-links. Each DC-link is regulated by a bidirectional DC-DC converter,
ensuring stable capacitor voltage control and enabling seamless operation in both grid-tied and
stand-alone modes under a unified control scheme. Unlike conventional approaches that redesign
controllers for different modes, the proposed system only modifies the reference voltage
generation for pulse-width modulation. Simulation results confirm effective capacitor voltage
balancing, smooth bidirectional active power transfer, and reliable reactive power exchange,
allowing the BSS to function as a single-phase STATCOM. Harmonic analysis demonstrates
compliance with IEEE 519-2014 standards, ensuring high power quality in grid-tied and stand-

alone operation.
This is an open access article under the CC BY-SA 4.0 license.
(https://creativecommons.org/licenses/by-sa/4.0/)

1. Introduction

While fossil fuels have undeniably improved our
lifestyles, their use has come at a significant environmental
cost. Greenhouse gas emissions, primarily from CO2, are
accelerating global warming. Buildings are significant
contributors, accounting for about 40% of global energy
consumption and 36% of CO2 emissions [1]. As energy
demand and emissions continue to rise, there is an urgent
need for solutions. Net-zero energy homes, which produce
as much energy as they consume, offer a promising
approach to reducing both energy use and greenhouse
gases. On the other hand, energy storage offers both
economic and environmental benefits. By optimizing
storage and consumption, emissions resulting from
traditional fossil fuel power plants can be significantly
reduced [2], [3]. Battery storage systems (BSSs) are
extensively used in electric vehicles, microgrids,
renewable energy storage, household appliances, and more
[4], [5]. BSSs also play a crucial role in energy arbitrage
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by capitalizing on fluctuations in daily energy prices [6].
They enable the purchase of low-cost energy during
periods of low demand, which is then stored in batteries.
This stored energy can be utilized during peak demand
when prices are higher [7]. Moreover, during a power
outage, a BSS can supply loads for a limited period of time.
Household-level battery storage is now emerging as the
next generation of energy technology on the cusp of mass-
market penetration [8], [9]. Small-scale BSS, particularly
in behind-the-meter applications, can provide an effective
solution for enhancing a home's resilience to power
outages caused by storms, as demonstrated in [10]. In this
study, a packed U-cell converter (PUC)-based single-
phase BSS (PUC-BSS) is designed for low-power home
applications. The designed BSS can operate either in grid-
tied mode (charging or discharging the batteries) or in
stand-alone mode (supplying the local load). PUC-BSS
can also function as a single-phase STATCOM to
exchange reactive power with the grid in two directions.
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The combination of PUC units was used in a multilevel
converter topology for the first time by researchers [11],
[12]. The so-called PUC multilevel converter unifies the
cascaded H-bridge (CHB) topology and flying capacitor
(FC) topology. In this way, unlike other well-known
converter topologies, such as neutral-point clamped
(NPC), CHB and FC, the PUC multilevel converter
requires the fewest number of power switches and
capacitors for generating the same output voltage levels
[12]. This advantage reduces the design cost and system
complexity.  Furthermore, conventional multilevel
converters can have significant drawbacks as the number
of voltage levels increases. Specifically, to generate five or
more voltage levels, the number of switches, diodes, and
capacitors increases substantially, leading to higher costs
and making their implementation much more complex.
However, the PUC multilevel converter has a modular
assembly where many PUCs are connected to obtain the
desired number of voltage levels with reduced stress on
power semiconductors. Although the PUC topology has
many advantages, unlike conventional two-level voltage
source converter, PUC converter requires floating
capacitor voltage balancing and control, which becomes a
challenging goal as voltage level count increases. In the
literature, generally closed-loop PI control or model
predictive control (MPC) techniques are employed for
capacitor voltage balancing/regulation in PUC converters.
In [13], the grid current is utilized to balance the capacitor
voltages for a single-phase PUCS converter as an SVC.
The system can inject or absorb reactive power to/from the
grid. The proposed approach takes advantage of the
redundant switches available in 5-level operation. In [14],
capacitor voltage balancing is achieved for a PUC9
inverter that has three floating capacitors using the
suggested modulation technique, eliminating the need for
extra sensors to maintain capacitor voltage balance. An
MPC approach is utilized for a single-phase active power
filter employing a PUCS converter to mitigate harmonic
currents at the point of common coupling caused by
nonlinear loads [15]. The results demonstrate that the DC-
link voltage is effectively regulated, achieving a good
balance between the two DC-link capacitor voltages. In
[16], MPC is activated to regulate capacitor voltages of a
multi-cell modular multilevel converter with a PUC
structure for AC-AC and AC-DC applications. The study
presented in [17] introduces a seven-level PUC based solar
inverter with one DC source and two floating capacitors in
its topology. The capacitor voltage is balanced in open-
loop by applying a multi-carrier PWM technique. The
study presented in [18] aims to design an advanced control
method for a single-phase nine-level Packed E-Cell
inverter used in stand-alone renewable energy systems.
The proposed approach focuses on maintaining stable and
balanced DC-link capacitor voltages while delivering
accurate output voltage control with lower computational

effort than traditional predictive controllers. In [19], an
MPC approach for PUC inverter is suggested to improve
dynamic performance in microgrid applications. MPC
focuses on achieving balanced capacitor voltages,
improved power quality, and fast dynamic response under
various operating conditions. A 5-level PUC-based active
front-end rectifier is proposed and experimentally
validated in [20] to effectively regulate the auxiliary
capacitor voltage with a low-distorted voltage waveform
at the output. Voltage Balancing is achieved by utilizing
redundant switching states with a PI-controller structure.
In this study, the voltage control for each capacitor of the
PUC converter is achieved in a different way through DC-
DC converters. Each DC-link capacitor voltage is
controlled with a PI-control scheme that also regulates the
current of each battery group. Although the PUC topology
is implemented for solar PV [21]-[24], wind [25], SVC
[13], active filter [15], [26], [27], STATCOM [28], [29],
active front-end rectifier [20], and electric vehicle
charging [30] applications, its usage in BSS applications is
not common in practice [31]. In terms of BSSs, mostly
conventional multilevel converters such as CHB and
MMC topologies are employed [32]. Upon reviewing the
literature, a three-phase BSS application utilizing a seven-
level PUC converter is presented in [33]. The system
employs a finite-set MPC approach to achieve satisfactory
dynamic  performance. However, this topology
incorporates a single flying capacitor, whose voltage is
regulated, and the upper DC-link is connected to a battery.

The operation of a solar PV system with storage is
assessed using the seven-level PUC inverter interacting
with zeta converter which controls the output voltage of
the PV array, utilizing the MPPT algorithm [34]. However,
battery charging is not considered and the system operates
in only stand-alone mode without a STATCOM function.
In [35], a grid-tied PUC converter employs MPC. One DC
link of the PUC converter is connected to multiple
batteries, and the power sharing among the batteries is
managed using the droop control method. The other
capacitor remains floating, and its voltage is regulated via
MPC. Table 1 summarizes a recent comparison between
this study and other PUC converter applications in the
literature.
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Table 1. Recent PUC Converter-Based Studies
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[14] V/Hz Stand- No One DC- | 2024
control alone link
[15] MPC Grid-tied No No 2020
[17] V/Hz Stand- No One DC- | 2022
control alone link
[19] MPC Grid-tied Yes No 2022
[20] PI Grid-tied Yes No 2025
control
[21] PI Grid-tied Yes No 2023
control
[22] MPC Grid-tied Yes No 2025
[23] finite- Grid-tied Yes No 2025
set
MPC
[24] MPC Grid-tied Yes No 2024
[25] PI Stand- No No 2023
control alone
[26] PI Grid-tied No No 2022
control
and
fuzzy
logic
[28] 3 Grid-tied Yes No 2020
harmoni
c
control
[30] MPC Grid-tied No No 2023
[33] MPC Grid-tied Yes One DC- | 2021
link
[34] PI Stand- No One DC- | 2019
control alone link
[35] MPC Grid-tied No One DC- | 2016
link
[36] Fuzzy Stand- No No 2023
logic alone
[37] Fuzzy Stand- No No 2024
logic alone
[38] PID Grid-tied No One DC- | 2025
control link
(only
discharge
)
This PI Grid-tied Yes Two DC-
stud control and links
y stand-
alone

In this study, the active and reactive power outputs of
the PUC converter is controlled in two directions in grid-
tied mode. These enables the charging and discharging of
the batteries and also makes reactive power control
possible both in inductive and capacitive modes, like a
STATCOM. The contributions of this study are;

To the best of the author’s knowledge, for each DC-link
of the PUC topology, a battery and a bidirectional DC-DC
converter are used for the first time in a grid-tied battery
storage application. The developed PUC-BSS is also used
for stand-alone application (supplying a load).

While charging and discharging the batteries, the PUC-
BSS can also function as a STATCOM, exchanging
controlled reactive power with the grid in two directions.

A single control approach is used for regulating the
capacitor voltages of the PUC converter operating both in

grid-tied and stand-alone modes. This control approach is
based on the control of the bidirectional DC-DC converters
connected to the batteries.

The remainder of this paper is organized as follows:
Section 2 presents the circuit structure of the designed
PUC-BSS, including the design stages of some electrical
parameters. Section 3 summarizes the operation principle
of the PUC converter, including its interaction with battery
storage from DC-links. In Section 4, the control system for
each power electronic interface in PUC-BSS is described
using block diagrams. Section 5 presents and discusses the
results of the simulated system under different operating
modes. Finally, conclusion is given in Section 6.

2. THE CIRCUIT STRUCTURE OF PUC-
BSS

The single-phase PUC-BSS circuit structure is given in
Figure 1. By using the switches swl and sw2, the system
can be connected to either the grid or the load in an isolated
manner. A series L-filter Ly connects the PUC converter
output to the grid. The DC-links of the PUC converter are
fed from two bidirectional DC-DC converters, which are
supplied from two battery groups. The system allows
bidirectional active power flow such that the batteries can
be either charged or discharged in grid-tied mode while the
reactive power injected into the grid can be bidirectionally
controlled. In this study, the 1700V-600A dual IGBT
module FF600R17ME4 from Infineon is utilized as the
switching element in the PUC converter [39]. This IGBT
has a rated collector-emitter voltage of VCES=1200 V and
a nominal continuous collector current rating of /C=600 A.
On the other hand, the semiconductor element for each
DC-DC converter is a fast-switching MOSFET. Since the
PUC converter is a voltage-sourced one, it should be fed
from two DC voltages. To operate this converter stably,
these DC voltages should be regulated at their references
by a control system which is mentioned later. The
reference voltages Ej 5¢rer) for the two DC-links of the
PUC converter should be designed according to the
following constraints;

Evgen 2 2(3) Ve

' (D
Earery = 3 E1(ren)

where, m is the modulation index of the PWM
switching algorithm and V;; is the grid rms voltage. In this
regard, E(ro5) and E5(or) can be designed as 675 volts
and 225 volts, respectively for a grid voltage of V; =
300V andm = 1.

Since this study is based on a single-phase power
system, a home application is a good example for this
purpose. The capacity for each battery group can be
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designed as Cgpq, = 150 Ah. The rated voltage of each
battery group is specified as Vy, ¢y = 675V and Vi gy =
225V, respectively. To reach these voltages, different
battery types and connection possibilities exist. For
instance, for the battery group-1, 14 units of 48V-150Ah
Li-ion or LiFePO4 batteries (connected in series) can be
selected for their inherent advantages. Similarly, to reach
the required voltage for the battery group-2, 5 units of
48V-150Ah batteries can be connected in series. The total
capacity of the PUC-BSS can then be calculated as
follows:

Wr = (Capl)(vbatl) + (Capz)(VbatZ) = 135kWh 2)

Although these capacities are not mandatory, this full
capacity can sufficiently power three homes with four-
people during one-day outage if each person is assumed to
consume 10 kWh/day on average. In the simulation
platform, aggregated battery model is preferred because of
the purpose of the study. This means that a single generic
Li-ion battery model is used to represent the multiple
battery units connected in series. Since the observation of
the voltage/current and SOC of each unit is not the aim of
this study, this approach is sufficient to run the
simulations. In the battery simulation block, basic

parameters such as nominal voltage, rated capacity, initial
SOC, and battery response time can be defined as shown
in Table 2. The effects of temperature and aging are
ignored. The discharge characteristics are determined from
the nominal battery parameters. In order to effectively
observe the fast dynamics of voltage and current of each
battery group, a relatively short response time of 1 second
is chosen in the simulations. The battery is modeled using
an equivalent circuit representation that accounts for both
steady-state and dynamic behaviors [40]. This model
includes an internal resistance and a controlled voltage
source to represent the instantaneous voltage response.
The open-circuit voltage is obtained from empirical
functions of current and other battery parameters. To
capture the transient voltage dynamics, a first-order
transfer function is employed, representing the exponential
relaxation effect typically observed in lithium-ion cells. A
first-order low-pass filter is applied to smooth the current
input. The SOC is continuously evaluated by integrating
the input current over time. Finally, the terminal voltage of
the battery is the sum of the open-circuit voltage,
exponential voltage component, and the voltage drop
across the internal resistance.
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Figure 1. The Circuit Structure of Single-phase PUC-BSS

Table 2. The Simulation Parameters for Battery Groups

Battery Group-1 (14 units of Li-ion battery)
Nominal Voltage 675V (14x48V)
Rated Capacity 150Ah
Initial SOC 50%
Response Time ls
Battery Group-2 (5 units of Li-ion battery)
Nominal Voltage 225V (5x48V)
Rated Capacity 150Ah
Initial SOC 50%
Response Time 1s

3. OPERATING PRINCIPLE OF PUC
CONVERTER

The PUC converter utilized in this study can generate a
seven-level voltage output at the maximum modulation
index. In the literature it is also called as the “PUC7”

converter. As shown in Figure 1, its power circuit consists
of six power semiconductor switches, such as IGBTs and
two isolated DC sources. The switch in each row operates
in a complementary manner. One interesting feature of this

topology is that depending on the voltage ratio (?), the
2

output voltage level can be altered. If this ratio is 2, five-
levels can be produced. If this ratio is 3, seven-levels can
be attained at converter output. The cost advantage of the
PUC converter compared with common multilevel
converter topologies is shown in Table 3. As presented, it
needs the fewest number of components to generate the
same voltage level. However, its PWM switching scheme
is not straightforward like those for NPC or CHB
converters. The PUC converter requires a switching logic
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based on the necessary switching states to generate a
multilevel staircase voltage waveform. In this study, a
level-shifted PWM scheme is designed and will be
discussed later. Figure 2 illustrates the output voltage
waveforms of the PUC7 converter at no load under
different modulation indices, with a PWM carrier
frequency of 5 kHz and fundamental frequency of 50 Hz.
As shown, the voltage level count depends on the
modulation index and the maximum voltage level count is
obtained when it is set to 1.

Table 3. Component Count Comparison of Some Seven-level
Converter Topologies

Topology IGBT Capacitor Clamping diode
name count count count
NPC 24 6 20

converter
CHB 12 3 0

converter
PUC 6 2 0
converter

(a) Modulation index m = 0.33

(b) Modulation index m = 0.66

(¢) Modulation index m = 1.0

Figure 2. The Output Voltage Waveform of the PUC7
Converter At No Load

According to the switching states of the PUC converter,
the status of the batteries connected at the two DC-links
are given in Table 4 without applying any
charging/discharging control scheme. As shown, none of
the battery states can be the same at any switching state.
When one battery is charging, the other one is either
discharging or in a no-action state. This means that with a
direct battery connection to the DC-links of the PUC
converter, it cannot function properly as a BSS, since the
main aim of the BSS is that all the batteries in the system
should charge or discharge in unison when required. This
necessitates a control system for the proper charging and
discharging events of the BSS. In this study, such a control
system is designed and will be discussed in Section 4. The
control principle involves replacing capacitors at the DC-
links of the PUC converter and controlling their voltages
using bidirectional DC-DC converters and batteries.

Table 4. The Status of the Batteries of the PUC Converter without Control

Battery-1 status | Battery-2 status | State number | Battery-1 status | Battery-2 status | State number
charge - 1 - - 5
charge discharge 2 - discharge 6

- charge 3 discharge charge 7
- - 4 discharge - 8

4. CONTROL SYSTEM DESIGN

The BSS control system consists of PUC converter
control and DC-DC converter control. For grid-tied mode
of operation, single-phase dg coordinate transformation of
the grid voltage V; and grid current I; is needed to
separately control active and reactive power injections
from the BSS to the grid or vice versa. This transformation
is realized using two cascaded first-order low-pass filters,
as shown in Figure 3. The transfer function of the first-
order low-pass filter is given by:

1
1+1s

H(s) = (3)

where 7 = % is the time constant of the filter and f is

the grid fundamental frequency. The frequency response
of the first-order lowpass filter is illustrated in Figure 4. As
shown, for f = 50 Hz, the phase is shifted by 45° degrees
1
N7
cascaded filters are connected to each other, the total phase
shift of the input signal will be 90° degrees to obtain the
beta component. Since the magnitude is reduced by a
factor of 0.5, the output of the second filter is multiplied
by 2 to compensate for the magnitude reduction. On the
other hand, since the alfa component is equal to the input
signal itself, it can be directly obtained without any
filtering. Once the alfa and beta components are obtained,

and the magnitude is reduced by a factor of —. If two such
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the dg components are generated using alfabeta-to-dg
transformation. In grid-tied mode, a single-phase phase-
locked loop (PLL) is employed to align the BSS current
with the phase and frequency of the grid voltage, ensuring
proper control of active and reactive power injections from
the BSS to the grid or vice versa. To obtain dg components
of the grid voltage and the grid current, the
synchronization signal wt is sent to alfabeta-to-dq
transformation blocks as shown in Figure 3.

Single-phase PLL wt

Single-phase alfabeta generation wt

I
Lowpass Lowpass VG beta 1 ¢
filter filter ) alfabeta-to-dq0 [ Ve
transformation
Voara | — Voq

Single-phase alfabeta generation wt

| |

|

} Lowpass Lowpass lg beta 1 ¢

| filter filter | alfabeta-to-dq0 [ ™ lea
I

| transformation

! I-afta i > log

Figure 3. Single-phase dg Transformation
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Figure 4. The Frequency Response of the First-order Lowpass
Filter

4.1. PUC Converter Control

The PUC converter control scheme is shown in Figure
5. Depending on the operating mode, the reference voltage
calculation for multi-carrier PWM generation is realized
either by decoupled dg current control for grid-tied mode,
or open-loop reference voltage generation for stand-alone
mode. If the stand-alone mode is selected, the modulation
index and the phase shift are entered manually. On the
other hand, when the grid-tied mode is selected, the
reference values for dg components of I; are determined
according to the functional requirements given in Table 5
According to this table, one can see that the PUC-BSS can

function as a STATCOM providing capacitive or inductive
reactive power to the grid in grid-tied mode while the
batteries can be either charged or discharged.

Table 5. Determination of the Reference Values for I; dg
Components in Grid-tied Mode

g-axis component (for
STATCOM function)
Ig_q(resy < O for supplying
reactive power to the grid
(capacitive mode)
Ig_q@rery > 0 for absorbing

d-axis component

Ig_q@rery < 0 for charging the
batteries (absorbing active
power from the grid)
Ig_qrery > 0 for discharging
the batteries (injecting active reactive power from the grid
power to the grid) (inductive mode)

In Figure 5, the reference and the measured values of d
and g-axis current components are individually compared
and sent to PI controllers. The decoupling gain K, =
2nfLg is used to decouple the cross-coupling terms by

adding compensating terms with opposite signs. This
enables the controller to manage both the magnitude and
phase of the output current independently, which is crucial
for regulating the active and reactive power injections Py
and Q. from the BSS to the grid, expressed as below:

= %(VG—CIIG—q +Ve-alo-a)

1 “)
Q =5 (Vo-gl-a = Ve-als—q)

The dq0-to-alfabeta transformation block generates

Veuc—-aifa » Which is multiplied by Ei to extract the
1

reference voltage waveform Vpycrery for level-shifted
PWM generation to produce the switching signals for the
PUC converter. In this study, phase disposition PWM (PD-
PWM), one of the level-shifted PWM methods, is
preferred over phase-shifting PWM due to its low
switching losses [41]. Figure 6. shows the reference and
carrier waveform instants for PD-PWM in stand-alone
operation. As shown, all the carrier signals are aligned in
phase but positioned at different levels. This implies that
the carriers are shifted vertically without any phase shift.
When the carriers are compared with Vpyc(resy, twelve
pulses are produced. These pulses are the inputs of a
combinational logic circuit that generates the necessary 64
minterms, which are the simplest form of Boolean
expressions calculated as the product (or AND-ed) of all
the variables, either in true or complemented form. By
comparing the switching logic of seven-level CHB and
PUC converters, a truth table is generated and 32 minterms
are OR-gated as a group to produce the complementary
switching signal pair for the PUC converter.
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Figure 5. PUC Converter Control Diagram
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Figure 6. Reference and carrier waveforms of PD-PWM (m = 0.8, f.qrrier = 2 kHZ)

4.2. DC-DC Converter Control

To charge and discharge the batteries in a closed-loop
manner in the proposed BSS, two bidirectional DC-DC
converters are required. In this study, these DC-DC
converters are also employed to regulate the capacitor
voltages C;, C, of the PUC converter at their reference
values. The principle of capacitor voltage control is based
on the power flow between the battery and the grid. Based
on Figure 1, the power balance equation between the
battery and the grid, assuming no losses during either the
charging or discharging stage, can be expressed as follows:

Pg = Pyar1 — Per + Pparz — P2 )

where Py, i the power of battery-i and P,; is the
power of capacitor C;, (i = 1,2). Since the PI control
scheme in Figure 5 ensures that the actual values of the
Ig_q and I_, will be equal to their reference values at
steady-state, P; will be constant for a constant grid voltage
according to (4). On the other hand, since Ej(rf) is
specified at a fixed value for each capacitor, P,; will be
constant at steady-state. So, to control the capacitor
voltages, the battery powers, Py, and Ppy,:, should be
controlled simultaneously. If the battery voltages are
assumed to be constant, the battery currents Ipgi1, Iparo

should be controlled individually to control the battery
powers. In this study, this control is achieved with a PI
control scheme as shown in Figure 7. The DC-DC
converter control scheme consists of a two-stage PI
controller. For the first-stage, an error signal is generated
by comparing the refence Ej(ref), Ezrefy and the actual
voltage E;, E, of each capacitor. The outputs of the first-
stage PI controllers are used as the reference battery
currents Ipa¢1, Ipar2 and compared with the actual battery
currents to generate the input signals for the second-stage
PI controllers. Finally, the outputs of the second-stage PI
controllers are the duty cycles D;,D, for the PWM
generation for the two MOSFETs, which operate
complementarily in each DC-DC converter. For instance,
when the switch signal T}, is high, the signal T,, becomes
low, and vice versa. The advantages of this control
technique are:

1-) Regardless of the operating mode of the PUC-BSS
(grid-tied or stand-alone), and

2-) Regardless of the charging or discharging mode of
the PUC-BSS, the capacitor voltages are effectively
controlled at their reference values. This keeps the voltage

ratio constant (? = 3) for the seven-level PUC converter.
2
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Figure 7. DC-DC converter control diagram

5. RESULTS AND DISCUSSION

To confirm the dynamic performances of the PUC-BSS
controllers in both grid-tied and stand-alone modes, a
simulation study is conducted with a number of case
studies using the simulation parameters listed in Table 6.

Table 6. Simulation parameters

Parameter | Paramete | Valu | Parameter | Paramete | Value
name r symbol e name r symbol
Grid PUC converter
voltage Vi 300 carrier fow 5kHz
\Y frequency
frequency f 50 IGBT Vs 1.037
Hz forward 6V
voltage
drop
Resistance Ry 0.01 IGBT on- Ron 2.146
Q state mQ
resistance
inductanc Ly 0.5 IGBT on- Lon 20 x
e mH state 10°H
inductanc
e
series L- Le 1.5 DC-link 1 Eitrep 675V
filter mH voltage
DC-DC converter DC-link 1 Esref) 225V
voltage
switching fsw 50 DC-link 1 Cip 1 mF
frequency kHz &2
capacitanc
e
MOSFET Ron 0.1 | DC-link 1 Ry, 0.1
on-state Q &2 mQ
resistance parasitic
resistance
series Rs¢ 0.1 Load
parasitic mQ
resistance resistance R, 10.2
Q
inductanc L, 20.12
e mH
series L3, 13 Battery groups
inductanc mH
e nominal Vbat12 675
voltage v,
225V
input C34 2000 rated Cap1,2 150
capacitanc mF capacity Ah
e
input Rz, 0.1 initial 50C1,2 50 %
parasitic mQ SOC
resistance response tresi2 0.1s
time

The selected values of the PI controller gains for the

PUC converter control system and the DC-DC converter
control system are given Appendix A. These gains were
determined through an iterative trial-and-error process in
the simulation environment, prioritizing a balance between
fast transient response and low steady-state error while
maintaining the stability of the PUC-BSS. Although time-
consuming, this is a common and effective technique
generally employed in simulation-based studies involving
nonlinear power electronic converters.

5.1. Grid-Tied Mode

In grid-tied mode, the switches swl and sw2, shown in
Figure 1, are turned ON and OFF, respectively, to connect
the PUC-BSS to the grid. The ability of the control system
to response to sudden reference changes for I_are) is
investigated while the PUC-BSS operates in lagging
power factor mode (I_q(rer)y = 40A4), consuming reactive
power from the grid. The active and reactive power
injected into the grid by the PUC-BSS is calculated using
(4) and plotted as a function of time. During the first 0.6 s
of the simulation, the batteries are commanded to
discharge, and for the remaining duration, they are
commanded to charge from the grid. To achieve this, a
unit-step change from 30A to -30A for I_g(ref) is applied
at t=0.6 s to change the battery charging state. The
instances of dynamic changes in the simulated waveforms
are demonstrated in Figure 8 and Figure 9, respectively.
As shown, the grid d-q axes currents track their references
well after the 200ms start-up transients. It is apparent that
when the state of the batteries changes, the active power
injected into the grid changes its sign with a smooth
transition lasting for around 10 ms. A sudden drop in the
I; signal, lasting for the same duration, also occurs.
However, the grid reactive power remains constant due to
the constant I;_4(ref). Since the grid operates in leading
power factor mode, the grid current waveform leads the
grid voltage waveform, delivering a constant reactive
power of around -8.5 kVAR, shown on the related graph.
To ensure the smooth operation of the PUC converter, its
two DC-link voltages should remain at their references. As
shown, both voltages remain close to their references,
except for temporary transients during start-up and the set-
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point change of I;_g4(ref). The battery-related signals are
illustrated in Figure 9. The battery power injections are
processed with a moving average block with a frequency
of 10 Hz to prevent the appearance of fast ripples. In
discharging mode, the battery-1 and battery-2 inject
around 9 kW and 0.2 kW, respectively into the grid. As
shown, the SOC values for both batteries drop until t=0.6
s and begin to rise after this time.
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Figure 8. Simulated Waveforms of the PUC-BSS in Grid-tied
Mode
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Figure 9. Simulated Waveforms of the PUC-BSS in Grid-tied
Mode (continue)

At t=0.6 s, injected power sign changes from negative
to positive, indicating a transition from discharge to
charge. In charging mode, battery-1 and battery-2 absorb
around 8 kW and 0.3 kW, respectively, from the grid. The
difference in battery powers results from dissimilar
operating battery voltages and the unsymmetrical
operation of the converter. Figure 9 also shows the PUC
converter output voltage as a staircase multilevel
waveform. During simulations it is observed that different
voltage levels are generated in accordance with the
changes in set-point values. To meet the control objective,
the control algorithm modifies the modulation index,
which causes the voltage level count. In the second stage
of the grid-tied study, the dynamic performance of the
control systems for the PUC converter and the DC-DC
converters is examined when the PUC-BSS functions in
leading power factor mode (I_q(rer) = —404), supplying
VARs to the grid. The obtained signal waveforms are
presented in Figure 10 and Figure 11, respectively. The
grid d-axis current controls the active power injected into
or absorbed from the grid. To test the performance of this
controller, sudden set-point changes are applied, and the
waveforms are examined. During the first 0.6 s of the
simulation, a positive I;_q(rer) is generated to discharge
the batteries.
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After t=0.6 s, l_arep) is made negative to charge the
batteries. Approximately within the first 0.2 s, the start-up
transients die out, and the controlled signals are able to
follow their reference values with small ripple. It is thus
concluded that both current controllers in the PUC-BSS
control system provide sufficient dynamic performance.
Moreover, the active power injected into the grid is
observed to be positive during discharge and negative
during charge of the batteries. The reactive power remains

positive at a constant value, since the grid operates in
lagging mode. As confirmation, when the grid voltage and
current waveforms are examined, the current is seen to lag
behind the voltage. When the responses of the DC-link
voltage controllers are examined, it is observed that both
DC voltages remain at their reference values. When
Ig_a(rer) is suddenly reduced from positive to negative, a
transient of approximately 100 ms is observed. On the
other hand, the start-up transients lasted less than 200 ms.
When examining the battery power output waveforms, it
is seen that they are negative during discharge mode and
positive during charge mode. The discharge-to-charge
transition lasts for approximately 100 ms. When SOC of
the batteries is examined, it is observed that their SOC
changes according to their operating modes. It is observed
that both SOC values decrease during discharging and
increase during charging. In accordance with the obtained
waveforms, the PUC converter output voltage dynamically
changes according to the controller output signals. It is
observed that the number of levels sometimes increases to
seven, while at other times the converter operates at lower
levels.

5.2. Stand-Alone Mode

To operate the PUC-BSS in stand-alone mode, sw1 and
sw2 shown in Figure 1 are turned OFF and ON,
respectively. In this way, the PUC-BSS is isolated from the
grid and can feed an RL load directly. The PUC converter
control algorithm shown in Figure 5 generates Vpyc(ref) in
open-loop to generate the modulation index m. The input
parameters for PWM generation are set to m = 1 and
phase shift =0 , respectively. The
representation of the electrical parameters is depicted in
Figure 12 and Figure 13, respectively. When examining
the load's current and voltage graph, it is seen that since
the load type is RL, the current lags behind the voltage. On
the other hand, it is shown that the load absorbs around 16
kW and 9.6 kVAR from the PUC-BSS. The initial
oscillations detected while measuring the load power are
due to the efforts of the DC-link voltage controllers to
bring the capacitor voltages to their reference values. In
this respect, it is observed that the DC-link voltages are
effectively maintained at their reference values by the DC-
DC converter control algorithm. When examining the
battery discharge powers, it is seen that battery-1 provides
approximately 17 kW of power, while battery-2 provides
around 1.5 kW. The difference between total generation
and consumption of the active power is due to losses in the
DC-DC and PUC converters. Since both batteries are
discharging while feeding the load, SOC-1 and SOC-2
simultaneously decrease from their initial values.

waveform

5.3. Harmonic Content Evaluation

The THD values of the PUC converter output voltage
and current were investigated in the grid-tied and stand-
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alone modes of the system. The average THD values
gathered in Table 7 cover operation during battery
charging and discharging under different leading/lagging
power factor conditions. Because THD values vary due to
transients in the controlled system variables and ripples in

the DC-link voltages of the PUC-BSS, only the last 40%
of the total simulation time was used for measurement. The
THD of the currents is less than 5%, which complies with
the IEEE 519-2014 standard.

Table 7. Average THD Values under Different Operating Modes for PUC-BSS

Operating mode Batteries PUC converter output
THDV THDI
grid-tied discharging mode generating Q 33.24% 4.98%
Ig_a(res) = 404 Ig_q(res) = —404
grid-tied discharging mode consuming Q 33.91% 3.00%
Ig_agres) = 404 Ig_q(res) = 404
grid-tied charging mode generating Q 34.34% 4.34%
Ig_arer) = —404 Ig_q(res) = —404
grid-tied charging mode consuming Q 37.21% 4.64%
Ig_arer) = —404 Ig_q(res) = 404
stand-alone with discharging mode generating Q 17.64% 1.20%
RL load
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Figure 12. Simulated Waveforms of the PUC-BSS in Stand-
alone Mode

Figure 13. Simulated Waveforms of the PUC-BSS in Stand-
alone Mode (continue)

6. CONCLUSIONS

In this study, a PUC-BSS was designed and verified
with case studies. The PUC converter acts as an interface
between the batteries and the single-phase grid to achieve
charging and discharging functions in grid-tied mode. The
system is also able to exchange reactive power with the
grid, allowing bidirectional reactive power compensation.
Although PUC converters offer many advantages, such as
utilizing fewer components while achieving maximum
voltage levels compared with their counterparts, they
suffer from a capacitor voltage balancing issue. This is
because each DC-link has a flying capacitor that must be
balanced. In this study, this problem is overcome by
utilizing a bidirectional DC-DC converter connected to
each DC-link. This solution not only allows the batteries
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to be charged and discharged in a closed-loop, but also
enables regulation of the capacitor voltage of each DC-link
to its reference value. The control scheme of the PUC
converter and the DC-DC converter permits bidirectional
active power flow between the batteries and the grid in
grid-tied mode, as well as active power flow from the
batteries to the load in stand-alone mode. The reactive
power is also controlled bidirectionally between the grid
and the PUC-BSS. The simulation results effectively
verify these operations while perfectly balancing the two
flying capacitor voltages. The injected grid current meets
the IEEE 519-2014 standard with a simple L-filter due to
the multilevel voltage output.
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Appendix A

PUC converter control: d-axis current controller, K, =
3, K; = 400, g-axis current controller, K, = 3, K; = 20,
DC voltage controller for E;, K, =0.1, K; =7, DC
voltage controller for E,, K, = 0.3, K; = 7, battery group-

1 and group-2 current controllers, K, = 1, K; = 50.
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