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ABSTRACT This article addresses a bidirectional low power loss series-parallel partial-power modular
converter (SPPC) suitable for series-connected high voltage large power battery energy storage system
(BESS). A specific capacitor is placed on the top of the series battery packs, which voltage can be adjusted by
the SPPC to compensate for the voltage fluctuation of the battery packs and the DC power line. The power
loss and cost of the SPPC are relatively low since its rated power is reduced to about 22% — 48% of the
full-power converter. A 3 level distributed control method is proposed to achieve the fast transient response
of the DC power line current and deal with the series inconsistency of battery packs during discharging and
charging, further improving the total energy utilization efficiency (EUE) of the BESS. The critical design
considerations for SPPC-BESS are analyzed. A bidirectional 800W phase-shift full-bridge (PSFB) converter
hardware prototype along with the Gallium Nitride (GaN) devices is provided to verify the high efficiency
of DC-DC sub-module. Then a simulation model of a 6.6kW SPPC-BESS with 3 sub-modules to verify
the feasibility of the control method. Theoretical analysis proves that the total power loss of the SPPC is
lower than the existing types of modular converters. The EUE of the SPPC-BESS is 1.7% higher than the
conventional BESS when the average maximum available capacities of batteries attenuate to 80% of the
initial maximum available capacity.

INDEX TERMS Energy utilization efficiency, partial power modular converter, battery energy storage

system, smart battery unit, distributed control strategy.

I. INTRODUCTION
Lithium-ion (Li-ion) batteries have become popular due to
their high energy and power density, no memory effect,
pollution-free operation, and low self-discharge rate [1].
Li-ion BESS can provide power for the DC power line
independently and rapidly and be widely used in the micro-
grid [2], electric vehicles (EVs) [3], [4], data centers DC
distribution energy storage [5], rail system [6], and auto-
mated guided vehicle fully-automated system in port termi-
nals [7], [8], etc. The efficient utilization of energy hinges on
cost-effect and efficient BESS.

Due to the limitations of the anode and cathode materials,
Li-ion cells can only produce a limited voltage operation
range, e.g., from 2.2V to 3.65V for LiFePO4 batteries; from
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1.5V to 2.7V for LisTisOq, batteries [9], which cannot meet
the requirements for the voltage and power [10]. A battery
pack consists of hundreds and thousands of Li-ion cells, con-
nected in series to form the series battery branch, satisfying
the voltage requirement. The series battery branch is then
paralleled to extend the scope of current.

A bidirectional DC-DC converter is added to a BESS to
control discharging or charging power, as shown in Fig. 1.
The two-level buck/boost topology is for the 750V medium
voltage BESS [11] and the three-level topology is for the
1500V high voltage BESS [12]. Although simple structure,
high power conversion efficiency, low cost, mature control
of the conventional BESS, the EUE of the series battery
packs is dramatically reduced after hundreds of operation
cycles due to the low consistency of battery parameters
such as available capacity, the state of charge (SOC), and
resistance [13].
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FIGURE 1. The conventional full-power BESS diagram. (a) BESS diagram.
(b) Two-level converter. (c) Three-level converter.

In these situations, the battery packs parallel-connection
is more efficient than the series-connection to increase
the EUE of battery packs. References [14] summarizes
non-isolated high-step-up converter topology based on the
parallel-connected configuration. However, the maximum
voltage gain of those converters is limited to about 1:5 by the
high current ripple and the extreme duty cycle, which is not
suitable for high voltage applications.

In order to achieve high EUE under wider voltage range,
modular BESS is proposed, solving the ‘“‘short board effect”
of series batteries. The conventional series-connection archi-
tecture of battery packs is replaced by grouping, reducing
the number of series-connected Li-ion cells in one group.
References [15] verifies that the EUE of modular BESS can
be improved by 10.21% through a specific active equalization
strategy. The converter efficiency decreases as the increase
of group number on the same power. Further, [16] proves
that there is the optimal group number, which makes the EUE
maximize on the given capacity distribution among batteries.

Although existing modular BESS can achieve a higher
EUE of batteries, full-power operation increases the loss and
cost of the power converter. The concept of partial power con-
version was first proposed in photovoltaic (PV) systems [17],
[18], that enable each PV element to operate at its max-
imum power point while processing only a small fraction
of the total power produced. References [19] proposed a
partial power topology for the PV system that combines the
series and parallel connection, increasing scalability. Ref-
erences [20] applies the series-parallel partial power topol-
ogy (SPPC) to a set-up power converter with two Li-ion cells
in portable device, integrating the balancing feature and has a
smaller overall volume of the reactive components. However
its results cannot prove that the SPPC topology is feasible
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for a high voltage and high power BESS, which imposes
challenges.

1) A large number of series batteries make the inconsis-
tency more serious than in portable devices with the increase
of service time. The series batteries are divided into several
groups. The control method becomes complex to process
output power and energy second dispatch of battery packs
according to capacities, SOCs, and resistances.

2) The design of the SPPC-BESS should compromise the
energy utilization of battery packs and the power loss of the
SPPC. Therefore, the optimal grouping number, transformer
ratio, and the DC-DC sub-module’s input/output voltage
range need to be selected carefully.

3) BESS operates in constant voltage (CV) mode most
of the time. The charging current is small, requiring high-
efficiency DC-DC at light load.

Saving a fraction of that power is more significant for high
voltage and high power BESS. Therefore the SPPC-BESS is
a better choice for the high voltage and high power BESS than
the full power topology since its low power loss. Simplifying
and optimizing control method and design is a worthwhile
study that will help deploy the SPPC to different applications.

This article is organized as follows. Section II introduces
the structure and principles of the proposed SPPC-BESS.
Section III provides a 3 level control method to achieve the
fast transient response for the DC power line and equalization
of battery packs. Section IV analysis the design considera-
tions of the SPPC-BESS. Section V validates the high effi-
ciency of the DC-DC sub-module by an 800W bidirectional
PSFB prototype. Section VI provides a simulation model for
the 6.6kW SPPC-BESS to verify the dynamic performance
and equalization results. Section VII give the analysis of the
EUE for 4 types of BESSs.

Il. STRUCTURE OF THE SPPC-BESS

A. THE CONCEPT OF THE SMART BATTERY

The smart battery (SB) concept is put forward in this arti-
cle based on modular BESS architecture and the distributed
control of battery packs. A modular BESS consists of n SB
units. The SB units possess the same structure, consisting of
a battery pack and its paralleled DC-DC sub-module, shown
in Fig. 2. The output power of one battery pack can be
controlled independently by its DC-DC sub-module. So that
one SB unit can be viewed as a local current source. The
equalization strategy for the BESS can be achieved by output
currents (is.1, iSB2, - - - » isB n) allocation during discharging
and charging.

The modular BESS based on the SB concept has merits,
including flexibility and reliability. A BESS can be quickly
formed to meet different power and voltage requirements in
various applications by changing the SBs connection. The
connection modes of SBs include the input series and output
parallel (ISOP), the input parallel and output series (IPOS),
input series and output series (ISOS), the input parallel and
output parallel (IPOP) and the series-parallel connection.
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FIGURE 2. Topology of the SPPC-BESS and the DC-DC sub-modaule. (a) The
SPPC-BESS topology. (b) The PSFB bidirectional DC-DC topology.

These diverse connection modes are beneficial to the scalabil-
ity of the BESS. What’s more, fault diagnosis and redundancy
based on the SB unit improve system reliability, does not
discussed in this article.

B. THE TOPOLOGY OF THE SPPC-BESS

The SPPC-BESS consists of SB units connected in series-
parallel mode, shown in Fig. 2 (a). By controlling the voltage
of output capacitor vc, the real-time compensation for the
series battery packs’ voltage changes can be achieved. The
equalization strategies are executed during discharging and
charging.

Equation (1), (2) represent the calculation of v¢ and ipc.

ve(t) = vpe(t) — Y vBit) ey

i=1

ipc() = Y ispi(r) 2

i=1

vc is the output capacitor voltage of the SPPC; vpc is the
DC power line voltage, fluctuated in a small range. ipc is the
current of the DC power line. i ; is the output current of
SB;, ip,;j is the discharging current of the battery pack i, where
i=1,2,...,n.

Equation (3) illustrates the current function of battery pack

ig,i(t) = ii(t) + ipc(?) 3)

ip,i is the discharge current of battery pack i; i; is the input
current of the DC-DC;,i=1,2,...,n.
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The operation power of the SPPC is associated with vc and
ipc, shown in (4), (5).

pc = vc - ipc 4
Pecn = Ven - In (5)

IN is the rated output current of the SPPC-BESS, Pcy is
the rated power of the SPPC.

Whereas the rated power of the SPPC-BESS Py can be
defined as (6).

Pn = VpE* - IN (6)

VBE" is the maximum value of the DC power line voltage.
This article defines § as the power proportion of the SPPC.

P Vi
5o Foy _ Von o
P Vpet

The lower-rated power of the SPPC can be achieved about
8 of the full-power converter. It can be considered that § < 1.
The calculation of § will be discussed in section IV in detail.
Therefore the cost of the converter was reduced greatly.

The total power loss of the SPPC can be denoted as (8).

Ploss = Pen - (1 — 11¢) (®)

nc is the DC-DC sub-module efficiency.

Even if the efficiency of the DC-DC sub-module lower than
the full power converter, the total power loss of the SPPC is
reduced since Pcn < PN.

C. THE TOPOLOGY OF THE DC-DC SUB-MODULE
The isolated DC-DC topology is essential for the SPPC
since series-parallel architecture, divided into three types: the
PSFB converter, the dual active bridge (DAB) converter [21],
[22], and the LLC-type converter [23]. In most of the oper-
ation time of a BESS, the battery works in constant volt-
age (CV) mode with a small charging current. The high
efficiency at light load and the stability are the crucial factors.
DARB circuit has low efficiency at light load since the circu-
lating current. The LLC converter has the highest efficiency
due to all switches are soft switching by resonant. However,
the control is too complex to applied in BESS. The PSFB
achieves current control by phase-shift strategy with strong
robustness, and the efficiency at light load is especially high.
Therefore, the PSFB bidirectional DC-DC is adopted as the
sub-module for the SPPC, as shown in Fig. 2 (b).

The relationship of input and output ports of the DC-DC;
is shown as (9).

1
VB.i _ K_d, 0 . vC
|: ii :|_|: 0 K-di:| |:iSB,ii| ©)

vc and isp ; are regulated by the duty cycle d; like a traditional
DC-DC.

This article defines Kgsp; as the voltage gain of the DC-DC
sub-module as shown in (10).

Kspj = — (10)
VB.i
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The relationship between the battery current and the output
current of the DC-DC sub-module can be calculated as (11).

i,i(t) = KsB, - isB,i(f) + ipc(?) (1D

If different DC-DC topologies are adopted such as DAB
and LLC, the modulation strategy is different from the
BUCK/BOOST topology. However, the system control strat-
egy will not be changed if only the input and output current
and voltage relationships are confirmed.

lll. CONTROL METHOD OF THE SPPC-BESS

Partial power conversion schemes for BESS are proposed
successively [29]-[32]. However, both the grouping and the
inconsistency of series battery packs are not taken into con-
sideration. There are few articles that make an intensive study
about the control method for partial power conversion of
modular series BESS. Although distributed control strategies
with equalization for modular BESS have been proposed
in [33]-[35], these control strategies does not involve partial
power conversion.

There are several challenges to the control method facing
the adoption of the SPPC-BESS structure.

1) The sub-modules’ output terminals are connected
together in parallel and then series with its input in the SPPC.
Therefore the power control of the SPPC-BESS is a challenge
since the decoupling between the output and the input should
be achieved.

2) Multiple optimization objectives for a series battery
pack, including consistent SOCs, available residential capac-
ities, and available residential energy maximize, make the
optimal control of the BESS different from MPPT in a photo-
voltaic system. The partial power control strategy should inte-
grate the equalization between battery packs into the power
control of the DC power line by different battery optimization
objectives.

3) Distributed control strategies are adopted for the
SPPC-BESS to achieve the flexible configuration of bat-
tery packs, fault detection, and redundancy functions. The
partial power conversion and the equalization control are
performed in each sub-module independently without global
coordinating.

In order to solve the above problems, this article proposes
a distributed control method with an active equalization for
the SPPC-BESS. The control strategy is divided into 3 lev-
els by different time scales to achieve power control and
equalization. Optimization objectives of battery packs can
be embedded into the control strategy to realize an active
equalization strategy. Distributed control strategy is adopted
to improve system scalability.

The maximum available capacity of one battery is defined
as the available capacity on the minimal discharging (or
charging) current. Take Q? as the residual discharging capac-
ity of battery pack i and QiC as the residual charging capacity
of battery pack i, which are defined by (12), (13).

OP(1) = SOCi(r) - O™ (12)

VOLUME 9, 2021

OS(1) = (1 — SOCi(1)) - O (13)

SOC;(?) is the state of charge of battery pack i. Q{"**(¢)
is the maximum available capacity of battery pack i. The
relationship of QP (1) and Qic(t) is shown in (14). They are
a pair of complementary variables. During discharging and
charging, they are regarded as control targets respectively.

OF(1) + QP (1) = o™ (14)

The residual discharging (and charging) capacity can be
obtain by ampere hour integral according to (15), (16).

t

oP(t) = QP(10) — / ip.i(1)dt (15)
t0
t

0S(1) = 0S(10) + f i (1)dt (16)
10

Then the distributed variables are defined for active equal-
ization in this article, shown in (17), (18), (19), (20).

equ OP(1) — QP(@), inc(1) > 0
My = ! 17
ane {Qc(t) ~ofw, ey <o 7
ips (1) = ip(r) — i i(t) (18)
isp(1) = isB(t) — is.i(f) (19)
i) = i) — i) (20)
where,
- 1 A&
D) = — . D
() = - ;:Q, (1) @1)
- | -
CH) = ~.5 ¢
00 = — ;le (1) (22)
(1) =~ Y ipit) (23)
i=1
isp(t) = =+ Y _ispit) (24)
i=1
iy = =Y i) (25)

i=1

Qiequ(t) represents the equalization capacity of battery pack
i. It reflects the difference between the average residual dis-
charging (or charging) capacity of all battery packs and the
individual residual discharging (or charging) capacity of one
battery pack.

The equalization strategy of the SPPC-BESS in this article
can be described as follow:

The SPPC-BESS starts the discharging (or charging) at
time #0 and ends the discharging (or charging) at fopq. Assume
that at time fe,q, the SPPC-BESS is fully discharged (or
charged). Then, define AT = fenqg — 10 as the total opera-
tion time. The basic principle of SOC equalization between
battery packs can be described as follow:

At time feng, Vi € [1, 1], Of (fena) = 0.
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Level 1: Short Time-scale Level 2: Long Time-scale
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FIGURE 3. The distributed control strategy diagram for the SPPC-BESS.

That means that all the battery packs in the SPPC-BESS
are fully discharged (or charged) when the discharging (or
charging) ends. The capacity of all the battery packs can be
fully used.

According to (11) and the definition of equalization vari-
ables, there is,

i) = Kspi - igp (1) (26)

Equation (26) proves that ieS%u (t) changes linearly with
equ(t) A distributed control strategy is proposed for the
SPPC-BESS based on the 3 level architecture, shown
in Fig. 3.
where C, is the output capacitance. R; is the equivalent resis-
tance of the output inductance. R, is the equivalent resistance
of the DC power line. Tgst is an estimated value of AT.

In the SPPC-BESS, the DC power line current ipc is the
control target. The DC power line voltage can also be the
control target in off-line supply mode, which is not discussed
in this article. (27) shows that ipc is decided by the little
difference between the output voltage of the BESS and the
DC power line since the resistance of the DC power line is
very small.

ve(®) + Y i, va.i()
R,

—vpc(?)

ipc(t) =

27)

On level 1, ipc(¢) is regulated by the feedback controller.
The proportional-integral (PI) regulator is to guarantee the
rapid response of ipc. Then the output of the PI regulator is
transformed to the increment of vé.

Energy second dispatch between the battery packs is
achieved on level 2. The SOC and discharging (or charging)
current of battery packs have similar droop characteristics
to the smart grid for distributed energy resources [25]. The
distributed droop control strategy is adopted to achieve the
currents assignment between battery packs.

At the time t0, the equalization algorithm is executed the
first time. Then there is,

t0+TgsT

OP (tena) = OP(10) — / ipi(1)dt (28)

t0
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t0+TgsT
0P (end) = OD(10) — / BiOd (29)
t0
c c t0+TgsT
0 (tena) = 0C(10) + f w60
1
t0+TgsT o
OC(tena) = QC(10) + f ig,i(t)dt (31)
t0
where,
TEST = tena — t0 (32)
Let Q" (fena) = 0, there is,

t0+TgsT
0% (10) = sgn(inc(10)) - / E0de (33)

Assuming that ig;(#) = ip;(t0) when ¢t € (¢0, fena), there
is,
1
igy (10) = sgn(ipc(10)) - —— - Q[ (10) (34)
Test
Bring (26) into (34), the equalization output current refer-
ence of the DC — DC; can be expressed as (35).

ol (10) =

ISp i 051 0)  (35)

sgn(ipc(10)) -
Ksg - Tgst

Qequ(ZO) is viewed as the reference value of O, 9 in the
equ*

next equalization period, assigned to the ig; by a droop
coefficient 1/(KsB,i - TEST).
Tgst can be calculated according to (36).
A 0i(1)
EST = Af - (36)

Qi(r — Ar) — Qi(1)
At is the execution time interval of the twice equalization
strategy.

IV. DESIGN CONSIDERATION OF THE SPPC-BESS

A. BOUNDARY CONDITIONS

The series battery pack voltage satisfies the boundary condi-
tion, shown in (37).

yin ZVB1 <n. Vo (37)

Véni“ and V™" are the lower and upper limit voltage of the
battery packs. vg; is the terminal voltage of the battery pack
i. n is the number of series battery packs.

In the initiated stage of operating, the Li-ion cells in one
battery pack are consistent. The battery pack’s terminal volt-
age can be viewed as the sum voltage of the Li-ion cells.
Similarly, the battery pack’s upper and lower limit voltage can
be calculated by the Li-ion cells’ limit voltage approximately.
Defining B as the usable scope proportion of series battery
packs’ voltage, shown in (38).

o VL - VAR _ AV )
- /max - y/max
CELL B
where,
AVg = Vmax len (39)

AVp is the voltage scope of battery pack.
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V&ax s the upper limit voltage, VZII, is the lower limit

voltage of the Li-ion cell, which the battery manufacturer
provides. This paper takes LisTisO1, batteries as the basis
of analysis. The operation voltage range of the Li-ion cell is
between 2V and 2.7V. That is, Vg‘é’ﬁL is equal to 2.7V and
VERL L is equal to 2V. Then, g = 0.26.

The DC power line fluctuates in a certain range during
operation. The boundary condition of the DC power line is
shown in (40).

VR < ype < Vo (40)

VEE* is the maximum voltage, and V]S“Ci" is the minimum
voltage of the DC power line. Defining « as the fluctuation
scope proportion of DC power line voltage, shown in (41).

AVpc
o = VTSX (41)
D
where,
AVpc = VIax _ ymin (42)

AVpc is the voltage scope of the DC power line.

B. CONSTRAINT EQUATIONS

The minimum value of v¢c can be defined as Vg; The max-
imum value of vc can be defined as Vcn. From the DC
power line, vc reached its minimum value Vo when the DC
power line voltage fluctuated to its lowest value, and all of
the battery packs’ voltage reaches its upper limit voltage value
nearing fully charged state; Whereas vc reached its maximum
value Ven when the DC power line voltage fluctuated to its
highest value and the battery packs’ voltage reaches its lower
limit voltage value nearing fully discharged state; According
to (1), the constraint function of the SPPC-BESS can be
deduced as (43), (44).

Voo = VB —n- Vg (43)
Ven = VB —n - yin (44)

For one SB unit, vc and vp; are the output and input
voltage. Its DC-DC sub-module adjusts these voltages in full
range at rated current by designing proper K and changing
duty cycle during operation. The constraint equation of the
DC-DC sub-module can be deduced as (45), (46).

Voo = K - Vax . pmin (45)
Von = K - i . pmax (46)
D™ and D™ are the minimum and maximum steady

value of the duty cycle. According to the constraint equations,
the design specifications can be deduced as (47), (48).

no_ pmax 1 1 47
2 =Dm (-] @7)
pmin _ pmax [(1 —a)(1 _5,3) — (1= 8)] (48)

It can be illustrated from (47) and (48) that the number
of battery packs in the SPPC-BESS n, transformer ratio K,
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FIGURE 4. Design parameter for the SPPC-BESS.
TABLE 1. Design parameters of the SPPC-BESS.

Parameters Value
Rated power of the SPPC-BESS Py 6.6kW
Rated voltage of the DC power line 105V
Rated current of the SPPC-BESS In 60A

Range of ipc -60A~60A
Battery type LigTi5sO12

The maximum available capacity of battery 60Ah

Internal resistance 0.3m2
Battery upper limit voltage 2.7V
Battery open circuit voltage at 50% SOC 2.35V
Battery lower limit voltage 2.0V
o 0.01
B8 0.26

and the steady-state scope of duty cycle of the DC-DC sub-
module decided by multiple factors, including the SPPC
power proportion §, the voltage fluctuation proportion of DC
power line ¢, the maximum usable proportion of battery
packs’ voltage B and the maximum duty cycle D™ of the
DC-DC sub-module. As long as «, 8, and D™ are deter-
mined, the changing trend of n/K and D™" are the same
according to § for different BESSs, shown in Fig. 4.
where § is the crucial index of the SPPC, representing the
power proportion of the SPPC to BESS. For the same power
BESS, a smaller § is beneficial for decreasing the design
power of the SPPC. The reduction of the design power shrinks
both the cost and power loss of the converter. However,
the smaller §, the broader the duty cycle. Then the lower
duty cycle for the DC-DC sub-module operation is inevitable,
increasing dramatically conduct loss and the current stress of
the low voltage side. That is, the smaller § makes both the
efficiency and stability of the DC-DC sub-module decrease.
Therefore, the SPPC-BESS design should compromise the
reduction of the SPPC power and the optimal efficiency of
the DC-DC sub-module.

C. THE DEFINATION OF EUE OF THE BESS

To verify the effect grouping on energy utilization of BESS,
the concept of EUE [16] is used. The EUE in this article can
be define as (49).

n
ilabl
2; eg‘gﬁij‘i € — €loss,C
EUE = = (49)
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where eg‘,fc‘}(]a}’le is the available energy under a certain working

condition; E;‘;ﬁx i is the maximum available energy of Li-ion
cell j in the battery pack; ejogs c is the energy loss of the power
converter under a certain working condition; n is the number
of the battery packs in the BESS and N is the number of
series-connected Li-on cells in one battery pack. Assuming
that the battery packs in the BESS reach the charging cut-off
condition at t+ = 0 and begin to discharge. Finally this
BESS reach its discharging cut-off condition at t = t1.
The available energy during this discharging process can be
denoted as (50).

tl
k= / ligi(1) - Uoc,(t) — i3 (1) - Re dt  (50)
t0

where Uqc,i(f) is the open circuit voltage of the battery pack
i. i, is the discharging current of the battery pack i. Rp; is
the equivalent resistor of the battery pack i.

tl
€loss, C = / Dlossdlt (51
t0
The optimization objective of the SPPC-BESS is the max-
imum of the EUE.

D. OPTIMAL DESIGN OF THE SPPC-BESS

A specific design case of the SPPC-BESS in this article is
studied. Parameters are listed in Table 1. A simple test is
introduced to analyze the optimal design. The SPPC-BESS
discharging on 60A from the fully charged state at #0 and stop
discharging at 71.

The efficiency of the PSFB DC-DC sub-module and power
loss of the SPPC are firstly discussed. The rated output
current, input and output voltages scope of the sub-module
are varied with the § and n. Then a series of the PSFB
simulation models are established on the PLECS platform to
analysis the efficiencies of different designs. The total power
loss analysis of the SPPC is achieved when discharging the
BESS. The PSFB DC-DC sub-module operates on the BUCK
mode during discharging, and the power is delivered from
one battery pack to the DC power line. The input voltage is
varied from Vg'™* to Vé“i“, the output voltage varied from Vg
to Ven. The average value of operation efficiency at (Vg'**,
Vco) and (Vg'", Ven) is viewed as the discharging operation
efficiency of the DC-DC sub-module in a specific design. The
influence of equalization currents are ignored since they have
a little contribution to the total power loss of the SPPC. The
efficiency of the DC-DC sub-module and the total power loss
of the SPPC are calculated, shown in Fig. 5 (a), (b).

For the same &, there is a maximum efficiency value of the
DC-DC converter with the increase of the grouping number.
In this case, the efficiency is highest when the grouping
number is 2.

For the same grouping number, the efficiency of the DC-
DC sub-module increases with é raises since the minimum
duty cycle increases. In contrast, the total power loss of the
SPPC decreases since the increasing of power of the SPPC.
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FIGURE 5. The relationship of the group number and the energy
utilization of the SPPC-BESS. (a) The relationship of the group number
and the average operation efficiency of the DC-DC sub-module at BUCK
mode. (b) The relationship of the group number and the average
discharging power loss of the SPPC. (c) The relationship of the group
number and the EUE of the SPPC-BESS when there is no capacity
attenuation of batteries. (d) The relationship of the group number and the
EUE of the SPPC-BESS when the average capacity of batteries attenuates
to 80% of the initial value.

The EUEs of the SPPC-BESS at all the design points are
calculated, shown in Fig. 5 (c), (d). For the same §, the EUE
decreases as the grouping number increase due to the rise of
power loss of the SPPC when the batteries’ capacity consis-
tent at the initial. Whereas the EUE increases as the grouping
number increase due to the active equalization of battery
packs when the average capacity of batteries attenuates to
80% and the standard deviation is 2.5% of the initial battery
capacity.

The highest EUE is 74.5% achieved by the configuration §
=0.32 and n = 4 when the average capacity of batteries atten-
uates to 80% the initial battery capacity, which is improved by
4.26% compared to n = 1. Whereas the highest EUE is 97.9%
achieved by the configuration § = 0.28 and n = 2 when the
batteries’ capacity consistent at the initial.

Therefore, the rise of the grouping number will be ben-
eficial to the improvement of the EUE with poor battery
consistency. However, increasing the grouping number brings
additional converter losses. This article compromises equal-
ization of the batteries and reducing power loss of the SPPC
in the BESS design, choosing the optimal configuration
8§ =032andn=3.

V. THE 800W BIDIRECTIONAL DC-DC SUB-MODULE
PROTOTYPE

GaN and Silicon Carbide (SiC) are the most mature among
wide bandgap (WBG) semiconductors for high-power elec-
tronics. Although GaN offers better high-frequency per-
formance, the lack of good-quality bulk substrates needed
for vertical devices and lower thermal conductivity lend
SiC a better position for high-voltage devices. In con-
trast, GaN technology has been maturing fast, applied for
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FIGURE 6. GaN-based 800 PSFB bidirectional DC-DC prototype.
TABLE 2. Parameters of the DC-DC sub-module.

Parameter Value/type
Pspn (rated power) 800W

Vg (input voltage) 36V

Veon (rated output voltage) 40V

IspnN (rated current) 20A

L (output inductance) 60uH

K (ratio of the transformer) 1.5
Micro-controller type TMS320F28335
GaN device type GS61008T

fs (switch frequency) 100kHz

high-frequency, low-voltage large power electronics [26].
Fig. 6 presents a Gallium Nitride (GaN) based DC-DC sub-
module experimental prototype rated at 40V, 800W, and 20A.

Circuit parameters of the DC-DC sub-module are shown in
table 1.

The snubber losses of the GaN device can be reduced sig-
nificantly, since its output junction capacitance is about 1/3 of
the Si devices in the case of the same operating power. The
bidirectional efficiency curves of the DC-DC sub-module are
shown in Fig. 7.

Since the on-state resistor Ryson) Of the device raises with
operating junction temperature, the value of Ryson) under
90°Cis 1.7 times that under 25°C junction temperature. It can
be inferred that the unsatisfied design in heat dissipation
leads to excessive conducting loss of GaN device. Thus,
the improvement of heat dissipation design will be beneficial
to the efficiency. The efficiency of PSFB DC-DC on the
BOOST operation mode is lower than that of on the BUCK
mode for two reasons. 1. The soft switching of 8 devices
in PSFB is not achieved on the BOOST mode, increasing
the switching loss. 2. The ring energy on the BOOST mode
absorbed by the active clamp absorption circuit is higher than
on the BUCK mode. The full load bidirectional waveform are
shown in Fig. 8.

VI. THE SIMULATION OF THE SPPC-BESS

Simulation model is established to verify the dynamic behav-
ior and the equalization of the SPPC-BESS, using Simscape
Power System toolbox on MATLAB Simulink platform. The
actual switch circuit in one DC-DC sub-module consists
of two H-bridge circuits and a high-frequency transformer
cause the numerous number of devices in the model. Then,
the simulation process is too slow to debug. This article uses
an equivalent DC transformer to replace the switch circuit
in the DC-DC sub-modules, reducing the simulation code.
The equivalent DC transformer is an average model of switch
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output on the buck mode. (b) Operate at 38V input and 40V output on the
buck mode. (c) Operate at 34V input and 40V output on the boost mode.
(d) Operate at 38V input and 40V output on the boost mode.

devices [27]. The mathematical describe of the dual port of
the DC transformer is in accordance with (9).

Then, the running speed of the SPPC-BESS simulation
model is improved. The simulation parameters are the same
as in Table 1. The grouping number is 3.

The transient response current of DC power line is shown
in Fig. 9. The current waveform under step reference of the
SPPC-BESS is shown in Fig. 9 (a). The settling time of ipc is
about 2ms when the reference signal change from 0A to 60A
(or from 60A to -60A). Fig. 9 (b). shows the sine response
wave. The amplitude of ipc attenuates and the phase lag
behind as the frequency of the reference sine signal rises.
The magnitude of ipc is about 43A at 800Hz, which is about
0.707 times the reference value 60A. This frequency can be
defined as the cut-off frequency of the SPPC-BESS so that
the bandwidth of the SPPC-BESS is 800Hz.

In the actual SPPC-BESS, one battery monitor sys-
tem (BMYS) is integrated with the DC-DC sub-module control
system for one battery pack, judging its cut-off condition for
discharging or charging. When one cell voltage reaches the
upper or lower limit voltage, the battery pack stops charging
and discharging by the DC-DC sub-module.
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FIGURE 9. The current waveform of the SPPC-BESS. (a) The current
waveform under step reference. (b) The current waveform under sine
reference.

TABLE 3. Simulation parameters of the 2 situations.

Situation 1 Situation 2
Initial SOC 0.5 Q¥ 10Ah
Qe 30Ah | Initial SOC of battery pack 1 0.6
5ax 20Ah | Initial SOC of battery pack 2 0.5
grax 10Ah | Initial SOC of battery pack 3 0.4

In simulation model the cut-off condition of battery pack is
judged by the battery pack’s residual discharging (or charg-
ing) capacity. When QP =0 (or QiC = 0), the battery pack i
stops discharging (or charging).

The simulation parameters are listed under two situations,
which are shown in Table 3. The initial SOCs of the battery
packs are the same, and the maximum available capacity
are different in situation 1. Whereas, the initial SOCs are
different, and the maximum available capacities are the same
in situation 2.

The discharging (or charging) current of the SPPC-BESS
is 60A; The operation results of the SPPC-BESS with active
equalization strategy are shown in Fig. 10 and Fig. 11.

The equalization strategy is executed every ls when the
currents in the battery packs are assigned. All of the battery
packs are fully discharged (or charged) at the end of operation
simultaneously. The distributed control method proposed in
this article with active equalization can solve the available
capacities and the SOC inconsistent of series-connected bat-
tery packs.

VII. ENERGY UTILIZE ANALYSIS OF THE SPPC-BESS

A. THE TOTAL POWER LOSS OF THE CONVERTER

This article supposes that the efficiency of the conventional
high-voltage large-power non-isolated DC-DC converter 1¢on
is 99%; the efficiency of the isolated DC-DC sub-module
Niso 18 96%; The efficiency of the non-isolated DC-DC sub-
module power converter 7yiso 1S 98%;

133384

8
8
3

U

current(A)
o
1
T
current(A)

g

oA o
88oc 8

o
3
8

i
000 %00 400 800 00 200 300 400 500
time(s) time(s)

@ ()

°

FIGURE 10. The operation result of the SPPC-BESS simulation model with
active equalization strategy under situation 1. (a) The residual discharging
capacity and current of 3 battery packs on discharging. (b) The residual
charging capacity and current of 3 battery packs on charging.

3

—_
soc,

+—S0C,
gos —s0c,
a
0

—0
—0
—

— S0,
soc,
soc,

capacity (Ah)
o o

capacity (Ah)
on & o o

°
o

capacity (Ah)

o

o

current(A)
current(A)
s &

g

0 50 100 150 200 250 50 100 150 200 250
time(s) time(s)
(@) (b)

o

FIGURE 11. The operation result of the SPPC-BESS simulation model with
active equalization strategy under situation 2. (a) The residual discharging
capacity and current of 3 battery packs on discharging. (b) The residual
charging capacity and current of 3 battery packs on charging.

The parameter of BESS is shown in TABLE 1. The total
power losses of the four types of the power converter are
compared, including the conventional converter (Case 1),
the input series and output series (ISOS) isolated mod-
ular converter (Case 2), the input series and the output
series (ISOS) non-isolated modular converter (Case 3), and
the SPPC (Case 4). The power loss of the 4 cases are calcu-
lated in (52)-(55).

In particular, the power loss of SPPC has been calculated
in section IV, where the configuration of the SPPC-BESS is
“§=32,n=3".

Case I:

Plosst = PN - (1 — neon) = 6.6kW - (1 — 0.99) = 66W (52)

where ploss1 18 the total power loss of the conventional con-
verter. Py is the rated power of the BESS.
Case 2:

Ploss2 = PN - (1 — nigo) = 6.6kW - (1 — 0.96) = 264W
(53)
where pjoss2 is the total power loss of the ISOP isolated

modular converter.
Case 3:

Ploss3 = PN - (1 — Mniso) = 6.6kW - (1 — 0.98) = 132W
(54)
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TABLE 4. Analysis of the EUE on the 4 cases.

Cycle 0 300 600 900 1200 1500 1800
(Ah) 60 58 56 54 52 50 48
o(Ah) 0 0.3 0.6 0.9 1.2 L5 1.8

QT (Ah) 60 59 56 54 51 49 47
Q5'**(Ah) 60 57 55 52 50 47 45
Q5**(Ah) 60 58 56 54 52 50 48
EUE of case 1 {0.98 0.9329 0.8858 0.8388 0.7917 0.7446 0.6975
EUE of case 2 {0.95 0.908 0.8659 0.8239 0.7819 0.7398 0.6978
EUE of case 3 {0.97 0.9271 0.8842 0.8413 0.7983 0.7554 0.7125
EUE of case 4 |0.9732 0.9301 0.8871 0.844 0.8009 0.7579 0.7148]

where pjoss3 1 the power loss of the non-isolated modular
converter.

The full power DC-DC converter operates at the rated
power, and the operating loss is equal to the product of
the fixed efficiency and power. However, the SPPC-BESS
operation mode is different from the conventional full power
BESS. The output voltage changes in a wide scope during
discharging or charging. This feather leads to a changeable
efficiency and operation power. In order to evaluate the loss
more accurately, we take the average of the product of effi-
ciency and power at the beginning and endpoint of discharg-
ing as the loss of the SPPC as shown in (55).

Case 4:

(I —n1) - Psppct + (1 — 12) - Psppc2
2

=111W
(55)

Ploss4 =

where piossa 1S the average power loss of the SPPC during
discharge. Psppc; is the operation power of the SPPC at the
beginning of discharge where SOC = 100% and vc reaches
its minimum value. Psppcy is operation power of the SPPC
at the endpoint of discharge where SOC = 0% and v¢ reach
its maximum value. 71 is the bidirectional average efficiency
simulation result at Psppci. 12 is the bidirectional average
efficiency simulation result at Psppco.

The SPPC achieves the lowest loss among the 3 types of
modular converters since its partial power feature. However
the power loss of the SPPC is slightly higher than the conven-
tional converter.

B. THE EUE OF THE BESS
Assuming there are 36 batteries in the BESS. The aging infor-
mation of Li-ion cells in different stages include cycle times,
mean and standard deviation of the batteries’ capacity. These
aging information come from the experiment of 100 LiFePOy4
at 60Ah for 1500 cycle times [16], which can be used in
this article to describe the capacity deterioration of the aging
process approximatively. The capacities of batteries fits a
Gaussian distribution. All of the batteries in the BESS were
randomly divided into 3 groups. Q;"** is the minimum value
among all of the batteries’ capacity in battery pack i. The
theoretical EUEs of the 4 cases as the increase of cycle times
are calculated, listed in TABLE 4.

The theoretical calculation reveals that the EUE of the
4 cases decreases with the discharging and charging cycle
times. The SPPC-BESS’ EUE becomes the highest among
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these cases after the 600th cycle times. The EUE of the
SPPC-BESS is improved by 1.7% compared to the conven-
tional converter when the average maximum available capac-
ities attenuate to 80% of the initial capacity at 1500th cycle
times. Whereas the conventional converter’ EUE becomes the
lowest.

The theoretical calculation results show that the EUE of the
SPPC-BESS will surpass that of conventional BESS when the
cycle times close to half the cycle life.

VIil. CONCLUSION

With lower cost and power loss, the SPPC-BESS is signifi-
cant to replace the conventional BESS by shrink the converter
design power. This article solve the basic control problem
and give an optimal design scheme for high voltage and large
power SPPC-BESS. A 800W PSFB bidirectional prototype is
provided to verify the efficiency of the DC-DC sub-module.
The simulation model of a 6.6kW SPPC-BESS is established
to verify the dynamic characteristics and equalization results.
Future research will focus on improving reliability and opti-
mal equalization strategy.
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