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Abstract—Partial Power Processing converters (PPPCs) pro-
vide economical and highly efficient solutions to integrate battery
energy storages systems (BSSs) into DC grids. Beside these
significant advantages, direct connection of the batteries by
PPPCs to DC grids imposes challenges on the operation of
batteries which need more evaluation. DC grid imperfections such
as harmonics and faults may directly propagate into BSS and
result in battery capacity fade acceleration and/or battery failure.
In this paper, low voltage (LV) grid imperfection impacts are
compared for conventional dual-active bridge (DAB) and Partial
Power Processing DAB (PPP-DAB) converters. Both theoretical
and experimental studies are carried out. The obtained results
show that PPP-DAB exposes the BSS to high amount of current
harmonics and safety issues.

Index Terms—Partial Power Processing, Dual-Active Bridge
(DAB) Converter, Lithium Ion Battery, Harmonics, External
Short-Circuits, Transient Over-Voltages

I. INTRODUCTION

By mass-production of Li-ion (Lithium-ion) batteries and
the reduced costs, their application to different battery en-
ergy storage systems (BSSs) is rapidly growing [1]. Safe
operation of the battery is a prerequisite to prevent reduc-
tion/decomposition of electrolyte material as well mechanical
stresses from volume changes [2], [3]. External stresses on
batteries are mainly from the environment and the intercon-
necting power electronic converters. Power electronics con-
verters are mainly used to control the charging/discharging of
Li-ion batteries and therefore they can strongly influence the
electrochemical and mechanical degradation of this kind of
BSSs.

Normally, full power processing converters (FPPCs) are
used for BSS integration. In some applications such as elec-
tric vehicle charging stations, galvanic isolation is a safety
requirement and isolated converters are mandatory to integrate
BSSs to the grid [4]-[6]. However, in some of the stationary
BSSs applications, non-isolated integration to the low voltage
(LV) DC grid is possible which enhances the flexibility of the
power converter design and configuration [7]. The well-known
synchronous DC-DC converter is usually used in non-isolated
BSS applications [8]. In this regard, to reduce the converter
rating and to further improve the efficiency, the concept of
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PPPC topologies has been proposed, recently [9]. This concept
aims to arrange an energy source as a series or a parallel
element with the load/grid, and allows that only a fraction of
the full power is transferred through the converter. The direct
power path between the source and the load port affects the
electrical characteristics of the converter and as a consequence
also the battery storage. The resulting issues with PPPC has
not been analyzed yet from the battery perspective.

Overcharge and overdischarge faults which might lead to
thermal runaway do not originate from the power converter.
They originate from the malfunctioning of the BMS functions
in balancing the voltage and state of charge (SoC) of individual
cells [10]-[12]. Faults such as internal short-circuits are un-
likely but possibly severe consequences [13]-[15]. Mechanical
issues such as penetration of a sharp nail and environment
conditions can also result in internal short-circuits and finally
the explosion of the BSSs [16]-[18]. These faults can occur
independent from the impacts of the connected grid and power
electronics. However, power quality issues, external short-
circuits (SCs) and transient over-voltages (TOVs) directly root
from the power converter or propagate through the power
converter to Li-ion batteries.

Voltage and current harmonics are power quality issues
with a permanent nature. The presence of harmonics can put
stress on the performance of electrical components such as
batteries if they have sufficiently large magnitudes. Current
ripples increase the charging time, the average effective charg-
ing current and extra temperature rise of the Li-ion battery
depending on the ripple waveform [19]. Lower frequency
harmonics have been proven to have a higher effect on the
Li-ion battery lifetime degradation [20]. However, also high
frequency harmonics should be limited for utilizing maximum
capacity of the BSS without extra heat generation and other
chemical effects. TOVs and SCs are among the most usual
ways of BSS failure [21]. SCs cause high rate of current
flowing inside the cell and may excite exothermic reactions
and thermal runaway. TOVs, such as lightening surges, occur
at high frequencies and have minimal effect on the electro-
chemical reactions while TOVs might destroy the separator if
they exceed the breakdown level.

The target of the paper is to evaluate the impacts of PPPC
on the BSS from power quality and safety aspects. One Li-ion
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Fig. 1.

Li-ion battery cell properties: (a) Lithium-ion battery cell with cylindrical geometry, (b) electrochemical process in the anode-electrolyte-cathode

interface and the equivalent circuit model, and (c) impedance spectroscopy of the lithium-ion battery showing its frequency domain behavior.

based BSS is connected to a 400V DC grid through FPP-, and
PPP-DAB converters. Comprehensive simulations for safety
and power quality issues are carried out. Simulation results
show that low frequency voltage harmonics can cause a high
current harmonic in the battery and influence electrochemical
reactions. Experimental results are carried out to validate the
correctness of the simulation-based analysis.

II. MATHEMATICAL MODELING OF THE SYSTEM

In this section, mathematical modeling of the system under
study including PPPC-DAB converter and Li-ion batteries are
presented.

A. Li-ion battery Dynamics

Fig. 1 (a) and (b) show the cylindrical Li-ion battery cell and
its electrochemical reactions, respectively. When the battery is
connected to a source, the electrons flow from the cathode
to the anode through the source. This forces the Li-ions
to move from the Li metal oxide (LiCoOs as an example)
to the graphite anode. Therefore, the Li-ions are trapped in
the layered molecular structure of the graphite up to fully
charge the battery. By loading the battery, the Li-ions move
back to the cathode again. This process is only possible by
electrochemical reactions at the electrolyte with the anode and
cathode materials. The electrochemical reactions in the battery
are linked to a time constant from few ms to some seconds
and mass transport is slower than seconds [22]. Propagation of
current ripples with frequencies less than 1 kHz to the battery,
therefore, affects the electrochemical reactions as illustrated
in Fig. 1 (c). Higher frequencies are blocked by the double
layer capacitor resulting from solid electrolyte interface (SEI)
which resembles a low-pass filter. High frequency components
mainly influence on the electromagnetic behavior of the cell.

Battery dynamics can be defined from the second order RC
model, shown in Fig. 1 (b), as follows [23], [24]:
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Fig. 2. BSS integration with FPP-DAB and PPP-DAB.
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Fig. 3. Dynamic model and control loop of the FPP- and PPP-DAB converters
in CC mode. The difference is the definition of G(¢p).

R, R,
14+ sR,Cy 1+ sR.C.
where Ry, R, and R, are the ohmic, anode and cathode SEI

resistances. The double layer capacitors at anode and cathode
are represented by C, and C. in the same order.

Zp(s) = Ry + (1)

B. PPPC Modeling

A FPP-DAB converter can be configured to operate in PPP-
DAB converter mode by pushing an interlocked switch as
shown in is shown in Fig. 2. The AC/DC converters are
composed of H-Bridges. In the FPP approach, the full power is
processed through the converter, whereas in the PPP approach
only a part of the power is processed by the converter. The rest
of power is directly transferred from the input to the output.
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Fig. 4. Simulation results of voltage and current harmonic propagation in FPP-DAB and PPP-DAB converters: (a) the induced voltage harmonics at battery
terminals integrated with FPP-DAB due to the presence of harmonics in the grid voltage, (b) the induced current harmonics at battery terminals integrated
with FPP-DAB due to the presence of harmonics in the grid voltage, (c) the induced voltage harmonics at battery terminals integrated with PPP-DAB due
to the presence of harmonics in the grid voltage, (d) the induced current harmonics at battery terminals integrated with PPP-DAB due to the presence of
harmonics in the grid voltage, (e) the induced voltage harmonics at battery terminals integrated with FPP-DAB due to the presence of harmonics in the grid
current, (f) the induced current harmonics at battery terminals integrated with FPP-DAB due to the presence of harmonics in the grid current, (g) the induced
voltage harmonics at battery terminals integrated with PPP-DAB due to the presence of harmonics in the grid current, (h) the induced current harmonics at
battery terminals integrated with PPP-DAB due to the presence of harmonics in the grid current, (i) the induced current harmonics for I, ;, = 1.0I4 N at
different direct power transfer ratios (kq;,), (j) the induced voltage harmonics for I ;, = 1.0, n at different kg;,., (k) the induced current harmonics for

Vy.n = 0.25V, N at different kg;,., and (1) the induced voltage harmonics for Vy , = 0.25V; v at different kg;,-. In these figures’ title, CM and DM show
charging and discharging modes, respectively.

[9]. The general operation principle is similar to conventional
DAB converter. By using phase shift modulation, the active

TABLE I
FPP-DAB AND PPP-DAB PARAMETERS.

The PPP configuration in Fig. 2 can be classified to the group
of Input-Parallel Output-Series (IPOS) step-up PPP converters

power transfer between the ports can be adjusted. Table I

Parameters FPP-DAB | PPP-DAB

Py [kW] 10 10 exemplary shows the effect for the converter design for both
Pn-DAB [kW] 10 5 approaches. Considering the specifications in Table I for 50
Von [V, N [A] 200/50 200/50 % direct power transfer, i.e. kg, = 0.5, the power rating of

Vg‘,}\’ [V]./ ‘I/ N (A 4010/2 25 4019/1 25 PPP-DAB can be reduced by 50 % compared to FPP-DAB.
p.mft:Ts,mft v v The rectified current at the battery side of DAB converter

fsw [kHz] 20 20 i
can be directly calculated from the transferred power:

7 Poas _ Vaa ( _f)
DC v, TL“O .

where Ppap is the transferred power through the DAB, V},
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Fig. 5. Grid-side faults for FPP-DAB and PPP-DAB: (a) short-circuit fault on the FPP-DAB terminals, (b) short-circuit fault on the PPP-DAB terminals, (c)
transient over-voltage fault on the FPP-DAB terminals, (d) transient over-voltage fault on the PPP-DAB terminals, and (e) transient over-voltage waveform

considered in this study.

and Vg, the battery side and grid side voltage of the DAB
converter, and ¢ is the phase shift between the primary and
secondary H-bridges. L is the total inductance in the ac link
which regulates the power flow of the DAB converter. w =
27 fsw and fg,, is the switching frequency. In the case of PPP,
the total rectified current including the DAB and the direct
port currents is [ IDC = Ipc + I4,. From the topology of the
converter, the grid and direct port currents are equal Ig;, = I,

and it can be shown that Iy, = lf‘;;d” Ipc where kg, €
(0,1). Therefore, I, can be updated as follows:
’ kdir 1 Vdab ¥
Ipe =0+ —%" Vpo=—— (1 - f) 3
pc = ( +1—kdir)DC T~ wL ¥ ) @

The small-signal model is obtained by applying a perturba-
tion, i.e. I, = Ipo + Aly, at a given operating point [y. The
small-signal model of the FPP-DAB can be extracted based on
the methodology given in [25] and be extended to PPP-DAB
as in [26]. The control structure of both converters is shown
in Fig. 3 where G can be extracted from equations (2) and (3)
for FPP- and PPP-DAB converters, respectively. It is assumed
that the battery is operated at constant current (CC) mode for
charging/discharging cycles.

III. IMPACTS ON BATTERY

Impacts of Harmonics and short-circuits on the Li-ion
battery are described in the following subsections. System
parameters used for simulation studies are given in Table
I. The battery pack is constructed by parallel and serial
connection of 3.7V 6500mAh Li-ion cells.

A. Harmonics

The presence of current/voltage harmonics at the output of
the PPP-DAB or FPP-DAB is possible due to nonlinear loads
or rectification methods. Voltage/current harmonics are super-
imposed on the output of the PPP- and FPP-DAB converters
and their propagation to the BSS side is monitored through
simulations. Current controllers are designed for both FPP- and
PPP-DAB converters and each kg;,-. Voltage harmonics with
fn from 50Hz to 40 kHz and amplitudes from 1 to 25 % of
the nominal grid voltage are applied and the results are shown
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U
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|
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44— ®

Fig. 6. Short-circuit current path in PPP-DAB converter. Fault current can
be blocked by bidirectional switches in upper/lower side of the secondary
H-bridges.

in Fig. 4 (a) to (d). This Figure shows that the high frequency
harmonics cannot propagate to the BSS in FPP- and PPP-
DAB converters. At very low frequencies, FPP- and PPP-DAB
represent a similar behavior. However, PPP-DAB strongly
contributes to harmonic propagation for frequencies of few
hundred Hz to few kHz. For instance, voltage harmonics with
Vg.n = 0.25V, n and frequencies around f, =1 kHz result
in current harmonics I, ;, = 1.2I, y and voltage harmonics
Vi, = 0.12V}, n in the BSS of PPP-DAB as shown in Fig. 4
(d). The harmonics in low and high frequencies are mitigated
by the current controller bandwidth and the DAB converter
filter, respectively. Current harmonics, I, j, propagate to the
BSS from PPP-DAB similar to voltage harmonics at the
considered frequency range as shown in Fig. 4 (g) and (h).
Fig. 4 (i) to (1) show the maximum of V; ;, and I ;, for kg,
from 0.375 to 0.75. In PPP-DAB, V}, ;, is increased and I j,
is decreased versus increase in kg;-. However, there is a big
difference between the results of PPP-DAB and FPP-DAB
which implies that any direct connection between the BSS
and grid increases the rate of harmonic propagation. Voltage
harmonics can impose high current harmonics which limit the
average charging current rate increasing the heat generation
more than three times for V; ;, = 0.25V v.
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Fig. 7. Fault simulation results for FPP-DAB and PPP-DAB: (a) BSS voltage response to TOVs in FPP-DAB converter at discharging mode, (b) BSS voltage
response to TOVs in PPP-DAB converter at discharging mode, (c) BSS voltage response to SCs in FPP-DAB converter at discharging mode, (d) BSS voltage
response to SCs in PPP-DAB converter at charging mode (e) BSS voltage response to TOVs in FPP-DAB converter at charging mode, (f) BSS voltage response
to TOVs in PPP-DAB converter at discharge mode, (g) BSS voltage response to SCs in FPP-DAB converter at charging mode, (h) BSS voltage response to

SCs in PPP-DAB converter at charging mode.

B. Faults

Faults might occur due to components failure or may
propagate from the grid to the devices. Fig. 5 shows SC and
TOV faults on FPP-DAB and PPP-DAB converters from grid
side. When the DAB impedance is in the SC path of the fault
current, as in Fig. 5 (a), the SC has no impact on the BSS
because the fault current is neutralized by the DAB converter
itself. When the SC happens in the case of Fig. 5 (b) the DAB
output voltage approaches zero. However, the anti-parallel
diodes of the grid-side H-bridge connect the faulty current
to the direct power flow port and short BSS terminals. Fig. 6
represents the fault current path in this situation. The source of
a TOV can be a Lightning or a transient switching. Generally,
the severity of lightning surge is much more higher than
switching surges. Therefore, in this study the focus are TOVs
as a consequence of lightning surges. A standard lightening
surge waveform, shown in Fig. 5 (e), can be defined as:

0.8Vpeak 4
Vrov = T 9
Vpeak €Xp (_?Tft)

if t < tpeak
else

“)

where T). is the rise time, T is the time at which the Vjeqx
reduces to half after the strike. Vj,cqr is the peak value of the
sure voltage and fpq is the time of peak voltage occurrence.

PLECS based simulations are carried out for studying the
response of FPP- and PPP-DAB converters to SCs and TOVs
and results are given in Fig. 7 (a) to (h). The simulated SC
currents and TOVs due to faults in Fig. 5 (a) to (d) are

presented. For SCs, the fault resistance is Ry = 0.1%Zpky
where kj is from 1 to 30 and Z, = V.5 /Py. Lightning
surges are imposed by a 1.2/50us lightning voltage waveform
with a magnitude V, xk, where k, is from 1 to 30. For
k., = 30 maximum overvoltage is around 4.5V} n for DM
and it increases to around 5.5 for CM as in Fig. 7 (b) and
(f), respectively. For k; = 1 in DM and CM (S0C=0.8), the
maximum SC current imposed on BSS are 10.5 and 9.5 times
higher than the BSS nominal current as in Fig. 7 (d) and (h),
respectively. Due to the high level of SC currents, the SC
protection function of the battery management system (BMS)
must be designed to avoid any damage during SC faults in
PPP-DAB converters. The SoC has no effect on the voltage
rise during TOVs while it has a noticeable impact on the BSS
current during SCs.

IV. EXPERIMENTAL VERIFICATION

The BSS voltage and current response to the presence of
25% voltage harmonic at time 100ms for FPP-DAB and PPP-
DAB are shown in Fig. 8 for f;, =50Hz in CM. Corresponding
experiments are carried out at this frequency and are shown
in Fig. 9. Fig. 9 (a) shows the DAB laboratory prototype
which is configured in both FPP and PPP to verify the
simulation results. Its waveforms during PPP operation are
shown Fig. 9 (b). DC grid is formed by a bidirectional power
supply (EA-PSB 9750-40 3U) with the ability of producing
voltage/current ripples in addition to the main DC voltage.
BSS is emulated by the electronic load Chroma 63804. Fig.
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Fig. 8. Simulation of a sample waveforms due to 25 % voltage harmonic
in DC grid: (a) grid voltage ~ V; N + Vj ; as the input of the FPP-DAB
and PPP-DAB converters, (b) BSS side voltage ~ V;, x + Vj j, measured
at the output of the FPP-DAB and PPP-DAB converters, and (c) BSS side
current = I, n + Iy, measured at the output of the FPP-DAB and PPP-DAB
converters.

9 (c) and (d) illustrate the AC components of BSS (CM)
and grid voltage for f;, =50Hz in FPP-DAB and PPP-DAB,
respectively. For the same amount of voltage ripple in the
source the measured ripple of the FPP-DAB is less than PPP-
DAB. Similar results can be extracted from Fig. 4 (b), (d)
and Fig. 8 (b) where voltage harmonics are shown at different
frequencies. To demonstrate the frequency behaviour of the
PPP-DAB converters a set of experiments are carried out.
A voltage harmonic of 10 % and superimposed on the grid
voltage of 100V and the propagated voltage and harmonics
are measured from the battery terminals as shown in Fig. 10
(a) and (b), respectively. These results are compatible with
the results from simulations, e.g. Fig. 4 (c) and (d). It can
be observed that PPP-DAB converter directs the voltage and
current harmonics to the battery significantly.

Remedial solutions can be considered to subside the neg-
ative impact of harmonics, SC, and TOVs on the BSSs. A
configurable low-pass passive filter can be used in the output
of the PPP-DAB converter to reduce the propagation of the
harmonics as in [26]. The SCs and TOVs currents can be
blocked by utilizing bidirectional switches instead of the low-
side switches of the grid side H-bridge as highlighted in blue
color in Fig. 6. Moreover, high-speed fault detection algorithm
might be used to enhance the BMS performance of the battery
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Fig. 9. Experimental results for propagation of voltage harmonics in FPP-
DAB and PPP-DAB: (a) Photo of the DAB converter which is configurable in
FPP-DAB and PPP-DAB, (b) Exemplary current and voltage waveforms of the
PPP-DAB converter operation, (c) Applied voltage harmonic to the converter
input and propagated voltage harmonic in FPP-DAB, and (d) Applied voltage
harmonic to the converter input and propagated voltage harmonic in PPP-
DAB.
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pack to override the propagated faults from the batteries.

V. CONCLUSION

Considering the recognized advantageous characteristics of
PPPCs, the paper deals with the impacts of PPPCs on Li-ion
batteries. To this aim, FPP-DAB and PPP-DAB are considered
for comparison study. Harmonics and faults propagation to the
BSS are analyzed for both topologies. Main results are high-
lighted as: (1) Small harmonics in the grid voltage can lead to
high current harmonics in PPP-DAB integrated BSS. It reduces
the effective charge current and charge time and increases the
heat generation. (2) Any direct connection of batteries by the
PPP-DAB significantly contribute to the harmonic and fault
propagation in comparison to FPP-DAB. (3) In PPP-DAB,
harmonics are mitigated by DAB and current control low-
pass filters. While frequencies in the range of few hundred
Hz to few kHz are not damped and can effectively influence
on the electrochemical reactions of Li-ion cells, and (4) grid-
side anti-parallel diodes of IGBTs in PPP-DAB conduct the
faulty current to the BSS and hence the vulnerability of BSS
in PPPC operation increases.
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