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Abstract: Integrating residential energy storage and solar photovoltaic power generation into low-
voltage distribution networks is a pathway to energy self-sufficiency. This paper elaborates on
designing and implementing a 3 kW single-phase grid-connected battery inverter to integrate a
51.2-V lithium iron phosphate battery pack with a 220 V 50 Hz grid. The prototyped inverter
consists of an LCL-filtered voltage source converter (VSC) and a dual active bridge (DAB) DC-DC
converter, both operated at a switching frequency of 20 kHz. The VSC adopted a fast DC bus
voltage control strategy with a unified current harmonic mitigation. Meanwhile, the DAB DC-DC
converter employed a proportional-integral regulator to control the average battery current with
a dynamic DC offset mitigation of the medium-frequency transformer’s currents embedded in the
single-phase shift modulation scheme. The control schemes of the two converters were implemented
on a 32-bit TMS320F280049C microcontroller in the same interrupt service routine. This work presents
a synchronization technique between the switching signal generation of the two converters and the
sampling of analog signals for the control system. The prototyped inverter had an efficiency better
than 90% and a total harmonic distortion in the grid current smaller than 1.5% at the battery power
of £1.5 kW.

Keywords: battery storage; DC-DC converter; grid-connected inverter; solar photovoltaic

1. Introduction

Reduction of CO, emissions has been driving shares of renewable energy in electricity
generation systems. Solar photovoltaic (PV) technology has been the fastest-growing
renewable energy technology since it can be adopted in small-scale to large-scale power
generation systems [1]. Grid-connected PV rooftop systems are commonly installed in
the residential sector. However, the excess power from the residential PV rooftop systems
poses power quality problems for low-voltage (LV) distribution networks. Voltage violation
due to the outfeed of PV power is the most common issue for the LV grid [2]. Extensive
upgrades of LV distribution networks for supporting solar PV rooftop systems require a
large amount of capital investment. Battery storage is an enabling technology for further
deployment of variable renewable energy (VRE) technology. Moreover, integrating battery
storage with LV grids reduces transmission congestion, improves power quality, and delays
investment in upgrading existing networks [3,4].

Solar PV and battery storage integration into LV distribution networks can be im-
plemented in various topologies. Battery storage can be connected to solar PVs on the
DC side of the grid inverter, as depicted in Figure 1. These topologies are so-called DC
coupling solar PV-battery hybrid inverters. The DC bus voltage is usually greater than
the PV voltage, so non-isolated boost DC-DC converters interface the PV strings with the
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DC bus voltage. Maximum power point tracking (MPPT) is embedded with the control
system of the boost DC-DC converter [5,6]. A high voltage (HV) battery pack can be
directly connected to the DC bus of the grid inverter, as shown in Figure 1a [7]. The battery
voltage must be greater than the minimum requirement of the grid inverter, i.e., the peak
value of the grid voltage for a single-phase system, and the peak value of the line-line
voltage of a three-phase system. An HV battery pack can be connected to the DC bus via a
non-isolated DC-DC converter, as shown in Figure 1b. Typically, a bidirectional buck-boost
DC-DC converter allows a wide battery voltage range (200-500 V). Meanwhile, the DC
bus voltage is regulated above the minimum requirement of the grid-interfaced inverter.
A battery back requires an electronic battery management system (BMS) for voltage bal-
ancing, management, and protection of the galvanic cells [8]. Thus, HV battery storage
with complex BMS may only be viable for some residential systems. Low-voltage battery
storage (less than 100 V) with a less complicated and cheaper BMS can be a suitable option
for a small household (less than 5 kW), as illustrated in Figure 1c [7]. The LV battery pack
is interfaced with the DC bus through a bidirectional isolated DC-DC converter, which
employs a medium frequency (MF) (20-150 kHz) transformer for voltage matching the LV
battery pack with the DC bus [9,10]. Battery storage can be integrated with the LV network
by the AC coupling topologies shown in Figure 2. A grid-interfaced inverter is dedicated
to the battery systems of the DC coupling topologies in Figure 1. PV power Ppy, battery
power Pgg, load power Pp, and grid power P, are exchanged at the AC point of common
coupling (PCC). The AC coupling topologies have a lower efficiency than the DC coupling
systems due to an increased conversion stage [11]. However, the AC coupling systems
can be employed with existing grid-connected PV inverters or without any PV inverter
for energy arbitrage or peak load shaving [7]. AC-coupled two-stage LV battery inverters
depicted in Figure 2c are common for small residential applications with a power lower
than 5 kW. The power conversion stages can be integrated with the battery pack into a
single package [12,13].
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Figure 1. DC coupling grid-connected PV-battery hybrid inverters: (a) direct connection of the HV
battery to the DC bus; (b) HV battery connected to the DC bus via a non-isolated DC-DC converter;

(c) LV battery connected to the DC bus via an isolated DC-DC converter.
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Figure 2. AC coupling grid-connected PV-battery hybrid inverters: (a) single-stage HV battery

inverter; (b) two-stage HV battery inverter; (c) two-stage LV battery inverter.

This study focuses on a two-stage single-phase grid-connected LV battery inverter
for small residential applications. A dual-active bridge DC-DC converter with phase-shift
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modulation strategies is generally employed as the bidirectional isolated DC-DC converter
for the LV battery pack. Meanwhile, LCL-filtered grid-connected voltage source converters
(VSCs) are commonly adopted as the grid-interfaced inverter. However, a limited zero-
voltage switching (ZVS) range of the DAB DC-DC converter causes a low efficiency if
the voltage ratio between the sides deviates from the nominal value [14]. The efficiency
of the DAB DC-DC converter can be enhanced by adding resonant networks to the MF
transformer to increase the ZVS range [15,16]. However, power transfer of the resonant
DAB DC-DC converter can be controlled by variation of the switching frequency, which is
more complicated compared to the fixed frequency operation of the conventional DAB DC-
DC converter. The DAB DC-DC converter is sensitive to an imbalance in the voltage-second
applied to the MF transformer, which causes a DC offset in the transformer current [17].
The primary and secondary currents of the transformer were sampled 10 times over a
switching period to determine the DC offset component, from which the DC offset was
compensated through the duty ratios applied to the two active bridges. This method can
attenuate the dynamic and static DC offset components [18]. For simplicity, the dynamic
DC offset compensation can be embedded into the modulation scheme, where the phase
angle of each leg of the DAB DC-DC converter is independently controlled [19,20]. These
dynamic DC offset compensation methods require only delay elements.

The bus voltage is controlled through the VSC. The intrinsic double-frequency ripple
component in the bus voltage can distort the grid current waveform [21]. A notch filter is
usually employed to block the double-frequency ripple component to enter the bus voltage
control loop so that the loop bandwidth can be increased with reduced bus capacitance
and a near sinusoidal grid current waveform [22,23]. However, low-frequency harmonic
components in the grid voltage and VSC terminal caused by the dead time effect can still
distort the grid current waveform [24]. Recently, a unified current harmonic mitigation was
adopted in a grid-connected VSC [24], which maintained the grid current near sinusoidal
with a fast bus voltage control and rejection of voltage harmonic components in the grid
and non-ideal switching of the VSC [24].

As mentioned above, the control techniques of the DAB DC-DC converter and grid-
connected VSC have been widely presented. However, microcontroller-based implementa-
tion techniques of the two converters, with the generation of switching signals and interrupt
request and analog signal sampling, have yet to be reported. Thus, this study covers the
design and implementation of a single-phase grid-connected low-voltage battery inverter.
The battery inverter consists of a DAB DC-DC converter and an LCL-filtered VSC thanks
to their constant switching frequency application, which eases the implementation of the
control system. The control systems of the two converters were implemented in the same
microcontroller within the same interrupt service routine (ISR). Synchronous operations
of the switching signal generation for the VSC and DAB DC-DC converter and sampling
analog signals are highlighted. This work also presents a battery current control strategy
with a dynamic DC offset mitigation of the MF transformer. Experimental validation of the
proposed inverter is presented.

2. System Description

The main objective of this study is to design a 3 kW bidirectional inverter for interfacing
a 16-cell lithium iron phosphate (LFP) battery pack with a single-phase 220 V 50 Hz grid
for residential energy storage applications. Figure 3 shows the inverter topology in this
study. The grid voltage vg(t) is converted to a 400 V DC voltage vp(t) through an LCL-
filtered VSC. A DAB DC-DC converter well suits the second-stage battery converter as the
voltage matching and galvanic isolation are achieved via the MF transformer. Moreover,
if properly designed, the DAB DC-DC converter exhibits high efficiency thanks to the
ZVS operation [14]. The VSC adopts the cascade control structure with the bus voltage
control as the outer loop and the grid current control as the inner loop. The VSC can
inject reactive power through the reference current i (t) for grid support functionality. The
inverse Park transformation phase-locked loop (PLL) [25] provides the estimated angle 6 of
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the grid voltage for synchronization with the grid. The battery current ig(t) is regulated by
a proportional-integral (PI) controller with the reference phase difference 6* between the
primary and secondary voltages v, (t) and vs(t) of the transformer, which are generated
by the LV and HV bridges with the single-phase shift (SPS) modulation. The DC offset
mitigation technique for the transformer currents i, (t) and is(t) is implemented with the
SPS modulation. The series inductor L, limits the maximum charge/discharge current [20].
The VSC and the DAB DC-DC converter’s control systems and switching signal generation
are implemented on a TMS320F280049C 32-bit microcontroller from Texas Instruments
(Dallas, TX, USA) [26]. Table 1 summarizes the main specifications of the battery inverter.
Note that the winding resistance symbols Ry, R,, and R of the inductors Ly, L,, and Lg are
not illustrated in Figure 1 for simplicity. Table 2 lists the parameters of the battery inverter.

1-phase LCL-filtered VSC

DAB DC-DC Converter i .
HV Bridge LV Bridge VB lp

luyp

Sy
f(} L, iﬂg}%

e | =y

Phase Shift Modulation with
DC Offset Mitigation
A

Current
Controller
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Current
Controller

[

Iyys -k
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| _" | Controller .,
I T
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| _
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I

I 6

I

|

\

TMS320F280049C 32-Bit Microcontroller

Figure 3. Circuit diagram and its simplified control system of the inverter in this study.

Table 1. Specification of the battery inverter.

Parameters Value
Maximum grid power 3kW
Nominal grid voltage 220 Vrms

DC bus voltage 400V
Nominal grid frequency 50 Hz
Battery nominal voltage, Vg, 512V
Battery voltage range 40-60 V
Maximum battery current 60 A
Table 2. Parameters of the battery inverter.
Parameters Value
Inductor L 0.8 mH
Winding resistance R; of L 0.07 Q)
Inductor L, 0.4 mH
Winding resistance R, of L, 0.06 Q)
Filter capacitor C Y 2 uF
Damping resistor Ry 1.10
DC bus capacitor Cp 800 uF
Series inductor L, 230 uH
MEF transformer’s turn ratio Ns / Np 7.81
Battery-side capacitor Cp 9.9 mF
Switching frequency fsw 20 kHz
Control sampling frequency fs 20 kHz
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3. Implementation of the Grid-Connected VSC
3.1. VSC Modeling

The grid current iy (t) and bus voltage vp(t) of the VSC are the controlled variables.
Averaging over a switching period T, yields the governing equations for i¢(t) as follows:

Ly diiit) + Roig(t) = vf(t) — vg(t)) 1)
vp(t) = ves(b) + Ry (i (t) —ig(t)) (2)

cfdv;ft(t) = iy (t) — ig(t) 3)

L dizlgt) + Ryig(£) = ve(t) — vy () )
ve(t) = (@di(H) ~ da(B))on(t) (5)

m(t)
where v.(t) is the VSC terminal voltage, d1(f) and dy(t) are the duty ratios of Sg and Sq;
ranging from zero to unity, and m(t) is the modulation signal. The grid current typically
has a faster response than the bus voltage. Thus, the instantaneous bus voltage vp(t) in

(5) can be approximated with its average value Vp. Equations (1)—(5) lead to the transfer
function of the grid current given by

sCfRf+1 L1Cys?
= 5 f7f 5 ve(s) | e f 1+1 vg(s) (6)
CleLzs + Cf(L] + Lz)RfS + Cf(L] +Ly)s fIRfS +

Grcr(s) G (s)

ig(s)

Neglecting power losses in the VSC and the DAB DC-DC converter, the bus voltage is
governed by

on(t) (o5 ) = put) ~vu(t)ir(t) ”)

where pp(t) is the battery power. The instantaneous power in the LCL filter is comparatively
small, which yields

vc()i1(t) = vg(t)ig(t) (8)
———
pg(t)
where pq(t) is the instantaneous grid power. Substitution of (8) into (7) and linearizing
around the average bus voltage setpoint V7, the bus voltage dynamic becomes

« ~ dop(t
V5Co jt( L% pa®) ~ ps() 9)
The grid voltage is given by
vg(t) = Vicos wt (10)

where V; is the amplitude of the fundamental component, and w; = 27f; is the fundamen-
tal frequency of the grid voltage. The grid current is usually controlled to be sinusoidal
with an amplitude of [; and a phase angle of ¢, as given by

ig(t) = ficos(wt + ¢1) (11)
The grid current in (11) can be decomposed to the dg—axes components i;(t) and i,(t)
in the virtual synchronous reference frame as
ig(t) = Tycos ¢cos wt — [jsin ¢, sin wt (12)
N——

N——
i iy
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The grid current in (11) leads to the instantaneous grid power expressed by

V; V; V;
pe(t) = jlid + %idcos 2wt — TliqsinZwt (13)
| N —
Pg1 Pa1 Qg1

;gl (t)

where Py (t) and Q1 (t) are the average active and reactive power components, and p a1 (1)
is the oscillating power component at the frequency of 2w. The oscillating power component
p gl (t) causes a 2w ripple component vp(t) in the bus voltage, while the average power
component Py (#) changes the average component Vp (t) of the bus voltage. By substituting
Py (t) in (13) into (9), Vp(t) can be approximated as

A

AVt ",

Vo 22 o py(s) — ig(e) 9
h\/d
Pe(t)

where Pg(t) is the average component of the battery power. Note that (14) is accurate for a
frequency below 2w.

3.2. VSC Control System Implementation

Figure 4 shows the VSC control system. A proportional-integral (PI) regulator is
employed for the bus voltage control loop with a low-pass filter (LPF) for shaping the
loop frequency response. Meanwhile, the grid current controller adopts the unbalanced
synchronous reference frame control with PI regulators for the fundamental component.
This control technique employs the grid current as the a-component and the orthogonal
reference current i:g(t) as the B-component for the axis transformation. In our previous
work [24], the stationary reference frame equivalence G (s) of the unbalanced synchronous
reference frame control with the PI regulators was theoretically and experimentally proven
to be identical to a proportional-resonant regulator, as given by

Kils

Geir(s) = Kp1 + SR

(15)
where K1 and Kj; are the proportional and integral gains of the PI controller. Three possible
harmonic sources distort the grid current waveforms, which can be suppressed by multiple
resonant (MR) controllers given by

Kips
16
czh Zh 382—|- hw) (16)

where /i is the harmonic order number, and Ky, is the resonant gain at order h".
Figure 5 depicts the stationary reference frame’s equivalent grid current control block
diagram. The VSC is represented by

Gpwm(s) = Vpe T (17)

where Tj is the delay time caused by the sampling time of the control system and the
transportation time of the pulse width modulation (PWM) process. Undesirable low-
frequency harmonic components can be present in the grid voltage v,(t) and in the VSC
terminal voltage v.(t) due to switching dead times. The 2w ripple component in the bus
voltage control loop with a bandwidth greater than 0.2w also distorts the reference current
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ig (t) [24]. With this current control structure, the transfer functions of the grid current to
these three harmonic sources are written as follows [24].

ig(s) Gei(s)Gpwm(s)Grer(s)

G = - = 18
) =56 T 17 (Gals) + Ganl(s) }Grwan (5)Grcr () 19
ig(s) GrcL(s)
Y =500 = 19
V<) = 56) T T4 {Cal®) T Gen(6)} Grwm (9)Cict () 9
ig(s) —Grw(s)GreL(s)
Yo(s) = 25 = 20
2 vg(s) 14 {Gei(s) + Gein(s) }Gpwm(s)Grer(s) @)
DC Bus Voltage Control Fundamental Component Current Control G(s)
Vp K, Ig K m
i -1 >0 _t > PWM
?_ va+3_’ d “_Kp1+s ) a
T i* cos @ Harmonic Controller .
Kiy K my
>O—+>K . +— 1| i3S
Trs+1 e Pl S "s2 + Bw)?
T sin 6
id K, s
1% ih
Bus vé?tage . dq i 152 + (hw)?
Lq CZ,B lg
6 )
v PLL i
g—> l—
Grid voltage W d-*
L
cosf sinf i

Grid current

Figure 4. Bust voltage and grid current control block diagram of the VSC.

cos @ Current )
Controller VSC !

! Em* _ v, ét' ! .
Geir (SO Vpe S Td—=—O>G e ()1l

Figure 5. The stationary reference frame’s equivalent control block diagram of the grid current in the
stationary reference frame.

The MR regulator has infinite gains at selective frequencies, attenuating the harmonic
components in ig(t), vg(t), and vc(t). Meanwhile, the fundamental component of ig(t) is
regulated by the unbalanced synchronous reference frame controller with an infinite gain
at wy. Figure 6 depicts the equivalent bus voltage control loop. The low-pass filter time
constant Ty designed with the PI controller’s constants Ky, and Kj; is used for loop shaping.
The grid current control loop is approximated as a unity gain because its bandwidth is far

higher than the bus voltage control loop. The rejection of the harmonic components in the
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reference current allows the bandwidth of the bus voltage control loop to increase while
maintaining the grid current near sinusoidal.

ﬁy PD
Bus Voltage Control DC Bus
Vb K; I ig [V, |P . 1 |y
Ky, + —2 o -1 | CC o 2 HE
N

= 2 SVD*CD
G.,(s
e () CC: Current Control = 1
1 va (S)
TfS + 1

Figure 6. Equivalent control block diagram of the bus voltage.

This study employs the discontinuous PWM techniques shown in Figure 7. The
positive half of m(t) is used as the duty ratio reference for switches Sg and Sy, and the
positive half of —m(t) for switches S11 and S15. This PWM technique has a lower common-
mode voltage and switching loss than the unipolar PWM [27]. Meanwhile, the VSC current
i1(t) maintains a small ripple due to the three-level voltage output at the VSC terminal.
Figure 8 illustrates the generation of the switching signals and interrupt setting. Time base
counter 1 of the microcontroller [26] is set to operate in the up-down mode with the counter
maximum value of PWMprd, which generates the interrupt signal when the counter value
equals zero. The value of PWMprd is obtained from

PWMprd = L X M (21)
2 f sw

where f;, = 100 MHz is the microcontroller’s clock frequency [26]. Thus, PWMprd = 2500
for a switching frequency of 20 kHz. This interrupt signal simultaneously triggers the
selected analog-to-digital converters (ADCs) for voltage and current signal sampling at
the time instant k and the interrupt service routine (ISR) of the control algorithm for the
VSC and DAB DC-DC converter. The resultant duty ratios are updated at the time instant
k + 1. Each counter consists of two compare registers (CMPAx and CMPBx), independently
controlling two PWM outputs (PWMxA and PWMxB). For the VSC control, only CMPAx
registers generate the PWMXA outputs, while the PWMNxB outputs are opposite to the
relevant PWMXxA outputs with a switching dead time (active high complementary with
a dead time) [26]. Thus, the PWM1A and PWM1B outputs of counter 1 control switches
Sg and Sj1p, and the PWM2A and PWM2B outputs of counter 2 for switches S11 and Sq5.
The synchronized operation between the ADC and PWM samples the average value of
the grid current in each switching period both for the positive and negative regions of the
modulation signal, as illustrated in Figure 8.

m(t)

—{ + — S

Comparator

NV—
MMAM; = H >3 510

VL‘(H'H'L‘:‘( f) [~ Active High™ |

| Complementary :
L with Dead Time

—m(1) *
T — Si4
Comparator
= ‘I>°—> Stz

\A

Figure 7. Discontinuous PWM block diagram for the VSC.
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Figure 8. Timing diagram for interrupts, PWM generation, and analog signal samplings of the VSC:
(a) for m*(t) > 0; (b) for m*(t) < 0.

4. Implementation of the Battery-Side DAB DC-DC Converter
4.1. Basic Operation of the DAB DC-DC Converter

Figure 9 illustrates the basic operation waveforms of the DAB DC-DC converter in
the SPS modulation mode, where wsyy = 271 foy and 05y = wswt. The voltage vp(6sy,) of the
LV bridge leads the voltage vs(6s) of the HV bridge by a phase angle of §, which causes
power to flow from the battery to the bus voltage. On the other hand, power transfers from
the bus voltage to the battery with a phase angle of —¢. Thus, the transferred power Ppp
of the DAB DC-DC converter is controlled by the angle § by

Ppap =

VD(N”S’)VB(SQ - ‘S) (22)

WswLy T

Neglecting losses in the DAB DC-DC converter, the average value I;yp of the LV
bridge input current iryp and the average battery current I are derived from Pp 4p by

Ppas N; Vb 9]
Ip = Iy = =\ ) —F9(1-—= 2
P LvE %:] (Np) waLqu T (23)

Hence, the phase angle ¢ is used as the controlled variable for the battery current
control loop as shown in Figure 3. The theoretical range of the phase angle ¢ is +=77/2. The
DAB DC-DC converter exhibits the ZVS operation if the ratio between the voltages of the
two DC sides is close to the transformer’s turn ratio [28]. This ZVS range gets wider at a
higher phase shift angle [14]. On the other hand, the root mean square (RMS) values of the
MF transformer’s currents increase with the phase shift angle [10].

Flux density B(t) is an essential parameter for the design of the MF transformer
and series inductor. According to the circuit topology in Figure 3, the transformer’s
primary winding is directly connected to the LV bridge. So, the peak flux density Br of the
transformer is proportional to the battery voltage, as given by

A 1 Tsw/2 Vi Tsw
"7 N A /o TN A

(24)

where A, is the cross-sectional area of the transformer core. Meanwhile, the peak flux
density B, of the series inductor is determined from the voltage across the inductor vy, (s )
in Figure 9, as given by
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B = /T“"/zv LT PE\CSVASNTY SV (25)
L= 2N A o M T ANALUN, P b

where N is the winding turn number of the inductor. The peak flux densities Br and B;,
must be kept below the saturation flux density B, of the core material.

VP(HSW) ( VB)
esw
(V)

Vs(gsw) i ( VD)E i
i i {)sw

i (—Vp) i

VLa(st) ( VBNS/NP+ VD) i ( VBNS/NP+ VD)
(VsNy/N,—Vp)

—(VeNy/N,—Vp) O

i) | VENAYD)

. e
i5(Os) \—/

/A,

BL(HSW) :

Ty =50 ps |

Figure 9. Voltage, current, and flux density waveforms of the DAB DC-DC converter with the SPS
modulation strategy [28].
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4.2. Design of the Transformer and Series Inductor

The MF transformer of the DAB DC-DC converter is a crucial element for transferring
power and voltage conversion between the two DC sides. Meanwhile, the series inductor
L, limits the maximum power transfer. MnZn ferrite and nanocrystalline materials are
suitable for the switching frequency of 20 kHz used in this study. For this application, the
battery voltage varies with the state of charge and battery current, while the bus voltage is
kept constant. Thus, the maximum allowable phase shift angle is +71/3 to exploit a large
ZVS range at the rated power and achieve a fine battery current resolution, while the RMS
values of the transformer currents are still acceptable. It was reported that nanocrystalline
materials exhibited better power density and efficiency than MnZn ferrite material [10].
However, the cutting process of ribbon-wound nanocrystalline cores deteriorated their
magnetic properties [10]. Hence, we selected N87 MnZn ferrite cores due to consistency in
magnetic properties and market availability [29]. This core material has a saturation flux
density of 0.39 T at 100 °C and is available in various core shapes.

An analytical transformer and inductor design method was chosen in this study [30].
The generalized Steinmetz equation expresses the core loss Py, as a function of the core
peak flux density B. Meanwhile, the copper loss P, is derived from the RMS values of
the transformer’s currents and the winding resistance. Therefore, the winding resistance
is derived from the core geometry, which is expressed as a function of the core peak flux
density B. Setting Pfe = P, leads to the optimal peak flux density Boptr from which
the minimum core size is obtained. An actual core size should be selected close to the
optimal one.

The MF transformer and the inductor were designed at the nominal battery voltage
VB of 51.2 V using the peak flux densities given in (24) and (25). The transformer turn ratio
is close to

Ns Vp 400V

LR -2 781 2
N, Vg, 512V 8 (26)

The peak flux densities Br and B; calculated at the maximum battery voltage of 60 V
were ensured to be below the core saturation value. The core loss coefficient was identified
from the manufacturer’s specification at the temperature of 100 °C. Enameled Litz wires
were employed to minimize the skin and proximity effects from the switching frequency.
The required value of L, obtained from (23) is 297 pH. However, the inductance of 280 uH
was used in the design to account for the leakage inductance of the MF transformer. Table 3
summarizes the key parameters of the MF transformer and series inductor. The actual
core sizes are slightly larger than the required sizes. Thus, the peak flux densities Br and
By are smaller than their optimal values. This results in the estimated core losses being
comparatively less than the copper losses. The predicted core loss using the generalized
Steinmetz equation is based on the sinusoidal induction waveform. Moreover, the N87
ferrite material has a more significant core loss at low temperatures. In experiments, the
core temperature was found to be lower than 60 °C, which agrees with our previous work
with the same design methodology and core material [10]. Thus, the actual core losses are
expected to exceed the predicted values.

Table 3. Parameters of the MF transformer and series inductor.

Parameters Transformer Inductor
Material EPCOS N87 ferrite EPCOS NB87 ferrite
Core structure 2 sets of E65/32/27 1 set of ETD49 with 2 mm gap
Total core area, A, 10.58 cm? 2.11 cm?
Magnetic length, 14.7 cm 11.4 cm
Primary winding . . 4 turns . . 55 turns

4 Litz wires (500 x WG40) 2 Litz wires (128 x AWG40)
31 turns

Secondary winding 2 Litz wires (128 x AWG40) i

Bat51.2V/60V 020T/024T 0.28T/0.36 T
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Table 3. Cont.

Parameters Transformer Inductor
Est. P, at51.2VV 9.1 W 4.0W
Est. Pfe atb51.2VyV 8.7 W 22W
Est. Py at51.2VV 17.8 W 6.2 W

4.3. Control System Implementation of the DAB DC-DC Converter

Figure 10 sketches the steady state timing diagram of the DAB DC-DC converter,
implemented in the same ISR as the VSC control scheme in Figure 8. Counters 3-6 in the
up-down mode generate the switching signals for the DAB DC-DC converter. The phase
angles of counters 3-6 are synchronized with counter 1. Instead, the phase shift modulation
is obtained by adjusting the CMPA3 to CMPA6 and the CMPB3 to CMPB6 registers of
counters 3-6 [31]. During the rising period of counters 3-6, switches Sy, S4, S5, and Sg are
turned on when the values of the counters equal their CMPAs registers. For the falling
period, switches S, S4, S5, and Sg are turned off when the values of the counters equal
their CMPBs registers. Thus, this modulation strategy accommodates the maximum phase
shift angle of +=7t/2. Note that switches Sy, S3, Sg, and S7 complement switches 51, S4, S5,
and Sg respectively.

ISR Counter 1 ISR Counter 1
PWMprd=2500 PWMprd=2500
b Br IT<+1 IT<+2 [k . W*z
T, = Toy 1 s g T.=T, | : <
% 45—ﬂ%
B i Counter 3 & Counter 4 5 ! Counter 3 & Counter 4
CMPB3&CMPBA-. 0 | i CMPA3&CMPA4 . 0 | \
PWMprd/2 === ‘ ' ' PWMprd/2 ===~ i i
CMPA3RCMPAY” |23 <0, 1 : : , cvPesaCMPBY | ol gy N | '
‘ ‘ : ! ‘ R !
siesy [ ] I [ $1& Sy ; 1 [ - —
i i ! Counter 5 & Counter 6 i P Counter 5 & Counter 6
CMPAS&CMPAG.. ! i ! i CMPBS&CMPBS . ! Lo ’
PWMprd/2 ,,m/\‘\ ! / prprd/z;j’:' N 1 | i
CMPBSRCMPBE |~ <=0, | N\ ! CMPASECMPAG” <=0, N ! y
: T 1 1 — T
ses| L\ 1 1+ [ S8%| [ 1 | [ !
: T : ‘ — '
o o V) | L1 o V) |
P i ! ! — | | —
] - E ‘ L : i 1
| - (V)i . - : I(=Ve)
] T = - T
N leeaea | ) | = | aniii S W) |
H - " N
T | E , ' i : .
! (Vo) i 5
T | 1 \(—V,
" | | b | Ay
v prls
[\ [\ WY WY AN W
i i i
L/ | , N Y
o ig(k) iyt lig(k +1 Liglk+2 S i i !
lLVB"n,B( ) iws(®) \r B( /7) - /7 .Iv)B( /7) P iLyp(t) i i /1
! ig(t ! |
| ‘ TGy A A
! ] 4 e
4 3 0 lipGk + ik +2)
tHyB] T LHy B i
A\ T\ \ ; ,
50 ps i \l J \ \ : \ \
d

(@ e N )
Figure 10. Steady-state timing diagram for the DAB DC-DC converter: (a) for ig(t) > 0 (b) for
iB(t) < 0.

The phase shift angle 6 = 0 is set at 71/2 of each ISR period to sample the average
value of the battery current ig(t). The reference phase angles 47 and 6} for switches S; and
S4 of the LV bridge and 4% and J5 for switches Ss and Sg of the HV bridge are obtained from

*:5*:7£
%_*_%} (27)
5 Y8 7 2
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Discrete PI
controller
6" (k)

ip(k) e, (k)

Gep(2)
ip(k)

ZOH

!

TS/T

ip(t)

where 0 is the reference phase shift angle. Figure 9 shows the implementation diagram of
the battery current control. The battery current is sampled every Ts. The discrete-time PI
controller Gep(z) regulates the battery current ig (k) at instant k with the reference phase
angle 0% (k) as the output. The reference angles 07 (k), d4(k), dz (k), and g (k) are obtained
from (27). The reference angles ¢; (k) and 43 (k) are translated to the values of the CMPA3,
CMPB3, CMPA6, and CMPB6 registers as depicted in Figure 11. Meanwhile, the reference
angles d4(k) and 0% (k) are delayed with a sampling period to prevent a large DC offset
current in the transformer current iy (t) during the transient [20]. This method is to control
the volt-second applied to the transformer to maintain a small DC offset. So, the values
of CMPA4, CMPB4, CMPA5, and CMPB5 are accordingly determined from é4(k — 1) and
0% (k — 1). The action qualifier submodule of each module defines the action of the PWMxA
output when the CMPAx and CMPBx registers meet their conditions as indicated by “set”
and “clear” in the brackets. Meanwhile, the PWMXxB outputs are opposite to their PWMxA
outputs, with a dead time of 1.25 ps similar to that of the VSC [26].

PWMPrd
l PWMPrd =
compensation PWMPrd
_4 55("‘@—' Sik =1 1 PWMPrd/2
2 T
PWMPrd
PWMPrd

PWMPrd/2

Figure 11. Implementation diagram of the battery current control loop of the DAB DC-DC converter.

CMPAZ3 (Set) PWM3A 1 Si
Counter 3

CMPB3 (Clear) PWM3B | s,
Active High Complementary

CMPA4 (Clear) PWM4A S
Counter 4

CMPB4 (Set) PWM4B | »s,
Active High Complementary

CMPAS5 (Set) PWM5A 1% Ss
Counter 5

CMPBS5 (Clear) PWM5B L p-s,
Active High Complementary

35 (k) E’_ 5§(k*1).
i s

CMPASG (Clear) PWM6BA [*S7
Counter 6

CMPB6 (Set)  PWM6B |5,
Active High Complementary

4.4. Tuning of the Battery Current Control Loop

Figure 12 depicts the equivalent circuit on the battery side. The variables are averaged
over a switching period of Ty, denoted by the brackets ( ). Equation (23) yields the average
current (iryp) of the DAB DC-DC converter, while the battery is simplified with an open-
circuit voltage (eg) and an internal resistance R;. The Thevenin-based equivalent circuit
consisting of internal series resistance and capacitance paralleled with another resistance
is more accurate than that in Figure 12 [32]. The Thevenin-based capacitance is much
larger than the battery-side capacitance Cp [33]. From the control point of view, thus, the
open-circuit voltage (eg) in Figure 12 including the voltage drops in the Thevenin-based
capacitance is the disturbance of the battery current control loop. Figure 13 depicts the
equivalent block diagram of the battery current in the continuous time domain, where a PI
regulator with the constants K, and Kj; controls the battery current. A delay of Ty = 2T
represents the sampling and transport delays, as illustrated in Figure 10. The gain Kp4p is
derived from the possible maximum value of (23), as given by

(iLvB) Ns\ Vp
Kpag = — (2 2
DAB 5 N, ) @l (28)
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Figure 13. Equivalent control block diagram of the battery current.

According to (23), this gain Kpsp decreases with the angle ¢ for a higher battery
current. However, the approximated gain Kp4p at its maximum value guarantees the
maintenance of loop stability at a high current.

The open loop transfer function of the battery current control loop is written as

Gror(5) = (Kph K 29)

where the delay T, is neglected as it usually is much smaller than the time constant R;Cp.
The closed-loop transfer function is given as

(IEDAB)S + (K KD/;B)

14+K,, K K:K
2 pb"\DAB iKDAB
s +( RiCp )S+( RiCp )

Compared to the standard second-order system [34], K}, and Kj;, can be written as

K; ib — w% R; CB

p KDAB

(30)

Gpel (S) =

where wy is the natural frequency, and ¢ is the damping factor of the closed-loop system. If
R; is unknown, a trial-and-error tuning method can be adopted by adjusting Ky, for w? and
K, for €.

p

5. Experimental Validation
5.1. Experimental Setup
Figure 14 depicts the experimental setup. A TMS320F280049C microcontroller con-

trolled the VSC and DAB DC-DC converter with the parameters listed in Table 2. A
switching dead time of 1.25 us was applied to each leg of the VSC and DAB DC-DC con-
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-~

verter. A 16-cell 100 Ah LFP battery pack supplied the DAB DC-DC converter, while the
VSC was connected to a Chroma 61860 grid simulator. We adopted the tuning procedure of
the VSC presented in our previous work [24] with a bus voltage bandwidth of 30rt rad/s
and the current harmonic controllers, orders 3rd, 5th, 7th, and 9th for mitigation of the grid
current waveform. The bus voltage was regulated at 400 V. The response of the battery
current was tuned by the trial-and-error method with the guidelines given in (31). The
battery management system has a maximum current of 30 A, which, unfortunately, limits
the maximum system power within £1.5 kW or 50% of the rated power.

Chroma 61860 Grid
Simulator

(G

ALY

16-cell LFP Battery Pack

Figure 14. Experimental setup.

5.2. Experimental Results
5.2.1. Validation of the Dynamic DC Offset Compensation Scheme

The grid simulator supplied the VSC, and the bus voltage was regulated at 400 V. The
DAB DC-DC converter operated with the reference phase angle 6* in the open-loop control.
Figure 15a depicts the transient response of the primary and secondary voltages v (t)
and v5(t), the transformer’s primary current i, (t), and the inverted battery current —ip(t)
under the step change of the reference angle * changing from zero to 7/4. In contrast,
Figure 15b shows those waveforms for the reference angle 6* changing from zero to —m/4.
Without the dynamic DC offset compensation scheme shown in Figure 11, iy (t) exhibits a
DC offset of approximately 30 A. This large current can cause saturation in the transformer
core and may damage the switching devices. The DC offset compensation technique in
Figure 11 is effective as the dynamic DC component of i, (¢) is reduced significantly during
the changes in the reference angle 6*. Meanwhile, the DC offset compensation scheme does
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vs (1 kV/Div.) 7]

not affect the steady waveform of i, (t). The first-order response of the battery current ip(t)
agrees with the equivalent circuit in Figure 12.

Without dynamic DC offset mitigation vs (1 kV/Div.) v Without dynamic DC offset mitigation

T S VSO B v S e o T T T e W =y

i, (50 A/Div.) i, (50 A/Div.)
B p o 4 > \ d L
~i (50 A/Div.) CipGOADIVY o ———
Time (100us/Div.) Time (100ps/Div.)
vs (1 kV/Div.) [T} With dynamic DC offset mitigation vs (1 kV/Div.) [ With dynamic DC offset mitigation
B [23
v, (100 V/Div.) v, (100 V/Div.)

— 5=00 —}— =45 — =00 —s— =5

i, (50 A/Div.)

B

~ip (50 A/Div.)

pcoamivy A ANNNNNNNNNNN

~ip (50 A/Div.)

Time (100us/Div.)

Time (100us/Div.)

(a) (b)

Figure 15. Open-loop transient response of the DAB DC-DC converter with and without the dynamic
DC offset compensation scheme: (a) 6* changing from 0 to 7t/4; (b) 6* changing from 0 to —7t/4.

5.2.2. Validation of the Closed-Loop Control of the Battery Current

The battery current control loop was tuned for a smooth response with a settling
time of approximately 80 ms. The reference battery current i; was set to create the battery
power in the range of £1.5 kW. Figure 16 shows the experimental results in the discharging
mode with a battery power of 1.5 kW. Although the discharged power from the battery
causes the bus voltage to increase, the bus voltage controller forces the bus voltage to
return to the reference of 400 V within four cycles, as shown in Figure 16a. Figure 16b
depicts the steady-state waveforms of vp(t), vg(t), and ig(t). The grid current waveform is
nearly sinusoidal thanks to the current harmonic current controller, which attenuates the
harmonic components in the reference grid current and the VSC terminal voltage caused
by the dead time. Figure 16¢ illustrates that a step change in the battery reference current
i, does not create a DC offset in the transformer’s primary current i,(t), thanks to the
DC offset compensation scheme implemented in the SPS modulation system in Figure 11.
Meanwhile, the battery current ig(t) smoothly increases toward its reference. The steady-
state waveforms of v, (t), vs(t), and i, (t) in Figure 16d agree with the sketched waveforms
in Figure 10. At this operating point, the battery voltage was 51.5 V, close to the designed
value of the MF transformer.

Figure 17 shows the experimental results in the charging mode with a battery power
of —1.5 kW. The bus voltage vp(t), grid current i (t), transformer’s primary current iy (t),
and battery current ig(t) respond to the battery reference current i}; in the same fashion as
the discharging mode with the opposite direction. The steady-state grid current waveform
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remains nearly sinusoidal. However, the steady-state waveform of i, (t) indicates that the
DAB DC-DC converter operates in the boost mode, where (Ns/N,) Vg > Vp [19]. At this
operating point, the battery voltage was 54.3 V, causing (Ns/N,)Vp = 424 V.

Figure 18 shows the battery voltage, total efficiency of the VSC and DAB DC-DC
converter, and total harmonic distribution (THD;) of grid current with battery power. As
expected, the battery voltage in the charging mode is greater than that in the discharging
mode. The inverter’s efficiency in the charging mode is lower than in the discharging
mode. Partly, it is believed to be due to the mismatched voltage ratio of the MF transformer,
which deviates the operating point out of the ZVS region o and increases RMS values in
the transformer currents [28]. Thus, a variable DC voltage strategy with the battery voltage
and a duty ratio adjustment of the transformer would improve the inverter’s efficiency.
The THDi values at 50% of the rated power are less than 1.5%, which are expected to be
lower at the rated power of 3 kW.
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() (d)

Figure 16. Experimental results of the closed-loop control of the battery current in the discharging
mode with the battery power of 1.5 kW: (a) transient response of the bus voltage vp(t), grid voltage
vg(t), and grid current i¢(t); (b) steady-state waveforms of the bus voltage vp (t), grid voltage vg(t),
and grid current i¢ (t); (c) transient response of the primary and secondary voltages v,(t) and vs(t),
the transformer’s inverted primary current —i, (t), and the inverted battery current —ig(t); (d) steady-
state waveforms of the primary and secondary voltages vy (t) and vs(t), the transformer’s inverted
primary current —i,(t), and the inverted battery current —ig(t).
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Figure 17. Experimental results of the closed-loop control of the battery current in the charging mode
with the battery power of —1.5 kW: (a) transient response of the bus voltage vp(t), grid voltage vg(t),
and grid current i (t); (b) steady-state waveforms of the bus voltage vp(t), grid voltage vy (t), and
grid current ig(t); (c) transient response of the primary and secondary voltages v, (t) and vs(t), the
transformer’s inverted primary current —iy(t), and the inverted battery current —ig(t); (d) steady
state waveforms of the primary and secondary voltages vy (t) and vs(t), the transformer’s inverted
primary current —i,(t), and the inverted battery current —ig(t).
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Figure 18. (a) Battery voltage Vp with battery power; (b) inverter’s efficiency with battery power;
(c) total harmonic distortion of grid current with battery power.
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6. Conclusions and Future Outlook

A single-phase grid-connected 51.2-V battery inverter consisting of an LCL-filtered
voltage source converter (VSC) and a dual active bridge (DAB) DC-DC converter was
constructed. The control systems of the two converters were implemented in the same
interrupt service routine on a TMS320F280049C microprocessor with a sampling and
switching frequency of 20 kHz—the time base counters for switching generation of the DAB
DC-DC converter synchronized with those of the VSC. The single-phase shift modulation
strategy of the DAB DC-DC converter was adjusted through two separate compare registers
with the time base counters during the count-up and count-down periods. This phase shift
modulation was easy to implement on a standard microcontroller for power converter
control. A DC offset compensation integrated with the battery current control loop allowed
a smooth change in the battery and medium-frequency transformer’s currents in response
to a reference current step. The VSC adopted a bus voltage control with a unified harmonic
mitigation strategy. Experimental validations in the charge and discharge operations
exhibited a total system efficiency better than 90% and total harmonic distortion in the grid
current lower than 1.5%.

However, certain aspects must be studied further to improve the proposed residential
battery inverter as follows:

(1) Adoption of advanced battery current control schemes regardless of the battery’s
internal impedance parameters.

(2) Increasing the switching frequency and improving the modulation strategies of the
DAB DC-DC converter to enhance efficiency and power density.

(3) Optimizing the design of the ripple filter on the battery side.
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